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NANOTEL DIiZiLERINDE HiSTEREZIS
DAVRANISININ ETKIN ALAN TEORISI
KULLANILARAK INCELENMESI*

Ersin KANTAR?

1. GIRIS

Nanoyapilar, nanometre boyut aralifinda sergiledikleri
benzersiz 6zellikler nedeniyle son yillarda bilimin 6n saflarinda
yer almaktadir. Bu malzemeler, y1gin (bulk) haldeki karsiliklarina
kiyasla iistiin Ozellikler gosterirler ki bu da potansiyel
uygulamalar1 i¢in artan bir ilgiyi beraberinde getirmistir.
Manyetik nanoyapilar arasinda, ozellikle manyetik nanoteller,
ayarlanabilir manyetik 6zelliklere sahip olmalar1 nedeniyle biiyiik
ilgi cekmektedir. Bu tek boyutlu (1D) yapilar, yiiksek en-boy
oranlar1 (aspect ratio) sayesinde giiclii bir sekil anizotropisine
sahiptir. Bu 6zellikleri, onlar1 yiiksek yogunluklu manyetik kayit
ortamlari, spintronik cihazlar, nano sensorler, biyo-tibbi
uygulamalar ve ¢ok fonksiyonlu cihazlar i¢in son derece c¢ekici
adaylar haline getirmektedir [1-5].

Tek bir nanotel, temel fiziksel olgular1 arastirmak icin
ideal bir sistem olsa da pratik cihaz uygulamalar1 bu yapilarin
duzenli diziler (array) halinde sentezlenmesini gerektirir. Ancak,
nanoteller bir dizi i¢ine yerlestirildiginde, bireysel o6zellikler
sistemin kolektif davranisi i¢inde karmagik bir etkilesime girer.
Bu dizilerde, tekil tellerin ozellikleri (6rnegin g¢ekirdek/kabuk

1 Bugalhsma, Yozgat Bozok Universitesi Bilimsel Aragtirma Projeleri Koordinasyon
Birimi tarafindan desteklenmistir. Proje Numarasi: FED-2025-1576

2 prof. Dr., Yozgat Bozok Universitesi, Sorgun Meslek Yiiksekokulu, Tibbi
Hizmetler ve Teknikler Bolimii, ORCID: 0000-0001-9302-1078.
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yapisi) ile komsu teller arasindaki etkilesimler manyetik
oOzellikleri belirleyen temel faktorler haline gelir.

Bir nanotel dizisinin teknolojik potansiyelini belirleyen en
kritik Ozelliklerden biri, manyetik histerezis davranisidir.
Histerezis egrisi; koersivite (Hc) (zorlayici alan), ve remanans
(kalict miknatislanma, MR) gibi sistemin manyetik "hafizasini"
tanimlayan temel parametreleri igerir. Bu histeretik 6zellikler, bir
dizi faktoriin karmasik bir dengesimidir. Bunlar arasinda; nanotel
geometrisi (en-boy orani), dizinin geometrisi (teller aras1 mesafe
ve paketleme diizeni, 6rn. kare veya altigen), malzeme bilesimi
(alagimlar, mozaik yapilar veya hibrit ¢cekirdek/kabuk yapilari) bu
anizotropilerin  (sekil, magnetokristalin ve magnetostatik)
birbiriyle olan rekabeti bulunmaktadir.

Bu karmasik kolektif davraniglari anlamak, deneysel
calismalarin yan1 sira giicli teorik ve sayisal modelleme
yaklagimlarini da zorunlu kilar. Arastirmacilar, bu sistemleri
incelemek icin mikromanyetik simulasyonlar, atomistik spin
modeli simiilasyonlar1 ve Monte Carlo (MC) yontemleri gibi
cesitli  Olgeklerde modeller kullanmistir. Bu  yaklagimlara
alternatif olarak, manyetik sistemlerdeki faz gecislerini ve kritik
olgulart1 incelemek i¢in yaygmn olarak kullanilan teorik
modellerden biri de Ising modelidir. Ozellikle, korelasyonlart
dikkate alan Etkin Alan Teorisi (EFT) gibi istatistiksel mekanik
yontemler, nanoyapilarin manyetik 6zelliklerini aragtirmak i¢in
giiclii bir arag olarak kanitlanmigtir [6-10].

Bu boliimde, kare bir oOrgli lizerinde diizenlenmis,
cekirdek/kabuk yapisina sahip bireysel Ising nanotellerinden
olusan bir dizinin histeretik 0zelliklerine odaklanilacaktir. EFT
formalizmi kullanilarak, sistemin histerezis dongii alan1 (HDA),
Hc ve MR Uzerindeki etkiler incelenecektir. Temel amag, bireysel
nanoteller arasindaki degisim etkilesiminin (Jr), tel ici
etkilesimlerin (J1 ve Js) ve sicakligin (T) bu histeretik davranislar



Fizik

nasil 6nemli 6lglide etkiledigini teorik bir bakis agisiyla ortaya
koymaktir.

2. MODEL VE FORMULASYON

Nanoyapinin geometrisi, Sekil 1°de gosterildigi gibi kare
bir kafes lizerinde periyodik olarak diizenlenmis, her biri kabuk

(shell) ve c¢ekirdek (core) tabakasi iceren dikey nanotel
dizilerinden olusmaktadir. Spin-1/2 atomlar nanotellerin kafes
noktalarimi iggal eder. Tek bir nanotelin iginde kabuk-kabuk
etkilesimi Js, kabuk-¢ekirdek etkilesimi J1 ve farkli segmentler
arasindaki etkilesim Jp ile gosterilir. Ayrica, nanoteller
birbirleriyle kabuk atomlar1 arasindaki Jr etkilesimi araciligiyla
etkilesir.

=

] d

= HH
H H

Sekil 1. Ising nanotel dizisinin sematik gosterimi. Daireler
manyetik atomlar1 gostermektedir. Ayrica, mavi ve kirmizi
renkler kabuk ve ¢ekirdek atomlarimmin konumunu
gOstermektedir.
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Sistemi tanimlayan Hamiltonyen asagidaki gibidir:
H=J;>"SS;-3,> S0, -Tx (Z S8y +Y.SS;, J g (Z 6,0+ SS;+ sjsj,]
T W o e )@
al (ZWZ& +ZSJ]
k i j

Burada < . > indeksler, kabuk ve ¢ekirdekteki tiim komsu
spin ¢iftleri lizerindeki toplamlar1 temsil eder. Dig manyetik alan

h ile gosterilmistir.

Bu ¢alismada sistem EFT yaklasimiyla ¢ozilmistiir [11].
Kullanilan EFT yaklagimi, van der Waerden o6zdesliklerinin
uygulanmasiyla elde edilen spin-spin korelasyonlarini hesaba
katar [12]; ancak bu 6zdesliklerin agilim1 sirasinda ortaya ¢ikan
farkli spinler arasindaki korelasyonlar1 ihmal eder. Ising
nanoteller dizisi i¢in manyetizasyonlar birbirine bagli denklemler
olarak elde edilir. Korelasyonlu EFT ¢ercevesinde sistemin bagh
denklemleri diferansiyel operator formunda yazilabilir [11]:

m, =[cosh(A)+2m_cosh(A)]’ [cosh(B)+2m,cosh(B)] F(x+h)|,o (22)

ms, =[cosh(B)+2m.cosh(B)]’ [cosh(A)+2m,cosh(A)]* [cosh(C)+2mg,cosh(C) | (2b)
[cosh(D)+2mg,cosh(D)]’ F(x+h)|

mg, =[cosh(C)+2mg,cosh(C)]’ [cosh(D)+2mg,cosh(D)]’ F(x+h)|,o (2€)
Burada A, B, C ve D katsayilar sirasiyla VJg, VI, Vi, ve
Vl;, seklindedir. Ayrica V:§ diferansiyel operatorii olup
F(x +h) fonksiyonu su sekilde tanimlanir:

F(x+h) :%tanh[%B(XJrh)] . 3

Burada g=1/k,T, T mutlak sicaklik ve ks Boltzmann
sabitidir. Denklemler (2a)-(2c)’de verilen diizen parametreleri
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kullanilarak sistemin birim hiicre basina toplam manyetizasyonu
M _(mc+4amg +amg,

! 5
coziilerek faz diyagramlari ve histerezis davraniglar1 elde
edilebilir.

olarak tanimlanabilir. Bu denklemler

3. NUMERIK SONUCLAR

Bu bolimde, Sekil 1 de verilen Ising nanotel dizisinde
histeretik 6zellikleri, yani HDA, Hc ve MR, incelenmistir. Bu
Ozelliklerin sistem parametrelerine (sicaklik T, teller arasi
etkilesim Jr, cekirdek-kabuk etkilesimi J1 ve kabuk-kabuk
etkilesimi Js) nasil bagli oldugu Sekil 2-9'da ayrintili olarak
gosterilmistir.

3.1. Sicakhigin Nanotel Dizilerinin Histerezis
Ozellikleri Uzerine Etkisi.

Sekil 2 ve 3, sistemin histerezis 6zelliklerinin sicakliga (T)
olan bagliligin1 géstermektedir.

-

-
- art
-

PR
........

Sekil 2. Nanotel dizisinin sicakliga bagh olarak histerezis
karakteristikleri, Jr=-1,0, J1=1,0 ve Js=1,0 sabit degerleriyle.
T=0,05, T=0,20, T=0,35, T=0,50 ve T=0,65 icin histerezis dongi
alanlari.
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Histerezis Donguleri: Sekil 2 de Mrt-h egrileri, T=0.05'ten
T=0.65'e kadar farkl1 sicakliklar i¢in ¢izilmistir. Beklendigi gibi,
sicaklik arttik¢a termal dalgalanmalar manyetik diizeni bozmaya
baslar. Bunun sonucunda, histerezis dongiileri belirgin sekilde
daralir (HDA azalir), dongiiniin egimi diiser ve sistemin doyuma
ulagmast i¢in gereken alan azalir. T=0.65 degerinde dongii
neredeyse tamamen kapanarak paramanyetik bir davranisa
yaklasildigin1 gostermektedir.

T

Sekil 3. Nanotel dizisinin sicakliga bagh olarak histerezis
karakteristikleri, Jr=-1,0, J1=1,0 ve Js=1,0 sabit degerleriyle.
Koersivite ve kalict miknatislanma egrileri.

Hc ve Mr egrileri: Sekil 3'de, Hc ve Mr degerlerinin sicaklikla
degisimini gostermektedir. Kirmizi egri ile gosterilen Mg, T=0.05
gibi diisiik sicakliklarda 0.5 degerinden baslar. Sicaklik arttik¢a
stirekli bir diisiis sergiler ve T = 0.68 olan kritik sicaklik (Tc)
civarinda sifira yaklasir. Bu, sistemin bu sicaklikta ferromanyetik
hafizasim1 kaybettigini gosterir. Mavi egri ile gosterilen Hc,
Mgr'dan farkli olarak monoton bir davranig sergilemez. Cok diisiik
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sicakliklarda (T=0.05) diisiik bir degerde baslar, T=0.2 civarinda
bir tepe noktasina (maksimum) ulasir ve ardindan kritik sicakliga
kadar tekrar azalarak sifirlanir.

3.2. Nanoteller Arasi Etkilesimin Nanotel Dizilerinin
Histerezis Ozellikleri Uzerine EtkKisi

Sekil 4 ve 5, de bireysel nanoteller arasindaki degis-tokus
etkilesiminin (Jr) histerezis 0Ozellikleri Gzerindeki etkisini
gostermektedir.

My

04
02r - g =-25
JR= L3
Jr=-05
;. 1 1 5 h & g =05
g =15

-02+

-04¢

Sekil 4. Nanotel dizisinin Jr bagh olarak histerezis
karakteristikleri, T=0.1, J1=1.0 ve Js=1.0 sabit degerleriyle. Jr=-
2.5, Jr =-1.5, Jr =-0.5, Jr =0.5, ve Jr =1.5 i¢in histerezis dongu
alanlari.

Histerezis DoOnguleri: Mr-h egrileri, Jr degerinin sistemin
davranisini temelden degistirdigini gostermektedir. Jr negatiften
(6rn. -2.5, -1.5) pozitife (6rn. 0.5, 1.5) dogru degistikce,
dongiilerin "kareligi" (squareness) ve alan1 (HDA) dramatik bir
sekilde artar. Jr < 0 (Antiferromanyetik) iken Jr =-1.5ve Jr =
-2.5 gibi giiclii negatif degerlerde, dongiiler cok adimli bir yap1
sergiler. Bu, teller arasinda antiferromanyetik bir diizenin tercih
edildigini ve miknatislanma tersinmesinin kademeli olarak
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gerceklestigini gosterir. Jr > 0 (Ferromanyetik) iken Jr = 1.5
gibi pozitif degerlerde, dongii neredeyse miikemmel bir kare
seklini alir. Bu, tim tellerin bir arada, kolektif bir birim gibi
davrandig1 gosterir.

20

0.0 Lsesssssee

Sekil 5. Nanotel dizisinin sicakliga bagh olarak histerezis
karakteristikleri, T=0.1, J1=1.0 ve Js=1.0 sabit degerleriyle.
Koersivite ve kalict miknatislanma egrileri.

Hc ve MR egrileri: Alt grafik, bu gecisin Jr = -1.1 civarinda
meydana gelen kritik bir davranmis oldugunu dogrulamaktadir.
Kalici miknatislanma (Mgr): Kirmizi egri, JR < -1.0 oldugu
strece Mr'nin sifir oldugunu gosterir. Bu, sistemin sifir alanda net
bir miknatislanma tutamadigi (antiferromanyetik diizen)
anlamina gelir. JrR = -1.0 noktasinda, Mr aniden 0.5 degerine
sigrar ve Jr artmaya devam ettikce bu degerde sabit kalir.
Koersivite (Hc): Mavi egri, Hc'nin de Jr = -1.1 degerine kadar
sifir oldugunu gosterir. Bu Kritik noktadan sonra Hc, Jr arttik¢a
hizla yiikselir ve Jr > 1.0 bolgesinde doyuma ulagmaya baslar.
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Bu, ferromanyetik teller arasi kuplajin, dizinin bir biitiin olarak
dis alana kars1 direncini (sertligini) biiylik olgiide artirdigini
gostermektedir.

3.3. Cekirdek-Kabuk Etkilesiminin Nanotel
Dizilerinin Histerezis Ozellikleri Uzerine Etkisi

Sekil 6 ve 7, cekirdek-kabuk etkilesiminin (J1) histerezis
Ozellikleri Gzerindeki etkisini gostermektedir.

My

4t
0.2r - =05
=
H=15
-1.0 -0.5 0.5 1.0 h .z
= =25

-0.2

-0.4

""""" iy

Sekil 6. Nanotel dizisinin J; bagh olarak histerezis
karakteristikleri, T=0.1, Jr=-1.0 ve Js=1.0 sabit degerleriyle.
J1=0.5, J1 =1.0, J; =1.5, J1 =2.0, ve J; =2.5 i¢in histerezis dongi
alanlar.

Histerezis Donguleri: Mr-h egrileri, Ji1 degerinin (J1=0.5'ten
Ji1=2.5'¢) artmasinin, histerezis dongiilerinin belirgin bir sekilde
genislemesine (artan Hc) neden oldugunu gostermektedir®. Diisiik
J1 degerlerinde (6rn. 0.5), dongii daha egimli ve dardir. Ji arttikga,
dongii daha sert ve genis bir manyetik davranisi yansitacak
sekilde karelesir.
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Sekil 7. Nanotel dizisinin J; bagh olarak histerezis
karakteristikleri, T=0.1, Jr=-1.0 ve Js=1.0 sabit degerleriyle.
Koersivite ve kalict miknatislanma egrileri.

Hc ve MR egrileri: Burada bu iki parametrenin Ji'e kars1 farkli
tepkiler verdigini ortaya koymaktadir. Kalict miknatislanma
(MR): Kirmiz1 egri, MRr'nin incelenen tim Ji araliginda (0.25'ten
2.0'a kadar) 0.5 degerinde miikemmel bir sekilde sabit kaldigini
gostermektedir. Bu, (bu parametre seti icgin) cekirdek-kabuk
etkilesiminin sistemin hafizasini etkilemedigini, ancak sertligini
etkiledigini gosterir. Koersivite (Hc): Mavi egri, Hc'nin J1
parametresine giiclii bir sekilde bagli oldugunu gostermektedir. Ji
~ 0.75 degerine kadar Hc neredeyse sifirdir. Bu esik degerinden
sonra, Ji artttkca Hc hizlanarak artar ve Ji = 2.0 degerine
ulasildiginda Hc = 0.45 olur. Bu, guclu bir cekirdek-kabuk
etkilesiminin, nanotel dizisinin manyetik sertligi i¢in kritik
Ooneme sahip oldugunu gosterir.

10
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3.4. Kabuk-Kabuk Etkilesiminin Nanotel Dizilerinin
Histerezis Ozellikleri Uzerine EtKisi

Sekil 8 ve 9, kabuk ici (kabuk-kabuk) etkilesiminin (Js)
histerezis 6zellikleri Uzerindeki etkisini gostermektedir.

Mz
04: I._-.."
0.[ - Js=01
! Jg =08
Jg =14
-1.0 -0.5 1 0.5 1.0 h e S5 =16
N Jg =21

Sekil 8. Nanotel dizisinin Js bagh olarak histerezis
karakteristikleri, T=0.1, J1=1.0 ve Jr=-1.0 sabit degerleriyle.
Js=0.1, Js =0.6, Js =1.1, Js =1.6, ve Js =2.1 i¢in histerezis dongu
alanlar.

Histerezis Donguleri: Mr-h egrileri, Js arttikga (Js=0.1'den
Js=2.1'e) dongiilerin belirgin sekilde genisledigini (artan Hc) ve
daha kare bir sekil aldigini gostermektedir. Diislik Js degerleri
(6rn. 0.1, 0.6), coklu adimlar igeren daha karmasik, egimli
dongulere yol acar.

11
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Sekil 9. Nanotel dizisinin Js bagh olarak histerezis
karakteristikleri, T=0.1, J1=1.0 ve Jr=-1.0 sabit degerleriyle.
Koersivite ve kalict miknatislanma egrileri.

Hc ve Mg egrileri: Egriler Js parametresine karsi ilging ve
monoton olmayan bir davranis ortaya koyar. Js = 1.0 noktasi
kritik bir esik olarak gorinmektedir. Kalict miknatislanma
(MR): Kirmizi egri, Js=0.1 civarinda diisik bir Mr degeriyle
(~0.3) baslar. Js=1.0 degerine kadar yavasca artar ve Js=1.0
noktasinda 0.5 degerine keskin bir sicrama yapar. Bu degerin
Uzerinde (Js > 1.0), MR sabit 0.5 olarak kalir. Koersivite (Hc):
Mavi egri, Mr'den daha karmasik bir davranis sergiler. Diisiik Js
degerlerinde yavasca artarken, Mr'nin sigradigi Js=1.0 noktasinda
belirgin bir dip (azalma) gosterir. Bu kritik Js=1.0 noktasindan
sonra ise Hc ¢ok hizli bir sekilde yiikselir.

12
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INVESTIGATION OF THE IMPACT OF
HALOGEN LAMP DISTANCE ON THE
PERFORMANCE EFFICIENCY OF SILICON-
BASED SOLAR CELL

Betil DEMIREZEN!

1. INTRODUCTION

In today's world, the importance of sustainability and
environmentally friendly technologies in energy production is
increasingly recognized. Solar cells have become one of the
most widely used renewable energy systems due to their ability
to generate electricity directly through photovoltaic (PV)
conversion. Solar cells have emerged as an alternative solution
to mitigate the negative impacts associated with conventional
electricity generation methods and have been used reliably as a
power source for many years (Green et al., 2021).
Environmental concerns have prompted a reevaluation of
existing electricity generation technologies and accelerated
efforts to develop new systems that are compatible with
ecological sustainability. As a result, with advancements in
power efficiency and the development of electronic auxiliary
systems, solar cells have gained the capability to power nearly
all electric devices used on Earth (Ojo et al., 2019). The global
increase in solar panel installations during the 2020s reflects the
growing interest in PV technologies (Tao et al., 2020). In 2000,
global cumulative solar panel installations stood at 1.3 GWp,
with an annual installation rate of 0.29 GWp. By the end of
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2020, these figures had surged to 750 GWp in total capacity,
with nearly 150 GWp installed annually representing over a
500-fold increase and an average annual growth rate of
approximately 37% over two decades (Tao et al., 2020).
However, one of the main limiting factors for the widespread
adoption of solar cells remains their low PV conversion
efficiency. Despite rapid technological progress, insufficient
conversion efficiency continues to be the major challenge faced
by scientists and researchers in the field of photovoltaics (Wasfi,
2011). The efficiency of PV cells depends on numerous
parameters such as material structure, ambient temperature, light
spectrum, light intensity, and the distance between the light
source and the cell (Wasfi, 2011 and Esen et al., 2017). Each of
these factors plays a critical role in directly influencing the
performance of solar cells and thus determining the overall
system efficiency. In particular, the physical positioning of
simulated light sources used in indoor laboratory conditions can
significantly affect test outcomes. Halogen lamps are commonly
employed in solar cell testing due to their ability to provide a
spectrum close to that of sunlight and their stable light output at
high temperatures (Kohraku et al., 2003). In this study, the
effect of the distance between a halogen light source and a solar
cell on the overall system efficiency is investigated
experimentally (Wasfi, 2011).

Solar radiation in space undergoes energy loss due to
interactions with atmospheric gases as it enters the Earth's
atmosphere, resulting in a spectral and energetic difference
compared to the original extraterrestrial radiation. Additionally,
the intensity and characteristics of solar irradiance vary
depending on geographic location, altitude, humidity, and
ambient temperature (Guechi et al., 2007). The performance of
PV cells is commonly evaluated in laboratory settings using
artificial light sources calibrated to match the intensity of
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sunlight. The type and duration of exposure to such indoor
lighting can significantly influence the efficiency of solar cells
(Kohraku et al., 2003).

Halogen lamps are among the prominent light sources
used in solar cell performance testing due to their broad spectral
output and similarity to natural sunlight. Their strong emission
in the visible and infrared regions makes them ideal for
simulating real-world solar conditions. Moreover, halogen
lamps offer stable light output at high operating temperatures,
are widely available, cost-effective, and easily controllable,
making them a popular choice in experimental solar energy
research (Esen et al., 2017).

Previous studies have extensively examined the impact
of illumination intensity on PV cell performance. For instance,
Ojo et al. identified a nonlinear decrease in short-circuit current
(Isc) and open-circuit voltage (Voc) of amorphous silicon cells
under varying light intensities (Ojo et al., 2019). Similarly, Ali et
al. analyzed the effects of light intensity on fill factor (FF) and
maximum power point (Pm), concluding that determining the
optimal illumination level is crucial for enhancing overall
system efficiency (Ali et al., 2019). Studies by Gueci et al. and
Kohraku et al. also emphasize the critical influence of light
source type and intensity on solar cell performance (Kohraku et
al., 2003 and Guechi et al., 2007). In particular, the variation in
light intensity with distance has been shown to produce an
inverse relationship between the source-to-cell distance and PV
efficiency.

This study aims to investigate the performance of an
amorphous silicon solar cell at varying distances from a halogen
lamp in an indoor setting. Halogen lamps, owing to their broad-
spectrum and continuous light output, are well-suited for
laboratory-scale solar simulation experiments. Within this
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context, analyzing the I-V characteristics of the solar cell under
illumination from a constant-power halogen lamp at different
distances enables the identification of an optimal spatial
configuration. This experimental approach offers a practical
model for researchers developing low-cost PV analysis systems
and contributes to a deeper understanding of the performance
limitations of amorphous silicon cells. The findings may serve
as a foundation for future advanced studies focused on
optimizing amorphous solar cells through the integration of
alternative light sources and optical systems.

Nomenclature
PV Photovoltaic
GWp Global Warming Potential

| Current

\Y Voltage

Isc Short circuit current
Voc Open circuit voltage
Pm Maximum power point
FF Fill factor

] Efficiency

Vm Maximum voltage

Im Maximum current

Pin Input power

Studies such as those by Fraas et al. and Tao et al. have
developed various strategies aimed at improving the efficiency
of solar cells (Fraas et al., 2010 and Tao et al., 2020). These
investigations primarily focused on enhancing the structure of
PV cells and the materials used in their fabrication. However,
the findings presented in this study demonstrate that the distance
of the light source has a direct impact on the efficiency of solar
cells, thereby highlighting the significance of light source
positioning in solar energy systems as an additional factor
influencing overall performance. Studies conducted by Wasfi
and Droz et al. have focused on other factors that influence the
efficiency of solar cells (Wasfi, 2011 and Droz et al., 2008).
Among these factors are parameters such as temperature, the
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type of light source, and the distance between the light source
and the PV cell.

This study further emphasizes the importance of light
source distance by examining in greater detail the effects of
halogen lamp positioning on the efficiency of solar cells. The
obtained data, in alignment with previous studies involving
halogen lamps, demonstrate that efficiency decreases as the
distance increases, with maximum efficiency observed at an
optimal distance.

In summary, while the results of this study are consistent
with prior research, they offer a more specific investigation into
the impact of light source distance on solar cell performance.
Moreover, the findings confirm that these effects hold true
across a broader range of light sources. These results reinforce
the necessity of proper light source placement to maximize the
efficiency of solar energy systems.

2. MATERIAL AND METHOD

I-V measurements are conducted either outdoors under
natural sunlight or indoors in a controlled laboratory
environment using a solar simulator (Droz et al., 2008). Under
illumination, the current of the device is measured using a
source meter with voltage sweeping capability. The current—
voltage (I-V) curve of PV devices is crucial for determining
characteristic parameters such as the short-circuit current (Isc),
open-circuit voltage (Voc), and maximum power output (Pm).
The current—voltage characteristic curve of a solar cell is
presented in Figure 1.
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Figure 1. The 1-V curve of the solar cell

The following terms are commonly used in the
calculation of solar cell efficiency:

Short-Circuit Current (Isc): This is the maximum current
measured when no voltage is applied to the circuit.

Open-Circuit Voltage (Voc): This is the maximum
voltage measured when no current is flowing through the circuit,
and it is widely cited in the literature (Lammert et al., 1997).

Maximum Power Point (Pm): The maximum output
power of a cell is obtained by multiplying the current (Im) and
voltage (Vm) values at the point where the product of | and V is
at its highest on the I-V curve. To determine the maximum
values of | and V, the products of | and V are calculated at
various points along the I-V curve, and the point where this
product is maximized is identified. This point, where the power
reaches its peak, is referred to as the Maximum Power Point
(Pm).

Pp =V X1y, 1)
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Fill Factor (FF): Since both Voc and Isc can be
determined experimentally, the maximum power output can be
expressed in terms of these quantities. The fill factor is a
measure of the quality of the cell and is defined as the ratio of
the maximum power to the product of the open-circuit voltage
and the short-circuit current. It is given by the following relation
(Cai etal., 2012).

Ly, XV,
FF — m-'m
Is¢XVoc

(@)

Efficiency (n): Efficiency is defined as the ratio of the
maximum power output obtained from the cell to the power of
the incident light on the cell. In other words, it is a measure of
how effectively the cell converts light into electrical energy. The
efficiency of a solar cell represents its overall performance
(Singh et al., 2012).

Is¢XVoc

n_P—x100—FF>< x 100 (3)

mn in

In this study, the variation in the efficiency of a solar cell
as a function of distance under halogen lamp illumination was
investigated. The experiment was conducted in a laboratory
environment without natural light exposure to prevent the solar
cell from being affected by heat. The experimental setup used
for the measurements consisted of a silicon solar cell with an
area of 10.2 cm?, a halogen lamp emitting white light with a
power of 200 Watts and a voltage of 220 Volts, a variable
resistor box, an ammeter, and a voltmeter. To measure the
efficiency of the solar cell under halogen lamp illumination in a
closed laboratory environment without ambient light, the
experimental setup shown in Figure 2 was used to obtain the I-V
characteristics. The variable resistor box and the ammeter were
connected in series with the solar cell, while the voltmeter was
connected in parallel.
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Figure 2. Experimental set up

Our experimental setup was placed on a flat surface. The
halogen lamp was mounted on a suspension apparatus to allow
adjustment at different distances, ensuring that the light was
directed straight onto the solar cell. During the experiment, the
distance between the solar cell and the halogen lamp was
adjusted to approximately 12 cm, 17.5 cm, 21 c¢cm, and 30 cm,
respectively. Initially, a resistance was applied to the circuit in
order to obtain the minimum current, and the corresponding
maximum voltage was recorded. Similarly, the maximum
current corresponding to the minimum voltage was measured
using the ammeter. After obtaining the maximum current, the
resistance was gradually increased until the maximum voltage
was reached. Based on the data collected, the I-V characteristics
were plotted, and the I-V curves for all distance values are
presented in Figure 3. Subsequently, the light intensity under the
halogen lamp was measured at different heights. The light
intensity at a distance of 12 cm from the setup was measured to
be 19.4 kLux. The maximum power point, fill factor, and power
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conversion efficiency of the solar cell were calculated and are
presented in Table 1.

250 l
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Figure 3. I-V curves at distances of 12 cm, 17.5 cm, 21 cm, and 30
cm

Table 1. Solar cell efficiency and fill factor at distances of 12, 17.5,

21,and 30 cm
Distance Isc (MA) Voc (MV) FF 1] (%)
12 cm 0,21 0,477 0,558 1,88
17,5cm 0,121 0,484 0,590 1,84
21 cm 0,084 0,489 0,550 1,75
30 cm 0,021 0,490 0,590 0,89

Based on the obtained data, it was observed that as the
distance between the light source and the solar cell increased,
both the short-circuit current and the efficiency decreased

3. RESULTS AND DISCUSSION

The efficiency of a solar cell was calculated at various
distances using a halogen lamp. The -V characteristics of the
solar cell were measured and recorded at distances of 12 cm,
17.5 cm, 21 cm, and 30 cm. At a distance of 12 cm, the short-
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circuit current was measured as 0.21 mA with an efficiency of
1.88%. At 17.5 cm, the short-circuit current was 0.121 mA with
an efficiency of 1.84%. At 21 cm, the short-circuit current was
0.084 mA and the efficiency was 1.75%. Finally, at 30 cm, the
short-circuit current dropped to 0.021 mA.

These findings highlight the significance of distance as a
factor that must be considered when testing photovoltaic
systems in a laboratory environment. Moreover, the study
experimentally demonstrates that the distance between the light
source and the solar cell has a significant impact on the overall
performance of the system. Similar studies in the literature have
also shown a linear relationship between light intensity and
photovoltaic efficiency (Guechi et al., 2012 and Droz et al.,
2008). In particular, controlling the distance of the light source
in indoor testing improves the reliability of the obtained data.

The heat emitted by halogen lamps, in addition to light
intensity, can create thermal effects on the solar cell. Therefore,
determining the optimal distance is important not only for
maximizing efficiency but also for ensuring cell longevity and
stability. The results of this study indicate that defining the
distance of the lamp in simulated solar cell testing environments
is essential for reliable comparisons and design optimization.

4. CONCLUSION AND SUGGESTIONS

In this study, the performance of a silicon-based solar cell under
artificial lighting conditions was evaluated. The findings
indicate that under low light intensity, the efficiency of solar
cells is significantly lower compared to standard test conditions.
This outcome demonstrates that the intensity and spectral
characteristics of the illumination environment have a direct
impact on the performance of solar cells.
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Silicon solar cells typically achieve efficiencies between
15% and 22% under AM1.5 spectrum conditions with a light
intensity of 1000 W/m2. However, the results obtained in this
study reflect the performance that may be encountered in real-
world environments with low light levels. To obtain more
accurate and comparable efficiency values, calibrated solar
simulators that replicate the AM1.5G spectrum should be
employed. Furthermore, the performance of silicon cells should
be compared under various illumination intensities using
different light sources such as LEDs, natural sunlight, and
fluorescent lamps.
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FLEXIBLE FUTURE: CHALCOGENIDE THIN
FILMS FOR LIGHTWEIGHT AND BENDABLE
ELECTRONICS

Tugba BAYAZIT!

1. INTRODUCTION

The historical evolution of electronics has long been
driven by the demand for smaller, faster, and more efficient
systems. In recent years, however, this progression has expanded
beyond conventional expectations: electronic platforms are no
longer confined to flat, rigid, and brittle substrates. Instead, they
are rapidly transitioning into flexible, foldable, wearable, and
even textile-integrated forms. This paradigm shift is redefining
numerous sectors, including healthcare technologies, energy
harvesting, consumer electronics, soft robotics, and aerospace
applications.

Central to this transformation is the development of
materials capable of sustaining functional stability under
mechanical deformation while remaining compatible with
lightweight, low-temperature, and large-area manufacturing.
Among the emerging material families, chalcogenide thin films
have attracted increasing attention due to their favorable optical
and electronic characteristics, compatibility with diverse
deposition strategies, and adaptability to unconventional
substrates. These attributes make chalcogenide systems

L Dr., Central Research Laboratory, Recep Tayyip Erdogan University, 53100, Rize,
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promising building blocks for next-generation flexible electronic
architectures.

This chapter explores the emergence of chalcogenide thin
films within the broader landscape of flexible electronics,
examining their significance from historical, technological, and
scientific perspectives. A comprehensive overview of their
material behavior, fabrication strategies, and characterization
approaches is provided, followed by an assessment of current
applications, existing challenges, and future research directions.

2. PROPERTIES OF CHALCOGENIDE THIN
FILMS

Traditional electronics have long been dominated by
silicon-based platforms. Silicon remains indispensable due to its
well-understood material properties and relatively high intrinsic
carrier mobilities at room temperature approximately 1350
cm?/V-s for electrons and 480 cm?/V-s for holes as reported in
standard semiconductor physics texts (Sze & Kwok, 2006).
However, despite these advantages, silicon’s inherent rigidity,
brittleness, and reliance on high-temperature processing steps
(often approaching 1000-1100 °C) restrict its integration into
flexible or deformable device architectures. Consequently, the
rapid expansion of polymer-based substrates, biomedical micro-
devices, implantable systems, and wearable electronics has
prompted a reevaluation of the traditional silicon-centric design
paradigm (Tallinen, Chung, Biggins, & Mahadevan, 2014; Trung
& Lee, 2016).

In this context, research efforts have increasingly shifted
toward materials that can be deposited at low temperatures while
remaining thin, lightweight, and mechanically resilient. Organic
semiconductors represent an important step in this direction;
however, their limited environmental stability and modest
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electronic performance still constrain their broader use in high-
reliability systems (Bouachrine & Ayachi, 2025). Metal oxides
offer advantages such as high transparency and mechanical
robustness, yet they do not always provide optimal flexibility or
tunable band-gap characteristics for next-generation device
architectures (Yu, Marks, & Facchetti, 2016). At this point,
chalcogenide semiconductors emerge as a compelling alternative,
offering a balanced combination of device performance,
manufacturability under mild processing conditions, and
excellent mechanical flexibility (Phogat, Shreya, Jha, & Singh,
2024).

Chalcogenides  have electronically  advantageous
properties such as strong covalent bonding, high dielectric
constant, directional hybrid orbitals, and multiple crystal phase
options. Band gaps narrow (0.9-1.1 eV) (Jafarov, st, & Nasirov,
n.d.; Zhang, Zhong, & Tang, 2015), middle (1.2-1.6 eV) (Bayazit,
Olgar, Kii¢iikomeroglu, Bacaksiz, & Tomakin, 2023) and wide
(1.8-2.5 eV) (Whittles, 2017) they are suitable for optoelectronic
applications operating in the visible and near-infrared regions.

One of the outstanding properties of these materials is
their ability to largely maintain their electronic performance
despite crystalline defects. Many chalcogenide semiconductors,
even when structural defects occur, do not dramatically
deteriorate their band structure, contributing to the preservation
of device performance even in large-area, low-cost fabrications.
The ability to transform between amorphous and crystalline
phases facilitates device design on flexible platforms (Ahmad,
2015).

Furthermore, high optical absorption coefficients enable
thin films to achieve sufficient photon-capturing capacity even
with a thickness of only a few hundred nanometers, a critical
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advantage for light weight and bendability (Amalathas & Alkaisi,
2019; Ghobadi, Ulusoy Ghobadi, Karadas, & Ozbay, 2019).

Temperature is a key parameter in the fabrication of
flexible electronics. Common polymer substrates such as PET,
PIG, and PEN generally exhibit thermal stability between 150-
300 °C (Logothetidis, 2008; Zardetto, Brown, Reale, & Di Carlo,
2011). Chalcogenide thin films can be synthesized below this
temperature range by many methods, making them ideal for
flexible devices. Major fabrication methods include evaporation
and thermal evaporation, RF/DC magnetron sputtering
(Tanemura et al., 2003), spin coating, sol-gel (Kohoutek et al.,
2007; Swami, Kumar, & Dutta, 2013) and ink-based printing
techniques (Bernard et al., 2024), chemical bath deposition
(CBD) (Kumar, Rao, & C, 2003; Shikha, Mehta, Sharma, &
Chauhan, 2017), electrodeposition (Lopes et al., 2025), and spray
pyrolysis (Balachandran, Thiyakarajan, & Sethuraman, 2025), a
solution-based coating approach (Giri et al., 2018).

The common advantages of these techniques are their
scalability, low manufacturing costs, and ability to be applied to
large surface areas. Furthermore, their compatibility with roll-to-
roll manufacturing technology significantly increases the
potential for integrating these methods into industrial-scale
flexible electronics.

A material's suitability for flexible electronics depends not
only on its thickness but also on its ability to function under cyclic
mechanical stress. Chalcogenide thin films are more resistant to
cracking under bending due to their low Young's modulus, atomic
layering, and shear planes in their crystalline structures
(Shchurova & Savchenko, 2001).

The ability of a well-optimized chalcogenide thin film to
largely maintain its electrical performance even after 1000
bending cycles makes it highly advantageous for wearable
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sensors and electronic systems containing mobile components
(Kim, 2025). In this context, mechanical characterizations
evaluate parameters such as minimum bending radius,
conductivity change after hundreds or even thousands of cycles,
strain-induced defect formation, and film-substrate interface
stability (Li et al., 2024).

The high detection efficiency of compounds such as ZnTe,
Sh2Ses, and In2Ses in flexible photodetectors in the visible-to-NIR
range offers significant advantages for compact cameras, security
systems, and health screening technologies (Kim, 2025). Their
high absorption coefficients, coupled with the availability of very
thin active layers, enable foldable solar cells to be evaluated as
lightweight, portable, and durable energy solutions for emergency
equipment, unmanned aerial vehicles, and space applications.

3. CHALCOGENIDE THIN FILMS FAMILY
OVERVIEW

Chalcogenide semiconductors comprising sulphides (S),
selenides (Se), and tellurides (Te) constitute one of the most
versatile material families for next-generation flexible
electronics. Their broad range of bandgaps, defect-tolerant
bonding characteristics, high optical absorption coefficients, and
compatibility with low-temperature processing make them ideal
candidates for mechanically deformable devices (Adjogri &
Meyer, 2021; Fu et al., 2019). Depending on composition, these
materials can be engineered to operate across the visible, NIR,
and mid-infrared spectral regions while maintaining stable
electrical performance under bending or stretching.

In flexible platforms, chalcogenide thin films are utilized
not only as active absorbers but also as channel layers,
photodetector materials, thermoelectric modules, and memory-
grade semiconductors. Their chemical tunability, particularly in

32



Fizik

quaternary systems, allows precise control of optoelectronic
properties without exceeding the thermal limits of polymeric
substrates (Abdollahramezani et al., 2020).

A structural overview of the chalcogenide family
frequently used in flexible electronics is presented in Table 1.

Tablo 1. A structural overview of the chalcogenide materials

family
G M ial R & Crystal Key Relevance to
roup ateria ange Structure Flexible Electronics
(eV)
SnS,
Sulfides SnS,, Layered (2D_), High flz_exibility, strong
(S-based) MoS,, 1.2-2.2  orthorhombic,  absorption, solution-processable;
WS,, hexagonal suitable for FETSs, photodetectors
Sb,Ss
SbZSe,
Selenides SnSe, Layered, Leading candidates for flexible
SnSe;,, 1.0-19  defect-tolerant PV, NIR photodetectors,
(Se-based) . .
In,Ses, structures thermoelectrics, memory devices
Cu2Se
CdTe, . .
(Te-based) PbTe, 15 rhombohedral f g 9 Y
ormats
SnTe
CZTS,
CZTS, - Bandgap-tunable absorber;
thitl?;:::;/l CZTSSe, 1.0-2.1 orﬁ%srtﬁéﬁ)ic compatible with low-temperature,
CBTS, large-area, roll-to-roll deposition
CBTSe

Flexible electronics demand semiconductors that can
withstand mechanical deformation while maintaining stable
optical and electronic characteristics. Chalcogenide thin films
satisfy these requirements through their diverse bonding
configurations, layered crystal structures, and tunable
optoelectronic properties. Sulphides, selenides, and tellurides
form the core of this family, each offering distinct advantages in
terms of spectral activity, mechanical compliance, and device
compatibility.

S-based materials such as SnS, MoSz, and WS: provide
wide spectral tunability and strong light—matter interaction,
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making them attractive for ultrathin photodetectors and flexible
transistor channels (Splendiani et al., 2010; Wang, Kalantar-
Zadeh, Kis, Coleman, & Strano, 2012). Se-based compounds,
including Sh2Ses, SnSe, and In2Ses, are widely used in
photovoltaic and memory applications due to their defect-tolerant
structures and ability to operate efficiently in the visible-NIR
region (N. Madiha, Mohsin, Faryal, & Muhammad, 2019). Te-
based systems such as Bi2Tes and PbTe extend the functionality
toward thermoelectric and mid-infrared platforms while
preserving robust mechanical performance.

Multicomponent chalcogenides including kesterites
(CZTS, CZTSe, CZTSSe) and Ba-based systems (CBTS, CBTSe)
enable precision control over band structure and defect chemistry
(Bayazit, Olgar, Kiigiilkdmeroglu, Bacaksiz, & Tomakin, 2019;
Bayazit, Olgar, Tomakin, & Bacaksiz, 2025). Their compatibility
with low-temperature deposition and scalable coating processes
further solidifies their role in roll-to-roll manufacturing of
flexible photovoltaic and optoelectronic devices.

Together, these materials form a comprehensive and
tunable platform capable of supporting the structural and
functional demands of next-generation flexible electronics.

4. BASIC CHARACTERIZATION METHODS OF
CHALCOGENIDE THIN FILMS

Understanding the performance of chalcogenide thin films
used in flexible electronics is not limited to just electrical output;
it requires a multi-dimensional analysis, from the material's
crystal structure and surface topography to optical absorption
behavior and mechanical strength. Therefore, the characterization
process is carried out using a variety of complementary
techniques. First, X-ray diffraction (XRD) and Raman
spectroscopy are applied to determine the phase structure, degree
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of crystallinity, and possible secondary phases. XRD patterns
reveal the order and preferred orientations of the crystal lattice,
while Raman analysis provides additional insights into chemical
bonding and phase homogeneity by resolving lattice vibrational
modes.

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) are used to determine surface morphology,
roughness distribution, and post-flexure cracking behavior. SEM
provides high-resolution images of grain structure, film
continuity, and fracture scars, while AFM precisely measures
nanometer-scale surface topography and average roughness
values.

UV-Vis spectroscopy is used to calculate the optical
absorption edge and band gap of films. The optical band gap,
obtained through Tauc analysis, plays a critical role in
determining the suitability of the material for photodetector, solar
cell, or optoelectronic applications.

One of the defining requirements of flexible electronics is
the ability to maintain a stable electrical response even under
mechanical deformation. Therefore, in-situ bending tests are
performed, simultaneously monitoring the electrical resistance,
carrier density, or photoresponse while the sample is bent to a
specific radius. This allows for a direct understanding of the
relationship  between mechanical stress and electronic
performance.

Finally, Hall measurements determine key electronic
parameters such as carrier type, density, and mobility. These data
are helpful in assessing whether the material meets device design
expectations.

Using all these methods together and in a comparative
manner provides a holistic understanding of the material-device-
mechanical strength triangle. This allows the developed
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chalcogenide thin films to be accurately evaluated for reliable
performance not only in laboratory measurements but also in real-
world usage scenarios.

5. CONCLUSION

The era when electronics were limited to flat, brittle, and
rigid surfaces is over; today's technologies are moving towards
devices that are flexible, portable, wearable, and able to interact
with their environment. This transformation is not only a design
evolution but also the result of new materials concepts.
Chalcogenide thin films are at the core of this new electronics
paradigm thanks to their tunable bandgaps, high optical
absorption, defect tolerance, versatile manufacturing options, and
low-temperature processability.

The reliable operation of these materials on flexible
platforms is supported by the holistic use of advanced
characterization approaches. Multidimensional analyses, ranging
from crystal structure and surface morphology to optical
behavior, mechanical strength, and electronic conduction, are
critical for ensuring the robust performance of chalcogenide films
not only in laboratory conditions but also in real-world
environments

The accumulated scientific knowledge demonstrates that
chalcogenide-based flexible electronics are beginning to mature
across a wide range of applications, including health monitoring
systems, photonic devices, portable energy solutions, smart
textiles, and loT-based platforms. This progress is consistent with
the principles of sustainability and economical production; their
low energy requirements, thin film structure, and common
elemental composition offer strong environmental and industrial
advantages.
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However, long-term environmental stability, interface
optimization, homogeneity in large-area production, and the
establishment of standard mechanical testing protocols remain
outstanding issues on the research agenda. In the near future,
atomic layer engineering, hybrid heterostructures, encapsulation
strategies, printing-based production techniques, and roll-to-roll
processes are expected to be decisive in overcoming these
obstacles.

Overall, chalcogenide thin films will not only meet
current flexible electronics requirements but will also be a
significant driving force in transforming this field into a scalable,
sustainable, and technologically transformative ecosystem.
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TALYS MODELLING OF “GA PRODUCTION
VIA “Zn(p,n) AND **Zn(p,2n) REACTIONS UP
TO 30 MEV

Murat DAG!

1. INTRODUCTION

Radiopharmaceuticals form the basis of modern nuclear
medicine, enabling both non-invasive diagnosis and targeted
radionuclide therapy by delivering radioactive nuclides to
specific biological targets. Among these, Gallium-67 is a well-
established SPECT radionuclide that is attracting interest as a
potential therapeutic and theranostic agent, owing to its suitable
half-life and Auger—electron emission characteristics. Gallium-67
(°’Ga) has a half-life of about 78 h and emits several y-rays in the
90-300 keV range that are well matched to standard y-camera
systems. The 78.3 h half-life provides a practical time window for
production, quality control, distribution, and imaging, while the
photon energies near 93, 185, and 300 keV are compatible with
conventional SPECT instrumentation. In addition, the emission
of Auger and other low-energy electrons can enhance local dose
deposition at the cellular level when ©’Ga is delivered to, or
internalized within, tumor cells (Bailey, 2021).

Reliable nuclear data for cyclotron production of “’Ga are
essential for optimizing yield and radionuclidic purity in both
clinical and preclinical settings. Among the available production
routes, proton-induced reactions on enriched zinc targets,
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particularly “Zn(p,n)*’Ga and **Zn(p,2n)*’Ga, play a central role.
Early and subsequent studies have established these two channels
as the principal reactions of interest for high-yield, high-purity
¢’Ga production in the approximate 10-30 MeV proton energy
range. In current practice, the majority of “’Ga producers have
adopted the **Zn(p,2n)*’Ga reaction on highly enriched ®Zn.
However, some discrepancies persist among the available cross-
section data sets, especially regarding the magnitude and position
of the excitation-function maximum (IAEA, 2010; IAEA, 2011).

Nuclear reaction modeling codes provide a powerful
complementary tool to interpret existing measurements,
extrapolate to unmeasured energy regions, and support the design
of new production schemes. In this context, TALYS is a widely
used general-purpose nuclear reaction code that describes
reactions from a few keV up to several hundred MeV within a
single, consistent framework, combining optical-model
calculations, Hauser—Feshbach compound-nucleus theory, level-
density models, and pre-equilibrium formalisms. Previous studies
(Noujaim, 1981; Aytekin et al., 2013) have employed previous
version of TALYS and other related nuclear codes to calculate
cross sections for the “Zn(p,n)®’Ga and **Zn(p,2n)*’Ga reactions,
often in the context of diagnostic radionuclide production, with
mixed levels of agreement with experimental data.

In view of the theranostic interest in ““Ga and the
continuing need for consistent, high-quality nuclear data, the
present work will focus on a systematic TALY S-based evaluation
of the “Zn(p,n)*’Ga and **Zn(p,2n)*’Ga reactions. These two
reactions will be systematically investigated using the newest
version of TALYS nuclear reaction code. The calculated cross
sections with TALYS with different level density models
(Constant Temperature Model - CTM, Back Shifted Fermi Gas
Model - BSFGM, Generalized Superfluid Model - GSM and
Microscopic Level Densities) will be compared the latest
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experimental cross-section data from the literature for
¢Zn(p,n)*’Ga and °*Zn(p,2n)*’Ga, as well as with evaluated
nuclear data library (IAEA-MED). The ultimate objective of this
study is to assess the predictive capability of TALYS for medical
radionuclide production of “Ga using the ¢Zn(p,n) and
%Zn(p,2n) reactions. More specifically, the main goals are: (i) to
calculate excitation functions for ¢’Ga production over a clinically
relevant proton energy range, (ii) to benchmark these calculations
against selected experimental data sets, and (iii) to analyze the
impact of key nuclear-model parameters on the predicted cross
sections, thereby assessing the stability of TALY'S predictions for
medical isotope production.

2. METHODS

TALYS is a general-purpose nuclear reaction code that
models reactions induced by neutrons, photons, protons,
deuterons, tritons, *He, and o particles on targets with mass
number A>12. It combines compound-nucleus and pre-
equilibrium mechanisms, is continuously benchmarked against
experimental data, and allows users to adjust model parameters to
reproduce observables such as reaction and production cross
sections in a relatively user-friendly way (Koning et al., 2008,
Koning et al., 2021). In TALYS, the level density p(Ex,J,IT)
denotes the number of levels per MeV at excitation energy Ex for
spin J and parity I1. The total level density is obtained by
summing over all spins and parities,

palB) = ) p(Ee ), 1)
J,II

A standard analytical reference is the Fermi-gas model
(FGM), which gives the state density and the corresponding level
density
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Vmexp[2ValU]  wf'(E,)
\V2mo 12 al/4yus/4 2o

Pt (Ex) = (2)

where A is an energy (pairing) shift, o the spin cut-off
parameter, and a the level-density parameter. Early formulations
treated a as energy independent (Gilbert & Cameron, 1965; Dilg
etal., 1973; Baba, 1970), whereas Ignatyuk et al. (Ignatyuk et al.,
1975; Ignatyuk et al., 1993) introduced an explicit energy
dependence to account for shell corrections (Eq. 3) with the
asymptotic value (Eq. 4). Here W is the shell-correction energy,
vy a damping parameter, and o, global constants chosen to
reproduce average level-density systematics.

(3)

a=a(E,) = a<1 + 5W1_e+p[w]>

a = ad + BA?/3 4

TALYS offers several level-density options, ranging from
phenomenological approaches to models based on microscopic
structure calculations. In this study, three phenomenological
models are used: CTM, BSFGM and GSM along with
Microscopic Level Densities. CTM (Gilbert & Cameron, 1965)
assumes a constant nuclear temperature up to a matching energy
Em and a Fermi-gas form at higher excitation; BSFGM (Dilg et
al.,, 1973; Demetriou and Goriely, 2001; Grossjean and
Feldmeier, 1985) applies the Fermi-gas expression over the full
energy range and treats the pairing (back-shift) as an adjustable
parameter; GSM (Ignatyuk et al., 1975; Ignatyuk et al., 1993;
Ignatyuk et al., 1979) incorporates Bardeen—Cooper—Schrieffer
type pairing correlations and yields a smooth transition from a
superfluid regime at low excitation energies to the Fermi-gas limit
at high excitation energies.

47



Fizik

3. RESULTS

For the "Zn(p,n)*’Ga reaction, as seen in Fig. 1, the
EXFOR experimental data exhibit a single-peaked excitation
function, with the cross section rising steeply above threshold and
reaching ~0.6-0.7 b around 10-12 MeV before gradually
decreasing towards 30 MeV. The various data sets are generally
consistent within their uncertainties, aside from the 1997
Hermanne points, which lie systematically higher in the peak
region. TALYS calculations with different level-density models
reproduce the overall shape but differ in normalization and peak
width. CTM systematically underestimates the maximum and
high-energy tail, while BFGSM and GSM provide only a partial
improvement. Quantitatively, x> tests performed against all
visible experimental points (N = 176) show that the Microscopic
Level Density options perform best. Model 4 yields the lowest 2
(x* = 1.435) and highest R? (0.839), followed by microscopic
Models 6 and 5 (y* = 1.538 and 1.590). In contrast, CTM and
GSM exhibit the largest ¥* values (2.285 and 2.103), indicating
the weakest agreement. Thus, for “Zn(p,n)*’Ga, the TALYS
calculation employing Microscopic Level Density - Model 4
provides the most accurate description of the available EXFOR
data and is therefore the preferred option for production-yield
estimations.

For the %Zn(p,2n)*’Ga reaction, as seen in Fig. 2, the
EXFOR data sets show a common behaviour: the cross section
rises sharply above threshold at ~12-13 MeV, reaches a broad
maximum of about 0.7-0.8 b around 19-21 MeV, and then
decreases gradually towards higher energies. The different
measurements are largely consistent within their error bars, with
only moderate scatter in the peak region.TALYS calculations
with the various level-density models reproduce the overall shape
but differ in normalization. The phenomenological models (CTM,
BFM and especially GSM) systematically underestimate the peak
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and the high-energy tail. A ¥? analysis of all experimental points
(N = 125) shows that Microscopic Level Density options give the
best agreement: Microscopic Level Density Model 4 yields the
lowest %2 (0.966) and the highest R? (0.818), with Microscopic
Level Density Model 6 only slightly worse (¥ = 1.018, R? =
0.808). Thus, for ®*Zn(p,2n)*’Ga, TALY'S with Microscopic Level
Density Model 4 provides the most accurate description of the
experimental excitation function.

Overall, the two reaction channels convey the same
message: among the TALYS level-density models, the
Microscopic Level Density implementations, especially Model 4,
yield the most consistent description of ¢’Ga production cross
sections. The corresponding excitation functions provide a sound
basis for defining practical energy windows and target-
enrichment conditions in cyclotron applications. The remaining
discrepancies with a few experimental data sets nevertheless
indicate that further refinement of the nuclear-structure input and
additional high-precision measurements would still be beneficial.
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COMPUTATION OF tjn PRODUCTION CROSS
SECTIONS VIA 1:Cd(p,n) AND 12Cd(p,2n)
REACTIONS WITH TALYS UP TO 30 MEV

Murat DAG!

1. INTRODUCTION

The cyclotron production of radionuclides for diagnostic
nuclear medicine relies on accurate nuclear data and a robust
theoretical framework capable of interpreting the extensive body
of experimental measurements accumulated over several decades.
Reliable cross-section information underpins the production of
medically essential radionuclides employed in diagnostic
imaging and radiopharmaceutical development. Among
established SPECT isotopes, Indium-111 (***In) maintains long-
standing clinical significance due to its 67-hour physical half-life
and its characteristic y-ray emissions at 171 and 245 keV,
energies that are well suited to medium-energy collimation and
facilitate high-quality delayed imaging. Clinically, In is
employed in detecting abdominal and soft-tissue infections,
evaluating inflammatory processes, and assessing organ-
transplant acceptance through antibody or leukocyte labelling. In
combination with ¢’Ga, it supports the identification of soft-tissue
and bone-marrow infections, as well as the evaluation of hepatic
and renal dysfunctions and organ-specific tracer uptake.
Additional applications include monitoring white-blood-cell
migration, conducting cell-based dosimetry studies, performing

L Asst. Prof. Dr., Kirsehir Ahi Evran University, Vocational School of Health
Services, Department of Medical Services and Techniques, ORCID: 0000-0002-
0503-6067.
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myocardial imaging, assessing leukaemia risk, and visualizing
selected tumours. These diverse and clinically important uses
highlight the continuing need for reliable, high-purity cyclotron
production routes (Tarkanyi et al., 1994; Otozai et al., 1966).

Two principal pathways support the cyclotron production
of 111In; the 112Cd(p,n)In reaction, which is effective at proton
energies below approximately 15 MeV and is therefore
compatible with low- to medium-energy cyclotron facilities, and
the 112Cd(p,2n)**In reaction, which becomes favourable at higher
energies and can provide greater thick-target yields when
enriched 112Cd targets are available. Experimental cross-section
data for these reactions have been reported in multiple studies,
though the published measurements exhibit variations in
threshold behaviour, peak positions of excitation functions, and
absolute cross-section normalizations. These discrepancies
highlight the need for complementary theoretical modelling to
ensure reliable nuclear-data evaluations (IAEA, 2010; IAEA,
2011).

The TALYS nuclear-reaction code provides a coherent
and systematic framework for simulating proton-induced
reactions on medium-mass nuclei, integrating global optical
potentials ~ with  pre-equilibrium and  Hauser-Feshbach
compound-nucleus formalisms. Of particular relevance to tIn
production, neutron-emission competition in the compound
nuclei *In* and 2In* is strongly modulated by the nuclear level
density, making the choice of level-density prescription—
whether phenomenological (Constant Temperature Model -
CTM, Back Shifted Fermi Gas Model - BSFGM, Generalized
Superfluid Model — GSM) models or Microscopic Level Density
to the resulting excitation-function predictions.

The present study aims to investigate the theoretical
behaviour of the 1:Cd(p,n) and 2Cd(p,2n) reaction channels
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across the 5-30 MeV energy range relevant to medical cyclotron
operation. Using TALY'S with multiple level-density models, the
calculated excitation functions are systematically compared with
the most recent experimental cross-section datasets and with the
evaluated IAEA-MED nuclear-data library. The objectives are (i)
to generate consistent excitation-function predictions for 1In
production across clinically relevant energies, (ii) to benchmark
these calculations against selected experimental measurements,
and (iii) to evaluate the sensitivity of predicted cross sections to
nuclear-model inputs, thereby assessing the robustness and
reliability of TALYS-based simulations for medical-isotope
production.

2. METHODS

TALYS is a general-purpose nuclear reaction code that
models reactions induced by neutrons, photons, protons,
deuterons, tritons, *He, and o particles on targets with mass
number A>12. It combines compound-nucleus and pre-
equilibrium mechanisms, is continuously benchmarked against
experimental data, and allows users to adjust model parameters to
reproduce observables such as reaction and production cross
sections in a relatively user-friendly way (Koning et al., 2008,
Koning et al., 2021). In TALYS, the level density p(Ex,J,IT)
denotes the number of levels per MeV at excitation energy Ex for
spin J and parity I1. The total level density is obtained by
summing over all spins and parities,

palB) = ) p(Ee ), 1)
J,II

A standard analytical reference is the Fermi-gas model
(FGM), which gives the state density and the corresponding level
density
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Vmexp[2ValU]  wf'(E,)
\V2mo 12 al/4yus/4 2o

Pt (Ex) = (2)

where A is an energy (pairing) shift, o the spin cut-off
parameter, and a the level-density parameter. Early formulations
treated a as energy independent (Gilbert & Cameron, 1965; Dilg
etal., 1973; Baba, 1970), whereas Ignatyuk et al. (Ignatyuk et al.,
1975; Ignatyuk et al., 1993) introduced an explicit energy
dependence to account for shell corrections (Eq. 3) with the
asymptotic value (Eq. 4). Here §W is the shell-correction energy,
vy a damping parameter, and o, global constants chosen to
reproduce average level-density systematics.

(3)

a=a(E,) = a<1 + 5W1_e+p[w]>

a = ad + BA?/3 4

TALYS offers several level-density options, ranging from
phenomenological approaches to models based on microscopic
structure calculations. In this study, three phenomenological
models are used: CTM, BSFGM and GSM along with
Microscopic Level Densities. CTM (Gilbert & Cameron, 1965)
assumes a constant nuclear temperature up to a matching energy
EM and a Fermi-gas form at higher excitation; BSFGM (Dilg et
al., 1973; Demetriou & Goriely, 2001; Grossjean and Feldmeier,
1985) applies the Fermi-gas expression over the full energy range
and treats the pairing (back-shift) as an adjustable parameter;
GSM (Ignatyuk et al., 1975; Ignatyuk et al., 1993; Ignatyuk et al.,
1979) incorporates Bardeen—Cooper—Schrieffer type pairing
correlations and yields a smooth transition from a superfluid
regime at low excitation energies to the Fermi-gas limit at high
excitation energies.
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3. RESULTS

For the 1Cd(p,n)!tIn reaction, the excitation function
shown in Fig. 1 indicates that all experimental data sets cluster
around a single, well-defined maximum of about 0.75-0.80 b at
~12 MeV, with a rapid rise from threshold and a smooth fall-off
towards higher energies. TALYS calculations with the different
level-density models reproduce this overall behaviour, but clear
differences appear in the peak region and in the high-energy tail.
Among the phenomenological options, the BSFGM performs
best, whereas CTM and GSM tend to underpredict the cross
section on the falling slope. The Microscopic Level-Density
Models (Models 4-6) generally improve the agreement, with
Model 4 providing the lowest ¥ (¥* = 0.129, R? = 0.968) and
Model 5 yielding a very similar description (¥*> = 0.135, R? =
0.967); Model 6, by contrast, overestimates the high-energy tail
and exhibits the poorest statistics (y*> = 0.398, R? = 0.902). These
findings indicate that, for 1Cd(p,n)*tIn in the 5-30 MeV range,
TALYS calculations based on Microscopic Level-Density Model
4 (and, secondarily, Model 5) offer the most reliable
representation of the available cross-section data and are
therefore the preferred choice for quantitative yield estimations.

For the 112Cd(p,2n)tIn reaction, the excitation function in
Fig. 2 shows the expected behaviour for a threshold (p,2n)
channel: the cross section increases steeply above =11-12 MeV,
reaches a broad maximum of about 1.0 b around 18-22 MeV, and
then decreases smoothly towards 30 MeV. The different
experimental data sets are mutually consistent within their
uncertainties, defining a relatively narrow band in the peak and
falling-slope regions. TALYS calculations with all six level-
density models reproduce the global shape, but GSM clearly
underestimates the cross section beyond ~20 MeV, while Model
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6 tends to overpredict the high-energy tail. When all available
experimental series are included in the fit (N = 68), the ¥* and R?
values indicate a slight preference for CTM. Restricting the
comparison to the clinically relevant 5-30 MeV interval and to
the selected EXFOR sets (N = 40 — excluding the experimental
data of Hermanne et al., 2014) leads to a lower %2 and higher R?
for the Microscopic Level Density Model 4 (¥* = 0.290, R? =
0.914), suggesting that this option offers the most robust
description of 12Cd(p,2n)*In in the energy window of practical
interest for medical cyclotrons.

Overall, the Microscopic Level Density, especially Model
4, provide the most consistent and accurate representation of the
in production cross sections within the 5-30 MeV cyclotron
energy range. Compared with phenomenological models,
Microscopic Level Density achieve lower y? values and higher R?,
making them the preferred choice for defining practical
irradiation conditions, including proton-energy windows and
target-enrichment strategies. Remaining discrepancies with
certain experimental datasets indicate that further refinement of
nuclear-structure inputs, together with new high-precision
measurements, would enhance the predictive reliability of
theoretical calculations for medical-isotope production.
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BORON MINE AND ITS STRATEGIC
IMPORTANCE

Ozge ERDEM!?
Stimeyra CAN?

1. INTRODUCTION

In today's world, the rapidly growing population and the
resulting rising energy demand are increasing the strategic
importance of natural resources daily. Boron (B), a mineral with
broad potential for use in technology, industry, and energy, stands
out as a promising and globally strategic mineral in meeting these
needs.

Boron, located in Group 3A of the periodic table, is a
semiconductor with atomic number 5, exhibiting properties
intermediate between those of a metal and a nonmetal. It is a
brittle and lustrous metalloid in crystalline form and a brown
powder in amorphous form. Boron, which does not occur in free
form in nature, is usually found as boron minerals. The most
common boron minerals are tincal (borax), colemanite, and
ulexite. These minerals are used to produce various boron
compounds (e.g., boric acid and borax).

Tlrkiye, which has approximately 73% of the world's
boron reserves, is a strategic actor not only in boron production

1 Assoc. Prof., Bayburt University, Vocational School of Health Services,
Department of Medical Services and Techniques, Opticianry Program, ORCID:
0000-0003-4542-941X.

2 Assist. Prof., Bayburt University, Vocational School of Health Services,
Department of Medical Services and Techniques, Opticianry Program, ORCID:
0000-0002-2471-5786.
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but also in the global boron market. Boron deposits concentrated
in the provinces of Eskisehir, Kiitahya, Balikesir and Bursa in our
country are operated by the state-controlled Eti Maden and
offered to the world market.

This section examines the fundamental properties of
boron and its uses in sectors such as energy, industry, and
technology. Furthermore, considering boron's strategic role,
boron potential in Tirkiye and globally is evaluated in terms of
production, use, and consumption dynamics.

2. BORON

Boron (B) is a low-density, solid chemical element with
atomic number 5 and is classified as a semimetal (metalloid, gray
area in Fig. 1) in the periodic table. Boron exhibits properties
intermediate between those of metals and nonmetals. As can be
seen from the periodic table in Fig. 1, boron is the first and lightest
element of Group 3A (boron (B), aluminum (Al), gallium (Ga),
indium (n), and thallium (TI)), also known as the "boron group™
or "earth metals group."

ACS PERIODIC TABLE OF ELEMENTS

W Chemistry for Life®
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Fig. 1. Periodic Table of Elements [1]
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Boron does not occur as a pure element in nature. The pure
elemental form of boron was first obtained in 1808 by French
chemists J.L. Gay-Lussac and Baron L.J. Thénard, and British
Chemist H. Davy [2]. Pure boron, like carbon, is an electrical
conductor. Boron has three valence electrons that form covalent
bonds. By forming covalent bonds, it can form very hard boron
crystals such as boron carbide (boron hydride) and boron nitride.

The element boron occurs in nature in the form of boron
minerals, which have industrial significance. Boron minerals are
naturally occurring compounds containing varying amounts of
boron oxide, and there are over 230 varieties. Important boron
minerals include tincal, colemanite, kernite, ulexite, pandermite,
boracite, szaybelite, and hydroboracite. Among these, borax
(tincal, sodium-based boron compounds), colemanite (calcium-
based boron compounds) and ulexite (sodium-calcium-based
boron compounds) are the most common commercially
prominent boron minerals (see Fig. 2).

Fig. 2. (a) Borax [3], (b) Colemanite [, (c) Ulexite [5]

The melting point of the element boron is 2076°C and its
boiling point is 3927°C [6]. Amorphous boron occurs as a brown
powder. Crystalline boron is silvery-gray in color and has a
rhombohedral crystal structure. Boron has isotopes 8B, 10B, 11B,
12B, and 13B. Among these, 10B and 11B are the most stable.
The 10B isotope exhibits high thermal neutron retention. Thanks
to this feature, it is used in nuclear materials and nuclear power
plants [7].
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3. USAGE AREAS OF BORON

Boron is a strategic mineral with a wide variety of uses
today. Its compounds with metals and nonmetals, in particular,
are frequently used in industry. Looking at sectoral consumption,
global boron usage accounts for 41% of insulation, fiberglass, and
textile industries, 13% for ceramics and its compounds, 12% for
the detergent and cleaning industry, 8% for the metallurgical
industry, 7% for the agricultural industry, and 19% for other
sectors [8].

3.1. Glass Industry and Glass Fiber

Boron mineral is used in the glass industry in the form of
boron oxide (B203). Boron oxide is used in conjunction with
silicon dioxide (SiO2) in the production of borosilicate glass,
which has high mechanical and chemical strength and thermal
shock resistance. Borosilicate glass is one of the most important
markets for boron products.

The typical composition of borosilicate glass is
approximately  81% silica, 13% boron oxide, 4%
sodium/potassium oxide and 2% aluminum oxide, although the
boron oxide content varies between 5% and 30% [9].

Boron additives increase the optical clarity of glass,
improving light transmittance. Borosilicate glass is used in
laboratory equipment, kitchenware such as ovenware, optical
components in microscopes, telescopes, and camera lenses, solar
heating systems, LCD displays, and lighting products.

Boron is also used to produce textile-grade fiberglass and
insulation fiberglass (glass wool). Boron products are used in
both types of fiberglass to lower the melting point of the glass raw
material (batch) and as a powerful flux. They control temperature,
viscosity, and surface tension to ensure optimal fiberization [9].
Textile-grade fiberglass is used to increase the durability of
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cement, rubber, plastic, and other materials. Insulating fiberglass
is used in building insulation to prevent heat loss. Fiberglass is
also used in wind turbines, airplanes, and automobiles.

3.2. Ceramic Industry and Wear-Resistant Material
Production

Boron compounds are used in ceramic glazes (thin glassy
coatings) and porcelain enamels. Boron oxide and colemanite
(2Ca0-3B203-5H20), added to glazes and enamels, prevent glass
formation in the early stages of melting and reduce the coefficient
of thermal expansion of the coating, ensuring good adhesion of
the glaze or enamel to the surface. This increases the mechanical
strength and scratch resistance of the ceramic, and improves color
stability.

Boron carbide (B4C) compound is used in the production
of highly wear-resistant materials such as drill bits and cutting
inserts.

3.3. Electronics and Magnetism

Boron's high temperature and radiation resistance increase
its potential for use in advanced microelectronic components. In
the electronics industry, boron is used as a silicon additive,
particularly in the production of p-type semiconductors, and plays
a critical role in microchip and integrated circuit designs.

In magnetism, boron-containing neodymium-iron-boron
(Nd-Fe-B) magnets, due to their high magnetic energy density,
are widely used in hard drives, electric vehicle motors, wind
turbines, and magnetic resonance imaging (MRI) devices. MgBg,
a boron-containing superconductor material, is used in the
production of superconducting magnetic coils and in nuclear
magnetic resonance (NMR) spectrometers, MRI systems, particle
accelerators, and magnetic levitation (MAGLEV) systems.
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3.4. Optics and Energy

Borosilicate glasses containing boron oxide are used in
telescope lenses, laboratory glassware, and optical instruments
due to their resistance to heat and chemicals.

Boron compounds are used to produce optical materials
resistant to infrared and UV rays and to improve optical
performance in optoelectronic systems such as LEDs and solar
cells.

Boron-doped materials are used in military laser systems,
sensors, night vision devices, and other advanced optical systems.
Boron nitride (BN), in particular, is a high-temperature resistant
and insulating material. Therefore, it is used in applications such
as radar systems.

Boron-doped electrode materials are used to increase the
energy density and lifespan of lithium-ion batteries in electric
vehicles.

Boron-containing ceramics and electrolytes have potential
for use in high-temperature fuel cells. Boron hydrides (such as
sodium borohydride (NaBHa4)) are being investigated as high-
capacity hydrogen storage materials.

Boron derivatives are used in the construction of control
rods in nuclear reactors and as neutron scavengers, especially
thanks to their neutron absorbing properties.

3.5. Defense Industry

Boron-doped composite materials are used in the defense
industry in areas such as armor coatings on tanks and armored
vehicles, helicopter and aircraft armor systems, ballistic
protection plates and ballistic vests for military personnel, thanks
to their properties such as lightness, hardness, heat and impact
resistance.
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Boron fiber is stronger, lighter, and more resistant to high
temperatures than carbon fiber. These properties make it used in
the internal skeletons of fighter jets, components of unmanned
aerial vehicles (UAVs), armed unmanned aerial vehicles
(UCAVs), and missile bodies. Boron compounds are also used in
some specialized explosives and rocket fuels. Boron derivatives
are also used in nuclear submarines and ships, as well as in
nuclear-tipped missile systems.

3.6. Fire Extinguishing and Flame Retardant

Boric acid (HsBOs)-added glass fibers are used in the
production of highly thermally insulating materials (such as
mineral wool) in textiles. Borate compounds and boric acid are
widely used in the production of materials such as flame
retardants, fire extinguishers, fireproof fabrics, and paints. Fig. 3
compares the combustion areas of boron-added paints. As can be
seen from the figure, the combustion area decreases as the amount
of boron added increases [10].

Fig. 3. Comparison of burning areas of boron added paints.
Samples from least to most doped, from left to right [10]

3.7. Agriculture

Boron is an essential micronutrient for plant growth. It is
applied to the soil as a fertilizer in compounds such as borax
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(NazB4O7-10H20), boric acid, and sodium tetraborate
(Naz[B4Os(OH)4]-8H20). Boron fertilizer enriches the soil with
boron minerals and increases plant productivity.

The nutrient called Etidot-67, which was developed as a
result of the R&D study carried out by Eti Maden and used to
increase the quality of fruits and seeds [11], is given in Fig. 4.

Fig. 4. Etidot-67 Boron Fertilizer 20 kg [12]
3.8. Medicine and Health

Boron compounds (especially boric acid) have
antibacterial and antifungal properties. Some boron compounds
are used in biomedical research and pharmaceutical production.
They are used in eye drops, vaginal creams, and skin antiseptics.

Boron Neutron Capture Therapy (BNCT), an
experimental targeted radiotherapy method used for brain tumors
and some cancers such as melanoma, uses the B-10 isotope
injected intravenously [13]. Boron-containing compounds are
selectively administered to tumor cells, and neutron radiation is
applied to destroy only the cancer cells. Furthermore, boron
compounds are being developed for use in targeted drug delivery
systems (such as boronate-containing nanoparticles) to ensure
that cancer drugs reach only tumor cells.

The anti-inflammatory and analgesic effects of boron
compounds make them potentially useful in alleviating the
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symptoms of rheumatic diseases. They also support bone health
in conditions such as osteoporosis.

3.9. Textiles and Hygiene

Boron compounds are used in textile dyeing processes to
ensure better adhesion of the dye to the fabric and to maintain the
pH balance.

Boron compounds have a microbial growth inhibitory
effect. Thus, textile-grade fiberglass imparts antibacterial
properties to textile surfaces. Fig. 5 shows glass wool and textile-
grade fiberglass made from boron. It is particularly used in areas
where hygiene is crucial, such as underwear, sportswear, and
medical textiles.

Fig. 5. Boron glass wool and textile type glass fiber [14]

Boron compounds are also used in toothpastes and
mouthwashes to support oral hygiene thanks to their
antimicrobial properties.

3.10. Detergents and Cleaning Products

Borates are used as cleaning agents, particularly in powder
detergents. Borax (Sodium Borate — Na2B4O-), a natural mineral,
is effective in cleaning when combined with water. It is used in
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laundry detergents (such as BORON and AQUA BOR, given in
Fig. 6), stain removers, household cleaners, and deodorizers.

F & ETiMADEMN )

Fig. 6. BORON laundry detergents produced by Eti Maden [15]

Boric acid, with its slightly acidic structure, inhibits the
growth of bacteria, fungi, and mold. It is used in antiseptic
cleaning products, bathroom, toilet, and kitchen cleaners, and
insecticides.

3.11. Cosmetic

Boric acid, with its mild antiseptic properties, is used in
eye drops, foot powders, lotions, and skin cleansers for microbial
purposes. It helps combat itching and fungal problems. In
products for acne-prone skin, boric acid and its derivatives reduce
bacterial growth. It's a preferred natural alternative in products
free of parabens and synthetic preservatives.

Sodium borate (borax) is used as an emulsifier and
stabilizer. It is used to combine water and oil phases in ointments,
creams, and lotions. It also has a pH-regulating effect.

Boron nitride is used in foundations, powders, and blushes
to provide a matte and smooth finish to the skin.

4. BORON IN TURKIYE AND THE WORLD

Boron, a critical resource like lithium and cobalt, holds
economic and strategic value for both our country and the world.
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Its importance, particularly in renewable energy, energy
transformation, battery technologies, the defense industry, and
nuclear energy, is growing daily.

In Turkiye, boron is classified as a Group 4 mineral and is
considered a "strategic mineral." The state has special authority
over minerals in this group. According to Law No. 2840 (Law
No. 2840 dated 1983 on the "State Operation of Boron Salts,
Trona, and Asphaltite Mines"), boron minerals are operated by
the state and are not available to the private sector. Therefore,
private companies cannot directly extract boron or export raw
boron. The export, processing, and use of boron are regulated by
the Ministry of Energy and Natural Resources and the Ministry
of Environment, Urbanization and Climate Change. In Turkiye,
the sole right to operate and export boron mines belongs to the
state-owned company Eti Maden. The company's primary policy
is to produce and sell high-value-added refined boron products.
Thus, while the share of concentrated products in boron product
exports is decreasing, the share of high value-added refined boron
products is increasing [9, 16]. Turkiye is the world leader in boron
reserves, boron production, and boron exports. Eti Maden has a
61% share of the global boron market as of 2024 [17].

Tirkiye has the world's largest boron reserves. The
primary boron minerals mined in Turkiye are colemanite, ulexite,
and tincal. Turkiye holds 73.3% of the world's boron reserves (3.3
billion tons of B20s equivalent). Provinces with boron reserves in
the country are Eskisehir-Kirka (tincal and colemanite),
Balikesir-Bigadi¢, Dursunbey and Sindirgi (colemanite and
ulexite), Kutahya-Emet (colemanite), and Bursa-Kestelek
(colemanite). Russia accounts for 7.8% of the world's boron
reserves, the United States for 6.2%, Chile for 3.2%, and China
for 2.8% [9]. Small amounts of boron reserves are also found in
Peru, Serbia, Bolivia, Kazakhstan, and Argentina.
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Boron extracted from Trkiye takes its place in the world
market both as raw material and as processed boron products
(boric acid, borax, boron carbide). Export countries include the
United States, China, India, European countries, South Korea,
and Japan. The main products are boric acid, borax, colemanite,
sodium perborate, and boron carbide. According to 2024 data, 2.5
million tons of boron products were sold in our country (97% of
which were exports) and approximately 1.322 billion dollars of
revenue was generated [17]. The most exported product is boric
acid.

Efforts to develop our country's boron exports and boron-
based technological products are continuing at full speed. Turkiye
has boron facilities such as the Bandirma Boron and Acid
Factories, Kirka Boron Enterprises, and Emet Boron Oxide.
Turkiye opened a boron carbide production facility in Bandirma
in 2023 and a ferrobor production facility in 2025. Work
continues on opening a boron nitride facility and an amorphous
boron oxide production facility.

In our country, there are companies that process boron
minerals from Eti Maden and produce secondary products. These
include ASELSAN, ROKETSAN, SISECAM, ASPILSAN, the
ETI MADEN Boron Carbide Facility, TUBITAK MAM, and
MTA. In these companies, studies are carried out especially in the
fields of defense industry (boron carbide armor and explosive
additives), glass and ceramics (boron glass and special glass
products), energy and batteries (boron-based batteries), R&D and
value-added products (boron carbide production, use of boron in
industry and nanoboron studies). The high purity boric acid
production technology developed by TUBITAK MAM has been
registered with international patents, especially in the USA, and
is internationally recognized [18]. In addition, boron-containing
superconductor production and development studies are carried
out in many universities in our country.
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Boron carbide is both lightweight and super-hard. The
Boron Carbide Facility in Bandirma is strategically important for
the domestic production of tank armor and ballistic vests and for
reducing imports. Since boron is a very light but harder material
than steel, it is used in the defense industry and armor technology
in institutions such as ASELSAN, ROKETSAN and TUBITAK
in our country. In our country, studies are underway to develop
armor plates, missile components, and lightweight yet durable
ammunition using boron minerals. Boron-based materials are
actively being researched for domestic defense vehicles such as
the Altay tank, ANKA, Bayraktar TB2, and Akinci, and R&D
efforts are ongoing to improve their performance.

In our country, studies are being conducted on boron-
derived products in the healthcare and pharmaceutical industries,
agriculture, construction and insulation, and glass industries.
Launched by Eti Maden in 2019, BORON (see Fig. 6) is the first
boron-based cleaning product brand in Tirkiye. There are also
varieties such as laundry and dishwashing detergent, liquid soap,
and surface cleaner. Additionally, borosilicate kitchenware (such
as teapots and ovenware) is also produced in our country. Today,
boron-based cleaning products, borosilicate glassware, and
boron-based fertilizers that increase plant yields are readily
available in many markets.

After Tirkiye, the largest boron reserves in the world are
located in Russia and the United States. Investments are being
made in Russia related to boron reserves and production. In
particular, applications of boron compounds in nuclear energy
and the military industry are being investigated. Significant boron
reserves are located in the U.S. states of California and Nevada.
Boron is widely used in the glass and electronics, chemical, and
agricultural (fertilizer) industries. Boron compounds are being
researched by NASA for space and defense technologies. It has
been reported that boron nitride nanotubes can be used as
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structural components and heat shield materials in space missions
due to their properties such as lightness, heat resistance, and
radiation absorption [19]. Studies are underway in Argentina on
boron-containing fertilizers for agricultural use and chemical
industrial applications. China is a rapidly developing market for
boron mineral extraction and processing. R&D studies on boron
compounds are carried out in the fields of glass and ceramic
industry, optoelectronics and energy storage, applied chemistry
and medicine, and nanotechnology. In China, boron nitride
quantum dots are being investigated for use in optoelectronic
applications and imaging studies [20]. Biocompatible versions of
boron nitride are also being investigated for targeted drug
delivery to tumors and for antitumor effects [21].

Because of its strategic importance, boron minerals are
mined and protected under government supervision in many
countries. Furthermore, countries are investing in R&D to prevent
excessive and unplanned exploitation of boron minerals,
developing sustainable mining methods by researching boron
recycling and efficient use, and implementing environmentally
responsible mining policies. There are agreements in the world
that indirectly address boron production and processing, boron
mining and boron waste. Some of these are the Basel Convention
(1989) [22], which regulates the transboundary movements and
disposal of hazardous wastes; the Stockholm Convention [23],
which includes regulations on persistent organic pollutants
(POPs); the WTO-World Trade Organization Rules [24], which
include anti-dumping, quota and subsidy rules that boron trading
countries must comply with; the REACH Regulation (for the
European Union) [25], which requires registration of chemical
substances; the GHS-Globally Harmonized System [26], which
standardizes the classification and labeling of chemical
substances; and the ILO-International Labour Organization
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Conventions [27], which regulate the health and safety of mine
workers.

5. CONCLUSIONS

Boron, rare on Earth and a strategic mineral for many
countries, is one of the most critical raw materials of the 21st
century. Its functionality makes it vital to many sectors, from
industry and nuclear energy to defense and medicine.

Turkiye holds a significant global position, possessing
73% of the world's boron reserves. This rich resource potential
offers significant advantages to our country, both economically,
strategically, and geopolitically. In addition to exporting boron as
a raw material, efforts to transform it into high-value-added
products are also ongoing.

The limited availability of natural resources, growing
environmental awareness, and the pursuit of sustainable
production are increasing the global importance of boron. This
has led to boron-based solutions in areas such as energy
efficiency, advanced material technologies, heat resistance, and
environmentally friendly agricultural practices.

In this section, the usage areas of boron mineral, its
reserve status in Turkiye and the world, its economic and strategic
importance and current policies are discussed.

Global demand for boron is shifting from raw boron to
refined boron products. Therefore, the most important issues that
need to be addressed in our country in the future include limiting
boron exports, developing boron ore processing facilities,
increasing R&D investments, expanding domestic production
technologies, executing international collaborations with a
strategic perspective, and implementing policies to ensure the
sustainable use of boron.
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The potential of Tlrkiye to utilize a strategic resource like
boron will not only support its future economic growth but also
enable it to take a more active role on a global scale in the fields
of energy and technology.
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MOLEKULER MODELLEMENIN TEMELLERI

Ercan TURKKAN!

1. GIRIS

Bilimsel arastirmalarin atomik ve molekiiler o6lcege
inmesi, kimyasal siireglerin anlasilmasinda koklii bir doniisiim
yaratmigtir. Molekiillerin enerji diizeyleri, bag yapilari, elektron
dagilimlar1 ve zaman igerisindeki davranislari, yalnizca deneysel
tekniklerle  tam  anlamiyla ortaya  konulamamaktadir.
Mikroskobik diizeyde gerceklesen bu siireclerin ¢ogu, dogrudan
gbzlemlenemeyen, ancak matematiksel olarak modellenebilen
karmasik fenomenlerdir. Bu nedenle teorik ve hesaplamali
yontemlerin bilimsel arastirmalardaki 6nemi her gegen yil artmas;
Ozellikle molekiler modelleme, modern kimya ve biyobilimlerin
ayrilmaz bir bileseni haline gelmistir (Leach, 2001).

Molekiler modelleme, atomik dizeydeki fiziksel ve
kimyasal stireclerin matematiksel yontemlerle temsil edilmesi ve
bilgisayar algoritmalariyla simiilasyonunun yapilmasi iizerine
kuruludur. Molekiillerin {i¢  boyutlu yapilarini, enerji
dagilimlarin1 ve reaksiyon mekanizmalarin1 anlamaya yonelik bu
yaklagimlar hem teorik kimya hem de uygulamali bilimlerde
genis bir kullanim alanina sahiptir. Glincel hesaplama
teknolojileri sayesinde, blyuk biyomolekullerden
nanomalzemelere kadar genis bir yelpazede sistemlerin
simulasyonlar1 yapilabilmekte; bu durum deneysel ¢alismalara
kiyasla daha hizli, diisiik maliyetli ve kontrol edilebilir analizlere
imkan tanimaktadir (Jensen, 2017; Cramer, 2013).

L Prof. Dr. Necmettin Erbakan Universitesi, Ahmet Kelesoglu Egitim Fakiiltesi,
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Bu bolimde, molekiler modelleme yontemlerinin
kuramsal temelleri ile ilgili genel bilgiler ve kavramlar
verilecektir. Daha sonra matematiksel modelleme ilkeleri ve
sayisal yaklasimlar tanitilacaktir. Bunun yaninda, kuantum
mekanigi temelli yaklagimlar ve elektronik yap1 teorisi
tanitilacaktir. Ardindan buna bagl olarak, kuantum kimyasinda
molekiiler modelleme yapmak i¢in kullanilan yontemler genel
olarak tanitilacaktir. Molekiiler modellemenin baslica uygulama
alanlar1 tanmitildiktan sonra, son kisimda molekiiler modelleme
alanmin tarihsel gelisimi Ozetlenerek, giiniimiizde kullanilan
yontemlerin nasil bir birikimin sonucu ortaya ¢iktig
gosterilecektir. Bu kitap boliminde; verilen molekiler
modelleme kavramlari, yontemleri, yaklasimlar1 daha sonra
yazilacak olan bdliimlerde detaylandirilacak, uygulamalar ve
orneklerle okuyucunun bu konuda bilgi birikimine sahip olmasi
ve gelismesi saglanacaktir.

2. MOLEKULER MODELLEMENIN
KAVRAMSAL VE KURAMSAL TEMELLERI

Molekiiler modelleme, atomik ve molekiler dizeyde
gerceklesen fiziksel olaylarin matematiksel olarak ifade edilmesi
ve bu yapilarin bilgisayar ortaminda simiile edilmesi esasina
dayanir. Kimyasal sistemlerin geometrik yapilarinin, potansiyel
enerji yuzeylerinin, reaksiyon mekanizmalarimin ve zaman
icindeki davraniglarinin anlagilmasi i¢in kullanilan bu yontemler,
teorik fizik, matematik ve kimyanin ortak bir ¢alisma alani olarak
ortaya ¢ikmistir (Leach, 2001).

Molekiiler modellemenin kuramsal yapis1 ii¢ temel
kategoriye ayrilir:

1. Klasik (Newton) mekanik temelli yaklagimlar

2. Matematiksel modelleme ve sayisal yontemler
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3. Kuantum Mekanigi Temelli Yaklagimlar ve Elektronik
Yap1 Teorist

Bu yaklasimlar, sistemin biiyiikliigiine, hedeflenen
dogruluk seviyesine ve hesaplama giiciine bagl olarak ayr1 ayri
veya birlikte kullanilabilir.

2.1. Klasik (Newton) Mekanik Temelli Yaklasimlar

Klasik mekanik, atomlarin belirli bir kiitleye, konuma ve
hiza sahip pargaciklar olarak ele alindigi ve hareketlerinin
Newton’un hareket yasalari ile tanimlandig1 bir yaklagimi temel
alir. Newton’un ikinci yasast:

T
I
3
Qu

Molekiiler dinamik (MD) simiilasyonlarinin ¢ikis noktasidir. Bu
yaklagimda bir atom {izerine etki eden net kuvvet belirlendikten
sonra, atomun zaman i¢indeki ivmesi, hiz1 ve konumu
hesaplanarak dinamik davranisi modellenir. MD simiilasyonlari,
Ozellikle buyik biyomolekiillerin, polimerlerin ve karmasik
malzemelerin incelenmesinde hesaplama verimliligi nedeniyle
sikca tercih edilmektedir (McCammon et al., 1977; Rapaport,
2004).

Klasik molekuler modellerde bir sistemin potansiyel
enerjisi cogunlukla asagidaki fonksiyonun bilesenleri ile ifade
edilir:

Etoplam = Ebag + Ea’m + Etorsiyon + Evan der Waals T ECoqumb
Bag enerjisi genellikle harmonik yaklagim ile ifade edilir:
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Epag = kp(r — 10)?

Agcisal gerilme enerjisi:

Ese, = ko (6 — 6,)°

Torsiyon enerjisi, bag etrafindaki donme engellerini tanimlayan
periyodik bir fonksiyondur:

|74
Etorsiyon = Z?n [1 + cos (Tl¢ - V)]

Van der Waals etkilesimleri, c¢ogunlukla Lennard-Jones
potansiyeli ile modellenir:

By (r) = 46[()' = (5)°]

401
30

201

Potansiyel Enerji

10

1.0 15 2.0 2.5 3.0
r (Atomlar arasi uzaklik)
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Bu potansiyel fonksiyon, atomlarin birbirine ¢ok yaklastiginda
giiclii bir itici, belirli bir mesafede ise ¢ekici kuvvet uyguladigini
gosterir (Cramer, 2013).

Sekil 2.1. Lennard-Jones Potansiyeli: Atomlar arasi
potansiyel enerji profilini gosterir.

Elektrostatik etkilesimler ise Coulomb yasast ile
hesaplanir:
1 qiq;
4mey 1y

Ecoulomb =

Bu klasik yaklagim, kuantum mekanik hesaplamalar kadar
detayli bilgi sunmasa da biiyilik sistemlerin uzun simiilasyon
stirelerinde modellenmesine olanak tanidigi i¢in 6nemli bir rol
oynar.

2.2. Matematiksel Modelleme Tlkeleri Ve Sayisal
Yontemler

Molekiiler modelleme yalnizca fiziksel prensiplerin
uygulanmasini degil, ayni1 zamanda bu prensiplerin matematiksel
denklemlere doniistliriilmesini  ve sayisal algoritmalarla
cozllmesini gerektirir. Bu nedenle matematiksel modelleme,
molekiiler simiilasyonlarin hem dogrulugunu hem de hesaplama
verimliligini belirleyen en kritik asamalardan biridir.

Enerji minimizasyonu, sistemin potansiyel enerji ylzeyi
tizerinde en diisiik enerjili kararli geometriye ulasmay1 amaglar.
Matematiksel olarak bu durum:

VE(r)=0
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Kosulunun saglanmastyla ifade edilir. Sistem enerjisinin
gradienti sifirlandiginda molekiil dengededir.

Baslica enerji minimizasyon algoritmalar1 sunlardir:
. Gradyan Inisi (Gradient Descent)
. Konjuge Gradyan (Conjugate Gradient)

. Newton—Raphson Y dntemi
. Metropolis Monte Carlo Teknikleri (Metropolis et
al., 1953)

Molekiiler dinamik (MD) simiilasyonlarinda hareket
denklemlerinin ¢o6ziimii i¢in kullanilan baslica integrasyon
yontemleri:

. Verlet integrasyonu
. Leapfrog yontemi
. Velocity-Verlet algoritmasi

dir. Bu yontemler, her zaman adiminda atomlarin yeni
konum ve hizlarin1 hesaplayarak sistemin gercek zamanl
davranigin1 taklit ederler (Rapaport, 2004). Tablo 2.1. de
molekiler modellemede yaygin olarak kullanilan matematiksel
yontemler verilmistir.

Tablo 2.1. Molekiiler Modellemede Yaygin Matematiksel

Yontemler
Yontem /  Aciklama
Algoritma
Gradyan Inisi Potansiyel enerji yiizeyinde en dik azalma yoninde

(Gradient Descent) ilerleyerek sistemin enerjisini minimize eden temel
optimizasyon yontemidir.
Konjuge Gradyan Gradyan inisine kiyasla daha kararli ve hizli yakinsayan bir

(Conjugate yontemdir; biyik sistemlerde tercih edilir.

Gradient)

Newton-Raphson Enerji yiizeyinin ikinci tiirevini kullanarak minimuma ulasir;

Ydntemi yiiksek dogruluk saglar ancak maliyetlidir (Bu maliyet
bilgisayar hizi, bellegi ve hesaplama zamani ile ilgili bir
maliyettir.)
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Quasi-Newton Newton yonteminin Hessian matrisi tahmin edilen hizli

(BFGS, L-BFGS) yaklasik versiyonudur.

Verlet Integrasyonu ~ Molekiiler dinamikte atom konumlarmi zaman iginde
guncelleyen temel integrasyon yontemidir.

Leapfrog Verlet'in bir tiirevidir; konum ve hiz adimlarini yarim zaman
Integrasyonu kaymastyla hesaplar.

Velocity-Verlet Konum ve hiz degisimlerini ayni zaman adiminda
Algoritmast hesaplayan gelistirilmis Verlet yontemidir.

Metropolis Monte Enerji yiizeyinde kararli konfigiirasyon bulmak i¢in olasilik
Carlo temelli kabul/red mekanizmasi kullanir.

Langevin Dinamigi  Klasik MD’ye sirtinme ve rastgele kuvvetler ekleyerek
termal denge kosullarini modeller.

Normal Mod Molekiillerin diistik frekansl titresim modlarini analiz eder,

Analizi (NMA) ozellikle proteinler icin kullanilir.

2.3. Kuantum Mekanigi Temelli Yaklasimlar Ve
Elektronik Yapi Teorisi

Kuantum mekanigine gore, bir sisteme (atom, molekiil,
iyon veya radikal) ait Schrodinger denklemi ¢ozulebilirse,
sisteme ait dalga fonksiyonu ve sistemin enerji 6zdegeri
belirlenebilir. Dalga fonksiyonu belirlenen bir sitemin diger
fiziksel ozellikleri (bu fiziksel 6zelliklere ait beklenen degerleri)
hesaplanabilir. Sadece Hidrojen atomu ve hidrojen benzeri
iyonlara ait Schrodinger denklemi tam olarak ¢ozilebilir. Fakat
cok elektronlu sistemler (cok elektronlu atom, molekdl, iyon veya
radikal) icin  Schrédinger  denkleminin  tam  ¢6zimi
yapilamamaktadir. Bu ¢ok elektronlu sistemlere ait Schrodinger
denklemi yaklasik yontemlerle ¢oziilebilir. Burada kullanilan
“yaklasik yontemler” kavrami hassas olmayan iyi sonug
vermeyen yontemler olarak algilanmamalidir. Aslinda yaklasik
yontemler kuantum mekaniginin ilkelerini ve st diizey
matematiksel yaklagimlar1 dikkate alarak yapilan detayl,
kullanish ve deneysel sonuglarla uyumlu sonuglar veren
yontemlerdir.

Elektronik yapi teorisi; ¢ok elektronlu sistemlerde fizik ve
kuantum mekaniginin ilkeleri ve baz1 matematiksel yaklasimlari
kullanarak Schrodinger denklemine yaklagik ¢oziimler saglamay1
amaglayan bir teoridir.
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Elektronik yap1 teorisinde hesaplama yontemleri temel olarak
ikiye ayrilir:

¢ Yari deneysel yontemler
e Ab-initio yontemleri

Yar1 deneysel yontemlerde bilinen baz1 deneysel
parametreleri (6rnegin potansiyel enerji parametreleri vb.) teorik
hesaplamalarda kullanilarak Schrédinger denklemine yaklasik
¢oziimler elde edilmeye ¢alisilmaktadir. Ab-initio yontemlerinde
ise hicbir deneysel veri kullanilmaksizin kuantum mekaniginin
ilkeleri ve matematiksel yaklagimlar kullanilarak tamamiyla piir
teorik hesaplamalar yapilmaktadir. Ab-initio yontemleri, Ab-
initio Molekuler Orbital Teori (Ab-initio MO) ve Yogunluk
Fonksiyoneli Teorisi (Density Functional Theory, DFT) olmak
tizere iki farkli teori ile olusturulan yontemlerden olusur.

Schrodinger denklemi, hem kuantum mekanigi temelli
yaklagimlar ve hem de elektronik yap1 teorisinin merkezinde yer
alir (Schrodinger, 1926):

Kuantum mekaniginin en temel postulatlarindan bir tanesi
sisteme ait fiziksel/kimyasal 6zelliklerin; sistemi tanimlayan ¥
dalga fonksiyonlar1 tarafindan belirlenebilecegini  ifade
etmektedir. Bittin kuantum mekaniksel problemlerin temelinde;

HY¥Y@R)=E ¥(,R)

Seklindeki zamandan bagimsiz Schrodinger denkleminin
¢oziimii yatmaktadir. Bu son denklemdeki H hamiltoniyen
operatorii, T kinetik enerji ve V7 potansiyel enerji operatérlerinin
toplamindan olugmaktadir:
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Seklinde tanimlanir. Buradaki toplamlar biitiin parcaciklar
Uzerindendir. Burada, m; parcaciklarin kiitlesi, # Planck sabiti,
r;; iki parcacik arasindaki mesafe, q; Ve q; sirasiyla i. pargacikla
j. Pargaciklarin elektriksel yiikleridir. Elektronlar i¢in q; = —e
(1.602x10*° C), cekirdekler icin ise gq; = +Z;e dir. Hidrojen
atomu (veya hidrojen benzeri iyonlar) i¢in Sl birim sisteminde
yazilan Schrédinger denklemi:

FEv -y =ep

2me ATELT

Seklindedir. Bu denklem atomik birimler kullanilirsa (atomik
birimlerde basitlesme yapmak igin sabitlerin degeri 1 olarak
alinir):

1

7=

2

Seklinde yazilir. Hidrojen atomu veya hidrojene benzer
iyonlar i¢in yazilan Schrodinger denkleminin tam ¢ozimi
yapilabilmektedir. Bu denklem bir diferansiyel denklemdir. Bir
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diferansiyel denklem analitik olarak ¢dzimlenebiliyorsa tam
¢Oziimii yapilabiliyor demektir. Cok elektronlu sistemler yani ¢ok
elektronlu atomlar ve molekadiller icin ise denklemin tam ¢6zimi
yapilamamaktadir.

Cok elektronlu sistemler incelenirken hamiltoniyen
ifadesi ¢ok elektronlu sisteme uygun olarak yazilmalidir. N
elektrondan ve M cekirdekten olusan bir sistem igin (molekiil
icin) hamiltoniyen ifadesi atomik birimlerde:

_ 1
H=—ZN=1—\72 Py 12M -y Y 1

ZaZ
Z])l +ZA 121\3/1),4 AAB

Seklinde yazilir. Burada ;4 = |r; — 14/, i. elektronla A.
cekirdek arasindaki mesafe, 7;; = |n- — rj|, i. elektronla j.

elektron arasindaki mesafe, R,z = |R4 — Rg| , A ile B ¢ekirdegi
arasindaki uzaklik, M, , A. ¢ekirdegin kiitlesi, z,, A. ¢ekirdegin

atom numarasi V;> ve V,> de swrasiyla elektronlarm ve
cekirdeklerin koordinatlarma bagli laplasyen (nabla kare)
operatorleridir. Bu hamiltoniyende ilk terim elektronlarin kinetik
enerji  operatorii, ikinci terim molekiildeki atomlarin
cekirdeklerinin Kkinetik enerji operator, tglncu terim elektronla
atom cekirdekleri arasindaki Coulomb etkilesmesi terimi
(elektriksel potansiyeli), dordinci terim elektron-elektron
Coulomb etkilesmesi terimi (elektriksel potansiyeli), besinci ve
son terim ise ¢ekirdek-gekirdek Coulomb etkilesmesi (elektriksel
potansiyeli) terimidir.

2.4. Hesaplamah Kimyada Molekiler Modelleme
Yapmak I¢in Kullanilan Yéntemler

Hesaplamali kimyada/fizikte molekiiler modelleme
yapmak i¢in kullanilan yontemler dort ana kategoriye ayrilabilir;
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I. Molekuler Mekanik (MM) Yodntemler

Elektronik yap1 c¢oziilmeden, atomlar klasik kuvvet
alanlariyla modellenir (Leach, 2001).

II. Yar1 Deneysel Yontemler

MNDO, AM1, PM3 ve PM6 gibi yodntemler, teorik
ifadeleri deneysel parametrelerle sadelestirir (Dewar et al., 1985;
Stewart, 2007).

I11. Hartree-Fock, Post-Hartree—Fock Yontemleri

HF (Hartree—Fock), MP2, MP3, MP4 (Mgller-Plesset
pertiirbasyon teorisi MPn), CI (Configuration Interaction) ve
CCSD(T) (Coupled Cluster Single Double Triple) ile
kisaltmalarla ifade edilen bu yontemler, molekiiler modelleme
hesaplamalarinda yiiksek dogruluk saglar (Szabo & Ostlund,
1996; Helgaker et al., 2000).

HF yontemi elektronlari, ortalama alan (potansiyel)
yaklagimiyla ele alirken; MP2, MP4, CI ve CCSD(T) gibi post-
HF yontemleri elektron korelasyonunu daha dogru temsil eden
yontemlerdir (Szabo & Ostlund, 1996; Helgaker et al., 2000).

IV. Yogunluk Fonksiyoneli Teorisi (DFT)

Yogunluk Fonksiyoneli Teorisi (DFT): Dalga fonksiyonu
yerine elektron yogunlugunu temel alan DFT, giiniimiizde
hesaplamali kimyada en yaygin kullanilan yontemdir. Dogruluk
ve hesaplama verimliligi arasinda genellikle en uygun dengeyi
sunar. Elektron yogunlugu temelli hesaplamalar sunan DFT,
modern hesaplamali kimyanin en yaygin yontemidir (Parr &
Yang, 1989; Koch & Holthausen, 2001). Hesaplamali kimyada
molekiiler modelleme yapmak i¢in kullanilan yo&ntemlerin
siniflandirilmasi Sekil 2.2 de 6zetlenmistir.
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MODELLEME YAPMAK ICIN

~
HESAPLAMALT KIMYADA MOLEKULER
KULLANILAN YONTEMLER

-
Molekiiler Mekanik Elektronik Yap: Teorisi Yontemleri
Yontemler \ J
! , ! l
Eleknonlnr hesaba Yan Deneysel Ab-Initio 1  DFT
‘ kanlmaz ihmal edilir Density Functional
Theory
— J
Dalga fonksivonu
MM2 & MAFES Elektronlar hesaba
katilir
Yogunluk |

Kor (Cekirdege vakin) elektronlar
ihmal edilir.
Yaklasik paramerrize HF integralleri

fonksiyoneli
(Elektron
Yogunlugu)
__ J

/—1—\ - | Hartree Fock Moller-Plesset
(NDO Yontemleri) ‘ 13
AM1 PM3 ] MINDO, INDO, (HF) MPn

ZINDO, SINDO1

D‘Ilg‘l fonksiyonu |

Configuration Interaction (CT) \

Sekil 2.2. Hesaplamali kimyada molekiiler modelleme yapmak
icin kullanilan yontemlerin simiflandiriimasi.

3. MOLEKULER MODELLEMENIN BASLICA
UYGULAMA ALANLARI

Molekdiiler modelleme, atomik ve molekiler seviyedeki
olaylar1 simiile edebilme yetenegi sayesinde modern bilim ve
miihendisligin pek ¢ok dalinda kullanilmaktadir. Leach (2001),
bu tekniklerin 6zellikle biyokimyasal slreclerin incelenmesinde
kritik rol oynadigim1 vurgular. Baslica uygulama alanlari
sunlardir:

Ilac Tasarnm ve Farmasotik Kimya: Yeni ilag
adaylarinin hedef proteinlere baglanma afinitelerini tahmin etmek
ve aktif bolgeleri belirlemek (Cramer, 2013).

Malzeme Bilimi ve Polimer Arastirmalari: Yeni
malzemelerin termodinamik, mekanik ve elektronik 6zelliklerini
atomik duizeyde 6ngérmek.
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Biyokimyasal Sureclerin  Modellenmesi:  Protein
katlanmasi, enzim katalizi ve membran dinamikleri gibi karmagsik
sistemlerin  etkilesimlerinin ve dinamik davranislarinin
anlasilmasi.

Kimyasal Reaksiyon Mekanizmalarinin Belirlenmesi:
Kuantum kimyas1 ile gecis durumlarinin enerjilerinin
hesaplanmasi ve reaksiyon hizlarinin aydinlatilmasi.

Nanoteknoloji Uygulamalari: Nano 0&lgekli yapilarin
stabilitesi ve reaktivitesi iizerine ¢caligmalar.

4. MOLEKULER MODELLEMENIN TARIHSEL
GELISIMI VE EVRIMI

Molekiiler modellemenin tarihsel evrimi, kimyanin teorik
gelisimiyle paralel ilerlemistir. 19. ylizyilin sonlarinda atom
kuraminin kabul gérmesi, molekiillerin matematiksel olarak
temsil  edilebilmesi  i¢in  ilk  adimlarin  atilmasini
saglamistir. Ancak gercek anlamda molekuler modellemenin
dogusu, 20. yilizyilin basinda kuantum mekaniginin ortaya
¢ikmastyla miimkiin olmustur.

4.1. Kuantum Mekaniginin Dogusu ve i1k Adimlar

1926'da Schrodinger’in  yayimladigi dalga mekanigi
calismasi (Schrodinger, 1926), atomlarin dalga fonksiyonlartyla
temsil edilebilecegini gdstererek modern kuantum kimyasinin
temelini atmistir. Bu ¢aligma, molekiiler sistemlerin enerjilerinin
ve Ozelliklerinin matematiksel olarak Ongoriilebilecegi fikrini
yerlestirmistir.

1950’1 yillarda bilgisayarlarin gelistirilmesiyle birlikte
teorik modeller sayisal olarak uygulanabilir hale gelmis, ilk ab
initio hesaplamalar basit molekdller Uzerinde
gerceklestirilmistir. Ayrica bu  donemde Metropolis  ve
arkadaslar1 (1953) tarafindan gelistirilen yontemler, karmasik
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sistemlerin istatistiksel mekanik simiilasyonlar1 i¢in bir temel
olusturmustur.

4.2. Molekiiler Dinamigin Baslangici

1977 yilinda McCammon, Gelin ve Karplus tarafindan
yapilan ilk protein molekiiler dinamik simiilasyonu, hem
biyokimya hem de hesaplamali bilimler i¢in bir donlim noktast
olmustur (McCammon et al., 1977). Bu c¢alisma,
biyomolekiillerin statik yapilar olmadigini, hareketli ve dinamik
sistemler oldugunu kanitlamis ve biyolojik siire¢lerin atomik
diizeyde incelenmesinin yolunu agmustir.

4.3. Yontemlerin Cesitlenmesi Ve Modern Donem

1980 ve 1990’11 yillar, Amber, CHARMM ve OPLS gibi
kuvvet alanlarinin gelistirilmesi ile molekiiler modellemenin
standardize edildigi ve genis kitlelere ulastigi donemdir. Bu
donemde ayrica, MNDO, AMI1 ve PM3 gibi yar1 deneysel
yontemler gelistirilerek teorik ifadeler deneysel parametrelerle
sadelestirilmis ve hesaplama hizi artirillmigtir (Dewar et al., 1985;
Stewart, 2007).

Ayni sliregte, dalga fonksiyonu yerine elektron
yogunlugunu temel alan Yogunluk Fonksiyoneli Teorisi (DFT),
dogruluk ve hesaplama verimliligi arasinda sundugu denge
sayesinde modern hesaplamali kimyanin en yaygin ydntemi
haline gelmistir (Parr & Yang, 1989; Koch & Holthausen, 2001).

2000’lerden itibaren GPU tabanli hesaplamalarin
yayginlagsmasi, ¢ok daha biiyiik sistemlerin simiile edilebilmesini
saglamistir (Jensen, 2017). Bugiin gelinen noktada, klasik ve
kuantum yoOntemlerin birlikte kullanildigi hibrit yaklagimlar
sayesinde nano 0Olcekten biyolojik makromolekiillere kadar genis
bir yelpazede hassas modellemeler yapilabilmektedir.
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CERCEVE MATERYALLERI, ERGONOMI VE
URETIM TEKNOLOJILERI

Stimeyra CAN?
Ozge ERDEM?

1. GIRIS
1.1. Optik Sistemlerde Cercgevenin Rolu

Optik sistemler temel olarak 1s18in kontrollii bir sekilde
yonlendirilmesi, kirilmasi veya algilanmasi tizerine kuruludur;
ancak bu siireclerin giivenilir bigimde gergeklesebilmesi i¢in
yalnizca optik elemanlarin kalitesi yeterli degildir. Optik
bilesenlerin tamami sistem biitlinliigiinii saglayan gerceve yapist
tarafindan desteklenir, konumlandirilir ve korunur. Cer¢evenin
sagladigr mekanik altyapi, sistem performansinin ¢ogu zaman
belirleyici unsurudur (Gross, 2016). Bir optik cercevenin temel
islevleri su sekilde 6zetlenebilir:

» Hassas hizalama: Lensler, aynalar, prizmatik elemanlar ve
sensorler arasindaki mikron seviyesindeki mesafe ve agi
toleranslarinin korunmasi,

» Mekanik dayanim: Tasima, titresim, darbe ve sicaklik
degisimi altinda boyutsal kararlilik,

» Cevresel koruma: Toz, nem, kimyasal etkenler ve
elektromanyetik  girisimlere  karst1  optik  elemanlarin
korunmasi,

Dr. Ogr. Uyesi, Bayburt Universitesi, Saghk Hizmetleri Meslek Yiiksekokulu,
Tibbi Hizmetler ve Teknikler Boliimii, ORCID: 0000-0001-9534-9106.

2 Dog. Dr., Bayburt Universitesi, Saglik Hizmetleri Meslek Yiiksekokulu, Tibbi
Hizmetler ve Teknikler Bolimi, ORCID: 0000-0003-4542-941X.
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» Isil stabilite: Termal genlesme nedeniyle olusabilecek odak
kaymalarinin en aza indirilmesi.

Ozellikle yiksek hassasiyet gerektiren spektroskopi,
metroloji ve endustriyel kalite kontrol sistemlerinde cercevenin
rijitlik ve stabilitesi optik performans kadar kritik kabul
edilmektedir. Zhao ve Huang (2020), optik cihazlarda thermal
drift ve mechanical creep gibi ger¢eve kaynakli deformasyonlarin
Ol¢tim hatalarin1 dramatik sekilde artirabildigini vurgulamstir.

Gunumuzde giyilebilir teknolojiler (AR/VR gozlukleri,
akilli optik kafaliklar), biyomedikal goriintiilleme cihazlari, drone
tabanl goriintiileme sistemleri ve savunma uygulamalar1 optik
cer¢evelerden cok daha fazlasini beklemektedir. Bu modern
sistemlerde cerceve yalnizca optik elemanlarin tasiyicist degil;
ayni zamanda titresim sOniimleyici, 1s1 dagitici, elektromanyetik
kalkan, modiiler elektronik platform, kullanici—cihaz arayuzd,
gibi ¢ok islevli bir yapiya doniigmiistiir (Waldman ve ark., 2021).

Optik tasarim ile mekanik tasarim arasindaki bu yakin bag
cerceve tasarimini tek basina mekanik bir gérev olmaktan ¢ikarip
optomekanik miihendisligin ayrilmaz bir bileseni haline
getirmistir (Smith & Barton, 2018). Bu nedenle giincel optik
sistem gelistirme stireglerinde optik tasarimci, makine miihendisi,
malzeme bilimci, ergonomi uzmani ve liretim teknolojisi ekibinin
entegre ¢alismasi kritik 6nem tasimaktadir.

1.2. Malzeme, ergonomi ve iiretim iliskisi

Optik sistemlerde cerceve tasarimi malzeme seg¢imi,
ergonomik gereksinimler ve liretim yontemi arasindaki karsilikli
bagimliliga dayanan biitiinlesik bir mihendislik stirecidir.
Cergevede kullanilan malzemenin yogunluk, elastisite modiilii,
termal genlesme katsayisi, titresim davranist ve kimyasal
dayanim gibi 6zellikleri yalnizca yapisal biitlinliigii degil, aym
zamanda optik bilesenlerin hizalama dogrulugunu ve cevresel
kosullar altindaki performansin1 dogrudan belirler. Bu nedenle
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malzeme se¢imi sistemin optik tolerans gereksinimleri, kullanim
senaryosu ve uzun donem stabilite hedefleriyle birlikte
degerlendirilmelidir. Diger yandan, ergonomik tasarim 6zellikle
giyilebilir optik sistemlerde kritik bir rol oynar; cercevenin
antropometrik uyumu, agirlhik dagilimi ve temas yiizeylerinin
tasarim1 hem kullanict konforunu hem de optik eksen stabilitesini
etkileyerek cihaz performansini dolayli bicimde sekillendirir.

Uretim yontemi ise secilen malzeme ve ergonomik
gereksinimlerle dogrudan iliskilidir; CNC isleme, lazer kesim,
enjeksiyon kaliplama ve eklemeli imalat gibi tekniklerin her biri
farkli tolerans seviyeleri, maliyet araliklart ve geometrik
Ozgurlikler sunar. Bu nedenle ¢ergeve tasarimi yalnizca mekanik
dayanimi gozeten bir yaklagim olmaktan ziyade malzeme bilimi,
optomekanik tasarim, ergonomi ve iiretim miihendisliginin
eszamanli olarak optimize edildigi disiplinlerarasi bir siirectir. Bu
biitlinclil tasarim anlayis1 modern optik sistemlerde hem
performansin stirdiiriilebilirligini hem de tiretim verimliligini
artiran temel yaklagim haline gelmistir.

1.2.1.Malzeme se¢ciminin  optik ve mekanik
performansa etkisi

Optik ¢ergevelerde kullanilan malzemenin fiziksel ve
kimyasal Ozellikleri sistemin dayaniklhiligini, uzun vadeli
stabilitesini ve iretilebilirligini biiylik dl¢iide etkiler. Malzeme
seciminde yogunluk, elastisite modiilii, termal genlesme
katsayisi, titresim davranisi, korozyon direnci, islenebilirlik,
maliyet, biyouyumluluk (giyilebilir sistemler i¢in) gibi 6zellikler
birlikte degerlendirilir.

Ornegin:
» Aliminyum alagimlari, hafiflik ve islenebilirlik avantaji ile
yiiksek dogruluk gerektiren ¢ercevelerde sikga tercih edilir.
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» Magnezyum alasimlari, daha da diisiik yogunluklar ile
taginabilir optik cihazlarda 6ne ¢ikar.

» Titanyum, biyouyumlu ve dayanikli olmasi nedeniyle oftalmik
cercevelerde altin standardidir (Ashby, 2011).

» Karbon fiber kompozitler, yiiksek rijitlik/agirlik orani ve
diisiik termal genlesmeleri sayesinde havacilik ve savunma
optiklerinde iistiin performans saglar.

» Polikarbonat ve ABS, seri iiretime uygunluklari nedeniyle
tiikketici elektronigi optiklerinde yaygindir.

Malzeme secimindeki kiiguk farklar bile optik sistemin
uzun vadeli performansinda biiylik sonuglar dogurabilir.
Ozellikle termal genlesme katsayis1 yiiksek bir malzeme sicaklik
degisimlerinde mikron mertebesinde optik kaymalara neden
olarak sistem kalibrasyonunu bozabilir (Boresi & Schmidt, 2013).

1.2.2.Ergonomik  tasarim: Insan-optik  sistem
etkilesimi

Ergonomi  ozellikle giyilebilir  optik  sistemlerde
cercevenin basarisini  belirleyen temel faktorlerden biridir.
Kullanici ile temas eden yiizeylerin tasarimi, malzeme sertligi,
agirhik dagilimi ve temas noktalarinin antropometrik uyumu
cihazin uzun siireli kullaniminda biiyiik fark yaratir.

Ornegin; AR/VR gozliklerinde cercevenin burna
uyguladig1 basing, kulaga dagittigi yiik, kafa c¢evresine olan
temasi, lens—gdz mesafesi, goriis alanim etkileyecek kayma
miktar1 optik performanst dogrudan etkileyebilir (Kroemer,
2017).

Ergonomik tasarimin optik performansa etkisi ¢ogu
zaman goz ardi edilir; ancak kullanici konforu azaldiginda
cithazin kullanim siiresi de diiser, bu da cihazin genel faydasini
azaltir. Bu nedenle modern optik sistemlerde ergonomik tasarim,
muhendislik strecinin ayrilmaz bir pargasidir.
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1.2.3. Uretim teknolojisinin tasarima etkisi

Malzemenin islenebilirligi hangi retim teknolojilerinin
kullanilabilecegini belirler. Dolayisiyla iiretim yontemi tasarimin
neredeyse tim yonlerini etkiler.

» CNC isleme yiiksek hassasiyet gerektiren metal ¢erceveler i¢in
idealdir.

» Enjeksiyon kaliplama polimer bazli seri liretimde en uygun
yontemdir.

» 3D baski (FDM, SLA, SLS), prototip gelistirme ve karmagik
geometrilerin uygulanmasinda biiyiik avantaj saglar.

» Metal eklemeli imalat (SLM, DMLS) hafif ve kompleks optik
tagtyicilarin - liretiminde giderek  yayginlagsmaktadir
(Kalpakjian & Schmid, 2019).

Optik cerceve tasarimi artik cogu zaman klasik iiretim
sinirlarint  zorlayan, topoloji optimizasyonu ile hafifletilmis,
organik geometriler iceren yeni nesil yapilarla zenginlesmektedir.
Bu gelismeler 6zellikle AR/VR ve drone optikleri gibi alanlarda
cihaz agirhigin1 ciddi Olglide azaltmakta ve performansi
artirmaktadir (Gibson, 2020).

2. CERCEVE MATERYALLERI
2.1. Kullanilan temel malzemeler

Optik sistemlerin cergeve yapilarinda kullanilan temel
malzemeler genellikle ii¢ ana gruba ayrilir: metaller, polimerler
ve kompozitler. Her bir malzeme grubu kendi iginde belirli
avantajlar ve sinirlamalar tagir.

Metaller, 6zellikle aliminyum ve titanyum gibi hafif ve
rijit alasimlar, yiliksek yapisal dayanim ve 1si1l kararlilik
sagladiklar i¢in tercih edilmektedir. Aliiminyum alagimlar, CNC
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ile hassas islenebilirligi ve diisiik maliyetleriyle 6ne ¢ikar.
Titanyum ise daha pahali olmakla birlikte biyouyumlulugu ve
yuksek mekanik 6zellikleri sayesinde medikal ve askeri optik
sistemlerde siklikla tercih edilmektedir (Yoder, 2008; Villalba ve
ark., 2020).

Polimerler, 6zellikle tagiabilir optik sistemlerde hafiflik
ve esneklik saglamalar1 nedeniyle 6nemlidir. Polikarbonat ve
ABS gibi miihendislik plastikleri, kirtlmaya kars1 direncli olup,
enjeksiyon kaliplama yontemiyle yiliksek hacimlerde tiretilebilir
(Pfeffer, 2010). Ayrica baz1 termo-optik polimerler, dalga
kilavuzu sistemlerinde hem optik tagiyict hem de yap1 malzemesi
olarak kullanilmaktadir (Ma ve ark., 2002).

Kompozit malzemeler, farkli 6zelliklerin bir araya
getirilmesini saglar. Ozellikle karbon fiber takviyeli polimerler
(CFRP) diisiik agirlik, yiiksek dayanim ve diisiik termal genlesme
katsayis1 ile optik stabilite acisindan idealdir. Uzay ve savunma
uygulamalarinda yiiksek performansli ¢erceve sistemleri igin
siklikla kullanilir (Mohn & Vukobratovich, 1988; Villalba ve
ark., 2020).

2.2. Malzeme secimini etkileyen faktorler

Optik sistemlerde cerceve malzemesi secimi sadece
mekanik dayaniklilik degil, ayn1 zamanda optik performans,
cevresel dayanim ve iiretim kabiliyeti gibi cok boyutlu kriterlere
dayanir. Asagidaki temel faktorler bu siireci belirler:

> Mekanik Ozellikler: Rijitlik, darbe dayanimi ve titresim
sontimleme kapasitesi sistemin dogrulugu igin kritiktir.
Ozellikle hassas ayar gerektiren sistemlerde malzemenin

diisiik termal genlesme katsayisina sahip olmasi gereklidir
(Kalpakjian & Schmid, 2019).

» Optik Uyum: Malzeme seciminde cercevenin optik
bilesenlerle temas ettigi ylizeylerde reflektans, absorpsiyon ve

106



Fizik

potansiyel deformasyon gibi optik etkiler de dikkate
alinmalidir. Ornegin baz1 polimerler optik seffaflik gerektiren
durumlarda lens yuvalarinda tercih edilir (Hu ve ark., 2013).

» Termal Kararhhk: Sicaklik degisimleri altinda boyutsal
stabilitenin korunmas1 ozellikle uzay ve dis ortam
uygulamalari i¢in 6nemlidir. CFRP gibi kompozitler, diisiik
termal genlesme ve yliksek sicaklik direnci sunarak bu
gereksinimi karsilar (Chen ve ark., 2022).

» Cevresel Dayamikhihik: Nem, ultraviyole 151k, kimyasal
etkenler gibi dis faktorlere karsi malzemenin dayanimi da
secimde Onemlidir. Polimerlerde bu tip etkenlere karsi
stabilizasyon katki maddeleri kullanilir (Rajak ve ark., 2019).

3. ERGONOMIK TASARIM iLKELERIi
3.1. Kullanic1 konforu ve fiziksel uyum

Ergonomik tasarim, optik sistemlerin kullaniciyla
etkilesim diizeyini dogrudan etkileyen en kritik faktorlerden
biridir. Ozellikle uzun siireli kullanimda kullanici konforunu
saglayan unsurlar; agirlik dagilimi, temas yiizeylerinin sekli ve
malzeme Ozellikleridir. Kullanici konforu fiziksel yorgunluk,
baski hissi ve cilt tahrisi gibi negatif etkilerin minimize
edilmesiyle saglanir (Dunne ve ark., 2022).

Giyilebilir sistemlerde bas ve yliz anatomisine uygun
tasarim, konfor acisindan belirleyicidir. Ornegin  gozliik
cergevelerinde burna ve kulak arkasina uygulanan basincin
dengeli olmasi gerekir. Bu basincin ideal seviyede tutulmasi igin
cercevenin temas alanlari yumusak ve esnek materyallerle
desteklenmelidir (Sung ve ark., 2019).

Ergonomik uyumun belirlenmesinde antropometrik veri
kullanimi1 da son derece 6nemlidir. Farkli yas, cinsiyet ve cografi
kokenlere sahip kullanici gruplart i¢in standart Slgiilerin digina
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c¢ikilmasi gerekebilir. Bu noktada kisisellestirilebilir tasarimlar 6n
plana ¢ikmaktadir (Weinschenk ve ark., 2023).

3.2. Gozliik, basa takilan optik sistemler ve portatif
cihazlar i¢in ergonomi

Basa takilan optik sistemler (Head-Mounted Displays -
HMD), artinllmis gerceklik (AR) ve sanal gergeklik (VR)
teknolojileriyle birlikte hayatin birgok alaninda kullanilmaya
baslanmistir. Bu sistemlerin ergonomisi, sadece kullanici konforu
acisindan degil, optik hizalama dogrulugu ve gorsel performans
acisindan da kritik bir role sahiptir (Kim & Park, 2021).

Bu tiir sistemlerde en yaygin ergonomik problemler bas-
boyun kaslarinda asir1 yiliklenme, goz yorgunlugu ve denge
hissinde bozulmadir. Tasarim siirecinde agirlik merkezinin basa
miimkiin oldugunca yakin yerlestirilmesi ve sistemin dengeli
bicimde dagilmasi gereklidir. Ayrica hava dolasimini saglayan
acikliklar ve terlemeyi azaltan malzemeler kullanici deneyimini
olumlu etkiler (Chen ve ark., 2021).

Portatif optik cihazlarda ergonomi, el uyumu ve kontrol
kolaylig1 etrafinda sekillenir. Tutma kollarinin anatomik egrilere
uygun tasarlanmasi, malzemenin kaymaz yiizeylere sahip olmasi
ve diigme yerlesiminin sezgisel olmasi gereklidir (Kozhevnikov
ve ark., 2019).

4. URETIM TEKNOLOJILERI
4.1. Geleneksel ve dijital Gretim yontemleri

Optik cihazlarin g¢ergeve iiretiminde kullanilan tiretim
teknolojileri, malzeme tiirline, tasarim karmasikligina, liretim
adedine ve gerekli hassasiyet diizeyine gore degisiklik
gostermektedir. Geleneksel yontemlerin yaninda dijital iiretim
teknolojilerinin de gelismesi, 6zellestirilmis ve diisiik hacimli
tiretimlere olanak tanimaktadir (Kalpakjian & Schmid, 2019).
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CNC isleme Ozellikle metal ve ylksek mukavemetli
plastiklerin islenmesinde yiiksek hassasiyet saglamasi nedeniyle
optik cerceve liretiminde yaygin olarak kullanilmaktadir. CNC
karmasik geometrileri, siki toleranslarla isleyebilme yetenegine

sahiptir ve optik hizalamanin kritik oldugu sistemlerde tercih
edilmektedir (Yoder, 2008).

3D baski son yillarda hem prototipleme hem de nihai {iriin
{iretimi igin biiyiik bir esneklik saglamaktadir. Ozellikle polimer
malzemelerle yapilan FDM (Fused Deposition Modeling) ve SLA
(Stereolithography) gibi yontemler c¢ergeve yapilarinda
Ozellestirme ve hizli iiretim acgisindan avantaj saglar. Ayrica
topoloji optimizasyonu gibi gelismis tasarim tekniklerinin
tiretime aktarilmasina olanak tanir (Singh ve ark., 2020).

Enjeksiyon kaliplama seri iliretimde diisiik maliyet ve
yiksek tretim hiz1 saglar. ABS, PC gibi termoplastik
malzemelerle ¢alismak icin uygundur. Bu yontemin sinirlayici
faktorii ise yliksek kalip maliyetidir; bu da kiiclik hacimli
tiretimler i¢in dezavantaj olusturur (Gibson ve ark., 2015).

4.2. Hassasiyet ve olceklenebilirlik acisindan
degerlendirme

Uretim  yontemlerinin ~ seciminde en  belirleyici
kriterlerden biri optik sistemin gerektirdigi hassasiyet diizeyidir.
Optik bilesenlerin hizalanmasi, ¢er¢evenin boyutsal kararlilig1 ve
ylizey piiriizliiliigii, sistemin performansini dogrudan etkiler. Bu
nedenle mikron diizeyinde toleranslar gerektiren uygulamalarda
CNC isleme veya yiiksek ¢oziiniirliiklii 3D baski teknolojileri
tercih edilmektedir (Kozhevnikov ve ark., 2019).

CNC makineler yiksek tekrar edilebilirlik ile parca
tiretimi saglarken, yiiksek malzeme israfi ve uzun islem siiresi
gibi dezavantajlara sahiptir. Buna karsilik enjeksiyon kaliplama,
seri Uretim icin ideal olup her bir parca i¢in minimum sapma ile
binlerce Urilin Uretilebilir. Ancak bu yontemde Uretim Oncesi
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tasarim degisiklikleri zordur ve kalip tasarimi kritik hale gelir
(Gibson ve ark., 2015).

3D baski ise prototiplemede benzersiz esneklik sunsa da
genis Olgekli tretimlerde hiz ve ylizey kalitesi agisindan
siirlayic olabilir. SLA ve DLP gibi 1s1kla kiirleme teknolojileri
yiizey kalitesini iyilestirse de tiretim hiz1 ve dayanim agisindan
enjeksiyon kaliplamanin gerisindedir (Ngo ve ark., 2018).

Bu nedenle iretim yoOntemi secilirken tasarim
karmasikligi, tiiretim adedi, maliyet hedefleri ve gereken
hassasiyet seviyeleri birlikte degerlendirilmelidir. Hibrit {iretim
yaklagimlar1 bu agidan giderek daha yaygin hale gelmektedir.

5. UYGULAMA ALANLARI VE ORNEK
SISTEMLER

5.1. Gozlukler, mikroskoplar, sensor sistemleri

Gozliikler gerceve tasarimi agisindan hem optik dogruluk
hem de kullanic1 ergonomisi gerektiren temel uygulamalardan
biridir. Oftalmik lensler icgin tasarlanan cergeveler hafiflik, ciltle
uyumluluk ve darbelere dayaniklilik gibi kriterlere gore segilir.
Son yillarda 3D bask: ile kisisellestirilmis gozliik ¢ergeveleri
tretilmesi miimkiin hale gelmis, bodylece farkli yiiz

morfolojilerine 6zel ¢oziimler yayginlasmistir (Mileti¢ ve ark.,
2021).

Mikroskoplar igin cerceve sistemleri 0Ozellikle optik
hizalama kararlilig1 acisindan Onemlidir. Yiiksek biiyilitme
oranlarinda en kiiciik mekanik titresimler bile goriintii kalitesini
bozabilecegi icin rijit ve diigiik termal genlesme katsayisina sahip
malzemeler kullanilmaktadir. Ayrica kullaniciyla etkilesim
icinde olan bilesenlerde ergonomi giderek daha fazla 6nem
kazanmaktadir (Gao ve ark., 2023).
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Sensor sistemleri 6zellikle mobil veya dis ortama entegre
optik ¢oziimlerde hem ¢evresel dayanikliligi hem de kompaktligi
gerektirir. Bu cihazlarin ¢ergeveleri su gecgirmezlik, toz yalitimi
ve darbe emici 6zelliklerle desteklenir. Kompozit malzemeler bu
baglamda o6ne ¢ikar ¢iinkii hem dayanikli hem de hafif yap1
sunarlar (Tang ve ark., 2020).

5.2. Ergonomik ve dayanikl cerceve tasarimlarindan
ornekler

Ergonomik ve dayanikli ¢ergeve tasarimlart kullanici ile
cihaz arasinda hem fiziksel hem islevsel bir koprii kurar. Asagida
birkag dikkat c¢ekici Ornek {izerinden bu yaklasim
detaylandirilmistir:

a) Google Glass Enterprise Edition 2, basa takilan bir optik
sistem olarak cerceve ergonomisine odaklanan bir Ornektir.
Hafifligi (yaklasik 46g), yiize dagitilan dengeli agirhigi ve goz
hizasia tam oturan ekran modiilii ile kullanic1 konforunu 6n
plana ¢ikarir (He ve ark., 2020).

b) Carl Zeiss Primo Star mikroskobu dgrenciler ve laboratuvar
kullanicilar i¢in ergonomik tutma yerleri, ayarlanabilir géz
mercedi agilar1 ve kompakt cergevesi ile tasarlanmistir. Ayni
zamanda tasima kolaylig1 ve saglam yapisi sayesinde egitim
ortamlarinda dayanikliligiyla 6ne cikar.

c) FLIR C5 termal kamera portatif sensor cihazi olarak dayanikli
cergeve tasariminin giizel bir Ornegidir. IP54 koruma
standardina sahip olan bu cihazin dis cergevesi darbeye
dayanikli kauguk kaplama ile g¢evrilidir. Ayn1 zamanda el
ergonomisine uygun olarak kavrama yuzeyleri kaymaz
malzeme ile tasarlanmustir.

Bu orneklerde ortak olarak goriilen tasarim yaklasimi,
malzeme se¢imi ile ergonomik ihtiyaclar1 bir arada ele alarak hem
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kullanic1 deneyimini artirmak hem de cihazin 6mriinii uzatmaktir
(He ve ark., 2020).

6. SONUC VE GELECEK YONELIMLERI
6.1. Entegre tasarimin 6nemi

Giinlimiizde optik sistemlerde ¢erceve yalnizca bir tasiyict
yapt degil; aynt zamanda optik, elektronik ve mekanik
bilesenlerin entegre bigimde c¢alismasini saglayan ¢ok islevli bir
platform haline gelmistir. Bu nedenle tasarim siireglerinde
disiplinler aras1 yaklagim ve sistem miihendisligi kavramlar1 6ne
cikmaktadir (Cheng ve ark., 2022).

Entegre tasarim c¢ergevenin sadece mekanik bir bilesen
degil, sistemin tamamlayict bir pargasi olarak ele alinmasini
saglar. Ornegin, modern mikroskop sistemlerinde gerceve; 151k
yonlendirme kanallarini, sensorleri ve 1s1 yonetim birimlerini
icerecek sekilde ¢ok fonksiyonlu bir yap1 olarak tasarlanmaktadir
(Lee ve ark., 2021).

Ayrica tasarim siirecinin erken agsamalarinda, optik-
mekanik eszamanli tasarim  yaklasimlart  benimsenerek;
performans diisiisiine neden olabilecek hizalama hatalari, titresim
kaynaklar1 ve termal etkiler dnceden analiz edilebilir. Bu da

iiretim sonrasi kalibrasyon ihtiyacin1 ve maliyeti azaltir
(Waldman ve ark., 2021).

6.2. Yeni nesil malzemeler ve Uretim tekniklerine
bakis

Optik sistemlerin gelecegi yliksek performansli, hafif,
dayanikli ve ¢ok fonksiyonlu yeni nesil malzemelerin kullanimi
ile sekillenmektedir. Ozellikle kompozitler, grafen destekli
yapilar, biyobozunur polimerler ve sekil hafizali alasimlar gibi

ileri malzeme ¢o6ziimleri ¢erceve tasarimlarinda giderek daha
fazla kullanilmaktadir (Gao ve ark., 2023).
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Grafen ve karbon nanotiipler yuksek mukavemet ve
iletkenlik Ozellikleriyle hem elektromanyetik koruma hem de
mekanik destek sunan ultra hafif yapilar gelistirilmesine olanak
tanimaktadir. Ayrica, bu malzemeler 1s1 yayilimi agisindan da
avantaj saglar ve yiiksek hassasiyet gerektiren optik sistemlerde
kullanilmaya baslanmistir (Yang ve ark., 2020).

Uretim tekniklerinde ise 4D baski ve mikro-fabrikasyon
gibi ileri yoOntemler c¢ergeve tasarimina radikal yenilikler
getirmektedir. Ornegin, kendini ortam sicakligina gore yeniden
yapilandirabilen ~ polimer  iskeletler, optik  cihazlarin

tagmabilirligini ve islevselligini artirmaktadir (Kim ve ark.,
2021).

Ayrica siirdiriilebilir iiretim yaklasimlar1 da ©Onem
kazanmakta; geri doniistiiriilebilir biyomalzemelerin kullanimi ve
enerji verimli liretim yontemleri tasarim siirecinin ayrilmaz bir
pargasi haline gelmektedir (Rajak ve ark., 2019).

Sonug olarak, optik sistemlerde c¢ergeve tasarimi;
malzeme se¢imi, ergonomi ve iiretim teknolojilerinin eszamanl
olarak optimize edilmesini gerektiren ¢ok boyutlu bir
miihendislik stirecidir. Giincel uygulamalarda ¢erceveler yalnizca
optik Dbilesenleri tasiyan pasif yapilar olmaktan ¢ikmis,
performanst belirleyen aktif ve c¢ok islevli bilesenlere
doniigmiistiir. Bu nedenle gelecekte, hafif ve dayanikli yeni nesil
malzemeler, hassas ve 6lgeklenebilir Gretim yontemleri ile insan—
cihaz  uyumunu  Onceleyen ergonomik  yaklasimlarin
biitlinlesmesi, optik sistem tasariminin temel belirleyicileri
olmaya devam edecektir. Bu biitiinciil yaklasim, hem ytiksek
performansli optik ¢ozlimlerin gelistirilmesine hem de kullanici
deneyiminin siirdiiriilebilir sekilde iyilestirilmesine olanak
saglayacaktir.
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OLAGANUSTU AKUSTIK GECIRGENLIGE
SAHIP AKUSTIK MERCEK TASARIMI*

Déne SAYARCAN?
Nurettin KOROZLU3
Ahmet CICEK*

1. GIRIS

Akustik dalgalarin sogurma, yonlendirme ve odaklama
gibi yontemlerle kontrol edilmesi; tibbi goriintiileme, terapi,
akustik yalittm, su alt1 goriintiileme ve biyopargacik
manipiilasyonu gibi bircok uygulamada oldukca 6nemli bir yer
teskil etmektedir (Maldovan, 2013). Bu amagla yaygin olarak
kullanilan fononik kristaller, malzeme o6zelliklerinin periyodik
degisimi sayesinde negatif kirilma (Ke et al., 2005; Sukhovich,
Jing, & Page, 2008; S. Yang, Page, Liu, Cowan, Chan, & Sheng,
2004; Zhang & Liu, 2004), degisken kirilma indisi (Deng, Ding,
He, Zhao, Shi, & Liu, 2009; Huang & Sun, 2009; Martin,
Nicholas, Orris, Cai, Torrent, & Sanchez-Dehesa, 2010; Peng et
al., 2010) ve agisal simetriye sahip sagicilar (Kaya, Cicek, &
Ulug, 2011; Li, Fok, Yin, Bartal, & Zhang, 2009) gibi etkilerle
odaklama ve goriintiileme saglayabilmektedir. Ancak bu yapilar
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dalga boyu mertebesinde sagicilar igerdiginden, pratik
uygulamalar i¢in biiyiik boyutlar gerektirmektedir.

Bu sinirlamay1 agsmak amaciyla daha kiigiik birim hiicreler
iceren akustik metamalzemeler gelistirilmistir (Craster &
Guenneau, 2012; Deymier, 2013; Fok, Ambati, & Zhang, 2008).
Akustik metamalzemeler negatif etkin kiitle (Z. Yang, Mei, Yang,
Chan, & Sheng, 2008) ve negatif bulk modiilii (Y. Ding, Liu, Qiu,
& Shi, 2007; Fang et al., 2006; Li & Chan, 2004) gibi olagan dis1
fiziksel  oOzellikler — gosterebilmekte, olaganiisti  akustik
gecirgenlik ve sifira yakin yogunluk gibi 6nemli fenomenler
sunmaktadir. Sifira yakin yogunluk, faz hizinin ve dalga boyunun
artisina neden olarak metamalzemeden ¢ikan dalgalarin es fazli
olmasmi  saglar; bu durum olaganiistii  gecirgenlikle
birlestirildiginde ince akustik merceklerin tasarimint miimkiin
kilmaktadir.

Bu bolimde, membran kapli dairesel kavitelerin rezonans
Ozellikleri incelenerek mevcut literatiirdeki Orneklere kiyasla
daha kiiciik hacimli ve ultra ince akustik mercekler sayisal
yontemlerle nasil tasarlandigi izah edilmistir. Kavitelerden ¢ikan
akustik dalga bilesenleri arasindaki faz iligkilerinden
yararlanilarak dalga boyu mertebesinde yaricapa sahip kompakt
bir mercek elde edilmistir. Gelistirilen tasarimin kii¢iik boyutlari
pratik uygulanabilirligi artirmakta, ayrica kavite yarigapit ve
membran kalinligr degistirilerek mercegin odak uzakligi
ayarlanabilmektedir.

2. GENEL BILGILER
2.1. Fononik Kristaller ve Akustik Metamalzemeler

Fononik kristaller, farkli malzemelerin periyodik olarak
bir araya getirilmesiyle olusturulan yapay yapilardir ve bir, iki
veya lic boyutlu olabilirler. Dalga boyu mertebesindeki bu
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yapilarin en 6nemli 6zelligi, belirli frekanslardaki akustik veya
mekanik dalgalarin gecisine izin vermemeleridir. Bu yasakl
frekans araligi “band aralii” olarak adlandirilir ve kullanilan
malzeme, yap1 geometrisi ve periyodik dizilim degistirilerek
kontrol edilebilir (Korozli, 2017; Liu & Fan, 2013). Bu
ozellikleri nedeniyle fononik kristaller g¢evresel giiriiltiiniin
azaltilmasi, dalga kilavuzlama ve dalga yonlendirme gibi
uygulamalarda kullanilmistir (Khelif, Choujaa, Benchabane,
Djafari-Rouhani, & Laude, 2004; Martinez-Sala, Rubio, Garcia-
Raffi, Sanchez-Pérez, Sanchez-Pérez, & Llinares, 2006; Vasseur
et al., 2007).

Metamalzemeler ise dogal malzemelerden farkli olarak,
dalga boyundan ¢ok daha kiiclik boyutlara sahip yapay birim
hiicrelerin rezonans o6zelliklerinden yararlanilarak tasarlanir.
Baslangicta bu yapilar yiiksek frekanslarda kullanilabilir
sanilirken, daha sonra dalga boyundan ¢ok kiiguk “meta-atomlar”
ile distik frekanslarda da dalga kontroliinlin miimkiin oldugu
anlagilmistir. Boylece hem fononik kristaller hem de akustik
metamalzemeler, dalgalarin yayilimmi yonlendirmek ve istenen
ozellikleri olusturmak i¢in gii¢lii aracglar haline gelmistir.

2.2. Akustik Metamalzemelerde Dalga Yayilim
Rejimlerinin Etkin Parametrelere Baghhg:

Fononik kristaller ve akustik metamalzemeler baglaminda
one ¢ikan en dikkat cekici fiziksel olgulardan biri negatif kirtlma
indisi fenomenidir. Negatif kirilma, dalga enerjisinin yayilma
yoni ile dalga vektoriiniin ters yonlerde olmasiyla ortaya ¢ikar ve
hem fononik kristallerde hem de metamalzemelerde
gozlemlenmistir (Ke et al., 2005; Sukhovich, Jing, & Page, 2008;
S. Yang et al., 2004; Zhang & Liu, 2004). Akustik alanda bu etki,
etkin kiitle yogunlugu ile bulk modiiliin belirli rezonans
bolgelerinde negatif hale gelmesiyle olusur (Y. Ding et al., 2007;
Fang et al., 2006; Li & Chan, 2004; Z. Yang et al., 2008). Etkin
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kitle yogunlugu (p) ve bulk modulinin (B) cifte negatifligi,
belirli bir monopolar ve dipolar rezonans frekans araliginda bir
arada bulunmasindan kaynaklanmaktadir. Bu iki parametreye
bagl kirtlma indisi n ve empedans Z (D. Lee, Nguyen, & Rho,
2017) asagidaki ifadedeki gibidir.

n= % Z=.pB (1)

Kiitle yogunlugu, bir malzemenin birim hacimdeki
kiitlesini ifade eder ve dogal malzemelerde her zaman pozitiftir.
Ancak akustik metamalzemelerde, yap1 i¢indeki 6zel rezonator
diizenekleri nedeniyle kiitle yogunlugu belirli frekanslarda
negatif olabilir (Z. Yang et al., 2008). Negatif etkin kiitle, bir
par¢aciga itme kuvveti uygulandiginda pargacigin kuvvet
yoniinlin tersine ivmelenmesi anlamina gelir (Huang & Sun,
2009). Bu olgu, i¢ ice gegmis iki kiitle ve bir yaydan olusan basit
bir kiitle—yay sistemi (Sekil 1(a)) ile agiklanabilir. Distan
uygulanan bir kuvvet, sistem rezonans frekansina yakinken tiim
yapiy1 tek bir “etkin kiitle” gibi davranmaya zorlar. Etkin kiitle
ifadesi:

mzk

(2)

m =my +
eff 10 k—myw?

olarak yazilabilir. Burada mefr, sistemin dis kuvvet etkisi altindaki
etkin kiitlesidir ve rezonans frekansi civarinda negatif degerlere
ulagabilir. m1, sistemin ana kiitlesini temsil ederken, mz2 yay ile m1
kiitlesine bagl kii¢iik i¢ kiitleyi gosterir. K parametresi, iki kiitleyi
birbirine baglayan yay sabitini ifade eder ve sistemin elastik
ozelliklerini belirler. w ise dis kuvvetin agisal frekansidir (w =
2nf). Paydadaki ifade k —m,w?, sistemin rezonans kosulunu
belirler ve w ~ wy = \/k/m, oldugunda etkin kiitle negatif deger
alabilir. Fiziksel olarak, bu durum kiiciik kiitlenin ana kiitleye ters
yonde hareket etmesi ve dis kuvvetin etkisiyle sistemin ters tepki
vermesi anlamina gelir.
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(a) (b)
&) o O U
Fo o

Sekil 1. (a) I¢ rezonatorlii kiitle—yay sisteminin etkin kiitle (Mef)
modeli (Huang & Sun, 2009). (b) Akustik metamalzeme birim
hiicresine ait rezonatér-bosluk yapisinin sematik gosterimi.

Negatif bulk modiilii ise bir malzemenin dis basinca karsi
geniglemesi anlamina gelir. Normal malzemelerde dis basing
uygulandiginda hacim azalir ve bulk modiilii pozitiftir. Fakat
Helmholtz rezonatorii gibi akustik rezonatorler kullanildiginda,
rezonans civarinda dis basing etkisi boslugu genisletir ve etkin
bulk modiilii negatif olabilir (Fang et al., 2006; Li & Chan, 2004).
Helmbholtz rezonatorii (Sekil 1(b) igin etkin bulk modiilii:

Bey = B |1~ il

(3)

seklinde tamimlanmaktadir. Burada Beff, rezonans frekansi
civarinda negatif deger alabilen etkin bulk modiiliinii temsil eder.
Bo, malzemenin dogal bulk modiiliidiir ve normalde pozitif bir
degere sahiptir. F, rezonatoriin geometrisine bagl bir katsayidir
ve sistemin yapisal Ozelliklerini yansitir. wo Helmholtz
rezonatoriiniin -~ dogal rezonans frekansim1  gosterir. T
rezonatdrdeki enerji soniimiinii ifade eder ve karmasik birim 7 ile
birlikte sistemin faz kaymasini temsil eder. Fiziksel olarak, dis
basing rezonans frekansi civarinda boslugu genisleterek ters tepki
olusturur ve bu nedenle bulk modiilii negatif goriiniir.
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(b) Ber (a)
Py < 0, Bf:ﬁ" >0 Py >0, By >0
B
- B‘f'gel v,=+ LR
Y P P
Py eff
Kaybolan dalga Py =0 ileri dalga yayilimi
‘/ph =00
Yiiksek Pes
iletim
Py <0, By <0 Py <0, By <0
B
— & B
Vo = P eR V= By cl
7 pntﬂ'
Geri dalga yayilimi Kaybolan dalga
(c) (d)

Sekil 2. Etkin parametrelere bagh akustik dalga yayilim rejimleri.

Sonug olarak, akustik metamalzemeler hem negatif etkin
kiitle hem de negatif bulk modiilii gosterebildikleri i¢cin negatif
kirilma ve olaganiistii akustik gegirgenlik gibi olagan dis1 akustik
davraniglara izin verirler. Akustik metamalzemeler i¢in etkin
kiitle yogunlugu ve bulk modiiline baghh dalga yayilim
davranislar1 Sekil 2’de (D. Lee, Nguyen, & Rho, 2017)
gosterildigi gibi Ozetlenmistir. Bu iki 0Ozellik bir arada
bulundugunda "¢ift negatif' akustik ortam olusur ve akustik
dalgalarin yayilimi tamamen kontrol edilebilir hale gelir. Sifira
yakin etkin kiitle yogunlugu sergileyen akustik metamalzemeler,
herhangi bir yansima ve faz degisikligi olmadan dalga yayilimina
izin verir ve genellikle membran igeren yapilardir (Jing, Xu, &
Fang, 2012; Xiao, Ma, Li, Yang, & Sheng, 2015). Ince delikli
dairesel membranlar kullanilarak hem negatif yogunluk hem de
Helmholtz rezonatorleri ile negatif bulk modiili bir arada
saglanabilir; membranlarin gerginligi ve yarigaplar1 degistirilerek
bu parametreler ayarlanabilir (S. H. Lee, Park, Seo, Wang, &
Kim, 2010). Bu sayede sifira yakin yogunluk ve olaganiistii
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akustik gecirgenlik gosteren metamalzemeler elde edilir. Bu
bolimde da benzer hedeflerle, diisiik frekanslarda odak uzakligi
ayarlanabilen, membranli dairesel delikler igeren kompakt bir
akustik mercek tasarlanmistir.

3. MATERYAL VE YONTEM

Bu calismada, sifira yakin yogunluk sergileyen membran
kapl dairesel kavitelerden olusan akustik metamalzeme mercek
tasarimi, Sonlu Elemanlar Yontemi (FEM) (Yoon, Jensen, &
Sigmund, 2007) kullanilarak sayisal olarak incelenmistir. TUm
simiilasyonlar COMSOL Multiphysics yazilimi kullanilarak {i¢
boyutlu frekans alaninda yiiriitilmiistiir.

Akustik alanin modellenmesinde Pressure Acoustics,
Frequency Domain arayliizii kullanilmistir. Bu arayliz, akiskan
ortamda yayilan harmonik akustik basing dalgalarinin frekans
alanindaki davranigmni tanimlamak tiizere homojen olmayan
Helmbholtz denklemini ¢ozer:

1 w2p
Burada P akustik basing, pc ortam yogunlugu, Cc ses hizi ve w=2xf

acisal frekans ve q hacimsel akustik kaynak terimini temsil
etmektedir.

Membranlarin mekanik davranisi ise Solid Mechanics
modiilii kullanilarak modellenmistir. Bu modiil, dogrusal elastik
katilarin dinamik tepkisini tanimlayan hareket denklemini ¢ozer:

0%u

V-a'+f=psm (5)

Burada o gerilme tensorii, f hacimsel kuvvetler, ps kati
yogunlugu ve u yer degistirme vektoriidiir. Gerilme-sekil
degistirme 1iligkisi, dogrusal elastik ve izotropik malzeme
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varsayimi altinda Hooke yasasi ile tanimlanmigtir. Membranlar
aliminyum malzeme olarak kabul edilmis ve frekans alaninda
dinamik analiz gergeklestirilmistir.

Akustik alan ile membranlar arasindaki etkilesim,
akiskan—yap1  etkilesimi  (acoustic—structure  interaction)
cercevesinde ele alinmis; akustik basingtan kaynaklanan yiikler
membranlara aktarilirken, membran titresimleri de akustik alani
geri beslemistir. Bu sayede, rezonans etkileri ve sifira yakin etkin
yogunluk davranisi sayisal olarak analiz edilmistir.

3.1. Sifira  Yakin  Yogunluklu Dairesel Kavite
Parametrelerinin Belirlenmesi

Dairesel kavitelerin akustik davranislarini belirlemek igin
empedans tupine (C. Ding, Hao, & Zhao, 2010) sayisal olarak
karsilik gelen dikddrtgen prizma bi¢iminde bir hesaplama hacmi
(Sekil  3) kullanilmigtir.  Sinir  kosullarinin -~ dogru
tanimlanabilmesi i¢in hesaplama hacminin dig ylizeylerinde
Perfectly Matched Layer (PML) uygulanmig, bdylece geri
yansimalar minimize edilmistir. (Fang et al., 2006; Mei et al.,
2008) Yan yiizeylerinde ise Bloch—Floquet periyodik sinir
kosullar1 uygulanmistir. Bu sayede sonsuz periyodik ortam
kosullar1 saglanmustir.

=l = _—— pML
el L EEEme | !
oot — _ —
= ¢ PSK .
| & T ploch-Floa|® P
| | Mt | = =
| - - o
~U s R diizlemi T diizlemi
‘:&— ."_ Membran kapli levha

Sekil 3. (a) Membran kaph dairesel kavitelerde sifira yakin
yogunlugu gostermek icin kullanilan hesaplama hacmi.

Mercek tasarimi i¢in hedef rezonans frekansi fo = 2190 Hz
olarak belirlenmistir. Bu frekansta rezonans verecek sekilde, biri
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membransiz olmak {iizere toplam bes farkli dairesel kavite
geometrisi tasarlanmistir. Membran kalinliklar1 sirastyla 70 pm,
100 um, 150 pum ve 200 um olarak se¢ilmis (bu membran
kalinliklar1  ilerdeki  deneysel c¢alismalar gbz  Oniinde
bulundurularak, piyasada bulabilecegimiz aliiminyum levha
kalinliklar1 se¢ilmistir.), her bir durum icin uygun kavite
yarigaplar1 frekans taramasi ile belirlenmistir. Membranl
yapilarin temel titresim kipine ait analitik rezonans frekanslari
Kirchhoff~Love ince levha teorisi (Denk. 6-7) kullanilarak
dogrulanmistir (Blevins, 2015).

_ X% Eaity,
foo = 27::3 \’ 12ul-v%, (6)
Ji(oo) i1 (Ag0) + 1;(Ag0)]i+1(Ag0) = 0 (7)

Burada foo temel titresim kipinin rezonans frekansi, rc, dairesel
kavitenin merkezinden hesaplanan yaricap, Eal ve val sirasiyla

aliminyum membranin Young modiilii ve Poisson orani, x de
membranin birim alan basima yogunlugudur. J; (Y1) ve li (Ki)
sirastyla i=0 ve 1. mertebeden birinci (ikinci) tip Bessel ve
modifiye Bessel fonksiyonlaridir. Yukaridaki ~membran
kalinliklart i¢in Sekil 3’teki hesaplama modeli kullanilarak rec
yaricaplari FEM simiilasyonlari ile belirlenmistir.

Her bir dairesel kavite i¢in akustik iletim (T) ve yansima
(R) katsayilar1 hesaplanmis; bu degerler kullanilarak etkin kirilma
indisi N ve etkin empedans & elde edilmistir (Fokin, Ambati,
Sun, & Zhang, 2007). Bunun i¢in membran kapli levhadan
sacilan akustik basing alaninin Sekil 3’te R-diizlemi ve T-diizlemi
olarak gosterilen alanlar lizerinde ortalamasi almmustir. Sifira
yakin yogunluk davranisi, etkin parametrelerin rezonans frekansi
¢evresindeki degisimi iizerinden dogrulanmustur.
r=+J(R2—T2—-1)—4T2 ve x=(1—R?>+T?+1)/2T
olmak Uzere,
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—ilogx+2mm

Nefr = wa (8)
r

Seff = Tamrreore 9)
seklinde hesaplanir (Fokin et al., 2007). Burada m ortam
yogunluklarinin birbirine oranidir. FEM simiilasyonlarindan elde
edilen R ve T degisimleri Denklem 8 ve Denklem 9’u ¢6zmek igin
yazilan MATLAB kodu kullanilarak elde edilmis ve rezonans
frekansi etrafinda sifira yakin yogunluk gosterilmistir.

3.2. Kavitelerin Mercek Uzerine Yerlestirilmesi ve
Optimizasyonu

Kavitelerin mercek tizerine yerlestirilmesi, Fresnel
ilkesine dayandirilmistir. Bu ilkeye gore, komsu iki acikliktan
yayilan dalgalar arasinda bir dalga boyuna karsilik gelen yol
farkinin (yani 2x’lik faz farkinin) bulunmasi igin Denklem 10’un
saglanmasi gerekir. Bu kosul yerine getirildiginde, akustik enerji
odak noktasinda verimli bir bigimde yogunlagtirilabilir. Bununla
birlikte, mercek yapisinda komsu agikliklar arasinda mercegin
hemen {ist bolgesinde 0 < A® < /2 araliginda bir faz farki
bulundugundan, dairesel kavitelerin merkezden uzakliklarini
ifade eden Ri yarigaplar1 buna gore belirlenmistir.

ro=J(h+(2)2) -, (10)

Burada fu odak uzakligini belirtir. A@ ise membranl dairesel
kavitelerden membransiz dairesel kavitenin faz farkini temsil
etmekte 0|Up 40 = Qmembranll - gmembranstz Seklinde
tanimlanmistir. Membransiz kavite, mercegin geometrik
merkezine yerlestirilmis ve faz hesaplarinda referans olarak kabul

edilmistir. Kavitelerin faz acilari, akustik basing alaninin frekans
alanindaki sayisal ¢6ziimiinden elde edilmistir. Harmonik akustik
basing, karmasik gosterimle p = p,e!k?~Wt+9) geklinde ifade
edilmektedir. Buna karsilik akustik basincin reel ve sanal
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bilesenleri sirasiyla Re(p) = cos(kz —wt + @) ve Im(p) =
sin (kz — wt + @) olarak tanimlanir. Her bir kaviteye ait faz
acisi, ilgili konumdaki akustik basincin reel ve sanal bilesenleri
kullamilarak  @(z) = tan™*(Im(p(z))/Re(p(z))) ifadesiyle
hesaplanmistir. Bu yontemle belirlenen faz farklar1 kullanilarak,
ayni rezonans frekansinda calisan dort farkli dairesel kavitenin
mercek lizerindeki konumlandirilmast  gergeklestirilmistir.
Boylece akustik mercek geometrisi, farkli kavitelerden yayilan
dalgalar arasindaki faz iligkileri dikkate alinarak olusturulmustur.

4. ARASTIRMA BULGULARI VE TARTISMA

4.1. Membran Kaph Dairesel Kavitelerin iletim
Ozellikleri ve Etkin Parametreleri

Membransiz dairesel kavite i¢cin 2190 Hz rezonans
frekansina karsilik gelen yarigap 20.4 mm olarak belirlenmistir.
Membranli yapilarda ise aliiminyum membran kullanilmis ve
piyasada bulunabilen dort farkli kalinlik se¢ilmistir (70 um, 100
pm, 150 pum, 200 pum). Her bir membran kalinligi igin, 2190
Hz’de rezonans veren kavite yarigaplar1 hesaplanmistir (Tablo 1).

Tablo 1. Membran kaph dairesel kavitelerin 2190 Hz rezonans
frekansi icin hesaplanan yaricap degerlerinin membran kalinhg:
ile degisimi

tn(pm)® | O 70 100 150 200

re (mm)® | 20.4 8.8 10.6 13.0 15.0

aMembran kalinlig1; ®Dairesel kavite yarigapi

Tablo 1 sonuglarina gére membran kalinhig1 arttikca,
rezonans kosulunu saglayan kavite yarigapinin da dogrusal
sekilde arttig1 goriilmiistiir. Ayrica, tim bu membran kaph
kavitelere ait iletim ve yansima spektrumlar1 incelenmis ve her
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bir yapmin rezonans bolgesindeki akustik davraniglari Sekil
4(a)’de gosterilmistir. Biitiin membran kalinliklar1 igin fo=2190
Hz frekansinda [T|, 1’e yaklasirken |R|, 0’a yaklagmaktadir.
Rezonans iletim piki yar1 genisligi 100 Hz mertebesindedir. Bu
durum fo’da olaganiistii akustik gegirgenligi gostermektedir.
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Sekil 4. Membranh kavitelerin (a) iletim ve yansima spektrumlari
ve (b) etkin kirillma indisinin frekans ile degisimi.

Sekilde 4(b), farkli membran kalinliklarina sahip dairesel
kaviteler i¢in kirilma indisi neg’nin frekansa bagli degisimi
gosterilmektedir; her panelde Re(ngs), IMm(ngg)ve | ng Ibirlikte
sunulmustur. Tiim yapilarda yaklasik 2190 Hz civarinda belirgin
bir rezonans gozlenmekte olup bu frekans ¢evresinde | ngs |’nin
keskin bir minimuma indigi, Re(ng¢) 'nin hizla sifira yaklastigi ve
IM(nes)’nin  rezonans tepesine ulastignr  goriilmektedir. Bu
davranig, membran kapli dairesel kavitelerin rezonans kosulunda
sifira yakin yogunluk (DNZ) rejimine girdigini ve bu 6zelligin
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mercek tasariminin temel fiziksel mekanizmasini olusturdugunu
gostermektedir.

4.2. Membran Kaynakh Faz Siireksizliginin Gosterimi

Membran kapli ve kapl olmayan dairesel kaviteler i¢in
rezonans frekansinda gergeklestirilen FEM simiilasyonlarinin
mutlak akustik basing¢ alanmi1 sonuclar1 Sekil 5’te sunulmaktadir.
Basing alani dagilimlar1 incelendiginde, membransiz dairesel
kavitede akustik dalgalarin siireklilik gostererek ilerledigi, buna
karsilik membran kapli kavitelerde gegisin siireksiz oldugu ve
dalgalarin kaviteyi gecerken belirgin bir faz degisimine ugradigi
goriilmektedir. Bu faz kaymasi davranisi, akustik mercek
tasariminda temel bir parametre olarak kullanilmistir.

1o T T T T T T T

(a) — tyy=0 um ty =100 pm
HS —— typ=70 um — ty =150 pm g

lpl (Pa)

2
T 1
—
.
5_
—

2 o
Ho223382

B s &
S S o >
. B

A

25 3 33 4 4.5 3

z/h

pry
]

e
=)

Sekil 5. Farklh membran kalinhiklarina sahip dairesel kaviteler
boyunca normalize edilmis konum z/A ekseninde (a) mutlak
akustik basing genligi |p| ve (b) faz acis1 @ dagihmlari.

Sekil 5(a)’da membransiz kavitede akustik basing alaninin
uzaysal olarak stirekli degistigi, membran kapli kavitelerde ise
membran diizlemi civarinda genlikte belirgin bir siireksizlik
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olustugu goriilmektedir. Bu durum, membranin rezonansla
birlikte dalga—yap1 etkilesimini giiclendirdigini gdstermektedir.
Sekil 5(b)’de membransiz yapida fazin siirekli ilerledigi,
membran kapli kavitelerde ise membran konumunda ani faz
sigramalarinin  meydana geldigi gdzlenmektedir. Membran
kalinligina bagl olarak degisen bu faz gecikmeleri, akustik
dalganin  kontrolli  bi¢imde  yonlendirilmesine  olanak
saglamaktadir.

4.3. Faz lligkilerine Dayali Mercek Optimizasyonu ve
Odaklama Davramsi

Akustik mercek kalinligi 2 mm seg¢ilmis ve dairesel
kaviteler, odak uzakligi fL.=200 mm’de faz farklari1 dalga boyunun
tam katlarina karsilik gelecek bicimde yerlestirilmistir. Referans
olarak alinan membransiz dairesel kavite mercegin merkezine
konumlandirilmis (Ro=20,40 mm) ve diger membranli kavitelerin
merkezden uzakliklar1 Denklem 10’a gore hesaplanmistir. 70 um,
100 pm, 150 pm ve 200 pm kalinliginda membrana sahip
kavitelerin merkezden uzakliklar1 sirasi ile R1=136,3554 mm,
R2=173,2275 mm, R3=182,2931 mm ve R4=165,0125 mm elde
edilmistir. Hesaplanan konumlar incelendiginde, baz1 kavitelerin
geometrik olarak cakistigi goriilmiis; bu nedenle tasarimda
yalnizca 70 pum membranlt kaviteler R1 uzakliga 24 adet, 150 pm
membranli kaviteler ise Rs uzakliga 32 adet olacak sekilde
yerlestirilmistir (Sekil 6(a)). Kavite sayilari, her bir halka
izerinde iletimi maksimize edecek bi¢imde secilmis ve mercek
yarigapt RL=250 mm olarak belirlenmistir.
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Sekil 6. (a) Tasarlanan akustik mercegin sematik goriintiisii. (b)
tasarlanan akustik mercegin FEM simiilasyon alani.

Tasarlanan akustik mercegin belirli bir frekansta
odaklama ozelliklerini sayisal olarak incelemek i¢in kullanilan
hesaplama hacmi Sekil 6(b)’da goriilmektedir. Burada mercek
silindirik hesaplama hacmi tabanindan hs=2/ yukariya
konumlandirilmigtir.  Ayrica, mercegin  ilizerinde hr=84
yiiksekliginde hava bolgesi bulunmaktadir. Duzlem dalga
uyarimi, mercegin alt bolgesinde tanimlanan bir arka plan basing
alan1 araciligiyla saglanmistir. Ac¢ik alan kosullarini dogru
bicimde temsil edebilmek ve yapay yansimalari Onlemek
amaciyla, hesaplama hacmi z dogrultusunda PML ile
sonlandirilmistir. Radyal dogrultuda ise diizlem dalgalar icin
sogurucu smir kosullar1 uygulanmistir. Ag yapisi, hesaplama
alaninin farkli bolgelerine uyarlamali olarak atanmistir. Hava
bolgelerinde eleman boyutu dalga boyunun en fazla A/10°u olacak
sekilde segilirken, membran ve kavite bolgelerinde daha sik bir
ag yapisi kullanilmistir. Bu yaklasim, sayisal dogrulugu artirirken
hesaplama verimliliginin korunmasini saglamistir.
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4.4. Akustik Mercegin Odaklama Performansi

Fabry—Pérot rezonansi igeren ve dairesel kavitelerden
olusan nihai mercek tasarimi akustik mercek performansi Sekil
6(a)’da verilen hesaplama hacmi iginde gerceklestirilmistir. Sekil
7(a)’da tasarlanan akustik mercegin 2190 Hz frekansinda keskin
bir odaklama davranisi sergilendigini goriilmektedir. Akustik
eksenden gecen kesit diizlemdeki basing dagilimi ve eksen
boyunca basing degisimi birlikte incelendiginde, odak noktasinda
normalize edilmis basing genliginin yaklasik p/po = 1.2 oldugu
hesaplanmustir (Sekil 7(b)).
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Sekil 7. Dairesel kavitelerden olusan ve Fabry—Pérot (FP)
rezonansi iceren mercekte, (a) akustik basincin mutlak degerinin
akustik eksenden gecgen kesit diizlemindeki dagilimi; (b) akustik
basincin akustik eksen boyunca ve odak diizlemindeki degisimi.

Elde edilen sonuclar, klasik Fresnel merceklerinde mercek
kalinlig1 dalga boyunun yaris1 mertebesinde iken, bu calismada
tasarlanan mercegin dalga boyunun yaklagik 1/78°1 kalinliginda
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oldugunu gostermektedir. Ayrica mercek yarigapi, klasik Fresnel
mercegine kiyasla yaklasik %80 oraninda kiigiiltiilmiistiir.

Sonu¢ olarak bu c¢alismada, membran kapli dairesel
kavitelerden olusan bir akustik mercek tasarlanmis ve periyodik
kavitelerin rezonans frekansinda sifira yakin etkin yogunluk ve
olaganiistii akustik gecirgenlik sergiledigi sayisal olarak
gosterilmigtir. Faz analizleri, membran kapli ve kapli olmayan
kaviteler arasinda kontrollii faz farklarinin olustugunu ve
membran diizleminde meydana gelen faz siireksizliklerinin
mercek tasariminda etkin bi¢cimde kullanilabildigini ortaya
koymustur. Merkez etrafinda iki sira dairesel kavite igeren yapi,
kirmmim limitine yakin odaklama performans: sergilemis;
geleneksel Fresnel merceklerle karsilastirildiginda dalga boyuna
gore oldukea kiiclik boyutlara sahip oldugu gosterilmistir. Ayrica,
odak mesafesinin membran kalinhig1 ve kavite yarigapr gibi
geometrik parametreler aracilifiyla ayarlanabilecegi
ongoriilmektedir. Bu 6zellikler, tasarlanan akustik mercegin tibbi
goriintiileme, HIFU tabanli tedaviler, su alti uygulamalar1 ve
kontrollii ses yonlendirme gerektiren akustik sistemler igin
onemli bir potansiyele sahip oldugunu gostermektedir.
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STRUCTURE OF LIQUID NI-TE
SEMICONDUCTORS: AN INTEGRAL
EQUATION APPROACH

Fatma KOSOVALI CAVUS!
Siikran YAMAN ATCI?

In this chapter, the static structures of liquid NiTe and
liquid NiTe2 semiconductors are discussed using the Vanishta—
Raman type potential and Hypernetted-Chain approach within
the framework of liquid-state theories. First, the results obtained
for the liquid NiTe system are compared with the experimental
data, and then a similar approach is applied to the NiTe: system.
The chapter is completed with an evaluation of the common and
different structural features of both systems.

1. INTRODUCTION

The physical properties of NiTe and NiTe:
semiconductors remain largely unexplored. The static structures
of both semiconductor compounds are examined in the liquid
phase at a temperature close to the melting temperature.

Whileits  static  structureis  vastly  unlike that
of basic metallic liquids, liquid tellurium shows electrical activity
somewhat between metallic and semiconducting
systems. Thus, an interesting class of liquid
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ORCID: 0000-0003-2725-2876.

2 Dr. Ogr. Uyesi, Halic Universitesi, Meslek Yilksek Okulu, Bilgisayar
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semiconductors using transition metals are those based on
tellurium.

Early experimental investigations of liquid NiTe and
NiTe. were performed in 1981, V.T.Nguyen et al. (1982)
examined the static structure of liquid NiTe and NiTez by
applying neutron scattering experiments. Beloshchenko and
Ostrovsk (2005) reconsidered these liquid nickel tellurides and
studied the structures of these systems using the inverse Monte
Carlo simulation using the neutron scattering results of Nguyen
et al. In their study, the interaction potential between Ni and Te
ions was determined using experimental data and the pair
distribution functions found as a result of the simulation were
compared with the experimental results.

Research in the last decade has gained new momentum,
especially with the identification of the NiTe: system as a 'Type-
I1 Dirac Semimetal'. In their study published in Physical Review
B, Dutta et al. (2021) examined the electronic state density (DOS)
of this material, revealing the decisive role of the atomic
arrangement in its crystal structure on electronic properties.
Similarly, Wang and his team (2020) analyzed the high
environmental stability and conductivity mechanisms of Ni-Te
systems with modern spectroscopic methods. In terms of liquid
state theories, published studies on tellurium-based alloys by
researchers such as Tezgor (2020) have proven that the VMHNC
and HNC approaches for determining static structure are highly
correlated with experimental neutron scattering data and are
indispensable in understanding the short-range order in the liquid
phase.
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2. THEORETICAL FOUNDATIONS AND
MODELING

Several methods have been developed with different
points of view to explain the structure of the liquid state. Time-
independent or static expression is based not only on
thermodynamic or equilibrium properties, but also on steady-state
transport coefficients such as the self-diffusion coefficient and
viscosity coefficient. These coefficients are measured over long
times and distances on the molecular scale, and their values do
not change over time. Dynamic expression is based on features
whose measured values depend on the time scale or the frequency
of the observation. (Akdere, 2006.; Cilli, 1992; Shimoji, 1977)

2.1. Integral Equation Approach Ornstein—Zernike
(OZ) Equation and Direct Correlation Function

c(r)

In general, three different types of correlation functions
can be identified: the pair distribution function g(r), the direct
correlation particles c(r), and the total correlation function
h(r).The direct correlation function c(r) ¢(r) relates between the
short-range portion of the interaction potential and the long-range
portion of h(r)>. The OZ equation expresses the total correlation
function h(r) in terms of the direct correlation function c(r) as
follows.

h(r) =c(@) +p [c(|r —r'Dh("), dr’ 1)
(Oztek, 2005)

2.2. Hypernetted-Chain (HNC) Approach

To calculate thermodynamic quantities in terms of c(r)
and g(r), a closing relationship is required in addition to the OZ
equation. These relationships are called integral equation
approximations. The Hypernetted-Chain (HNC) closure is given
as follows
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c(r) = h(r) —In[g(r)] = BP(r) (2)
Or equivalently
g(r) = exp[=B¢(r) + h(r) — c(r)] ©)

Here is f = 1/kgT. The HNC approach is known for
giving better results than the Percus-Yevick (PY) approach,
especially in systems such as ionic liquids, where long-range
forces dominate

2.3. Potential Model: The Potential of Vanishta-
Raman (VR)

The study used the Vanishta-Raman (VR) potential,
which partially considers ionic interactions, to study the static
structures of molten NiTe and NiTe2 VR potential is a
generalization of the Inverse Power Potential (IPP) model, which
is frequently used for metallic systems. The interaction potential
between two ions is given by the following formula ¢,z(r)

(Akdere, 2006)

Hyg ZaZg  Pgg  Cg
Pap(r) = g+~ ——F =2 (4)
Here
HaB = Aaﬁ(o-a + O-B)nuﬁ (5)

1
Pa,B = E(ClaZE + a‘gZé) (6)
_ E aqagE oEp

Cap = 2 Eq+Eg (7)

2.4. Structure Factors: Faber-Ziman (FZ) and Bhatia-
Thornton (BT) Partial Structure Factors

The total structure factor of a two-component fluid is
written in terms of S(Q), while the partial structure factors are
written in terms of Sgij3(Q). These partial structure factors are
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expressed in two different representations: Faber-Ziman (FZ) and
Bhatia-Thornton (BT) partial structure factors

Faber-Ziman (FZ) notation focuses on the pairwise correlations
between atoms (Ni-Ni, Ni-Te, and Te-Te) S{fﬁ}(Q) is connected
to the partial distribution function hgj;; by the following
relationship.

1 .
S (@) = 8 + p(cicy) P2 ety (), dr (8)
The Bhatia-Thornton (BT) notation,

The Bhatia—Thornton (BT) notation is utilized to identify
density—density Syy(Q) density—composition Sy.(Q) and
concentration S;-(Q) fluctuations as its direct link with
thermodynamic response functions makes it preferable for
theoretical investigations of liquid alloys.

3. COMPUTATIONAL FRAMEWORK  AND
SYSTEM PARAMETERS

In this study, the static structures of liquid NiTe and NiTe2
semiconductors are investigated by means of the Hypernetted-
Chain (HNC) approach, one of the liquid state theories. The basic
physical parameters (temperature, atomic density) used for the
studied systems are taken from experimental studies.

3.1. Physical Parameters of the Systems Studied

A temperature close to the melting temperature was
selected to investigate the static structures of liquid NiTe and
NiTez systems. The basic physical parameters for these systems,
such as temperature (T) and average number density (p), are taken
from experimental studies in the literature. These determined
values are presented in the relevant Tables.
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3.2. Vanishta-Raman (VR) Potential Parameters

Binary interactions in nickel telluride systems need to be
modeled with an appropriate effective potential form. Since the
experimental results showed that the bonding between ions in
these systems was partially ionic, the Vanishta—Raman (VR)
potential form was previously used, which models the
interactions in partially ionic systems quite well. The effective
charges and other parameters contained in the potential function
are listed in detail in the Tables in the original text of the thesis.

3.3. Numerical Solution Method

The Ornstein-Zernicke (OZ) integral equation, which
forms the basis of all liquid state theories, has been solved with
the HNC approach, which is known to give good results for ionic
systems. Fourier transforms are used to solve the OZ integral
equation using the HNC closing relation. The solution of this
equation was made by editing the computer program written
earlier for these systems.

3.4. Calculation of the Number of Coordinations

From the pair distribution function gij (r), which describes
the pairwise correlations between atoms, the coordination number
(nij) is obtained. The coordination number (ni) is found by
integrating the pair distribution function gij (r). In this calculation,
the value of rmin, Which is the upper limit of the integral, is the
distance at which the first minimum point of the curve gij (r) after
its first peak is located.

4. FINDINGS AND DISCUSSION
4.1. Static Structure of Liquid NiTe Semiconducto

In order to investigate the liquid structure of the NiTe
semiconductor, the Vanishta—Raman (V-R) type potential
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function was preferred to model the interactions. The reason for
choosing this potential is to obtain the conclusion that NiTe forms
a bond in the covalent structure from the experimental structure
results. (Nguyen, Gay, Enderby, Newport, & Howe, 1982)
However, in this approach, the treatment of ions as spherical
particles that do not change shape stands out as an assumption
that limits the sensitivity of cation-cation correlations.

The main parameters to be determined in this potential are
the strength of the repulsive interaction Az, hardness 74,
effective charges Z,  and ionic radii. g, lonic radii o, and o_
crystal structure are calculated from the crystal structure with the
idea that anion-cation and anion-anion contact are calculated and
given in Table 2.1. Assuming that the contribution of each ionic
contact to the repulsive potential is the same, i.e. A,z = A and

Nap = M, the number of unknown parameters has been reduced

and the three parameters to be determined are Z, A, and n. These
can also be found from the analysis of the results of effective
charge phonon scattering experiments. Since this potential is a
semi-empirical potential, Z can also be treated as an adjust Table
parameter (usually).

While there is no exact method for determining the other
parameters, if one of them is set, the last remaining parameter,
usually A, can be found by using only one or three of the
following relationships:

E(a)=E(ao) 9)
dE(a) _
5., =0 (10)
d2E(a) 1 [dv\?

il = v () (11)

where E(a) is the energy per unit cell, equation 9 is cohesive
energy, equation 10 is lattice stability, and equation 11 is the
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relationship between lattice energy and compressibility at low
temperatures .Parameter optimization has therefore been carried
out to prioritize not only crystal phase stability but also the short-
range behavior of experimental radial distribution functions
obtained in the liquid phase. While determining the parameters
here, the parameter combination that will give the best agreement
with the experimental structure results was selected.

The strength, hardness, effective charges and ionic radii
of the repulsive interaction to be determined in the potential are
calculated from the crystal structure and given in Table 2.1. The
potential parameters calculated using these data are presented in
Table 2.2.

Table 2.1. NiTe and NiTe; System Data Table

Crystal structure lengths (A%(Wyckoff, 1965) | %0 = 3.95 by =534
Exi(e?/A) (Kittel, 1996) 0.0
Ere(e%/A) 0.3694
1Z_| 0.5
Ay 0.0
ag 14.0

Here a,z , polarizability refers to E, electron affinity or
ionization energy, and a,o and b0 to the primitive cell lengths of
the crystal structure. The V-R potential parameters calculated
from the data in this Table are presented in Table 2.2. In this
study, it |Z,| = |Z_| = 0.5 was selected as one of the effective
loads and was taken to meet the electrical neutrality requirement

cy = 1/2 c_ = 1/2 .The potential generated by the parameters

given in Table 2.2 is shown comparatively in Figure 2.1 for
different effective load value. The interaction potentials generated
using the parameters given in Table 2.2 are presented in Figure
2.1. Likewise, for comparison, a second potential, also with the
form Vashishta—Rahman (VR), shown by a dashed line, but with
an effective charge value of Z = 1.8, was added to the figure. This
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charge value was reported as the value in which the structural
results obtained by Belashchenko and Ostrovsky using scattering
data using the reverse Monte Carlo method provided the best
agreement with the experimental data.

Table 2.2. NiTe System Potential Parameters

Pap Nap Agp Oq + 0p Hyg Py Cop
Ni-Ni 7 0.015 1.38 0.1 0.0 0.0
Te-Te 7 0.015 4.14 312.67 3.5 54.32
Ni-Te 7 0.015 2.76 18.3 1.75 0.0

When these graphs are examined, it is seen that Ni-Ni and
Te-Te interactions are different at close range. This is because
their atomic radii are different. However, since their effective
charges are the same, charge symmetry is maintained over long
distances and Coulomb interactions are dominant here. Therefore,
the Ni-Ni and Te-Te potentials show a similar behavior. In
addition, the distance value r when the potential is minimum is
2.35 A% . As can be seen from this Table 2.2, this value is almost
as much as the nearest anion-cation distance.

—— Ni-Ni(Z=0.5)

—— Te-Te(Z=0.5)
—— Ni-Te(2=0.5)
rrrrrrr Ni-Ni(Z=1.8)
rrrrrrr Te-Te(Z=1.8)

044

. - Ni-Te(Z=1.8)
02 A\ T
HAN

0.0

Qn

-0.24

04

T(A°)

Figure 2.1. Comparison of potential values with different loads

The static structure of the molten NiTe system is obtained
by solving the Ornstein—-Zernike integral equation with the HNC
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approximation. The calculations were performed just above the
melting temperature of NiTe, at a temperature of T = 1203 K, and
a number density of n = 0.039. The results obtained were
compared with the neutron scattering experiment and Reverse
Monte Carlo results. The double dispersion functions obtained
from HNC are given in Figure 2.2 along with the neutron
scattering experiment results.

A"

Figure 2.2. Radial distribution for experimental and HNC for
NiTe systems Comparison of functions

These results reveal the agreement of Ni-Te and Te-Te
pair correlations with experimental data, while showing that the
structural order of the Ni—Ni pair exhibits a more complex
character. As can be seen from Figure 2.2, the Te-Te and Ni-Te
pair distribution functions are almost perfectly consistent with the
experimental results. On the other hand, incompatibilities are
observed in the Ni-Ni pair distribution function, especially in the
region up to the middle range. While there are two distinct peaks
in the experimental gy;yi(r) function at approximately 2.54 A
and 4.5 A, HNC results reveal a large peak structure in which
these two peaks are combined. Such combined peak behavior is
consistent with a known limitation in the literature that shows that
the HNC approach cannot adequately distinguish cation—cation
correlations, especially in partially covalent fluids containing
transition metal.

The coordination numbers are given in Table 2.3. The
HNC results for the Ni-Te and Te-Te pairs appear to be quite
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close to the experimental results. In contrast, for the Ni—-Ni pair,
the total coordination number of the two experimentally obtained
peaks is about 15, while the value obtained in the HNC results is
about 13. This shows that the large peak structure can be
interpreted as the combination of two experimental peaks.

This difference may be associated with the fact that Ni atoms have
higher mobility in the liquid phase, and their local environment
becomes less pronounced in the time average.

Table 2.3. Coordination numbers

Ni-Ni Ni-Te Te-Te
Solid 2 6 4
Liquid-Exp LReAeZS ] Lpeak=4s 1.Peak=10

Liquid-HNC 1Peak=12.56|  1.Peak=4.58|  1.Peak=11.66

Figure 2.3 shows the HNC results obtained by taking the
effective load Z = 1.8. The functions g(r) calculated for this
charge value appear to be incompatible with the experimental
results and exhibit solid-state-like behavior over short distances.
This points to the limitations of the effective load value or method
used in Reverse Monte Carlo calculations. This is due to the
fundamental difference between the inverse Monte Carlo method
prioritize mathematical fit to experimental data, whereas the HNC
approach requires a physically significant interaction potential.
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Ni-Ni(HNC)
Te-Te(HNC)
Ni-Te{HNC)
rrrrrr Ni-Ni (EXP)

Ni-Te(EXP)
------- Te-Te(EXP)

g(n)

Figure 2.3 Experiment for NiTe systems taking Z=1.8 and radial
distribution for HNC Comparison of functions

Partial structure factors were calculated by taking the fourier
transform of the correlation function obtained by the HNC
approach with the help of the Gilan method. The partial structure
factors obtained are given in Figure 2.4. Here, we can say that
Faber-Ziman structural factors are in harmony when
compared.S,, and S__ its first pit coincides with the same
distance r. S, _ corresponds to a value between them. It S, , fades
to about 2.3 AC.It fades at a distance of S__approximately 5.8 A°
r.S,4 , S__ which is characteristic of such systems. At the same
time, this is proof that cation ions are more mobile. According to
the results compared with the experimental data, we see that there
are differences in Ni-Ni systems and mismatch is the main
problem. The V-R potential has not been able to provide a
solution to this problem.

This behavior is a general structural feature that points to
the cation sublattice exhibiting weaker short-range order in liquid
semiconductors compared to the anion network.
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e —— Ni-Ni(HNC)
Te-Te(HNC)
Ni-Te(HNC})

———————— Ni-Ni (EXP}
i Ni-Te(EXP)
T Te-Te(EXP)

Figure 2.4 Comparison of FZ partial structure factors for
experimental and HNC for NiTe systems

4.2. Static Structure of Liquid NiTe, Semiconductor

V-R type potential was also used to examine the liquid
structure of the NiTe. semiconductor. The reason for this
preference is that it is inferred from the experimental data that
NiTe: forms covalent bonds, as in the NiTe system. The data used
to determine the potential parameters are given in Table 2.1 and
the calculated parameters are given in Table 2.5. In this study, it
was selected as one of the effective loads |Z,| = |Z_| = 0.5 and

was takenc, = 1/3 c_ =2/5 to meet the electrical neutrality
requirement.

Table 2.4. NiTe2 System Potential Parameters

Pap Nap Agp Oq + 03 Hyg Pyg Cop
Ni-Ni 11 0.015 1.38 0.1 0.0 0.0
Te-Te 7 0.015 4.14 312.67 3.5 54.32
Ni-Te 9 0.015 2.76 18.3 1.75 0.0

The potential generated with the parameters given in
Table 2.4 is shown in Figure 2.5 for the effective charge value Z
=0.5.
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Figure 2.5. Potential values for NiTe 2 systems by taking Z=0.5

From this figure, it is seen that Ni-Ni and Te-Te
interactions behave differently at short distances and similarly at
long distances. The minimum potential is approximately r = 2.26
A, which corresponds to the nearest anion—cation distance.

The static structure of the molten NiTe: system is obtained
using the HNC approximation at a temperature of T = 1203 K and
a number density of n = 0.033. The pair-distribution functions
obtained from HNC are given in Figure 2.6 along with the
experimental results. From this figure, it is seen that the Ni-Te
pair reaches a higher peak value at a shorter distance, while the
Ni—Ni pair has a lower peak value. This suggests that the short-
distance correlations between oppositely charged ions are
stronger.

These results for the liquid NiTe system reveal that cation-
anion interactions play a dominant role in determining the short-
range order in transition metal tellurides. In this context, it is
important to examine the static structure of the NiTe: system,
which has a similar chemical bond character, in terms of
evaluating the generalizability of the findings.
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Classical integral equation approaches (OZ-HNC, etc.)
provide fast and low-cost means of calculating short-range ionic
correlations and thermodynamic trends; However, it is limited in
incorporating subtle effects from directional bonding,
polarization, and electronic structure. (Hansen & McDonald,
2013; Shimoji, 1977). Ab initio molecular dynamics (AIMD)
studies are able to offer high-fidelity comparisons with
experimental g(r) and thermodynamic quantities, especially at
small cell sizes and short timescales, and provide reliable
reference of short-range structural properties in transitional
metallic fluids. ( (Marx & Hutter, 2009) However, AIMD
calculations are limited at large cell and long time scales due to
computational cost; therefore, current best practice is often to
perform larger-scale MD simulations with machine-learning
interatomic potentials (ML-IAP) that generate and learn from
reference data (g(r), force/energy) with AIMD; (Deringer, Caro,
& Csanyi, 2019; Behler, 2016). ML-IAPs significantly increase
scalability while maintaining DFT accuracy. As a result, the
power of HNC to provide rapid scanning and physical insights
when combined with AIMD-obtained reference data and/or ML-
based potentials (AIMD-referenced) constitutes the most
powerful approach: HNC is practical for large-scale and
parameter screening; AIMD and ML-IAP are necessary to verify
and correct for sensitive structural elements such as
polarization/directional-bond effects and Ni—Ni correlations that
HNC leaves incomplete. (Behler, 2016; Deringer et al., 2019).

In addition, as in the NiTe system, the first two peaks
observed in the experimental Ni—Ni pair distribution function in
the NiTe: system appear as a single peak that is combined and
more widespread in the HNC results.
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Figure 2.6 Comparison of radial distribution functions for
experimental and HNC for NiTe; systems

The partial structure factors calculated for the NiTe:
system are given in Figure 2.7. When the Faber—-Ziman structure
factors are compared, it is seen that there is an approximate
agreement with the experimental results in general. The fact that
the Ni—Ni structure factor is damped faster than other components
suggests that cation ions are more mobile compared to anions.

3 i
e —n £
D . o "

T

0wy

Figure 2.7 Comparison of FZ partial structure factors for
experimental and HNC for NiTe; systems

When these systems are evaluated together, it is seen that
the short-range structural order in both semiconductors is largely
determined by Ni-Te interactions. However, it appears that the
increase in the Te ratio affects the amplitude and damping
behavior of structural correlations, and in particular, cation—
cation correlations exhibit similar limitations in both systems.

154



Fizik

These results highlight the decisive role of bond character in the
liquid phase structure in transition metal tellurides.

5. GENERAL CONCLUSIONS AND
RECOMMENDATIONS

5.1. Conclusions

Although classical integral equation methods such the
Ornstein—Zernike equation coupled with the Hypernetted-Chain
(HNC) closure offer an efficient and physically transparent
framework for describing short-range order in liquid
semiconductors, their accuracy is fundamentally restricted by
the usage of effective pair potentials and the omission of higher-
order correlation effects. Within  spherically  symmetric
interaction models (Hansen & McDonald, 2013),
particularly directional bonding, electronic polarization, and
transition-metal d-orbital contributions—known to be critical for
cation—cation correlations in telluride-based fluids—cannot
be completely represented.

Based in density functional theory, ab initio molecular
dynamics (AIMD) provides a supplemental path by expressly
including electronic structure impacts and has
been demonstrated to replicate experimental pair distribution
functions and coordination environments in liquid
semiconductors with great fidelity, particularly in
systems showing mixed covalent-metallic bonding (Car &
Parrinello, 1985; Marx & Hutter, 2009). AIMD's high
computational  cost, nevertheless, restricts its use to fairly
tiny system sizes and short simulation durations.

Trained on AIMD reference data, recent advances in
machine-learning interatomic potentials (ML-1APs) offer a
hopeful trade-off between accuracy and scalability. These
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methods are especially fit for grabbing polarization effects and
many-body interactions in liquid transition-metal chalcogenides
(Behler, 2016; Deringer, Caro, & Csanyi, 2019) since they allow
large-scale simulations with almost ab initio precision. From this
point of view, the current HNC-based results can be seen as an
effective first-level description that may be systematically
improved by AIMD benchmarking and ML-IAP-driven
simulations to provide a more complete and quantitatively
accurate understanding of liquid Ni-Te systems.

When the results obtained for both systems are evaluated
together, it is seen that the theoretical calculations agree with the
results obtained from neutron scattering experiments by choosing
the effective charge around Z = 0.5. This supports the covalent
structure dominant in liquid NiTe and NiTez semiconductors and
the interpretations made in the selection of potential.

At the same time, the correlation functions and structure
factors obtained show that the mobility of cation ions is greater
than the mobility of anion ions. Dynamics simulations are needed
to better understand the systems.
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NEMATIK SIVI KRISTALLERDE
SURFAKTAN-HERBISIT ETKILESIMLERI:
5CB-HDTMA-GLIFOSAT SISTEMININ OPTIiK
DAVRANISININ INCELENMESI

Yilmaz Can METE!
Mustafa AKSOY?
Gulnur ONSALS3

Ozge TUZUN OZMEN*

1. GIRIS

Sivi  kristaller, kati ve sivi fazlarin karakteristik
Ozelliklerini ayn1 anda sergileyen; akiskanlik ile yonelim
diizeninin birlikte bulundugu 6zgilin malzeme sistemleridir. Bu
yapi, sivi kristalleri hem temel fizik agisindan hem de ekran
teknolojileri ve sensor wuygulamalar1 gibi miihendislik
alanlarinda kritik bir konuma tasimistir (de Gennes ve Prost,
1993; Chandrasekhar, 1992). Nematik sivi kristaller ise
konumsal duzen icermeden belirli bir ortalama molekiler
yonelim  (direktor) sergilemeleriyle oOne ¢ikar; optik
anizotropileri ve dis uyaranlara kars1 yliksek duyarliliklari
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nedeniyle model sistem olarak yaygin bigimde tercih edilir (de
Gennes ve Prost, 1993; Dierking, 2003).

Nematik fazda sik kullanilan 4-pentil-4’-siyanobifenil
(5CB), oda sicakliginda kararli nematik davranis1 ve yiiksek
dielektrik anizotropisi sayesinde literatliirde referans sivi
kristallerden biridir (Dierking, 2003; Oswald ve Pieranski,
2005). 5CB’nin molekiiler hizalanmasi; ylizey ankraj kosullari,
arayliz kimyast ve katki maddeleri tarafindan kolaylikla
degistirilebilir. Bu 6zellik, 6zellikle Polarize Optik Mikroskop
(POM) altinda gozlemlenebilen Schlieren dokusu ve
disklinasyon hatlar1 gibi yapilar {izerinden, sistemdeki kii¢iik
degisimlerin dahi goriiniir hale gelmesini saglar (Dierking,
2003; Collings ve Hird, 1997).

Sivi  kristallerin  yiizey/arayliz duyarliligi, kimyasal
algilama yaklasimlarinda “etiketsiz” bir okuma mekanizmasi
olarak  degerlendirilmektedir. Hedef analitin  araylizde
adsorpsiyonu veya sivi kristal igerisinde olusturdugu yerel
etkilesimler; direktdr alaninda bozulma, defekt yogunlugu artisi
ve doku homojenliginde azalma gibi sonuglar dogurarak optik
kontrast1 belirgin bigimde degistirebilir (Collings ve Hird, 1997;
Carlton, Gupta ve Abbott, 2012). Bu baglamda sivi kristal
tabanli sensdrler; hizli yanit, basit optik okuma ve diisiik maliyet
potansiyeli nedeniyle cevresel Kirleticilerin izlenmesinde
giderek daha fazla ilgi gérmektedir (Carlton, Gupta ve Abbott,
2012; Jang vd. 2017; Goodby vd., 2008; Yang ve Abbott 2011).

Glifosat, tarimsal uygulamalarda yaygin kullanilan bir
herbisit olup ¢evresel taginimi, sucul ortamlara karigma olasiligi
ve ekotoksikolojik etkileri nedeniyle yakindan izlenmesi
gereken bir bilesiktir (World Health Organization, 2016; Myers
vd., 2016). Analitik tespit yodntemleri yuksek hassasiyet
sunmakla birlikte, sahada hizli tarama gerektiren durumlarda
pratik ve gorsel olarak yorumlanabilir yaklagimlar 6nem
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kazanmaktadir (World Health Organization, 2016). Glifosatin
stvi kristal faza etkin bigimde etki edebilmesi ¢ogu durumda
arayiiz kimyasinin diizenlenmesini gerektirir. Bu noktada
katyonik surfaktanlar, hidrofobik/hidrofilik etkilesimleri ve
ylizey yiikii lizerinden hem glifosatin dagilimint hem de sivi
kristal ~ molekiillerinin  ankraj  kosullarin1  degistirebilir
(Israelachvili, 2011, Langevin, 2000).
Hexadecyltrimethylammonium  bromide  (HDTMA) gibi
kuaterner amonyum bazli  surfaktanlarm, sivi  kristal
sistemlerinde hizalanma diizenini doniistiirebildigi; belirli
esiklerin tizerinde ise faz diizenini zayiflatarak diizensiz doku
olusumunu artirabildigi rapor edilmistir (Langevin, 2000;
Beltran ve Rey, 2010; Humar ve Musevic, 2011).

Bu c¢alismanin amaci, 5CB-HDTMA-—glifosat (cli
sisteminde katki orani, ultrasonik karistirma siiresi ve elektrik
alan uygulamasinin  optik doku iizerindeki etkilerini
karsilagtirmali bi¢cimde ortaya koymak; elde edilen doku
degisimlerinin glifosat tespitine yonelik olasi optik “sinyal”
parametreleri (defekt alani, doku homojenligi, yerel bozulma
Olgekleri) olarak yorumlanabilirligini tartismaktir (Carlton,
Gupta ve Abbott, 2012; Abbott ve Brake, 2003; Kim, Park ve
Lee, 2017).

2. MALZEMELER VE YONTEM

Calismada sivi  kristal olarak, yiiksek dielektrik
anizotropiye (25°C'de Ag’ = +13.3) sahip ve oda sicakliginda
nematik fazda bulunan 5CB (4-pentyl-4’cyanobiphenyl) kodlu
stvi kristal kullanildi. Bilimsel arastirmalarda yaygin olarak
kullanilan 5CB kodlu nematik sivi1 kristal, Merck firmasindan
temin edildi. 5CB siv1 kristal, 90 pl ve 99 ul olarak Sml’lik 2
viyal tiiplere konuldu. Sonradan eklenecek glifosat oranit da
dikkate alinarak igerisinde 90 ul 5CB bulunan viyal tiipe 50ug
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HDTMA, 99 ul 5CB bulunan viyal tipe Sug HDTMA
eklenerek, 5 dakika boyunca oda sicakliginda ultrasonik
karistiricida karistirildi. Ardindan sirasiyla 10 pl ve 1 ul glifosat
eklenen viyal tiipler 10 dakika boyunca ultrasonik karistiricida
karistirildi. 1ki ayr1 viyal tiipe eklenen ayni karisim oranlarina
sahip malzemeler yeniden hazirlanarak karisim siiresinin
tepkisini de analiz etmek amaciyla 2 saat boyunca 50°C
sicaklikta ultrasonik karistiricida karigtirildi.

Hazirlanan kanigimlar  ve saf 5CB, INSTECH
firmasindan temin edilen 7,7 pm kalinliginda, 100 Q/cm? yiizey
direncine sahip Indium Tin Oxide (ITO) kapl 6zel siv1 kristal
hiicrelere kilcallik yontemi ile dolduruldu.

Motic BA310E Polarize Optik Mikroskop (POM) altinda
40X objektif ile yapilan gézlemler Moticam 10.0MP mikroskop
kamerasi ile kayit altina alindi.

2.1. Surfaktan—-Herbisit Katkisinin 5CB Dokusuna
Etkisi

Bu boélimde sunulan POM gorintileri, saf 5CB ve
katkili sistemler arasinda doku karakteri bakimindan net
farkliliklar bulundugunu gostermektedir.

a)

Sekil 1. a) Saf 5CB b) %1 Glyphosate + Spg HDTMA katkili 5CB
ve C) %10 Glyphosate + 50pg HDTMA katkili SCB siv1 kristalin
POM goruntisa.
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Saf 5CB, polarize optik mikroskop altinda
incelendiginde, hiicre yiizeyindeki ankraj kosullarinin etkisiyle
genis alanli homojen (monodomain) bir yonelim sergilemistir
(Sekil 1. a). Gortintiideki diizgiin ve tek renkli yapi, sivi kristal
molekiillerinin diizenli bir direktdr alanina sahip oldugunu ve
herhangi bir makroskopik optik defekt icermedigini
dogrulamaktadir (Dierking, 2003; Collings ve Hird, 1997). %99
5CB - %Il glifosat + 5 pg HDTMA sisteminde bozulma daha
siirli olsa da saf 5SCB’ye gore defekt alaninda artig ve yerel
hizalanma bozukluklar1 gozlemlenmektedir (Sekill.b). Bu
karsilastirma, optik doku iizerinde katki konsantrasyonunun doz
bagimli etkisini desteklemekte; ozellikle glifosat derisiminin
artmasiyla bozulmanin daha makroskopik olgeklere yayildigini
diisiindiirmektedir (Carlton, Gupta ve Abbott, 2012; Goodby
vd., 2008; Vlasov vd., 2013). %90 5CB — %10 glifosat + 50 pg
HDTMA bilesiminde, saf yapinin aksine doku homojenliginin
bozuldugu goriilmektedir (Sekil 1.c). Gorintilerde artan
bozulma yogunlugunun yani sira, mikroskobik dlgekte kiiresel
faz ayrigmast  (phase separation) damlaciklart  dikkat
cekmektedir. Bu yapi, yiiksek konsantrasyonlu glifosat ve
surfaktan molekullerinin nematik matris icinde yerel olarak
kiimelendigini ve sivi kristal diizenini bozarak izotropik
adaciklar olusturdugunu gostermektedir (Langevin, 2000;
Beltran ve Rey, 2010; Vlasov vd., 2013).

Bu noktada 6nemli bir ¢ikarim, glifosat tespitinde “tam
faz gecisi” beklemek yerine, doku paternindeki istatistiksel
degisimlerin (defekt yogunlugu, karakteristik doku uzunlugu,
kontrast dagilimi) daha giivenilir bir Ol¢iit olabilecegidir.
Literatiirde s1v1 kristal tabanli kimyasal algilamada bu tiir nicel

goriintii metriklerinin duyarlihig: artirdigi raporlanmistir (Abbott
ve Brake, 2003; Jang vd. 2017; Zhang vd., 2016).
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2.2. Ultrasonik Banyo Siiresinin Faz Davranisina
Etkisi

Ultrasonik karistirma, katkilarin sivi kristal ig¢inde
dagilimim1 hizlandiran ve agregasyon egilimlerini azaltabilen
yaygin bir yontemdir. Bununla birlikte ultrasonik enerjinin
siireye bagl olarak mikroyapiy1 ve arayliz etkilesimlerini farkli
bicimlerde etkileyebilecegi bilinmektedir (Mason ve Lorimer,
2002).

%1 Glyphosate + Spg HDTMA %10 Glyphosate + 50ug HDTMA
Katkih SCB Katkih SCB

(a) (b)

(©) (d)

Sekil 2. Numunelerin (a) ve (b) 15 dk oda sicakhi@inda, (c¢) ve (d) 2
saat 50 °C sicaklikta ultrasonik karistirma sonrasi POM
Goruntusu.
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15 dakika ultrasonik banyo uygulanmis numunelerde,
katkilarin dagiliminin goérece yeterli oldugu; nematik diizenin
nispeten korundugu bir doku yapist goriilmektedir. Bu durum,
katkilarin belirli bir Olglide homojenlestigini fakat nematik
elastikiyetin hala baskin oldugunu diisiindiiriir (Dierking, 2003;
Mason ve Lorimer, 2002). 2 saat boyunca ultrasonik banyo
uygulanan numunelerde doku bozulmasinin dramatik bi¢cimde
arttign  gdzlemlenmistir. Islem sicakligmin (50°C), 5CB’nin
nematik-izotropik gegis sicakliginin tizerinde olmasi, karigimin
izotropik fazda emiilsifiye olmasina neden olmustur (Sekil 2.c
ve 2.d). Soguma siirecinde sistemin tekrar kararli nematik faza
donememesi ve surfaktan molekiillerinin diizensiz topaklanmasi,
goriintiilenen kaotik ve yiiksek yogunluklu defekt dokusunun
temel sebebidir (Langevin, 2000; Mason ve Lorimer, 2002;
Suslick, 1990).

Bu sonuglar, sensor tasarimi acgisindan ‘‘hazirlama
kosullariin” (6zellikle karistirma siiresi) bir kontrol parametresi
olarak ele alinmasi gerektigini gostermektedir. Optik sinyalin
giivenilirligi i¢in, katkilarin homojen dagilmasi hedeflenirken
nematik diizeni tamamen c¢okerten kosullardan kaginmak
gerekmektedir (Abbott ve Brake, 2003; Zhang vd., 2016).

2.3. Elektrik Alan Uygulamasinin Dokuya Etkisi

Nematik sivi  kristaller, dielektrik  anizotropileri
nedeniyle uygulanan elektrik alana kars1 yonelim degistirebilir.
Saf 5CB’de elektrik alan, wuygun ankraj kosullarinda
hizalanmay1 giiclendirerek doku kontrastini azaltabilir veya daha
diizenli  bir  gorliniim  olusturabilir ~ (Dierking, 2003;
Lavrentovich, 1999).

Katkili  numunelere 20 V DC elektrik alan
uygulandiginda, beklenen yonelimsel diizenlenmenin aksine
doku karmasikliginin arttigi tespit edilmistir (Sekil 3.c ve 3.d).
Bu durum, iyonik karakterdeki HDTMA ve glifosat
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molekiillerinin elektrik alan altinda stiriiklenmesiyle tetiklenen
elektrohidrodinamik (EHD) kararsizliklar ile aciklanabilir.
Elektrik alan, mevcut faz ayrismasi damlaciklarimi ve
safsizliklar1 hareket ettirerek optik kontrast1 bozan bir tlirblilansa
neden olmustur. (Langevin, 2000; Lavrentovich, 1999; Musevic,
Skarabot ve Tkalec, 2010). Bu davranis, katkili sistemlerde
elektrik alanin  sensor sinyalini  giliclendirmek yerine
“maskelenmis” veya karmasik bir optik yanit dogurabilecegini
gostermektedir. Dolayisiyla elektrik alanin, algilama modunda
(pasif okuma mui, aktif modiilasyon mu) kullanilacagina karar
verirken, katki konsantrasyonu ve arayiiz ankraj tiirii birlikte
optimize edilmelidir (Abbott ve Brake, 2003; Musevi¢, Skarabot
ve Tkalec, 2010).

%1 Glyphosate + Spg HDTMA %10 Glyphosate + 50pg HDTMA
_Katkil SCB Katkil SCB

Sekil 3. Numunelerin (a) ve (b) 15 dk oda sicakhginda ultrasonik
kanistirma V = 0, (¢) ve (d) 15 dk oda sicakhginda ultrasonik
karistirma V = +20 elektrik alan maruziyeti sonras1 POM
Gaoruntusu
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3. TARTISMA

Bu calismada sunulan POM goériintiileri, glifosat
varhiginin tespiti i¢in sadece renk degisiminin degil, doku
morfolojisindeki faz ayrismasi ve damlacik olusumunun da ayirt
edici bir optik imza (fingerprint) olarak kullanilabilecegini
ortaya koymaktadir.

Elde edilen bulgular, glifosatin tek basina degil;
HDTMA varliginda 5CB nematik diizeni iizerinde daha goriiniir
bir etki olusturdugunu gostermektedir. Bu durum, surfaktanin
arayliz kimyasimi ve yik dagiliminmi degistirerek glifosatin
etkinligini artirmasiyla agiklanabilir  (Israelachvili, 2011;
Langevin, 2000). Ancak aym1i mekanizma, belirli bir esik
iistiinde sistemin faz kararliligini zayiflatarak “yararli sinyal” ile
“agirt bozulma” arasindaki smir1 kritik hale getirir (Beltran ve
Rey, 2010; Humar ve Musevic, 2011).

Glifosat tespiti agisindan degerlendirildiginde, POM
gorilintiilerinde oOne ¢ikan optik sinyaller su basliklarda
toplanabilir: (i) Schlieren dokusunun siirekliliginin bozulmasi,
(i1) disklinasyon yogunlugunun artmasi ve defekt alanlarinin
genislemesi, (iii) yerel graniiler/damlacik benzeri yapilarin
ortaya ¢ikmasi ve (iv) elektrik alan altinda doku yanitinin saf
5CB’ye kiyasla farklilagsmas1 (Carlton, Gupta ve Abbott, 2012;
Jang vd., 2017; Zhang vd., 2016).

Literatiirde sivi  kristal tabanli  pestisit/kimyasal
algilamada yaygin yaklasim arayiizde hizalanma degisimini
kullanmaktir (Jakli ve Lavrentovich, 2014; Kleman ve
Lavrentovich, 2003). Bu ¢alismada ise hacimsel katki (bulk
doping) ve surfaktan aracili etkilesim birlikte ele alinmus;
boylece numune hazirlama kosullari, ultrasonik siire ve elektrik
alan gibi parametrelerin sinyali nasil etkiledigi daha net bigimde
ortaya konmustur (Abbott ve Brake, 2003; Langevin, 2000;
Zhang, 2016).
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4. SONUCLAR VE GELECEK PERSPEKTIFI

Bu calisgma, 5CB nematik sivi kristalinde glifosat ve
HDTMA  katkisinin  optik doku iizerinde belirgin ve
karsilastirilabilir degisimler olusturdugunu gostermistir. Yiiksek
glifosat-HDTMA bilesiminde doku bozulmasi daha giiglii olup,
diisiik katki oraninda ise nematik karakter kismen korunmakla
birlikte defekt yogunlugunda anlamli artis gézlenmistir.

Ultrasonik banyo siiresi uzadik¢a doku diizensizliginin
artmast, hazirlama protokoliiniin sensor ¢iktis1 {izerinde
dogrudan belirleyici oldugunu ortaya koymaktadir. Elektrik alan
uygulamasi ise katkili sistemlerde ¢ogu durumda bozulmayi
artirmis; bu da aktif modillasyonun ancak dikkatli
optimizasyonla kullanilabilecegini gostermistir (Mason ve
Lorimer, 2002; Suslick, 1990; Lavrentovich, 1990; Musevic,
Skarabot ve Tkalec, 2010).

Gelecek caligmalar i¢in Oneriler su sekilde 6zetlenebilir:
(i) doku degisimlerinin nicel gOriintii  analizi ile
metriklestirilmesi (defekt yogunlugu, kontrast histogrami,
korelasyon  uzunlugu), (ii) HDTMA’siz veya farkh
surfaktanlarla arayiz  kontrolli  sensér  geometrilerinin
denenmesi, (iii) glifosat konsantrasyonunun alt simirlarinin
kalibrasyon egrileriyle belirlenmesi ve (iv) elektrik alanin
sinyal/gliriiltii oranini artiracak bicimde optimize edilmesi.
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SCHOTTKY DIODES AND SEMICONDUCTOR
INTERFACES: PHYSICS, FABRICATION, AND
APPLICATIONS

ilhan CANDAN!
Sezai ASUBAY?

1. INTRODUCTION

The interface between a metal and a semiconductor has
long been a cornerstone of device physics. In 1938, Walter
Schottky and Nevill Mott independently formulated the concept
of rectification at a metal-semiconductor junction, giving rise to
what is now known as the Schottky diode (Schottky, 1938).
Unlike the more common p-n junction diode, the Schottky diode
relies on the Schottky barrier formed by the contact between a
metal and a semiconductor, which controls electron flow across
the junction (Al-Ahmadi, 2020).

The importance of Schottky diodes lies in their favorable
characteristics:

o Low forward voltage drop (typically 0.2-0.3 V for
silicon-based devices),

o Fast switching speed due to absence of minority-carrier
injection,

o High-frequency performance in the GHz regime,

« High responsivity in optoelectronic detection.
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These properties have led to widespread use in RF
circuits, rectifiers, solar cells, photodetectors, and gas sensors
(Sze et al., 2021). With the advent of nanostructured
semiconductors and advanced deposition methods, Schottky
devices continue to find new applications in energy harvesting,
flexible electronics, and quantum technologies.

Schottky diodes and metal-semiconductor interfaces
constitute one of the most fundamental and widely exploited
elements in modern electronic and optoelectronic systems .
Unlike p—n junctions, Schottky contacts rely on the rectifying
behavior that emerges from the junction between a metal and a
semiconductor, where carrier transport is governed by interfacial
band alignment, barrier formation, and charge redistribution. This
distinctive operating principle enables fast switching speeds, low
forward voltage drops, and compatibility with a broad range of
semiconductor materials, making Schottky diodes indispensable
in high-frequency, power, and sensing applications (Mathew &
Rout, 2021).

The physics of metal-semiconductor interfaces is rooted
in concepts such as work function differences, Fermi level
alignment, interface states, and image force lowering. While early
models such as the Schottky—Mott rule provide an idealized
picture of barrier formation, practical devices often deviate
significantly due to surface defects, interfacial oxides, chemical
reactions, and metal-induced gap states. Understanding and
controlling these effects is essential for tailoring Schottky barrier
height, minimizing contact resistance, and achieving reliable
device performance (Monch, 1994).

From a fabrication perspective, advances in thin-film
deposition, surface preparation, and nanoscale patterning have
enabled precise control over metal-semiconductor interfaces.
Techniques including molecular beam epitaxy, atomic layer
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deposition, and van der Waals integration have opened pathways
to form high-quality Schottky junctions in both conventional
semiconductors and emerging materials such as two-dimensional
crystals, wide-bandgap oxides, and halide perovskites. These
developments have expanded the functional scope of Schottky
diodes beyond rectification toward multifunctional and tunable
device platforms (Kim et al., 2025).

In terms of applications, Schottky diodes play a central
role in radio-frequency electronics, power conversion,
photodetection, and energy harvesting. More recently, metal—-
semiconductor interfaces have become key enablers of next-
generation  technologies, including flexible electronics,
neuromorphic systems, and optoelectronic devices that exploit
coupled thermal, optical, and quantum effects. This chapter
provides a comprehensive overview of the physics, fabrication
strategies, and applications of Schottky diodes, highlighting both
established principles and emerging research directions.

2. PHYSICS OF METAL-SEMICONDUCTOR
INTERACES

2.1.Formation of the Schottky Barrier

When a metal comes into contact with a semiconductor,
charge redistribution occurs to align the Fermi levels. The
resulting Schottky barrier height (®s) determines the ease of
carrier transport across the interface.

For an n-type semiconductor, the barrier height is
approximately:

Qg =Dy — x

where Owm is the metal work function and yx is the
semiconductor electron affinity (YYeboah et al., 2025).
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For p-type semiconductors, the barrier height is:
®p, = E; — (Py —X)

where Egq is the bandgap.

2.2. Current Transport Mechanisms

Current conduction across the Schottky interface occurs
mainly via:

1. Thermionic emission: Dominant in moderately doped
semiconductors, where carriers surmount the barrier.

2. Tunneling (field emission): Important for heavily
doped semiconductors with narrow depletion widths.

3. Thermionic field emission: A mixed process where
carriers both surmount and tunnel through the barrier.

The current-voltage relation for thermionic emission is
given by:

av.
=1, (enkT — 1)

where lo is the reverse saturation current, q is the electron
charge, V the applied voltage, n the ideality factor, k the
Boltzmann constant, and T the absolute temperature (Pugh, 2001;
Tsu & Esaki, 1973).

2.3. Fermi-Level Pinning

In practice, the barrier height often deviates from the
Schottky—Mott rule due to interface states, defects, and metal-
induced gap states (MIGS). This Fermi-level pinning limits
tunability of ®s, complicating device design (Robertson, 2000).
Strategies to overcome this include interface passivation,
insertion of dielectric interlayers, and careful selection of metals.
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2.4. Schottky vs. Ohmic Contacts

A Schottky contact forms a rectifying barrier, while an
Ohmic contact allows bidirectional current with negligible
resistance as seen in figure 1. Proper engineering of both types of
contacts is essential for device performance, especially in
integrated circuits and sensors (Green, 1995).

D metal semiconductor
2D
DA |
& & @& & @ & @ & & & @ & @& 8 = @
20 materials ....l.-t EEEEEERENER'

Figure 1. Depending on the nature and dimensionality of the
materials involved (metal or semiconductor in either 2D or 3D
form), the resulting contacts can be classified as Ohmic, Schottky,
or p—n junctions (Xu et al., 2016).
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Figure 2. (a) Schematic representations of various two-
dimensional (2D) planar device architectures that can be readily
integrated at nearly any tier of a vertically stacked three-
dimensional (3D) silicon chip are shown (S: source; G: gate; D:
drain; NEG-FET: negative-capacitance field-effect transistor).
The tunnel FET is based on a semiconductor—semiconductor
heterojunction, whereas the barristor, in both vertical and lateral
configurations, employs a semimetal-semiconductor interface. In
reconfigurable FETSs, an additional control electrode—referred to
as the polarity gate—modulates the Schottky barrier at the metal—
ambipolar semiconductor contact, enabling selective operation
with either electron (n-type) or hole (p-type) conduction. The
schematics are simplified for clarity. More advanced device
implementations may incorporate self-aligned gate structures or
intentional doping to reduce contact resistance, dual-gate
configurations to enhance electrostatic control, and patterned
polarity gates to lower parasitic capacitance. Arrows indicate the
dominant carrier transport direction.
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(b) The wide range of electrical behaviors achievable in
2D FETs, as reflected in their drain current (ID) versus gate
voltage (VG) characteristics, arises from the choice of materials
and the engineering of device geometry, contacts, and doping
profiles. Single-electron transistors can be realized at cryogenic
temperatures using nanoscale constrictions or highly resistive
contacts. This broad functional diversity significantly expands the
design space for next-generation 3D electronic systems
(Akinwande et al., 2019).

3.

FABRICATION OF SCHOTTKY DIODES

3.1. Choice of Materials

Metals: Gold (Au), platinum (Pt), nickel (Ni), titanium
(Ti), and aluminum (Al) are commonly used due to
stable work functions and compatibility with silicon.

Semiconductors: Silicon (Si), gallium arsenide (GaAs),
gallium nitride (GaN), silicon carbide (SiC), and
emerging 2D materials (MoS:, graphene) are popular
choices depending on target application (Taur & Ning,
2021).

3.2. Deposition Techniques

1.

Physical Vapor Deposition (PVD): Thermal
evaporation and sputtering are widely used for
depositing metal contacts with controlled thickness.

. Chemical Vapor Deposition (CVD): Employed for

large-area deposition of thin films, especially in
compound semiconductors.

. Pulsed Laser Deposition (PLD): Provides high-purity

metal films with controlled stoichiometry (Chrisey &
Hubler, 1994; Haider et al., 2022).
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4. Atomic Layer Deposition (ALD): Used for ultra-thin

dielectric interlayers to control barrier height.

3.3. Device Architectures

Planar Schottky Diodes: Metal contacts deposited
directly on the semiconductor surface.

Vertical Schottky Diodes: Current flows vertically
through the semiconductor, enabling higher current
density.

Schottky Junction Transistors and FETs: Employ
Schottky barriers as source/drain contacts in advanced
devices as shown in figure 2 (Schwarz et al., 2023).

3.4. Characterization Techniques

ds

I-V measurements: Reveal barrier height, series
resistance, and ideality factor.

C-V profiling: Provides information on doping
concentration and interface states.

XPS and UPS: Probe work function alignment and
interface chemistry.

TEM and AFM: Provide structural and morphological
insights at the nanoscale (Aksoy et al., 2009).

b

s
CemEs
-

179



Fizik

Figure 3. (a) Top: Schematic of the dual-gated device
employed to investigate the photothermoelectric (PTE) effect in
Ref. 30. Independent biasing of the top gate (VTG) and back gate
(VBG) induces two graphene regions with distinct doping levels.
Bottom: Scanning photocurrent map of the device [30], where
dashed contours denote the metal contacts (green) and the top-
gate region (red).

(b) Computed photocurrent contributions arising from
hot-carrier (HC) and photovoltaic (PV) mechanisms. The PV
component reverses sign upon inversion of the internal electric
field, whereas the HC component undergoes two sign changes.
The chemical potential pC, referenced to the Dirac point (grey
dashed line), is shown in the upper panel.

(c) Photovoltage measured as a function of VBG and
VTG, exhibiting a sixfold polarity reversal. Grey dashed lines
correspond to regions of high resistance extracted from transport
measurements.

(d) Schematic illustration of the four photocurrent
generation mechanisms discussed in the main text. First panel:
separation of photoexcited electron-hole pairs (solid and open
circles) by an internal electric field. Second and third panels: the
red-shaded region denotes locally elevated electron temperature,
with AT representing the temperature gradient and AR the
channel resistance; S1 and S2 are the Seebeck coefficients in
graphene regions with different doping levels. Third and fourth
panels: S and D denote the source and drain, respectively, G the
gate, VDC the photogenerated dc voltage, and VAC the ac
voltage applied to the gate (Koppens et al., 2014).
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4. APPLICATIONS OF SCHOTTKY DIODES
4.1. Power Electronics

SiC- and GaN-based Schottky diodes are vital in high-
power, high-temperature electronics. Their wide bandgap enables
operation at higher voltages with reduced losses compared to Si-
based diodes (Millan et al., 2013). Applications include power
supplies, electric vehicles, and renewable energy systems.

4.2. High-Frequency Circuits

Due to their majority-carrier conduction, Schottky diodes
switch in the picosecond range, making them ideal for RF mixers,
detectors, and millimeter-wave communication systems (Nela et
al., 2020).

4.3. Photodetectors

Metal-semiconductor-metal (MSM)  photodetectors
based on Schottky contacts provide fast response times and high
sensitivity. Materials such as GaAs and GaN are employed for
UV and visible photodetection, while graphene-based Schottky
junctions extend detection into the infrared as seen in figure 3
(Koppens et al., 2014).

4.4. Solar Cells

Schottky diodes can function as photovoltaic devices by
separating photogenerated carriers at the metal-semiconductor
interface. Although efficiency is limited compared to p-n
junction solar cells, hybrid Schottky/organic architectures and
plasmon-enhanced designs are actively being explored (Polman
& Atwater, 2012).

4.5. Sensors

Schottky diodes are sensitive to changes in barrier height
induced by gas adsorption, biomolecular interactions, or
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temperature variations. This has enabled their use in gas sensors,
biosensors, and temperature sensors (Khanna, 2016).

5. CHALLENGES

Despite advantages, Schottky diodes face several
limitations:

Barrier height inhomogeneity: Variations at the
nanoscale affect current transport [6].

High leakage current: Especially problematic in small-
bandgap semiconductors.

Thermal instability: Metals can diffuse into
semiconductors at high temperatures, degrading
performance.

Fermi-level pinning: Limits the ability to tune contact
properties.

6. FUTURE OUTLOOK

The future of Schottky diodes lies in combining novel
materials and advanced fabrication methods:

2D semiconductors (MoS:, WS:, graphene): Provide
atomically sharp interfaces with tunable Schottky
barriers (Novoselov et al., 2016).

Plasmonic Schottky devices: Use metal nanostructures
to enhance light absorption and hot-carrier injection for
photodetection and photocatalysis (Brongersma et al.,
2015).

Flexible and transparent electronics: Schottky diodes
fabricated on polymers and glass open new
possibilities in wearable devices.
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e Quantum and neuromorphic systems: Schottky
contacts integrated with memristors and quantum dots
enable novel computing paradigms.

7. CONCLUSION

Schottky diodes represent one of the most versatile and
enduring device architectures in semiconductor technology. By
harnessing the physics of metal-semiconductor interfaces, they
provide low-power, high-speed rectification and photodetection
capabilities. While traditional silicon-based devices remain
widely used, the emergence of wide-bandgap semiconductors and
2D materials is extending their performance envelope into new
frontiers. Continued research in interface engineering,
plasmonics, and hybrid device architectures promises to unlock
further applications in electronics, energy conversion, and
sensing.

Schottky diodes and metal-semiconductor interfaces
continue to play a pivotal role in both established and emerging
electronic and optoelectronic technologies. As discussed
throughout this chapter, their operation is governed by a rich
interplay of interfacial physics, including Schottky barrier
formation, carrier transport mechanisms, and the influence of
interface states and defects. A comprehensive understanding of
these phenomena is essential for optimizing rectification
behavior, minimizing contact resistance, and ensuring device
reliability across diverse material systems.

Advances in fabrication techniques have significantly
expanded the capabilities of Schottky-based devices. Precise
control over surface preparation, metal deposition, and interfacial
engineering has enabled the realization of high-quality junctions
in conventional semiconductors as well as in emerging platforms
such as  two-dimensional materials,  wide-bandgap
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semiconductors, and hybrid perovskites. Novel approaches,
including van der Waals contacts and atomic-scale interface
passivation, have proven particularly effective in mitigating
Fermi-level pinning and enhancing tunability of the Schottky
barrier height. These developments underscore the transition of
Schottky interfaces from simple electrical contacts to actively
engineered functional components.

From an application standpoint, Schottky diodes remain
indispensable in high-speed electronics, power rectification,
radio-frequency circuits, and photodetection. Beyond these
traditional roles, metal-semiconductor interfaces are increasingly
being exploited to harness coupled physical effects, such as
photoelectric, thermoelectric, and spin-dependent transport,
enabling innovative device concepts for sensing, energy
harvesting, and neuromorphic computing. The versatility of
Schottky junctions makes them particularly attractive for next-
generation technologies that demand low power consumption,
high scalability, and multifunctionality.

Despite notable progress, challenges persist in achieving
reproducible, scalable, and defect-free interfaces, especially as
devices approach atomic dimensions. Addressing these
challenges will require continued advances in materials synthesis,
interface characterization, and predictive modeling. In
conclusion, Schottky diodes and semiconductor interfaces will
remain a cornerstone of electronic and optoelectronic innovation,
with ongoing research poised to unlock new functionalities and
application domains.
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KULCE SUPERILETKENLERIN TEMEL
OZELLIKLERi VE MEVCUT URETIM
YONTEMLERI

Murat ABDIOGLU!?
Ufuk Kemal OZTURK?2

1. GIRIS VE TEMEL PRENSIPLER

Kat1 hal fiziginde malzemelerin elektriksel oOzellikleri
incelendiginde, iletkenlik davranigi sicakligin bir fonksiyonu
olarak degismektedir. Bilinen metallerin (6rnegin bakir, altin
veya giimiig) elektriksel direngleri, sicaklik diistiikge azalma
egilimi gosterir. Bu davranig, sicakligin azalmasiyla kristal
orgilistindeki atomik titresimlerin (fononlarin) azalmast ve
dolayisiyla elektronlarin sagilma ihtimalinin dligmesi ile
aciklanir. 20. ylizyilin baglarina kadar fizik diinyasindaki hakim
goriis, bir metalin direncinin ancak mutlak sifir noktasinda (0 K)
tamamen ortadan kalkacagi veya safsizliklar nedeniyle belirli bir
kalinti direng (residual resistance) degerinde sabitlenecegi
yoniindeydi. Ancak 1911 yilinda yapilan bir kesif, bu bilginin tim
metaller icin gecerli olmadigini ortaya koydu.

1 Electromagnetic Guidance and Acceleration Research Group (EMGA), Department
of Physics, Faculty of Science, Karadeniz Technical University, 61080, Trabzon,
Tarkiye.

2 Department of Mathematics and Science Education, Faculty of Education, Bayburt
University, 69000, Bayburt, Turkiye.
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Normal Metal ve Saperiletkenin Direng - Sicaklhik Grafigi
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Sekil 1. Normal bir metal ile stiperiletken malzemenin elektriksel
direnclerinin sicakhiga bagh degisiminin karsilastirilmasi. Normal
metallerde diren¢, mutlak sifira yaklasirken safsizliklardan
kaynaklanan belirli bir "kalinti diren¢" degerine asimptotik
olarak yaklagsir. Siiperiletkenlerde ise malzeme belirli bir kritik
sicakhiga (T¢) sogutuldugunda diren¢ aniden ve tamamen sifira
diiser.

Stiperiletkenlik olgusunun kesfi, sogutma
teknolojisindeki ve kriyojenik sistemlerdeki gelismelerle
dogrudan iligkilidir. Danimarkali fizik¢i Heike Kamerlingh
Onnes'in 1908 yilinda helyumu sivilastirmay:r basarmasi,
maddelerin  mutlak  sifira  ¢ok yakin  sicakliklardaki
davraniglarinin incelenmesine olanak tanimigtir. Onnes, 1911
yilinda civanin (Hg) elektriksel direncini sivi  helyum
sicakliklarinda incelerken, 4,2 K sicakligina inildiginde direncin
kademeli olarak degil, aniden ve Ol¢iilebilir limitlerin 6tesinde
sifira diistiiglinii gozlemlemistir [1]. "Siiperiletkenlik" olarak
adlandirilan bu faz gecisi, o giine kadar bilinen iletkenlik
teorilerinden tamamen farkli bir mekanizmaya isaret etmekteydi.
Civa ile baslayan bu siire¢, daha sonra kursun (Pb) ve kalay (Sn)
gibi elementlerin de benzer 6zelliklere sahip oldugunun
bulunmasiyla devam etmistir.
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Bu malzemelerin karakterizasyonunda, kritik sicaklik
kadar 6nemli olan ikinci temel parametre manyetik alanla olan
etkilesimleridir. 1933 yilinda Meissner ve Ochsenfeld, bir
siperiletkenin Tc degerinin altinda sogutuldugunda, sadece
direncsiz bir iletken gibi davranmadigini, ayni zamanda
uygulanan dis manyetik alani biinyesinden miikemmel bir sekilde
disarladigin1  (ideal diyamanyetizma) kesfetmislerdir [2].
"Meissner Olay1" olarak bilinen bu fenomen, superiletken
malzemelerin i¢indeki manyetik aki yogunlugunun (B) sifir
olmasi prensibine dayanir ve bu durum yilizeyde indiiklenen
perdeleme akimlari sayesinde gergeklesir. Bu indiiklenen
akimlarin sonucunda, bir miknatis Sekil 2’de gorildiigii gibi,
stiperiletken malzemenin iizerinde havada asili kalabilir ve bu
durum manyetik levitasyon (magnetic levitation) olarak
adlandirilir.

M|kn4ls

Sekil 2. Bir kalict miknatisin, kritik sicakliginin altina
sogutulmus Kkiilge siiperiletken iizerinde temassiz olarak
havada asihh kalmasi (Manyetik Levitasyon) [3].
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2. YUKSEK SICAKLIK SUPERILETKENLIGI
(HTS)

Stiperiletkenligin kesfinden 1980'li yillara kadar gecen
siirede, teknolojinin uygulanabilirligi 6niindeki en biiylik engel
"sogutma maliyeti" olmustur. Niobium-Titanyum (NbTi) gibi
metal alagimlarin kullanildigi Diisiik Sicaklik Siiperiletkenleri
(LTS: Low temperature superconductor), 23 K altindaki
sicakliklarda ¢aligmakta ve bu siiperiletkenlerin sogutulmasi i¢in
tiretme ve saklama maliyeti yliksek olan sivi helyuma ihtiyag
duyulmaktayda.

Bu bariyer, 1986 yilinda Bednorz ve Miiller’in 30 K kritik
sicakliga sahip La-Ba-Cu-O seramik sistemini kesfetmeleriyle
asilmistir [4]. Hemen ardindan 1987 yilinda Wu ve ekibinin
Yttrium-Barium-Copper-Oxide (YBCO) bilesigini sentezleyerek
kritik sicakligt 93 K seviyesine tasimasi, alanda bir devrim
yaratmistir [5]. Stvi azotun kaynama noktasi olan 77 K’in iizerine
cikilmasi, sogutma isleminin ¢ok daha ucuz ve pratik hale
gelmesini  saglamig, boylece siiperiletken teknolojisinin
endiistriyel potansiyeli artmistir.

3. SUPERILETKENLERDE AKI CIVILENMESI
(FLUX PINNING)

Stiperiletken miknatislarin ¢aligma prensibi, malzemenin
belirli bir kritik sicakligin (Tc) altinda dogru akima (DC) sifir
elektrik direnci gostermesine dayanir. Kiilge siiperiletkenlerin
mihendislik uygulamalarinda yer bulmasi, onlarin "Tip II"
stiperiletken davranisa sahip olmalarindan kaynaklanmaktadir.
Tip | superiletkenler kendilerine uygulanan manyetik alani
tamamen dislarken (Meissner Etkisi), Tip II siiperiletkenler,
"karisik durum" (mixed state) adi verilen bir fazda calisir. Tip |
ve Tip Il stiperiletkenlerin dig manyetik alana tepkileri arasindaki
bu temel fark ve Tip II siiperiletkenlerde karisik durumun
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basladig alt kritik alan (Hc1) bolgesi Sekil 3°te gosterilmistir. 1.
Tip superiletkenler uygulanan alan Hc kritik alana ulastiginda
aniden normal duruma gecerken; Il. Tip siperiletkenler Hc1 ve
Hc2 arasinda manyetik akinin malzeme igine girdigi "karisik
durum" sergilerler. Bu fazda, dis manyetik alanin "kuantize aki
tiipleri" (fluxons) veya girdaplar (vortices) seklinde malzemenin
icine girmesine izin verilir [6]. Bu manyetik aki ¢izgilerinin,
malzeme igerisindeki safsizliklar, dislokasyonlar, tane sinirlart
gibi kristal kusurlar1 tarafindan yakalanip tuzaklanmasina "Aki
Civilenmesi" (Flux Pinning) denir. Aki ¢ivilenmesi ne kadar
giiclii olursa, siiperiletkenin manyetik alan degisimine karsi
gosterdigi direng o kadar yiiksek olur.

-M

L. Tip

> H
Hcl HC ch

Sekil 3. 1. Tip ve Il. Tip superiletkenlerin uygulanan manyetik
alana (H) bagh miknatislanma (-M) davranislarinin
karsilastirilmasi.

4. KULCE (BULK) FORMA DUYULAN
MUHENDISLIK iHTiYACI

Yiiksek Sicaklik Siiperiletkenliginin (HTS) 1986-1987
yillarindaki kesfi, bilim ve miihendislik diinyasinda biiyiik bir
heyecan yaratmis ve bu malzemelerin enerji sektoriinde devrim
yapacagi beklentisini dogurmustur. Bu donemde yiiriitiilen Ar-Ge
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faaliyetlerinin ve stratejik yol haritalarinin (6rnegin ABD Enerji
Bakanligi'mmn 1988 yili HTS Programi) birincil odak noktas,
siiperiletken seramiklerin esnek, uzun metrajli tel veya serit (tape)
formunda iiretilmesi olmustur [7, 8]. Bu ilk yonelimin temel
motivasyonu, konvansiyonel bakir iletkenlerin yerini alarak
kayipsiz  enerji  iletim hatlari, yiliksek verimli = gii¢
transformatorleri ve jenerator bobinleri Gretme hedefidir. Nitekim
1990’larin basinda gelistirilen "Birinci Nesil (1G)" Bizmut
tabanli (BSCCO) seritler, bu hedefin bir sonucu olarak ortaya
¢ikmig ve ilk HTS gii¢ kablosu prototiplerinde kullanilmistir [9].

Sekil 4’te detaylar1 verilen serit (tape) formundaki
siperiletkenler, temel olarak elektrik akiminin uzun mesafeler
boyunca taginmasi (enerji kablolar1) veya yiliksek manyetik alan
tireten bobinlerin sarilmasi igin tasarlanmistir. Sekil 4(a)’dan
goriildiigii lizere, bu malzemeler mekanik esneklik saglamak
amaciyla metalik bir alttag (substrate) iizerine epitaksiyel olarak
biiyiitiilmiis ¢ok katmanli ve karmasik bir mimariye sahiptir.
Ancak bu seritler bir bobin haline getirildiginde (Sekil 4(b)),
sargilar arasina giren yalittm malzemeleri ve bakir stabilizorler,
toplam kesit alanindaki siiperiletken doluluk oranini diisiirerek
"miihendislik akim yogunlugunu" (J,) siirlar.

Copper Stabili

Sekil 4. Enerji iletimi ve bobin uygulamalari i¢in gelistirilen serit
(tape) formundaki superiletken teknolojisi: (a) 2. Nesil (2G)
REBCO serit siiperiletkenin ¢ok katmanl i¢ yapisinin sematik
gosterimi ve (b) bu seritler kullamlarak sarilmis bir siiperiletken
bobin (coil) 6rnegi [10].
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Stiperiletkenligin sadece "akim tagima" (iletim) 6zelligi
degil, ayn1 zamanda "manyetik alan hapsetme" (tuzaklama) ve
"diyamanyetik itme" (levitasyon) 0zellikleri de endustriyel
acidan biiyiik bir potansiyel tasimaktaydi. Tel formundaki
iletkenler, enerji nakli i¢in ideal olsa da, iiretim zorluklarinin
yaninda, Maglev trenleri, manyetik yataklar (flywheel) ve
kompakt motorlar gibi yiiksek levitasyon kuvveti ve kararlilik
gerektiren uygulamalarda, pargali yapilart ve geometrik
siirlamalar1 nedeniyle yetersiz kalmistir.

Bir siiperiletken ile manyetik alan kaynag (PMG:
Permanent magnetic guideway) arasindaki manyetik kaldirma
kuvveti (F), stiperiletkenin manyetik momenti (m) ve manyetik

alan gradyeni (dH/dz) ile dogru orantihdir (F, = m‘;—;l).

Siiperiletkenin manyetik momenti ise su parametrelere baghdir
[11]:

m=MV,M = AJ;.r

Burada A geometrik bir sabit, J;. superiletkende
indiiklenen perdeleme akim yogunlugu ve r ise perdeleme akim
halkasinin yarigcapidir.

Serit veya tel formundaki siiperiletkenler, genellikle enerji
iletim hatlar1 (kablolar, busbarlar) veya ucak motorlarindaki
sargilar gibi akimimn uzun mesafeler boyunca tasinmasi gereken
yerlerde kullanilir. Ancak bu yapida, akim dar bir kesitten akar ve
efektif akim dongiisii yarigapi (1) serit genisligi ile sinirlidir. Tek
domainli (single-domain) olarak Uretilen kilce superiletkenlerde
(6rnegin TSMG yontemiyle iiretilen YBCO), stiperakimlar kristal
sinirlarina  takilmadan  malzemenin tim c¢apt  boyunca
(makroskobik Olcekte) kesintisiz donguler halinde akar. r
degerinin bu denli biiyiik olmasi, serit bobinlere kiyasla ¢ok daha
yiiksek bir manyetik moment ve dolayisiyla ¢ok daha yiiksek bir
levitasyon kuvveti elde edilmesini saglar.
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Serit formundaki siiperiletkenlerin (veya geleneksel Nb-
Ti tellerin) manyetik alan kaynagi olarak kullanildig: sistemler,
genellikle aktif bir giic kaynagma ve karmasik kontrol
mekanizmalarina ihtiya¢ duyar. Ornegin, Japonya'daki SC-
Maglev [12] tren projesinde kullanilan Nb-Ti bobinler, hem
disaridan siirekli akimla beslenmeli hem de c¢ok diisiik
sicakliklara (yaklasik 10 K, sivt helyum) sogutulmalidir .

Buna karsin, REBCO tabanh kiilge siiperiletkenler, "aki
civilenmesi" (flux pinning) 6zelligi sayesinde benzersiz bir
avantaj sunar: Oz-Kararlihk (Self-Stabilization). Kilge
stiperiletkenler, manyetik aki ¢izgilerini igyapisal kusurlarda
hapsederek, dis bir kontrol Unitesine ihtiya¢ duymadan pasif
olarak kararl bir levitasyon saglar. Bu 6zellik, Maglev araglarinin
veya manyetik yataklarin karmasik giic aktarim {nitelerine ve
sensorlere ihtiyag duymadan, daha basit ve isletilmesi kolay
yapilar olarak insa edilmesine olanak tanir. Sistemin geometrik
gereksinimlerine gore, Sekil 5’te goriildiigii gibi tek tohumlu
silindirik disklerden ¢ok tohumlu dikdortgen bloklara kadar farkli
formlarda {iretilebilen bu kiilge stiperiletkenler, tasarim esnekligi
acisindan kritik bir rol oynar. Brezilya'daki Maglev-Cobra
projesi, kiilge siiperiletkenlerin bu pasif kararlilik avantajim
kullanarak insa edilmis ve NASA'nin Teknoloji Hazirlik Seviyesi
(TRL) olgeginde 8. seviyeye ulasarak ticarilesmeye en yakin
orneklerden biri olmustur.
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Sekil 5. Endustriyel 6lcekli uygulamalar (Maglev ve manyetik
yataklar) icin eritme-dokulama-buyitme (melt-textured-growth)
yontemiyle iiretilmis, farkh geometri ve boyutlara sahip YBCO
kilce stperiletken bloklar [13].

Serit formundaki siiperiletkenlerin bircogu (6zellikle 1.
nesil ve LTS teller), performanslarini korumak i¢in ¢ok diisiik
sicakliklara (4.2 K - 20 K) ihtiya¢ duyar. Bu da pahal1 ve karmasik
sivi helyum veya yiiksek giiclii kriyojenik sistemleri gerektirir.
Ancak Maglev ve motor uygulamalarinda kullanilan YBCO kiilge
stiperiletkenlerin kritik sicakligi 92 K civarindadir ve bu
malzemeler, ucuz ve kolay temin edilebilen sivi azot (77 K)
icerisine daldirillarak (immersion cooling) son derece pratik ve
ekonomik bir sekilde sogutulabilmektedir.

Kilge stperiletkenler, bir kez manyetize edildikten sonra,
dis enerji kaynagini kesip manyetik alan1 hapseden "Siiper Kalici
Miknatislar" (Trapped Field Magnets) gibi davranabilirler.
Geleneksel NdFeB kalict miknatislarin iiretebildigi manyetik aki
yogunlugu malzeme limitleri nedeniyle 1.5 Tesla civarinda
siirlanirken, kiilge siiperiletkenlerde 17 Tesla'nin {izerinde
manyetik alanlar hapsedilebilmektedir [14]. Turkiye'deki
aragtirma gruplart da dahil olmak iizere diinya genelindeki
calismalar, ¢ok ¢ekirdekli (multi-seeded) buyutme teknikleri gibi
yontemlerle kiilge siiperiletkenlerin yapisal 6zelliklerini ve akim
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tasima kapasitelerini (J.) siirekli gelistirmektedir [15, 16]. Bu
ylksek alan yogunlugu, 6zellikle gemi itki motorlar1 ve riizgar
tiirbinleri gibi yiiksek tork gerektiren uygulamalar i¢in, serit
bobinlerin ulasamayacagi bir gilic yogunlugu potansiyeline
sahiptir.

Sonu¢ olarak; enerji iletimi igin serit formundaki
malzemeler kritik bir role sahipken; manyetik kuvvet, kararlilik,
sistem sadeligi ve sogutma verimliligi gerektiren agir endiistriyel
uygulamalarda, tek kristal kilce stiperiletkenler teknolojik olarak
daha tistiin bir ¢oziim sunmaktadir.

5. KULCE SUPERILETKEN URETIM
YONTEMLERI

Stiperiletken ~ malzemelerin ~ performansi,  iiretim
yontemine ve mikro yapisal Ozelliklerine siki sikiya baghdir.
Ozellikle REBCO (Nadir Toprak - Baryum - Bakr - Oksit) ailesi
speriletkenlerin Gretimi, hassas termal ve kimyasal surecleri
icerir [17]. Siperiletken malzeme uretimi strecindeki temel
hedef, akim tasima kapasitesini diigiiren engelleri ortadan
kaldirmaktir. Kiilge siiperiletken malzeme {iretiminde kullanilan
bes temel yontem asagida verilmistir.

5.1. Kati Hal Sinterleme (Solid State Sintering)
Yontemi

HTS malzemelerin kesfinden hemen sonra kullanilan ilk
yontem, geleneksel seramik iiretim teknigi olan "Kati Hal
Sinterleme"dir. Bu yontemde, metal oksit tozlar karigtirilir,
preslenir ve erime sicakliginin altinda 1s1l isleme tabi tutulur.
Ancak bu yontemle Uretilen malzemelerde, rastgele yonelimli
kristal tanecikleri arasinda olusan sinirlar siiper akimin gecisine
biiylik direng gosterir. "Zayif Bag" (Weak Link) problemi olarak
bilinen bu durum, malzemenin kritik akim yogunlugunu
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diisiirerek, yiiksek manyetik alan uygulamalar1 i¢in elverissiz hale
getirir.

5.2. Eriterek Dokulama Yontemi (Melt Texture
Growth - MTG)

Zayif bag problemini agsmak ve tanecikler arasi uyumu
saglamak amaciyla 1988 yilinda Jin ve ekibi tarafindan "Eriterek
Dokulama” (Melt Texture Growth - MTG) yontemi
gelistirilmistir [17]. Bu yontemin temel prensibi, REBCO
malzemesini peritektik bozunma sicakliginin iizerine ¢ikararak
kismi olarak eritmektir. Ardindan yapilan ¢ok yavas sogutma
islemi sirasinda, kontrollii katilagma saglanarak kristal
taneciklerinin belirli bir kristalografik eksende (c-ekseni)
hizalanmasi saglanir. Bu hizalanma, akim tagima kapasitesini kati
hal yontemiyle sinterlenmis 6rneklere gore binlerce kat artirir. Bu
slirecin kimyasal altyapisi, siiperiletken YBa2CuszO7x (Y-123)
fazinin peritektik bir reaksiyona girmesine dayanir. Malzeme
isitildiginda, Y-123 fazi bozunarak daha kararli olan kati
Y2BaCuOs (Y-211) fazina ve baryum-bakir zengini bir sivi faza
ayrigir. Kontrollii sogutma asamasinda ise, bu kati Y-211
partikiilleri ile s1v1 faz yeniden reaksiyona girerek siiperiletken Y-
123 matrisini tekrar olusturur. Ancak bu yeniden olusum
sirasinda, reaksiyona girmeyen ve slperiletken matrisin icerisine
homojen olarak dagilan mikroskobik Y-211 partikilleri,
malzemenin performansinda kritik bir rol oynar. Siiperiletken
olmayan bu kalintilar, manyetik aki ¢izgileri i¢in dogal "¢ivileme
merkezleri" (pinning centers) gorevi gorerek aki hareketini
engeller ve kritik akim yogunlugunu artirir. Sonug olarak, MTG
yontemiyle Uretilen malzemelerde, akim gegisini engelleyen
bliyiik agili tanecik sinirlar (grain boundaries) elimine edilir ve
malzeme makroskobik boyutlarda neredeyse tek bir kristal gibi
davranan "tek-domain™ (single-domain) yapisina kavusur. Bu
yapisal Dbiitiinliik, kiilge stiperiletkenlerin yiksek manyetik
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alanlar1 hapsetmesini ve giiclii levitasyon kuvvetleri tiretmesini
miimkiin kilan temel faktordiir.

5.3. Eritme-Tozlama-Eritme-Biiyiitme Yontemi (Melt-
Powder-Melt-Growth - MPMG)

Jin ve ekibinin onciiliik ettigi MTG yOnteminin basarisina
ragmen, siire¢ icerisinde olusan Y-211 parcaciklarinin
boyutlarinin kontrol edilmesi ve homojen dagilimi, aki ¢ivilenme
performanst (dolayisiyla Jc) agisindan kritik bir sorun olarak
kalmistir. Bu sorunu asmak i¢in Japonya’daki ISTEC
laboratuvarlarinda Murakami ve ekibi tarafindan "Eritme-
Tozlama-Eritme-Buyutme" (Melt-Powder-Melt-Growth,
MPMG) yontemi gelistirilmistir [11]. Bu teknikte, baslangi¢
malzemeleri 6nce ¢ok yiiksek sicakliklarda (yaklasik 1400°C)
eritilip hizla oda sicakligina sogutulur (Quenching). Bu ani
sogutma, malzemenin camsi bir yapiya doniismesini saglar. Elde
edilen bu yapi ogiitiilerek toz haline getirilir ve sonrasinda
preslenerek tablet (pellet) formuna getirilir. Bu 6n islem adimu,
nihai siperiletken matris icerisindeki Y-211 partikllerinin
mikroskobik boyutlara inmesini ve c¢ok daha homojen
dagilmasini saglar. Sonug¢ olarak MPMG yoOntemi, aki ¢ivilenme
kuvvetini artirarak MTG yontemine kiyasla ¢ok daha yliksek
levitasyon kuvvetlerine ulasilmasinin 6niinii agmustir.

5.4. Ustten Tohumlamah Eritme-Biiyiitme Yéntemi
(Top-Seeded Melt Growth - TSMG)

MPMG yoOntemi, mikroskobik olgekte aki ¢ivilenme
merkezlerinin (Y-211 fazi) homojen dagilimini saglayarak
malzeme kalitesini artirsa da kristal ¢ekirdeklenmesinin rastgele
noktalardan  baslamasi  (random nucleation) nedeniyle
makroskobik boyutta kristal yoneliminin kontrol edilememesi ve
"coklu domain” (multi-domain) yapisinin olusmasi problemini
tam olarak c¢ozememektedir. Bu kisitlamay:r asmak ve
malzemenin tamamini tek bir kristal gibi davranan "Tek Domain"
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(Single-Domain) yapiya donistirmek amaciyla, giiniimiizde
biiylik capli ve yiikksek performanshi kiilgelerin {iretiminde
endiistriyel standart haline gelen Ustten Tohumlamali Eritme-
Buyutme (Top-Seeded Melt Growth - TSMG) yontemi
gelistirilmistir [18]. Bu yontemin temel mekanizmasi ve siireg
adimlar soyledir: Preslenmis Y-123 peletinin tam merkezine,
kristal biiylimesini baslatmak ve yoOnlendirmek amaciyla bir
"tohum kristali" (seed crystal) yerlestirilir. Bu tohum, genellikle
tiretilecek malzemeyle ayni kristal yapisina sahip olan ancak
erime noktasi daha yiiksek olan NdBCO (Nd-123) veya SmBCO
(Sm-123) gibi Nadir Toprak tabanli siiperiletkenlerden veya MgO
gibi tek kristallerden secilir. Amag, ana malzeme eridiginde
tohumun kat1 halini koruyarak kristallesme i¢in bir sablon gorevi
gérmesidir. Numune, firin igerisinde Y-123 fazinin peritektik
bozunma sicakhigmmin (Tp) lizerine (yaklasik 1000-1050°C),
ancak tohum kristalinin erime sicakliginin altina 1sitilir. Bu
asamada Y-123 matrisi yari-sivi bir faza doniisiirken tohum kati
kalir. Ardindan ¢ok hassas ve yavas bir sogutma siirecine
(genellikle saatte 0.5 - 1°C sogutma hiziyla) gegilir. Kristallesme,
termodinamik olarak en kararli nokta olan tohum kristalinin ara
ylizeyinden baglar. Y-123 fazi, tohumun kristalografik yonelimini
(genellikle c-ekseni yukari bakacak sekilde) kopyalayarak,
tohumdan radyal olarak disa dogru katilagir. Bu kontrollii biiyltime
sayesinde, rastgele c¢ekirdeklenmeler bastirilir ve tiim kiilge
boyunca siiperakimlarin kesintisiz dolasabildigi, tane sinirlarinin
(grain boundaries) elimine edildigi tek parga bir yap1 elde edilir.
Sonug olarak TSMG yo6ntemi; levitasyon kuvvetini diisiiren zay1f
baglar1 ortadan kaldirarak, 10-15 cm ¢apa kadar ulasabilen ve 17
Teslamin {izerinde manyetik alan hapsedebilen siiperiletken
miknatislarin iiretimine olanak tanir.
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5.5. Sizdirma ve Biiyiitme Teknigi (Infiltration and
Growth - 1G)

TSMG yonteminde, Y-123 0Oncli malzemesi erime
sicakligia ulastiginda viskozitesini kaybeder ve kendi agirligi
altinda ¢okerek geometrik formunu yitirir (slumping). Ayrica,
olusan sivi fazin bir kismi althk malzeme tarafindan emilereck
sistemden uzaklagir, bu da nihai {riinde sekil bozulmalarina
(shrinkage) ve siiperiletken fazin eksik olusumuna neden olur. Bu
yapisal problemleri agsmak ve geometrik hassasiyeti artirmak
amaciyla alternatif bir yontem olarak Sizdirma ve Biiyiitme
(Infiltration and Growth - IG) teknigi gelistirilmistir [19].

Bu yontemde siireg, kimyasal olarak kararli iki ayri
bilesenin hazirlanmasiyla baglar:

i) Nihai iirtiniin hedef sekline ve boyutlarina sahip, yiiksek
erime noktali ve gozenekli bir kati faz preformu
(genellikle Y-211).

I1) Bu preformun {izerine yerlestirilecek olan diisiik erime
noktali bir s1v1 faz kaynag1 (Baryum ve Bakir oksitlerin
karigimi).

Isil islem sirasinda, s1vi faz kaynagi erir ancak kat1 Y-211
iskeleti formunu korumaya devam eder. Eriyen siv1 faz, kapiler
(kilcal) kuvvetlerin etkisiyle Y-211 preformunun gozenekli
yapisina niifuz eder (infiltrasyon). Burada kat1 Y-211 partiklleri
ile reaksiyona giren sivi faz, siiperiletken Y-123 fazim
olusturarak bosluklart doldurur. IG yoOnteminin en belirgin
tstiinliigii, kat1 iskeletin iglem boyunca ¢okmemesi sayesinde
baslangi¢c boyutlarinin islem sonunda neredeyse birebir
korunmasidir. Ayrica, sivi fazin gézenekleri tamamen doldurmasi
sayesinde, TSMG yonteminde sik¢a rastlanan makroskobik
catlaklar ve hava bosluklar1 (voids) minimize edilir. Sonug
olarak, 1G yontemiyle dretilen kilceler, standart yontemlere gore
cok daha yiiksek yogunluga ve mekanik dayanima sahip olur.
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6. SONUC VE DEGERLENDIRME

Stiperiletkenlik  olgusunun 20. yilizyilin basindaki
kesfinden giiniimlize uzanan siirecte, Ozellikle 1987 yilinda
YBCO gibi Yiiksek Sicaklik Siiperiletkenlerinin (HTS)
bulunmasi, bu teknolojiyi sadece bilimsel arastirma konusu
olmaktan ¢ikarip endiistriyel uygulamalarin merkezine
oturtmustur. Sogutma ic¢in sivi helyum gerekliliginin ortadan
kalkmast ve ekonomik sivi azot sicakliklarinda (77 K)
calisilabilmesi, stiperiletken sistemlerin miihendislik
uygulamalarin1 artiran en kritik doniim noktast olmustur.
Yukarida detaylandirildigr iizere, siiperiletken teknolojisi
yalnizca enerji iletim hatlarinda kullanilan tel veya serit
formlartyla  smurli  degildir.  Ozellikle aki  ¢ivilenmesi
mekanizmasina sahip II. Tip kiilge (bulk) siiperiletkenler,
manyetik alan1 hapsetme ve giiclii levitasyon kuvveti olusturma
kapasiteleriyle geleneksel kalict miknatislardan  ayrisir.
Geleneksel NdFeB miknatislarin fiziksel limitlerinin ¢ok Stesinde
manyetik alanlar (17 T Gzeri) Uretebilen bu malzemeler, "stper
kalict miknatis" olarak enerji depolama sistemleri (flywheel),
kompakt elektrik motorlar1 ve Maglev ulagim sistemleri i¢in
benzersiz ¢oziimler sunmaktadir.

Malzeme bilimindeki gelismeler, kiilge siiperiletkenlerin
liretim yontemlerinde de belirgin bir degisime yol agmustir. Tlk
donemlerde kullanilan "Kat1 Hal Sinterleme" yonteminin neden
oldugu "zayif bag" (weak-link) problemi, kristal yapinin
yonlendirilmesini saglayan "Eritereck Dokulama" (MTG) ve
"Eritme-Tozlama-Eritme-Buyutme"  (MPMG)  suregleriyle
asilmistir. Giiniimiizde endiistriyel standart haline gelen "Ustten
Tohumlamali Eritme-Buyitme" (TSMG) yontemi sayesinde,
kristal sinirlariin elimine edildigi biiylik boyutlu "tek-domain™
yapilar basariyla {retilebilmektedir. Ayrica, geometrik
hassasiyeti artiran ve mekanik 6zellikleri iyilestiren "Si1zdirma ve
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Buyutme™ (IG) gibi yenilikci teknikler, bu malzemelerin ticari
tiriinlere entegrasyonunu daha da kolaylastirmaktadir.

Sonug olarak; mikro yapisal kontroliin saglanmasi ve
uretim maliyetlerinin optimize edilmesiyle birlikte, Kkulge
siiperiletkenler, yiiksek verimlilik ve kararlilik gerektiren
miihendislik ve teknoloji uygulamalarinda vazgecilmez bir
bilesen olma yolunda hizla ilerlemektedir.
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SUPERILETKEN MIKNATISLARIN HASTALIK
TESHIS VE TEDAVISINDE KULLANIMI

Ufuk Kemal OZTURK!
Murat ABDIOGLU?

1. GIRIS

Tibbi  goriintiileme ve terapotik  (tedavi  edici)
midahaleler, 20. yiizyilin son g¢eyreginde manyetik alan
teknolojilerinin entegrasyonu ile devrim niteliginde bir donlisiim
gecirmistir. Ozellikle Manyetik Rezonans Gériintiileme (MRI),
iyonlastirict radyasyon icermeyen yapist ve yumusak doku
kontrastindaki {istlinliigli ile modern tibbin vazgecilmez bir
parcast olmustur [1]. Paul C. Lauterbur'un, manyetik alan
gradyanlarini kullanarak NMR sinyallerine uzaysal konum bilgisi
ekledigi ve 1973 yilinda yayinladigi ¢igir agici ¢caligma, modern
tibbi gorlintiilemenin temelini atmistir. Lauterbur, bu teknik
sayesinde teshis tibbinda yarattigi devrimsel etki nedeniyle,
goriintiileme tekniklerini daha da gelistiren Sir Peter Mansfield
ile birlikte 2003 yilinda Fizyoloji veya Tip alaninda Nobel
Odiilii'ne layik goriilmiistiir. Manyetik rezonans prensibinin
gorlintiilemeye  uyarlanmasinin  ardindan  gelistirilen  ilk
prototipler, direngli (rezistif) bakir bobinler kullanmaktaydi. Bu
dénemin en ¢arpict mithendislik bagarisi, Raymond Damadian ve
ekibi tarafindan insa edilen ve 1977 yilinda ilk insan vicudu

1 Electromagnetic Guidance and Acceleration Research Group (EMGA), Department
of Physics, Faculty of Science, Karadeniz Technical University, 61080, Trabzon,
Tarkiye.

2 Department of Mathematics and Science Education, Faculty of Education, Bayburt
University, 69000, Bayburt, Turkiye.
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taramasini gergeklestiren "Indomitable" (Boyun Egmez) isimli
cithazdir (Sekil 1).

Sekil 1. Dr. Raymond Damadian ve gelistirdigi diinyanin ilk tam
viicut manyetik rezonans tarayicisi ""Indomitable" (1977) [2].
Siiperiletken teknolojisi oncesinde insa edilen bu devasa cihaz,

gerekli manyetik alani olusturmak icin tonlarca agirhikta direncli

bakir bobinler kullaniyordu.

Ancak Sekil 1'de goriilen cihazin devasa boyutlarindan da
anlasilacag1 iizere, bu tiir direngli sistemlerin yiiksek giic
tiiketimi, asir1 1stnma sorunlar1 ve iiretebildikleri manyetik alan
siddetinin sinirl olmasi (genellikle <0.5 Tesla), klinik kullanimin
yayginlagsmasinin 6niinde bir engel olusturmustur.

Danimarkali Fizik¢i Heike Kamerlingh Onnes tarafindan
1911 yilinda kesfedilen siiperiletkenlik olgusu, ancak 1970’lerin
sonunda yeterli teknolojik olgunluga eriserek tibbi cihazlarda
kullanilmaya baglanmustir. Siiperiletken miknatislar, DC elektrik
direncinin sifir olmasi sayesinde, enerji kaybi olmaksizin ¢ok
yiiksek ve zamanla degismeyen kararli (stable) manyetik alanlar
Uretebilmektedir. Gunumuzde slperiletken teknolojisi, sadece
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tanisal goriintiilemede degil, ayn1 zamanda proton terapisi gibi
ileri tedavi yontemlerinde de kritik bir kolaylastirici rol
oynamaktadir [3].

2. SUPERILETKEN MIKNATIS
TEKNOLOJISININ TEMELLERI

Tibbi uygulamalarda kullanilan siiperiletken malzemeler
temel olarak Diislik Sicaklik Siiperiletkenleri (Low Temperature
Superconductor: LTS) ve Yiiksek Sicaklik Siiperiletkenleri (High
Temperature Superconductor: HTS) olmak (zere iki ana
kategoride incelenir. Giiniimiizde kullanilan klinik MRI
sistemlerinin biiyiik cogunlugunda, manyetik alan kaynagi olarak
kritik sicakligi (Tc) yaklasik 9.2 K olan Niyobyum-Titanyum
(NbTi) alasimindan olusan bobinlerden yararlanilmaktadir. Bu
sistemlerin siiperiletkenlik 6zelligini koruyabilmesi igin kritik
sicakliklarin altina kadar sogutulmalar1 gerekir ki bu da 4.2 K
sicakligindaki sivi helyum kullanimini gerekmektedir [4].

Stiperiletkenligin kesfinden sonra arastirmacilarin bir
kism1 bu yeni fenomenin altinda yatan fizikle ilgili teorik
calismalar yaparken bir kismi da siiperiletkenlik 6zelligi gosteren
diger element ve alasimlar iizerinde c¢alismaya basladi. Yeni
stperiletken malzeme kesfinde en 6nemli kriterlerden bir tanesi
de kritik sicaklikti. Ciinkdi, kiiresel helyum rezervlerinin sinirh
olmasi ve helyumun tedariki, saklanmasi ve taginmasindaki
zorluklarin getirdigi yliksek maliyet, siiperiletken teknolojisinin
laboratuvar ortamindan ¢ikarak yaygin klinik ve endiistriyel
uygulamalara entegre edilmesini kisitlamaktaydi. Bu ekonomik
ve lojistik bariyer, arastirmacilart sivi helyum sicakligina bagimli
kalmayan, daha yiiksek sicakliklarda direngsizlik 6zelligi
gosterebilen yeni malzeme arayislarina itti.

Bilim diinyasindaki bu arayis, uzun yillar boyunca diisiik
sicaklik siiperiletkenleri (LTS) smifindaki metal alagimlar ile
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siirh kalsa da 1986 yilinda Bednorz ve Miiller’in bakir-oksit
seramiklerinde 30 K kiritik sicaklikta siiperiletkenligi
kesfetmesiyle biiyiikk bir ivme kazandi [5]. Bu kesfin hemen
ardindan, 1987 yilinda, Yttrium-Barium-Copper-Oxide (YBCO)
bilesiginin 93 K civarinda siiperiletkenlik 6zelligi gosterdiginin
kesfedilmesi siiperiletkenlik alaninda biiyiik bir devrime yol agti.
Bu kesif, sivi azotun kaynama noktast olan 77 K (-196 °C)
simirmin asilmasimi saglayan Yiiksek Sicaklik Siiperiletkenleri
(HTS) ¢agimi baslatti. Sivi azotun havadan kolayca ve diisiik
maliyetle elde edilebilmesi  superiletken teknolojisinin
uygulanabilirligini artirmistir.

3. TESHIS (TANI) ALANINDA KULLANIM
3.1. Manyetik Rezonans Goriintiilleme (MRI)

MRI teknolojisinde gorinti kalitesini belirleyen temel
parametrelerden biri olan Sinyal-Giiriiltii Oran1 (Signal-to-Noise
Ratio: SNR), uygulanan manyetik alanin siddeti (Bo) ile dogrusal
bir iligki igerisindedir. Klinik standart olarak kabul edilen 1.5 T
ve 3.0 T sistemlerin 6tesinde, arastirma amaclh kullanilan 7.0 T
ve Uzeri Ultra Yiksek Alan (Ultra High Field: UHF) sistemleri,
siiperiletken teknolojisinin sinirlarin1 zorlamaktadir. Vaughan ve
arkadaslari, 7.0 T sistemlerin, 6zellikle beyin anatomisinin mikro
yapilarmin goriintiilenmesinde ve fonksiyonel MRI (fMRI)
calismalarinda daha disiik alan siddetlerine gore belirgin
istiinliik sagladigini gostermistir [6].

Ayrica, klostrofobik hastalar ve obezite sorunu yasayan
bireyler i¢in tasarlanan ag¢ik MRI sistemlerinde, geleneksel
solenoid yap1 yerine farkli geometriler gerekmektedir. Baig ve
arkadaglari, MgB2 tabanli bobinlerin esnek tasarim imkanlar
sayesinde, “sifir buharlasma” (zero-boil-off) 6zelligine sahip,
hasta konforunu artiran sistemlerin  gelistirilebilecegini
raporlamustir [7]. 11.7 T manyetik alan liretme kapasitesine sahip
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Iseult/INUMAC  projesi gibi ornekler ise NbTi ve NbsSn
stiperiletkenlerinin ~ hibrit  kullanimi ile insan viicudu
goriintilemede  ulasilabilecek en yiiksek  ¢oziniirliikleri
hedeflemektedir [8]. Iseult/INUMAC projesi kapsaminda
gelistirilen 11.7 T tiim viicut MRI sistemi, liretim siirecinin
tamamlanmasinin  ardindan, 2024 yili itibariyla insan
goriintiilemesinde kullanilan diinyanin en yiiksek manyetik alanl
sistemi olmustur. Her ne kadar laboratuvar dlgegindeki (kiigiik
capli) sistemlerle daha yiiksek alanlara ulagilmis olsa da ve Cin'de
14 T insan sistemi iizerine ¢aligmalar baglasa da klinik boyutta
operasyonel zirve noktasi su an i¢in 11.7 T diizeyindedir.

3.2. SQUID Sensorleri (MEG ve MCG)

Superiletken  sensor  teknolojisinin  kalbinde, iki
stiperiletken malzemenin arasina yerlestirilen ¢ok ince (genellikle
birka¢ nanometre kalinliginda) bir yalitkan veya normal metal
tabaka ile olusturulan "Josephson Eklemi" yer alir (Sekil 2). Brian
Josephson'm (1962) teorik olarak ongordigii iizere, bu yapi,
Cooper ciftlerinin yalitkan engeli kuantum tiinelleme yoluyla
geemesine olanak tanir [9].

Superiletken

Cooper
EAAAAC /\/\/\[ \\/\/\/\/\,
Cifti
/ Cooper
NNV = IAAAA]
Cifti

Stiperiletken

Sekil 2. Bir Josephson ekleminin sematik gosterimi. ki
siiperiletken blok arasina yerlestirilen ince yalitkan bariyer,
Cooper ciftlerinin (Cooper Pairs) kuantum tiinelleme yoluyla
bariyeri asmasina olanak tamir. Kirmmzi dalga cizgileri, elektron
ciftlerinin bariyerden gecisini temsil eden dalga fonksiyonlaridir
[10].

211



Fizik

Normal sartlarda yalitkan olan bu bariyerden, herhangi bir
voltaj diigimii olmaksizin belirli bir kritik akim degerine (Ic)
kadar stiperakim gecebilir. Bu temel yap1 tasinin diinyanin en
hassas manyetik alan dedektoriine doniismesi, iki adet Josephson
ekleminin paralel baglanarak bir siiperiletken halka (loop)
olusturulmasiyla gergeklesir; bu konfigiirasyona DC SQUID
(Dogru Akim Siiperiletken Kuantum Girisim Cihazi) adi verilir
(Sekil 3). Brian Josephson'in 1962'de siiperiletkenlerde tlinelleme
akimlari lizerine yaptig1 teorik ongdriilerin ardindan [9], Jaklevic
ve arkadagslari ilk kez stiperiletken bir halka tizerindeki kuantum
girisim etkilerini deneysel olarak gostermis ve giliniimiiz
Stiperiletken Kuantum Girisim Cihazlarinin (SQUID) temelini
atmuglardir [11]. SQUID sensorleri, femtotesla mertebesindeki
son derece zayif manyetik alanlar1 6l¢ebilme yetenegine sahiptir.
Beynin ndronal aktivitesi sonucu olusan ve femtotesla (10-° T)
mertebesindeki manyetik alanlarin  tespit edilmesi, ancak
stiperiletken teknolojisinin sundugu hassasiyetle mumkandur.

Manyetik Alan

Superiletken

Ongerilim
Akimi

Voltaj degisiminin

o fein

bir periyodu, bir & < £ _@E
aki kuantumu _ 0 559
artigina karsilik ==

Sab;r

gelir

Map
Voitg,

Sekil 3. DC SQUID devresinin temel yapisi. Paralel bagh iki
Josephson eklemi iceren bir stperiletken halka, icinden gecen
manyetik akidaki degisimlere karsi son derece duyarl bir
interferometre gibi davranir. Alttaki grafik, manyetik aki arttik¢a
cihaz Gzerindeki voltajin periyodik degisimini gostermektedir
[10].
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SQUID sensorleri non-invaziv olarak beyin aktivitesinin
haritalandigi Manyetoensefalografi (MEG) ve kalbin manyetik
aktivitesinin  incelendigi ~ Manyetokardiyografi ~ (MCG)
cihazlarinda kullanilmaktadir [12, 13]. Hamaldinen ve
arkadaslarinin  vurguladigi iizere, MEG sistemleri, EEG'nin
aksine kafatas1 ve doku katmanlarindan etkilenmeden milisaniye
mertebesinde zamansal ¢oziiniirliik sunarak, epilepsi odaklarinin
tespitinde ve preserjikal planlamada kritik veriler saglar [14].

4. TEDAVI ALANINDA KULLANIM
4.1. Parcacik Terapisi (Hadron Terapisi)

Kanser tedavisinde kullanilan proton ve karbon iyon
terapileri, X-1sinlarina kiyasla "Bragg piki" adi verilen fiziksel
ozellik sayesinde tlimore maksimum doz birakirken ¢evre saglikli
dokuyu korur [15]. Ancak, agir yiikli parcaciklar1 yiiksek
enerjilere ulagtirmak ve hastanin etrafinda istenen agida
yonlendiren gantry sistemlerinde devasa manyetik alanlar
gerekmektedir (Sekil 4). Konvansiyonel direngli miknatislarla
yapilan gantry sistemleri yiizlerce ton agirliga (6rnegin
Heidelberg'de ~670 ton) ulasabilirken, stiperiletken teknolojisi bu
bariyeri  yikmaktadir [16].  Siiperiletken = miknatislarin
entegrasyonu ile Japonya'daki HIMAC merkezinde gantry
agirhigt 350 tona disiiriilmiistiir. Avrupa'da ylriitiilen SIG ve
HITRIplus projeleri ise kavisli “Canted Cosine Theta (CCT)”
miknatislar lizerinde yogunlagsmaktadir [17]. Bu yarisa katilan en
giincel calismalardan biri ise Cin'deki Lanzhou Iyon Terapi
Sirketi (LANITH) tarafindan yiiriitiilmektedir. Yang ve
arkadaglar1 , 'Discrete Cosine Theta (DCT)' geometrisine sahip
kombine fonksiyonlu siiperiletken miknatislar kullanarak, karbon
iyonu gantry sisteminin toplam agirhiini 150 tonun altina
diisiirmeyi hedefleyen onciil bir tasarim sunmustur [16]. 2027
yilinda tamamlanmasi planlanan bu sistemde, hizli manyetik alan
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degisimleri (0.6 T/s) sirasinda olusan AC kayiplarini minimize
etmek ic¢in 'altist bir arada' (six-around-one) Ozel kablolama
teknigi ve iletimle sogutma (conduction cooling) yontemi tercih
edilmistir.

Sekil 4. Modern bir parcacik terapi (proton tedavisi) odasinin
genel goriiniimii [18]. Goriintiide, hastayr mikron hassasiyetinde
konumlandiran robotik hasta masasi ve 1s1in demetini tiimore
istenen ac¢ida yonlendirmek icin hastanin etrafinda 360 derece
donebilen Gantry bashg: (Nozzle) goriilmektedir. Siiperiletken
miknatislar, tonlarca agirhktaki bu devasa yapinin boyutlarini

kiiciiltmek ve enerji verimliligini artirmak i¢in kritik 6neme
sahiptir.

4.2. Manyetik ila¢ Hedefleme (MDT)

Kanser, modern tibbin kaydettigi tiim ilerlemelere
ragmen, diinya genelinde morbidite ve mortalitenin en temel
nedenlerinden biri olmaya devam etmektedir [19]. Diinya Saglik
Orgiitii verilerine gore, diinya genelinde her y1l milyonlarca insan
bu hastalik nedeniyle hayatin1 kaybetmekte ve mevcut tedavi
protokollerinin sinirlari, daha etkin ¢dziimlerin arayisini zorunlu
kilmaktadir [20]. Kemoterapi gibi geleneksel sistemik tedaviler,
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kanserli hucreleri yok etmede etkili olsalar da "segicilik"
(selektivite) konusundaki yetersizlikleri nedeniyle ciddi bir
handikap barindirirlar. Sistemik dolagima verilen ilaglar, sadece
tiimor dokusunu degil, hizli béliinen saglikli hiicreleri de hedef
alarak kemik iligi baskilanmasi, kardiyotoksisite ve norotoksisite
gibi hastanin yasam kalitesini diisliren, hatta tedavinin

devamliligin1 engelleyen agir yan etkilere yol agmaktadir [21,
22].

Bu klinik tablo, terapotik ajanlarin sadece hastalikli
bolgeye ulastirllmasini saglayacak, bdylece tedavi etkinligini
maksimuma ¢ikarirken saglikli doku hasarini  minimuma
indirecek "akilli" yaklagimlara duyulan ihtiyaci artirmistir. Bu
noktada, nanoteknoloji ve biyomedikal miihendisliginin
kesisiminde yer alan Manyetik ila¢ Hedefleme (Magnetic Drug
Targeting: MDT), umut verici bir ¢éziim olarak 6ne ¢ikmaktadir
[23]. MDT, biyouyumlu manyetik nanopartikillere (Magnetic
nanoparticles: MNP) yiiklenmis ilaglarin, viicut disindan
uygulanan manyetik alanlar yardimiyla dogrudan tiimor
bolgesine yonlendirilmesi ve orada tutulmasi prensibine dayanur.
Bu sistemlerin temel yap1 tasi olan ve Sekil 5°te genel yapisi
gosterilen bir MNP; manyetik yonlendirmeyi saglayan bir
cekirdek, biyouyumlulugu artiran koruyucu bir kaplama ve
terapdtik ajani tagtyan organik baglayicilardan olusur. Bu strateji,
ilacin tiimoér bolgesindeki konsantrasyonunu artirarak tedavi
dozunu diisiirmeye olanak tanir ve bdylece sistemik toksisite
riskini dnemli 6lg¢tide azaltir.
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Manyetik cekirdek . 5
J Organik baglayici

g %
Koruyucu kaplama % ~4___ Tedavi edici ajan

Sekil 5. Manyetik ¢ekirdek, koruyucu kaplama ve terapotik
(tedavi edici) maddeye bagh organik baglayicilardan olusan bir
hastalik tedavi edici MNP'nin genel yapisi [24].

Agizdan (oral), damar yolundan (intravendz) veya kas
icine (intramiiskiiler) uygulanan ve terapdtik ajanin viicudun
tamamina kontrolslizce yayildigi standart yontemleri kapsayan
geleneksel ilag tasima sistemlerinin (Drug Delivery Systems:
DDS) aksine; manyetik tabanli sistemler, uzaktan kontrol
edilebilirlik, yiiksek doku penetrasyonu ve gergek zamanl
goriintiileme (teranostik) potansiyeli gibi essiz avantajlar
sunmaktadir [25]. Ozellikle derin doku tiimérlerinde ilacin hedefe
ulagmasi1 sirasinda karsilasilan kan akist direnci ve vaskiiler
bariyerler, yiiksek gradyanli manyetik alanlar iiretebilen gelismis
sistemlerin varligii zorunlu kilmaktadir [26]. Ancak, geleneksel
kalict miknatislarla olusturulan manyetik alanlarin siddeti,
kaynaktan uzaklasildikca hizla azalmaktadir. Bu fiziksel
kisitlama, cilt yilizeyine yakin lezyonlarin tedavisinde sorun
yaratmasa da, insan vicudunun derinliklerinde (deep-seated
tumors) yer alan hedef dokular Gzerinde partikiilleri tutacak
yeterli manyetik kuvvetin olusturulmasini imkansiz kilmaktadir
[27]. Damar igerisindeki yiiksek kan akis hizinin yarattig
hidrodinamik stiriikleme kuvvetine kars1 koyarak
nanopartikillerin hedef bdlgede tutunabilmesi icin gereken
manyetik alan gradyant (T/m), konvansiyonel direncli
elektromiknatislarin da kapasitesini zorlamaktadir. Bu bariyeri
asmak ve manyetik kuvvetin etki derinligini artirmak amaciyla,
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yiiksek akim yogunlugu tasima kapasitesine sahip siiperiletken
miknatis teknolojisine dayali yeni nesil MDT sistemleri
gelistirilmektedir.

Stiperiletken teknolojisinin MDT alanindaki somut bir
uygulamasi, akciger tiimorlerinin  hedeflenmesi senaryosu
tizerinden Sekil 6’da sematize edilmistir [28]. Bu
konfigiirasyonda, yliksek manyetik alan kaynagi olarak tek kristal
yapida, tam miknatislanmis Gd—Ba—Cu-O (GdBCO) kiilge (bulk)
stiperiletken miknatis tercih edilmistir. Sistemde miknatis,
hastanin viicut ylizeyi ile dogrudan temas etmeyecek sekilde,
uygun bir numune tutucu igerisinde, vakum ortaminda ve
kriyojenik sogutma altinda konumlandirilir (Sekil 6a). Hedef
bolge olan akcigerin karmasik anatomik yapisimi ve hava
yollarindaki dallanmay1 simiile etmek amaciyla, literatiirde kabul
goren Weibel Modeli kullanilmistir [29]. Sekil 6b'de gosterilen
bu model, ana bronstan baglayarak (GO), daha kiiciik
bronsiolloere (G3) kadar uzanan farkli ¢ap ve uzunluktaki
dallanma seviyelerini temsil eder. Modellemede, hastalikli timér
dokusu akcigerin derinliklerinde belirli bir bolgeye (sar1 alan)
yerlestirilmistir (Sekil 6¢). Bu calismada, siiperiletken miknatis
ile hedef doku (akciger modelinin merkez diizlemi) arasindaki
mesafe (d) 40 mm ile 130 mm arasinda degistirilerek, miknatisin
derin dokulardaki nanopartikiilleri yakalama performansi analiz
edilmistir. GdBCO siiperiletken miknatisin sagladigi giiglii
manyetik ¢ekim kuvveti, nanopartikiillerin hava akimi ve
fizyolojik engellere ragmen tiimor bolgesine odaklanmasini
saglamaktadir [28]. Bu yaklasim, kemoterapotik ajanlarin sadece
kanserli  hiicrelerde = yogunlasmasim1i  saglayarak  tedavi
verimliligini artirmakta ve saglikli dokularin maruz kaldig: toksik
etkileri minimize etmektedir.
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Merkez

cakismasi

Sekil 6. (a) Kiilce siiperiletken miknatis kullanilarak
gerceklestirilen Manyetik Ila¢ Hedefleme (MDT) isleminin, (b)
akciger anatomisini temsil eden Weibel modelinin ve (c) kiilce

siiperiletken miknatis ile modifiye edilmis Weibel modelinin
sematik gosterimi [28].

5. GELECEK PERSPEKTIFLERI VE
ZORLUKLAR

Stiperiletken teknolojisinin  tiptaki  gelecegi parlak
olmakla birlikte, cozlilmesi gereken ciddi muhendislik ve
fizyolojik problemler mevcuttur. Teknolojik yarista citayi
yiikselten en Onemli gelismelerden biri, Cin Bilimler
Akademisi'ne bagli Shenzhen ileri Teknoloji Enstitiisti (SIAT)
tarafindan yiiriitiilen ve insan kullanimi i¢in tasarlanan 14.0 Tesla
tiim viicut MRI projesidir. Mevcut klinik sinirlarin (3 T ve 7 T)
cok Otesinde olan bu ultra-ylksek manyetik alan hedefi,
molekdler diizeyde benzersiz bir ¢oziunurlik vaat etse de insan
fizyolojisi igin yeni riskleri beraberinde getirmektedir.
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Manyetik alan siddeti 7 Tesla ve tlizerine ¢iktiginda,
"manyeto-hidrodinamik™ etkiler ve Lorentz kuvvetleri nedeniyle
insan vicudunda istenmeyen duyusal yan etkiler gézlemlenmeye
baslar. Ozellikle i¢ kulaktaki (vestibiiler sistem) endolenf sivisi
icerisinde indiiklenen iyonik akimlar, beyne kisinin dondigi
sinyalini gondererek siddetli bas donmesi (vertigo), mide
bulantis1 ve nistagmus (istemsiz goz hareketleri) gibi durumlara
yol acabilmektedir [30]. Ayrica, hastalarin gézleri kapaliyken bile
151k ¢akmalar1 gordiigii "manyetofosfen" (magnetophosphenes)
etkisi ve agizda metalik tat olusumu gibi fenomenler, 14 T ve
tizeri sistemlerde hasta konforunu ve giivenligini tehdit eden ana
unsurlar olarak ©One ¢ikmaktadir. Bu nedenle, gelecegin
siiperiletken miknatis tasarimlar1 sadece daha yiiksek alan
siddetine degil, ayn1 zamanda bu fizyolojik etkileri minimize
edecek aktif perdeleme (shielding) ve hasta alistirma
protokollerine de odaklanmak zorundadir.

Ozellikle HTS miknatislarda séniim yayilma hizinin
diisilk olmasi, bobinlerin yanma riskini artirmakta ve gelismis
koruma sistemleri gerektirmektedir [31]. Gelecek vizyonunda ise,
Cooley ve arkadaslar1 tarafindan 6ngoriildigt tizere, HTS seritler
kullanilarak dretilen, hafif, helyum gerektirmeyen ve hatta
ambulanslara entegre edilebilecek tasinabilir MRI sistemleri yer
almaktadir [32].

6. SONUC

Tibbi uygulamalarda siiperiletken manyetik teknolojilerin
entegrasyonu, teshisten tedaviye uzanan yelpazede modern tibbin
yeteneklerini  kokli bir sekilde degistirmistir. Bu bolim
kapsaminda incelenen gelismeler, stiperiletkenligin sadece bir
miihendislik basarisi olmadigini, ayn1 zamanda kisisellestirilmis
tip ve onkolojik tedavilerde belirleyici bir faktor haline geldigini
gostermektedir.
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Gorlintileme  alaninda,  Raymond  Damadian’in
"Indomitable" cihazi ile baslayan seriiven, bugiin 7 Tesla ve lizeri
Ultra Yiiksek Alan (UHF) MRI sistemlerine evrilmistir.
Sinyal/Giiriiltii oranindaki (SNR) artis, ndrolojik ve metabolik
hastaliklarin molekiiler diizeyde ve erken evrede teshisine olanak
tanirken; Budinger ve arkadaslarinin isaret ettigi fizyolojik
simirlar  (vertigo, manyetofosfen etkileri), gelecek nesil
tasarimlarin sadece yiiksek manyetik alan siddetine degil, ayni
zamanda hasta konforu ve gilivenligine de odaklanmasi
gerektigini ortaya koymaktadir. Ayrica, Cooley ve ekibinin
vizyonuyla sekillenen tasinabilir ve helyumsuz sistemler, bu
teknolojinin sadece biiylik hastanelerde degil, sahada ve acil
durumlarda da erisilebilir olacaginin sinyallerini vermektedir.

Tedavi modalitelerinde ise siiperiletken miknatislar,
proton ve karbon iyonu terapisi gibi ileri radyoterapi
yontemlerinin "demokratiklegsmesi" Oniindeki en biiyiik engel
olan boyut ve maliyet sorununa ¢éziim sunmaktadir. Direngli
miknatislara kiyasla Gantry sistemlerinin agirh@ini yiizlerce
tondan 150 tonun altina diisiiren CCT ve DCT gibi yenilik¢i
stperiletken bobin geometrileri, bu devasa tesislerin daha
kompakt ve yonetilebilir hale gelmesini saglamistir. Benzer
sekilde, Manyetik Ilac Hedefleme (MDT) teknolojisinde
stiperiletkenlerin sagladig: yiiksek alan gradyanlari, kan akisinin
yarattigi hidrodinamik direnci yenerek ilacin derin doku
timorlerinde  toplanmasint  mimkiin ~ kilmakta;  bdylece
kemoterapinin sistemik yan etkileri minimize edilirken tedavi
etkinligi maksimize edilmektedir.

Niyobyum-Titanyum (NbTi) bazli gelencksel Diisiik
Sicaklik Siiperiletkenlerinden (LTS), YBCO ve MgB: gibi
Yiiksek Sicaklik Siiperiletkenlerine (HTS) dogru yasanan
malzeme devrimi; kriyojenik sogutma maliyetlerini diisiirerek ve
sistem kararliligini artirarak bu teknolojilerin stirdiiriilebilirligini
garanti altina almaktadir. Oniimiizdeki on yil iginde, siiperiletken
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miknatis teknolojilerinin, "teranostik" (teshis ve tedavinin es
zamanl yapildig1) yaklasimlarin merkezinde yer alarak insan
sagligina ve yasam kalitesine katki sunmaya artan bir ivmeyle
devam edecegi ongoriilmektedir.
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