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PerÐlhyhH paroÔsa metaptuqiak  diplwmatik  ergasÐa anafèretai sthn melèth miac magnhtik c diì-dou tou tÔpou FM/FI/NM me thn mèjodo twn peperasmènwn diafor¸n. To kÔrio qarak-thristikì miac tètoiac diìdou eÐnai to fainìmeno spinfiltering, o diaqwrismìc, lìgw thcÔparxhc magnhtikoÔ pedÐou   kai jermokrasÐac mikrìterhc thc jermokrasÐac met�bashc, twnkatast�sewn twn hlektronÐwn an�loga me thn dieÔjhnsh tou spin. H mèjodoc twn peperas-mènwn diafor¸n eÐnai mia proseggistik  mèjodoc pou epitrèpei thn montelopoÐhsh upo morf k¸dika thc diìdou kai qrhsimopoi tai gia thn melèth aut c kai thn exagwg  sumperasm�twn.To Kef�laio 1 apoteleÐ mia eÐsagwg  sthn jewrÐa thc stere�c kat�stashc thc Ôlhc. Peri-gr�fei ta dÔo epikratèstera montèla allhlepÐdrashc twn hlektronÐwn me thn Ôlh,to montèlotwn eleÔjerwn hlektronÐwn kai to montèlo tou isquroÔ desmoÔ kai k�poiec aplèc efargogècaut¸n. H mèjodoc twn peperasmènwn diafor¸n proseggÐzei to montèlo tou isquroÔ desmoÔ.To Kef�laio 2 parousi�zei analutik� to fainìmeno spinfiltering. Anafèretai sthn kÔriafusik  tou ermhneÐa,,sthn dìmh twn basik¸n ulik¸n pou emfanÐzoun to fainìmeno autì,sta parathroÔmena megèjh exaitÐac autoÔ kaj''wc kai stic enallaktikèc ermhneÐec pou toapodÐdontai. Epiplèon parousi�zei tic teqnologikèc efarmogèc pou èqoun prokÔyei   kai japrokÔyoun basizìmenec se autì.To kef�laio 3 apoteleÐ thn eisagwg  sthn mèjodo twn peperasmènwn diafor¸n me thnparousÐash thc atomik c je¸rhshc thc hlektrik c antÐstashc,en¸ to Kef�laio 4 perigr�feianalutik� thn mèjodo twn peperasmènwn diafor¸n gia apl� fusik� probl mata.To Kef�laio 5 genikeÔei thn mèjodo aut  se pio sÔnjeta fusik� probl mata,ìpwc aut� twnstere¸n kai perigr�fei ta apotelèsmata thc efarmog c thc mejìdou. Sto deÔtero mèroctou kefalaÐou autoÔ parousi�zetai h qr sh thc sun�rthshc Green ,pou eÐnai apìrroia thcmejìdou, gia thn melèth enìc pragmatikoÔ sust matoc kai ton upologismì qr simwn procmelèth posot twn.To Kef�laio 6 eÐnai h efarmog  thc mejìdou p�nw sthn sugkekrimènh dÐodo pou melet�me.Arqik� parousi�zetai o formalismìc tou fusikoÔ probl matoc,sthn sunèqeia perigr�fetai tomontèlo pou prokÔptei apo thn mèjodo kai p�nw se autì pragmatopoi tai h melèth sqetik�me tic di�forec paramètrouc. Tèloc parousi�zontai ta apotelèsmata thc melet c kai tasumper�smata pou proèkuyan apì aut n.



Abstract

The subject of this master thesis is the study of a magnetic tunnel junction,FM/FI/NM,
with the use of the finite differences method. The main characteristic of such junctions is
that they are subjected to the spin filter phenomenon,that is the splitting of the density of
states of the electrons based on their spin orientation,due to the presence of magnetic field
or under a certain temperature. The method of finite differences is a numerical method that
helps us to model the physical problem in code form so that it can be used to the study of
the junction and the extraction of conclusions.

In Chapter 1 an introduce to the theory of solid state matter is made. The basic principles
of the free electron model and the tight binding model are described. The finite differences
method is an approximation to the latter model

In Chapter 2 the spin filter phenomenon is presented. It refers to the main interpretation
of the phenomenon,to the structure of the basic materials that are used to study it and
also to the observable physical quantities due to it and the alternative interpretations of
it.Furthermore it presents the main technological applications from now to the future.

In Chapter 3 an introduction is made to the finite differences method by introducing the
atomic view of conductivity,meanwhile in Chapter 4 the method is described for simple
problems.

In Chapter 5 the method is generalized to more complex problems such as in solids and
presents the results of the use of the method. In its second part, the Green’s function method
is presented for the study of an real system and the computation of useful quantities.

In Chapter 6 the application of the method is presented on the under study junction. The
first part refers to the formalism of the problem while the second part refers to the actual
model that results from the method’s application.In the last part the results of the study
and the conclusion that are extracted from the study are presented.
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Kef�laio 1
STOIQEIA JEWRIAS
1.1 Montèlo twn eleÔjerwn hlektronÐwnTo montèlo twn eleÔjerwn hlektronÐwn (free electron approximation) apoteleÐ mÐa prosèg-gish gia thn katanìhsh twn fusik¸n idiot twn twn met�llwn kai ìqi mìno. H prosèggishaut  anaptÔqjhke prin thn anak�luyh thc Kbantik c Mhqanik c me sunèpeia ta hlektrìniaagwgimìthtac na jewroÔntai eleÔjera swmatÐdia pou upakoÔn stouc nìmouc thc Klasik cMhqanik c, tou HlektromagnhtismoÔ kai thc Klasik c Statistik c Boltzmann. SÔmfw-na me to montèlo autì ta hlektrìnia mèsa se èna mètallo jewroÔntai ìti eÐnai teleÐwceleÔjera na kinhjoÔn upì thn epÐdrash tou pedÐou pou dhmiourgeÐ to periodikì plègma twniìntwn tou met�llou q¸ric na sked�zontai apo touc pur nec twn iìntwn, alla kai tou pedÐoupou dhmiourgeÐtai apì ta upìloipa hlektrìnia agwgimìthtac jewr¸ntac amelhtèec tic opìiecsked�seic sumbaÐnoun metaxÔ twn hlektronÐwn. H dunamik  enèrgeia twn hlektronÐwn japrèpei na eÐnai periodik  an�loga me thn periìdo tou plègmatoc ìmwc me thn parap�nw prosèg-gish to periodikì dunamikì mèsa sta mètalla antikajÐstantai apì èna stajerì dunamikì Ðso meto mhdèn. Epomènwc ta hlektrìnia agwgimìthtac eÐnai dunatìn na jewrhjoÔn ìti apoteloÔnèna aèrio eleujer¸n hlektronÐwn (free electron Fermi gas)pou brÐsketai periorismèno mèsase èna kouti me tic diast�seic tou upo melèth deÐgmatoc. Ta swm�tia sto aèrio autì ki-noÔntai se èna plaÐsio pou eÐnai jetik� fortismèno kai sugkrateÐ to aèrio twn swmatidÐwnexasfalÐzontac thn oudeterìthta tou deigm�toc. To jetikì plaÐsio proèrqetai apo ta jetik�iìnta pou jewroÔntai omoiìmorfa katanemhmèna me apotèlesma h dÔnamh pou askeÐtai se k�jehlektrìnio apo to plaÐsio na eÐnai mhdèn.1.1.1 Energeiak� epÐpeda se mÐa di�stashAc jewr soume èna aèrio eleÔjerwn hlektronÐwn se mÐa di�stash, lamb�nontac upìyh thnkb�ntikh jewrÐa kai thn apagoreutik  arqh tou Pauli. 'Ena hlektrìnio m�zac m brÐsketaiperiorismèno se èna m koc L apì fr�gmata apèirou Ôyouc.4



H kumatosun�rthsh ψn(x) tou hlektronÐou eÐnai mia lÔsh thc exÐswshc Schrödinger me thnpro "upìjesh ìti h dunamik  enèrgeia eÐnai mhdèn,
Hψn = −

~
2

2m

d2ψn
dx2

= Enψn (1.1)ìpou p = −i~d/dx eÐnai o telest c thc orm c, H = p2/2m o qamiltonianìc telest c kai
En eÐnai h enèrgeia tou hlektronÐou sto troqiakì. O ìroc troqiakì upìdhl¸nei mia lÔsh thckumatik c exÐswshc gia èna sÔsthma me èna mìno hlektrìnio, epitrèpontac ton diaqwrismìmetaxÔ miac akriboÔc kbantik c kat�stashc enìc sust matoc N hlektronÐwn kai miac pros-eggistik c kbantik c kat�stashc pou kataskeu�zoume me thn topojèthsh N hlèktroniwn seN diaforetik� troqi�ka. To montèlo twn troqiak¸n eÐnai akribèc mìno ìtan den up�rqounallhlepidr�seic metaxu twn hlektronÐwn.Oi sunoriakèc sunj kec ìpwc epib�llontai apo ta �peirhc dunamik c enèrgeiac fr�gmataeÐnai ψn(0) = 0 , ψn(L) = 0 . Autèc ikanopoioÔntai apì mia kumatosun�rthsh hmitonoeidoÔcmorf c me ènan akèraio arijmì n mis¸n m k¸n kÔmatoc metaxÔ 0 kai L :

ψn = Asin(
2π

λn
x),

1

2
nλn = L (1.2)ìpou A eÐnai mia stajèra kanonikopoÐhshc. Antikajist¸ntac thn morf  thc lÔshc sthnexÐswsh Schrödinger brÐskoume gia thn tim  thc enèrgeiac En

En =
~
2

2m
(
nπ

L
)2 (1.3)

Sq ma 1.1: energeiak� epÐpeda kai morfh kunatosun�rthshcSÔmfwna me thn apagoreutik  arq  tou Pauli duì hlektrìnia den mpìroun na èqoun ÐdiouckbantikoÔc arijmoÔc.Se èna sterèo oi kbantikoÐ arijmoÐ twn hlektroniak¸n troqiak¸n ag-wgimìthtac eÐnai n kai ms , ìpou n eÐnai ènac jetikìc akèraioc kai o magnhtikìc kbantikìc5



arijmìc ms = ±1
2
sÔmfwna me thn dieÔjhnsh tou spin. 'Ena zeÔgoc troqiak¸n qarakthrizì-meno apo ton kbantikì arijmì n mporeÐ na èqei mèqri dÔo hlektrìnia, ena me spin p�nw ↑ kaièna me spin k�tw ↓. Perissìtera �po èna troqiak� eÐnai dunatìn na èqoun thn Ðdia enèrgeiakai o arijmìc ìswn troqiak¸n èqoun aut n thn idiìthta lègetai bajmìc ekfulismoÔ.Ac orÐsoume nF wc to pio uyhlì apì ta pl rwc sumplhr¸mena enèrgeiaka epÐpeda, me thnpro "upìjesh ìti h sumpl rwsh èqei xekin sei �po ta qamhlìtera epÐpeda (n = 1) kai suneqÐze-tai me thn sumpl rwsh me hlektrìnia twn uyhlotèrwn epipèdwn mèqri thn stigm  pou jaèqoun topojethjeÐ ìla ta N hlektrìnia. H sunj kh 2nF = N kajorÐzei to nF , thn tim tou kbantikoÔ arijmoÔ n gia to uyhlìtero sumplhrwmèno epÐpedo.H enèrgeia Fermi EF orÐzetai wc h enèrgeia tou pio uyhloÔ sumplhrwmènou epipèdou sthnbasik  kat�stash (ground state ) tou sust matoc twn N hlektronÐwn kai se mia di�stasheÐnai Ðsh me

EF =
~
2

2m
(
nFπ

L
)2 =

~
2

2m
(
Nπ

2L
)2 (1.4)

1.1.2 Energeiak� epÐpeda se treic diast�seicH exÐswsh Schrödinger gia èna eleÔjero swmatÐdio se treic diast�seic eÐnai
~
2

2m
(
∂

∂x2
+

∂

∂y2
+

∂

∂z2
)ψ(~r) = −

~
2

2m
∇2ψ(~r) = Eψ(~r) (1.5)O periorismìc tou hlektronÐou apì thn èlxh twn iìntwn se ènan ìgko V ekfr�zetai apo ticsunoriakèc sunj kec stic opoÐec upakoÔei h parap�nw exÐswsh. H epilìgh twn sunoriak¸nsunjhk¸n exart�tai apo thn fÔsh kai thn perioq  endiafèrontoc tou upo melèth probl ma-toc. H aploÔsterh perÐptwsh eÐnai na jewr soume oti to hlektrìnio brÐsketai periorismènose èna orjog¸nio koÔti diast�sewn L kai ìgkou V = L3. Se antistoiqÐa me thn perÐptwshtou monodi�statou probl matoc, mporoÔme na upojèsoume ìti k�je èdra tou kÔbou en¸netaime thn antÐjeth �po auth èdra me trìpo tètoio, ¸ste an èna hlektrìnio brèjei sthn epif�neiamiac èdrac na mhn anakl�tai pÐsw, all� na af nei to metallo kai tautìqrona na epaneisèrqetaise auto �po thn antÐjeth pleur�. H analutik  èkfrash twn sunoriak¸n autwn sunjhk¸n eÐnai

ψ(x, y, z + L) = ψ(x, y, z)

ψ(x, y + L, z) = ψ(x, y, z)

ψ(x+ L, y, z) = ψ(x, y, z)

(1.6)Oi sunoriakèc sunj kec pou ekfr�zontai me thn parap�nw exÐswsh eÐnai gnwstèc wc suno-riakèc sunj kec Born-van Karman   periodikèc. H kumatosun�rthsh pou ikanopoieÐ thnexÐswsh Schrödinger kai tic sunoriakèc sunj kec èqei thn morf 
ψk(r) = exp(ıkr) (1.7)6



Oi sunoriakèc sunj kec epib�lloun diakritèc timèc tou k ,pou eÐnai kai oi kbantikoÐ ari-jmoÐ tou probl matoc mazÐ me ton kbantikì arijmì ms gia thn dieÔjhnsh tou spin, afoÔikanopoioÔntai mìno an
eıkxL = eıkyL = eıkzL = 1 (1.8)IsqÔei ez = 1 an kai mìno an z = 2πn ìpou n akèraioc, epomènwc oi sunist¸sec tou dianÔs-matoc kÔmatoc prèpei na eÐnai thc morf c

kx =
2πnx
L

, ky =
2πny
L

, kz =
2πnz
L

, ìpou nx,ny,nz akèraioi (1.9)H enèrgeia ènoc troqiakoÔ me kumat�nusma k eÐnai
Ek =

~
2

2m
k2 =

~
2

2m
(k2x + k2y + k2z) (1.10)To mègejoc tou kumatanÔsmatoc sqetÐzetai me to m koc kÔmatoc apo thn sqèsh Be Broglie

k = 2π/λ . H shmasia tou kumatanusm�toc k gÐnetai faner  an jumhjoÔme ìti h kumato-sun�rthsh ψk(r) eÐnai idiokat�stash tou telest  thc orm c
p =

~

ı

∂

∂r
=

~

ı
∇ (1.11)me idiotim  r = ~k afoÔ

~

ı

∂

∂r
eıkr = ~keıkr (1.12)Apì thn stigm  pou èna swmatÐdio se mia idiokat�stash enìc telest  èqei sugkekrimènh tim tou antÐstoiqou parathroÔmenou megèjouc,thn idiotim , èna hlektrìnio me kumatosun�rthsh

ψk(r) èqei peperasmènh orm  an�logh tou k

p = ~k (1.13)kai taqÔthta v = mp

v =
~k

m
(1.14)Epomènwc eÐnai dunatìn na grafteÐ sthn gnwst  klassik  morf 

E =
p2

2m
=

1

2
mv2 (1.15)Ta kathllhmèna troqiak� thc jemelei¸douc kat�stashc enìc sust matocN eleÔjerwn hlek-tronÐwn mporoÔn na anaparastajoÔn wc shmeÐa mèsa se mia sfaÐra ston q¸ro k . H enèrgeiasthn epif�neia ths sfaÐrac eÐnai h enèrgeia Fermi , ta kumatanÔsmata sthn epif�neia Fermièqoun mètro kF tètoio ¸ste

EF =
~
2

2m
k2F (1.16)7



Apì thn exÐswsh (1.9) parathroÔme oti sto stoiqeÐo ìgkou 2π/L tou q¸rou k antistoiqeÐmÐa diakrit  triplèta kbantik¸n arijm¸n kx, ky, kz. Epomènwc se mÐa sfaÐra ìgkou 4πk3F/3 osunolikìc arijmìc twn troqiak¸n eÐnai
2
4πk3F/3

(2π/L)3
=

V

3π2
k3F = N (1.17)ìpou o par�gontac 2 proèrqetai apo tic dÔo epitreptèc timèc tou kbantikìu arijmoÔ ms giak�je epitrepìmenh timh tou k. Tìte

kF = (
3π2N

V
)1/3 (1.18)pou exart�tai mìno apo thn sugkèntrwsh twn swmatidÐwn. Antikajist¸ntac sthn sqèsh(1.10)èqoume

EF =
~
2

2m
(
3π2N

V
)1/3 (1.19)en¸ gia thn taqÔthta vF sthn epifaneia Fermi èqoume

vF = (
~kF
m

) = (
~

m
)(
3π2N

V
)1/3 (1.20)se sqèsh me thn sugkèntrwsh hlektronÐwn N/V .

Sq ma 1.2: SfaÐra Fermi sto q¸ro k
8



Me b�sh ta prohgoÔmena orÐzetai h puknìthta twn katast�sewn (density of states ) wco arijmìc twn troqiak¸n ana mon�da enèrgeiac D(E). O sunolikìc arijmìc troqiak¸n meenèrgeia ≤ E eÐnai
N =

V

3π2
(
2mE

~2
)3/2 (1.21)ètsi ¸ste h puknìthta twn katast�sewn na eÐnai

D(E) =
dN

dE
=

V

2π2
(
2mE

~2
)3/2E1/2 (1.22)H teleutaÐa sqèsh aplopoieÐtai jewrìntac lnN = 3

2
lnE+stajer� , kai dN

N
= 3

2
dE
E

epomènwc
D(E) ≡

dN

dE
=

3N

2E
(1.23)

1.2 MONTELO ISQUROU DESMOUSthn prohgoÔmenh enìthta ta energeiak� epÐpeda se èna mètallo upologÐsthkan jewrìntacèna aèrio sqedìn eleÔjerwn hlektronÐwn agwgimìthtac me asjen    mhdenik  allhlepÐdrashapì to periodikì dunamikì twn iìntwn. Se aut n thn enìthta ja parousiasteÐ o Ðdioc upolo-gismìc jewrìntac to stereì( mètallo   hmiagwgìc) san mia sullog  asjen¸c allhlepidr¸n-twn oudetèrwn atìmwn.Ac jewr soume èna krustallikì plègma atìmwn enìc stereoÔ me 1s,2s,2p,3s atomik� troqi-ak� kai me plegmatik  stajer� thc t�xhc megèjouc ekatost¸n (cm ) antÐ gia angstoms (Å).'Ola ta hlektrìnia ja brÐskontai se atomik� troqiak� entopismèna se plegmatik� shmeÐa.Surikn¸nontac to teqnhtì autì plègma se diast�seic parapl siec miac pragmatik c pleg-matik c stajer�c enìc met�llou eÐnai anagkaÐoc o epanaprosdioorismìc twn energeiak¸nepipèdwn tou arqik� apomonwmènou sust matoc. H epik�luyh twn 1s kumatosunart sewnmetaxÔ dÔo shmeÐwn tou plègmatoc eÐnai amelhtèa en¸ antistoÐqwc mikr  mporeÐ na jewrhjeÐkai h epik�luyh twn 2s kai 2p troqiak¸n. 'Omwc gia ta troqiak� 3s eÐnai ousi¸dhc kai heikìna touc prèpei na proseggisteÐ me mia diaforetik  mèjodo.H prosèggish isquroÔ desmoÔ (tight-binding approximation )   mèjodoc LCAO ( Linear
Combination of Atomic Orbitals) anafèretai sthn perÐptwsh pou h epik�luyh twn atomik¸ntroqiakwn eÐnai arket� isqur  ¸ste na apaitoÔntai diorj¸seic sthn eikìna twn apomonwmènwnatìmwn qwrÐc ìmwc na katastrèfei thn atomik  perigraf  tou sust matoc. H prosèggishaut  gÐnetai polÔ qr simh gia thn perigr�fh energeiak¸n zwn¸n pou proèrqontai apì h-misumplhrwmèna d− troqiak� kai gia thn perigraf  thc hlektroniak c dom c twn monwt¸n.Epiplèon leitourgeÐ kai san sumpl rwma tou montèlou twn eleÔjerwn hlektronÐwn epitrèpon-tac mia sumfilÐwsh metaxÔ thc eikìnac twn entopismènwn atomik¸n troqiak¸n apo thn mÐakai aut c twn epÐpedwn kum�twn twn eleuèrwn hlektronÐwn.9



1.2.1 Genikìc formalismìcAc upojèsoume ìti kaj¸c plhsi�zoun ta plegmatik� shmeÐa metaxÔ touc h qamiltonian  Hìlou tou periodikoÔ krust�llou mporeÐ na proseggisteÐ apo thn qamiltonian  Hat enìc mìnoatìmou topojethmènou se èna plegmatikì shmeÐo. Epiplèon ac upojèsoume ta dèsmia epÐpedathc Hat eÐnai kal¸c entopismèna, ean dhlad  h ψn eÐnai èna dèsmio epÐpedo thc Hat ènocatìmou sto plègma kai �ra ikanopoieÐ
Hatψn = Enψn (1.24)ja prèpei h ψn(r) na eÐnai polÔ mikr  ìtan to r uperbaÐnei mia apìstash thc t�xhc thcplegmatik c stajer�c.Sthn perÐptwsh pou h qamiltonian  tou krust�llou arqÐzei na diaforopoi tai apo thn Hatmìno gia apost�seic apo r=0 pou xepernoÔn to eÔroc thc ψn(r) , h kumatosun�rthsh ψn(r)eÐnai mia exairetik  prosèggish miac kat�stashc st�simou kÔmatoc thc krustallikhc qamil-tonian c, me idiotim  En. To idio ja isqÔei kai gia tic kumatosunart seic ψn(r-R) gia ìlata R se èna plègma Bravais ,afoÔ h qamiltonian  èqei thn periodikìthta tou plègmatoc.O upologismìc twn diorj¸sewn se aut n thn perÐptwsh gÐnetai gr�fontac thn qamiltonian 

H = Hat +∆U(r) (1.25)ìpou ∆U(r) perièqei ìlec tic diorj¸seic twn atomiklwn dunamik¸n pou apaitoÔntai gia napar�xoun to pl rec periodikì dunamikì tou krust�llou. E�n h ψn(r) ikanopoieÐ thn exÐswsh(1.24) tìte ja ikanopoieÐ kai thn exÐswsh (1.25), me thn pro "upìjesh ìti h ∆U(r) exafanÐze-tai ìpou den up�rqei h ψn(r) . Se aut n thn perÐptwsh k�je atìmikì troqiakì ψn(r) jasuneÐsfere N epÐpeda sto periodikì dunamikì, me kumatosunart seic ψn(r-R) gia k�je ènaapo ta N shmeÐa R sto plègma. Epomènwc prèpei na brejoÔn N grammikoÐ sunduasmoÐ twnparap�nw kumatosunart sewn pou na ikanopoioÔn thn exÐswsh Bloch

ψ(r-R) = eıkRψ(r) (1.26)Oi N grammikoÐ sunduasmoÐ pou apaitoÔntai eÐnai
ψnk(r) =

∑

R

eıkRψn(r-R) (1.27)ìpou to k kumaÐnetai stic N tÐmec thc pr¸thc z¸nhc Brillouin pou ikanopoieÐ tic periodikècsunoriakèc sunj kec Born− vonKarman . H exÐswsh (1.26) ikanopoi tai afoÔ
ψ(r+R) =

∑

R

eıkR’ψn(r+R-R’)

= eıkR[
∑

R

eıkR’-Rψn(r-(R’-R))]

= eıkR[
∑

R

eıkR̄ψn(r-(R̄))]

= eıkRψ(r)

(1.28)
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'Ara oi kumatosunart seic thc morf c (1.27) ikanopoioÔn thn sunj kh Bloch en¸ exakolou-joÔn na deÐqnoÔn ton atomikì qarakt ra twn epipèdwn. Oi energeiakèc z¸nec ìmwc pouex�gontai me autìn ton trìpo den emperièqoun dom  sqetik  me thn tim  tou k , an En(k) eÐ-nai h enèrgeia tou atomikoÔ epipèdou tìte En(k) = En . Gia thn apofug  aut c thc atèleiacprèpei na jewr soume mia pio realistik  prosèggish , ìti h ψn(r gÐnetai mikr  all� ìqiakrib¸c mhdèn, prin to ∆U(r)gÐnei upologÐsimo. H paradoq  aut  upodeiknÔei ìti h lÔsh thcpl rouc krustallik c exÐswshc Schrödinger prèpei na èqei thn genik  morf 
ψ(r) =

∑

R

eıkRφ(r-R) (1.29)all� me thn sun�rthsh φ(r) ìqi aparaÐthta mia atomik  kat�stash st�simou kÔmatoc, all�mia kat�stash pou ja kajoristeÐ me peraitlerw upologismoÔc. E�n to ginìmeno ∆U(r)ψ(r)eÐnai ìqi mhdèn all� exairetik� mikrì, tìte mporoÔme na upojèsoume oti h sun�rthsh φ(r) naeÐnai polÔ kont� sthn atomik  kumatosun�rthsh ψ(r)   se kumatosun�rthseic me tic opoÐech ψ(r) eÐnai ekfulismènh. H sun�rthsh loipìn φ(r) 'mporeÐ na grafeÐ wc ènac grammikìcsunduasmìc enìc sqetik� mikroÔ arijmoÔ entopismènwn atomik¸n kumatosunart sewn
φ(r) =

∑

n

bnψn(r) (1.30)Ean pollaplasi�soume thn krustallik  exÐswsh Schrödinger

Hψ(r) = (Hat +∆U(r))ψ(r) = E(k)ψ(r) (1.31)me thn kumatosun�rthsh ψm∗(r) kai oloklhr¸soume gia ìla ta r qrhsimopoi¸ntac to gegonìcìti
∫

ψ∗
m(r)Hatψ(r)dr =

∫

(Hatψm(r))
∗ψ(r)dr = Em

∫

ψ∗
m(r)ψ(r)dr (1.32)brÐskoume ìti

(E(k)− Em)

∫

ψ∗
m(r)ψ(r)dr =

∫

ψ∗
m(r)∆U(r))ψ(r)dr (1.33)Antikajist¸ntac tic (1.29),(1.30) sthn teleutaÐa sqèsh kai qrhsimopoi¸ntac thn sqèsh or-jokanonikìthtac

∫

ψ∗
m(r)ψn(r)dr = δnm (1.34)katal goume sthn exÐswsh twn idiotim¸n pou kajorÐzei touc suntelestec bn(k) kai ticenèrgeiec Bloch E(k) :
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(E(k)− Em)bm = −(E(k)− Em)
∑

n

(
∑

R6=0

∫

ψ∗
m(r)ψ(r-R)eıkRdr)bn

+
∑

n

(

∫

ψ∗
m(r)∆U(r))ψn(r)dr)bn

+
∑

n

(
∑

R6=0

∫

ψ∗
m(r)∆U(r))ψn(r-R)eıkRdr)bn

(1.35)
O pr¸toc ìroc tou dexioÔ mèlouc thc exÐswshc idiotim¸n perièqei ìrouc thc morf c

∫

ψ∗
m(r)ψ(r-R)dr (1.36)Me b�sh thn arqik  upìjesh twn kal¸c entopismènwn atomik¸n epipèdwn o ìroc autoc eÐnaimikroc se sqèsh me thn mon�da. Epiprosjètwc kai o tritìc ìroc tou ajroÐsmatoc eÐnai antÐs-toiqa mikrìc afoÔ perièzei ginìmena dÔo atomik¸n sunart sewn topojethmènec se diaforetik�shmeÐa. Tèloc upojètoume ìti kai o deÔteroc ìroc eÐnai mikrìc epeÐdh perimènoume oi kumato-sunart seic na gÐnontai mikrèc se apostaseÐc arkèta meg�lec gia to periodiko dunamikì naapoklÐnei shmantik� apo to atomikì dunamikì. Sunep¸c olìklhro to dexÐo meloc thc sqèshc(1.36) kai epomènwc kai to aristerì (E(k) − Em)bm eÐnai p�nta mikr�. Autì eÐnai pijanììtan h diafor� E(k) − Em) eÐnai mikr  kai o ìroc bm den eÐnai kai to antÐstrofo. Gi�utìnton lìgo h enèrgeia E(k) prèpei na eÐnai parapl sia thc enèrgeiac enìc atomikoÔ epipèdou,ac upojèsoume Eo , kai ìloi oi suntelestèc bm , ektìc apo autoÔc pou anafèrontai stosugkekrimèno troqiakì kai se troqiak� ekfulismèna wc proc thn enèrgeia me autì, na eÐnaimikroÐ :

E(k) ≈ Eo, bm ≈ 0, ektìc anEm ≈ Eo (1.37)Me autìn ton trìpo mporoÔn na prosdioristoÔn ta energeiak� epÐpeda se èna krÔstallo memegalÔterh akrÐbeia, qrhsimopoi¸ntac thn (1.37) gia ton upologismì tou dexioÔ mèlouc thc(1.35) ajroÐzwntac mìno gia ekeÐna ta epÐpeda me enèrgeiec ekfulÐsmenec   parapl siec methn Eo. Ean to atomikì epÐpedo 0 ,èna epÐpedo s eÐnai mh ekfulismèno, tìte me aut n thnprosèggish h exÐswsh (1.35) katal gei se mÐa monadik  exÐswsh dÐnontac mia saf  èkfrashgia thn z¸nh pou dhmiourgeÐtai apo autì to epÐpedo(anaferìmenh kai wc s-band ).E�n endi-aferìmaste gia z¸nec pou dhmiourgoÔntai apo ena troqiako tÔpou p, to opoÐo eÐnai tripl�ekfulismèno, h exÐswsh idiotim¸n dÐnei ena set tri¸n omogen¸n exis¸sewn, oi idiotimèc twnopoÐwn kajorÐzoun thn morf  thc enèrgeiac E(k) gia tic treic z¸nec p kai oi suntelestèc
b(k) dÐnoun ton kat�llhlo grammikì sunduasmì twn troqiak¸n p sqhmatÐzontac me autìn tontrìpo tic sunart seic φ gia tic di�forec timèc tou k sthn z¸nh Brillouin .
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1.2.2 Efarmogh gia èna atomikì troqiakì tupou sAc exet�soume thn perÐptwsh enìc atomikou s troqiakoÔ. Sthn perÐptwsh aut  ìloi oi up-ìloipoi suntelestec bm ja eÐnai mhdèn ektìc apì autìn pou antistoiqeÐ sto sugkekrimènotroqiakì. Apì thn exÐswsh (1.35) prokÔptei ìti h energeiak  dìmh thc s z¸nhc dÐnetai apothn sqèsh
E(k) = Es −

β −
∑
γ(R)eıkR

1 +
∑
α(R)eıkR

(1.38)ìpou Es eÐnai h enèrgeia tou atomikoÔ troqiakou s, kai
β = −

∫

dr∆U(r)‖φ(r)‖2 (1.39)
α(R) =

∫

drφ∗(r)φ(r-R) (1.40)
γ(R) = −

∫

drφ∗(r)∆U(r)φ(r-R) (1.41)Oi suntelestèc autoÐ mporoÔn na p�roun pio aplopoihmènh morf  an lhfjoun upìyhn sug-kekrimènec summetrÐec. H kumatosun�rthsh φ eÐnai en� s troqiakì, �ra h φ(r) eÐnai pragmatik kai exart�tai mìno apo to mègejoc r . Apì autì sunep�getai ìti α(R) = α(-R).Autì mazÐme thn summetrÐa antistrof c tou plègmatoc Bravais, pou epib�llei ∆U(-r) = ∆U(r) sun-teloÔn sto gegonìc ìti γ(-R) = γ(R).Epiplèon an agno soume touc ìrouc pou perièqounto α ston paronomast , epeid  h suneisfor� touc stic diorj¸seic tou arijmht  eÐnai amel-htèec, kai deqjoÔme ìti mìno oi plhsièsteroi geÐtonec parousi�zoun shmantik  epik�luyhtwn troqiak¸n, h sqèsh diaspor�c mporei na grafteÐ
E(k) = Es − β −

∑

n,n

γ(R) cos(k · R) (1.42)me to �jroisma na perilamb�nei ekeÐna ta R sto plègma Bravais pou sundèoun to sug-kekrimèno shmeio me tou kontinìterouc geÐtonec tou.Ac jewr soume èna edrokentrwmèno kubikì krÔstallo(fcc). Oi 12 'plhsièsteroi geÐtonecbrÐskontai sto plegmatikì shmeÐo me dianÔsmata jèshc Rwc proc mia arq 
R =

a

2
(±1,±1, 0),

a

2
(±1, 0,±1),

a

2
(0,±1,±1) (1.43)E�n k = (kx, ky, kz) oi antÐstoiqec timèc tou ginomènou k · R eÐnai

k · R =
a

2
(±ki, kj), i, j = x, y; y, z; z, x. (1.44)Se aut n thn perÐptwsh to ∆U(r) = ∆(x, y, z) èqei thn pl rh summetrÐa tou krust�lloukai gia autìn ton lìgo den ephrre�zetai apì tic metajèseic kai tic allagèc pros mou twnorism�twn tou. Prosjètwntac to gegonìc ìti gia èna s troqiakì h kumatosun�rthsh φ(r)exart�tai mìno apo thn tim  tou megejouc r katal goume pwc o ìroc γ(R) eÐnai o Ðdioc kaigia touc 12 geÐtonec kai ta antÐstoiqa dianÔsmata jeshc.13



Sq ma 1.3: Oi 12 plhsièsteroi geÐtonec se ènan fcc krÔstallo'Ara h sqèsh diaspor�c mporeÐ na grafteÐ
E(k) = Es − β − 4γ(cos

1

2
kxa cos

1

2
kya+ cos

1

2
kya cos

1

2
kza + cos

1

2
kza cos

1

2
kxa) (1.45)ìpou

γ = −

∫

drφ∗(x, y, z)∆U(x, y, z)φ(x−
1

2
a, y −

1

2
a, z) (1.46)H parap�nw sqèsh proèkuye apo thn je¸rhsh enìc mìnou troqiakìu gia k�je �tomo, en¸o arijmìc twn troqiak¸n ana z¸nh pou antistoiqeÐ se èna mh ekfulismèno atomiko epÐpedoeÐnai 2N gia N �toma. Oi antÐstoiqec sqèseic diaspor�c gia to qwrokentromèno(bcc) kubikìplegma me 8 kontinìterouc geÐtonec kai gia to aplì kubikì plègma(sc) me 4 kontinìteroucgeÐtonec eÐnai

E(k) = Es − β − 8γ cos
1

2
kxa cos

1

2
kya cos

1

2
kza, (bcc) (1.47)

E(k) = Es − β − 2γ(cos
1

2
kxa+ cos

1

2
kya + cos

1

2
kza), (sc) (1.48)Oi exis¸seic (1.46-48) apokalÔptoun ta qarakthristik� gnwrÐsmata thc prosèggishc isquroÔdesmoÔ(TB) : to eÔroc z¸nhc, to pl�toc metaxÔ thc mègisthc kai thc el�qisthc enèrgeiacsthn z¸nh, eÐnai an�logo to oloklhr¸matoc epik�luyhc γ. Gi�utìn ton lìgo oi TB z¸neceÐnai stenèc kai ìso mikrìterh eÐnai h epik�luyh toso pio sten  eÐnai h z¸nh. Sto ìrio pouexafanÐzetai aut  exafanÐzetai kai to eÔroc z¸nhc kai h z¸nh gÐnetai N forèc ekfulismènh,antistoiq¸ntac sthn akraÐa perÐptwsh ìpou to hlektrìnio apla katoikèi se opoiìdhpote apota N apomwnomèna �toma. H ex�rthsh tou eÔrouc z¸nhc apì to olokl rwma epik�luyhcfaÐnetai sto sq ma 1.4
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Sq ma 1.4: a) mh ekfulismèna energeiak� epÐpeda se atomikì krustallikì dunamikì b)ekfulismèna energeiak� epÐpeda se periodikì krustallikì dunamikì
1.2.3 Genik� qarakthristik� thc prosèggishc isquroÔ desmoÔ1.An�loga to atomikì epÐpedo gia to opoÐo efarmìzetai h proseggistik  aut  mèjodocprokÔptei kai twn antistoÐqwn diast�sewn monadik c lÔshc prìblhma. Gia ta p troqiak�prokÔptei ena 3× 3 prìblhma en¸ gia ta d troqiak� èna 5× 5 prìblhma2. To pio genikì qarakthristikì thc mejìdou eÐnai h sqèsh metaxÔ tou eÔroc z¸nhc kai twnoloklhrwm�twn epik�luyhc

γi,j(R) = −

∫

drφ∗
i (r)∆U(r)φj(r-R) (1.49)An oi suntelestèc γi,j eÐnai mikroÐ tìte einai stenì kai to eÔroc z¸nhc. Epomènwc se ènastereì oi z¸nec qamhlìterhc enèrgeiac eÐnai polÔ stenec en¸ dieurÔnontai me thn aÔxhshthce enèrgeiac se shmeÐo pou sta mètalla oi uyhlìterec z¸nec na èqoun eÔroc thc t�xhc thcatomik c stajer�c me sunèpeia thn mh axiopistÐa thc mejìdou gia autèc.3.Oi kumatosunart seic pou prokÔptoun me thn efarmog  thc mejìdou an kai kataskeu�zon-tai apì entopismèna atomik� troqiak� φ, ex�itÐac tou par�gonta f�shc eıkR ta hlektrìniaèqoun Ðsh pijanìthta na brejoun se k�je shmeÐo-kelÐ tou krust�llou. Kaj¸c to er metab�l-letai apo kelÐ se kelÐ, mia hmitonoeÐdhc metabol  epib�lletai sta pl�th Reψ kai Imψ thckumatosun�rthshc.4.H mèsh taqÔthta enìc hlektronÐou se èna epÐpedo Bloch me kumat�nusma kkai enèrgeia

E(keÐnai v(k) = (1/~)∂E/∂k. An h enèrgeia eÐnai anex�rthth tou ko ìroc ∂E/∂keÐnai mhdènkai ta hlektrìnia brÐskontai sundedemèna sta xeqwrist� �toma. E�n up�rqei mh mhdenikìolokl rwma epik�luyhc tìte h E(kden ja eÐnai stajèrh se ìlh thn z¸nh. MÐa mikr  metabol ths enèrgeiac sunep�getai mh mhdenik  tim  tou par�gonta ∂E/∂k�ra kai mh mhdenik  mèshtaqÔthta. Elatt¸nontac to olk rwma mei¸netai h taqÔthta all� den exafanÐzetai h kÐnhshtwn hlektronÐwn sto plègma. 15



Sq ma 1.5: Qwrik  diakÔmansh tou pragmatikoÔ(  tou fantastikoÔ) mèrouc mia kumato-sun�rthshc thc mejìdou isquroÔ desmou5. Gia mÐa pio oloklhrwmènh prosèggish ja prèpei na lamb�netai upìyhn kai h sÔzeuxhspin-troqÐac. Autì epitunq�netai me ton sunupologismì ston ìro ∆U(r) thn allhlepÐdrashmetaxÔ tou spin tou hlektronÐou kai tou hlektrikoÔ pedÐou ìlwn twn iìntwn ektìc autoÔ pouarqik� an ke to hlektrìnio,enswmat¸nontac thn me autìn ton trìpo sthn atomik  qamiltoni-an . Me aut n thn je¸rhsh h prosèggish enìc s troqiakìu qrei�zetai plèon en�n grammikìsunduasmì duì epipèdwn me thn Ðdia troqiak  kumatosun�rthsh kai duì diaforetikèc timècspin. H prosèggish gia ena d troqiakì metatrèpetai apo ena 5× 5 se ena 10× 10 prìblhmaprosdiorismoÔ [1, 2].
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Kef�laio 2
Fainìmeno Spin Filter

2.1 Eisagwg To fainìmeno s raggac (tunneling)parìlo pou eÐnai apì ta pio pali� kbantomhqanik� fainì-mena, suneqÐzei kai apoteleÐ to epÐkentro ploÔsiac èreunac. H melèth thc uperagwgimìth-tac apotèlese thn aparq  thc sugkèntrwshc tou endiafèrontoc tou episthmonikoÔ kosmoup�nw sto fainìmeno s raggac. H jewrÐa thc uperagwgimìthtac (BCS), perigr�fei toucuperag¸gimouc foreÐc reÔmatoc wc zeÔgh hlektronÐwn, qarakthrizìmena apo katastaseÐc meantÐjetec ormèc kai antÐjeta spin (+k ↑,−k ↓)[3, 4, 5]. 'Ena axiwshmeÐwto peÐrama  tan hparat rhsh tou diaqwrismoÔ twn katast�sewn twn spin (spinsplitting) se hmiswmatidiakèckatast�seic upì thn epÐdrash magnhtikoÔ pedÐou, gia mia dom  s raggac (tunneljunction)
Al/Al2O3/Ag ìpwc faÐnetai sto Sq.2.1 .O diaqwrismìc twn spin thc puknìthtac twn uparag¸gimwn katast�sewn tou Al  tan hpr¸th katagraf  tou fainomènou dièleushc polwmènwn spin lìgw fainomènou s raggac.To uperag¸gimo ulikì Al leitourgeÐ san aniqneut c gia ta hlektrìnia s raggac apì tosidhromagnhtikì hlektrìdio (FM ) sthn dom  Al/Al2O3/FM . H diat rhsh tou spin touhlektronÐou se mia diadikasÐa dièleushc s raggac eÐnai shmantik  gia thn parat rhsh thcpìlwshc spin P h opoÐa orÐzetai[6, 7, 8]

P =
[N↑(EF )−N↓(EF )]

[N↑(EF ) +N↓(EF ]
(2.1)ìpou N↑(EF ) kai N↓(EF ) eÐnai o arijmìc thc pleioyhfÐac kai thc meioyhfÐac antÐstoiqa giata spin twn hlektronÐwn sto reÔma s raggac konta sthn enèrgeia EF .Sto sq ma 2.1 faÐnontai to energeiakì q�sma thc uperagwgimìthtac tou Al , o diaqwris-mìc lìgw fainomènou Zeeman twn katast�sewn ex�itÐac tou par�llhlou magnhtikoÔ pedÐou,ìpou jewroÔntai amelhtèec oi sked�seic spin-troqiak¸n. Oi katast�seic me magnhtikèc ormècpar�llhlec me to efarmozìmeno pedÐo brÐskontai se qamhlìterh enèrgeia −µBH kai autècme antipar�llhlec ormèc briskontai se uyhlìterh enèrgeia −µBH . H teqnik  aut  qrhsi-mopoieÐtai gia thn paragwg  sqedìn pl rwc polwmènwn reum�twn spin kai twn dÔo kateu-jÔnsewn. 'Otan to ena hlektrìdio eÐnai sidhromagnhtikì ulikì h anisìthta stic puknìthtec17



Sq ma 2.1: a) Di�gramma agwgimothtac-t�shc gia epaf  uperagwgoÔ/monwt /met�louse mhdenikì magnhtikì pedÐo. To uperag¸gimo q�sma eÐnai kentrarismèno sto V = 0.ParathroÔntai dÔo korufèc ìtan efarmìzetai t�sh b)Di�gramma me thn efarmog  magnhtikoÔpedÐou ìpou diakrÐnontai tèsseric korufèc lìgw tou diaq¸rismoÔ twn katast�sewn spin lìgwtou fainomènou Zeeman c) H kampÔlh agwgimìthtac gÐnetai asÔmmetrh se perÐptwsh sidhro-magnhtikoÔ hlektrodÐou lìgw tou diaforetikoÔ plhjusmoÔ twn hlektronÐwn me spin p�nwkai spin k�tw.twn katast�sewn spin ↑ kai spin ↓ eis�gei mia asummetrÐa stic kampÔlec agwgimìthtac. Aut h parathroÔmenh asummetrÐa apoteleÐ thn b�sh tou fainomènou s raggac polwmènwn spin(
spin-polarized tunnelin SPT ) me thn qr sh hlektrodÐwn sidhromagnhtik¸n idiot twn.
2.2 Fainìmeno filtrarÐsmatoc spin (Spin Filtering )Se antÐjesh me tic sumbatikèc dìmec gia thn parat rhsh tou fainomènou SPT ,oi opoÐec qrhsi-mopoioÔn èna sidhromagnhtikì mètallo wc phg  gia thn paragwg  hlektronÐwn me polwmènospin, mia prwtoporiak  prosèggish , legìmenh kai fainìmeno filtrarÐsmatoc spin(spin filter
effect) eÐnai h qrhsimopoÐhsh enìc sidhromagnhtikìu ulikoÔ wc fr�gma dièleushc gia thndhmioÔrgia polwmènou reÔmatoc. Se èna tètoio fr�gma, ìtan autì brisketaÐ se kat�stashmagn tishc, h z¸nh agwgimìthtac diaqwrÐzetai. 'Etsi dhmiourgoÔntai dÔo diaforetik� Ôyhfr�gmatoc, èna qamhlìtero gia ta spin ↑ hlektrìnia (Φ↑ kai èna uyhlìtero gia ta hlektrì-nia me spin ↓ (Φ↓. Kat� thn diadikasÐa dièleushc to spin diathreÐtai[9] kai gia èna dedomènop�qoc fr�gmatoc h puknìthta tou reÔmatoc lìgw fainomènou s raggac exart�tai ekjetik�apo to antÐstoiqo Ôyoc tou fr�gmatoc[10, 11] :

J↑(↓) ∝ exp(−Φ
1/2
↑(↓)d) (2.2)Gia autìn ton lìgo, akoma kai me thn paramikr  diafor� metaxu twn uy¸n twn fragm�twn,h pijanìthta dièleushc gia ta hlektrìnia me spin ↑ eÐnai polÔ megalÔterh apì aut n gia tahlektrìnia me spin↓,me sunèpeia thn pìlwsh tou spin gia to reÔma dièleshc :

P =
J↑ − J↓
J↑ + J↓

(2.3)18



Sq ma 2.2: Apeikìnish tou fainomènou spin filter ìpou hlektrìnia me tuqaÐa prosana-tolismèno spin dièrqontai apo diaforetikoÔ uyouc frlagmata analoga me thn dieÔjhnsh spinpar�gontac uyhl� polwmèno reumaTo mègejoc tou diaqwrismoÔ thc z¸nhc agwgimìthtac (exchange splitting ) ∆Eex gia taulik� pou qrhsimopoioÔntai san fÐltra spin eÐnai polÔ ousi¸dec giatÐ eÐnai dunaton jewrhtik�na empodÐsei teleÐwc thn dièleush twn spin ↓ hlektronÐwn odhg¸ntac se pl rwc polwmènareÔmata P = 1. O pÐnakac( 2.1) katagr�fei ta ulik� pou qrhsimopoioÔntai gia thn melèthtou fainomènou SF kai ta qarakthristÐka touc.

PÐnakac 2.1: PÐnakac ulik¸n SF [12]
19



Apì ton pÐnaka ( 2.1) parathroÔme oti ta ulik� pou kurÐwc qrhsimopoioÔntai wc fÐltra spineÐnai ta qalkogenÐdia tou Eu. Ta ulik� aut� den eÐnai ta monadik� pou qrhsimopoioÔntai oÔtekai ta plèon uposqìmena apo thn �poyh twn fusik¸n qarakthristik¸n touc, eÐnai ìmwc pioeÔkola sthn epexergasÐa kai sthn kataskeÔh dom¸n upo melèth.2.2.1 Domh twn qalkogenidÐwn tou EuOi hlektrikèc, magnhtikèc kai optikèc idiìthtec twn qalkogenidÐwn tou Eu se sumpagh,krustallik kai se morf  lept¸n film, èqoun melethjeÐ diexodik� stic dekaetÐec tou '60 kai tou '70.

Sq ma 2.3: Hlektroniak  dom  tupikoÔ qalkogenidÐou EuOTa qalkogenÐdia tou eurwpÐou eÐnai idanikoÐ sidhromagn tec tÔpouHeisenberg me jewrhtik�meg�lh magnhtik  orm  µB√J(J − 1) = 7.9µB timh pou sumfwneÐ me peiramatik� dedomè-na. H hlektroniak  dom  kai to mègejoc tou diaqwrismoÔ lìgw spin èqoun epalhjhuejeÐme optikèc melètec. H magnhtik  orm  phg�zei apo tic hmisumplhrwmènec 4f 7 katastaseicpou brÐskontai entopismènec sto energeiakì q�sma metaxÔ thc z¸nhc sjènouc kai thc z¸nhcagwgimìthtac. To q�sma metaxÔ autwn twn 4f 7 kai twn 5dt2g katast�sewn ston pujmènathc z¸nhc agwgimìthtac orÐzoun to optikì q�sma[13, 14].Gia jermokrasÐec T > Tc, h z¸nh agwgimìthtac den eÐnai polwmènh. 'Otan to ulikì yÔqe-tai k�tw apo thn jermokrasÐa Curie o sidhromagnhtikìc qarakt rac twn 4f 7 katast�sewnanagk�zei thn z¸nh agwgimìthtac na diaqwristeÐ se duo energeiak� epÐpeda, to ena me qamh-lìterh enèrgeia kata thn posìthta ∆Eex kai to deÔtero me uyhlìterh enèrgeia kata thnÐdia posìthta. O ekfulismìc lìgw spin aÐretai, ta spin↑ katalamb�noun to qamhlìtero en-ergeiakì epÐpedo en¸ ta spin↓ to uyhlìtero. O diaqwrismìc autìc thc z¸nhc agwgimìthtacprokaleÐ mia meÐwsh tou q�smatoc metaxÔ twn 4f 7 kai thc z¸nhc agwgimìthtac gegonìc pouparathreÐtai optik� me mia erujr� metakÐnhsh thc akm c aporrìfhshc.H enèrgeia antallag c dÐnetai apo thn sqèsh :
Hexch = 2∆Eex = 2Jc

∑
−→s ·

−→
S (2.4)20



ìpou −→s eÐnai to spin enìc hlektronÐou agwgimìthtac, −→S twn spin twn geitonik¸n iìntwn
Eu2+ kai Jc h qwroexart¸menh stajer� antallag c metaxÔ tou spin twn iìntwn kai tou spintou hlektronÐou.H enÐsqush-ntop�risma tou ulikoÔ me iìnta sp�niwn gai¸n Gd,La,Ho aux�nei thn jermokrasÐamet�bashc sthn sidhromagnhtik  f�sh epeid  antikajistoÔntai disjen  iìnta Eu2+ me tris-jen . 'Omwc h enèrgeia antallaghc twn emfuteumènwn iìntwn mei¸netai ìso aux�netai hsugkèntrwsh aut¸n me sunepeÐa h aux sh thc jermokrasÐac met�bashc na èqei èna mègistogia mia dedomènh sugkèntrwsh emfuteum�twn.2.2.2 ParathroÔmena megèjhEx�rthsh jermokrasÐac t�shcTa pr¸ta peir�mata q�rh sta opoÐa parathr jhke kai melèthjhke to fainìmeno spinfilteringpragmatopoi jhkan apo touc Esakietal [15]. Se aut� ta peir�mata qrhsimopoi jhkan domèclept¸n umenÐwn qalkogenidÐwn tou Eu , topojethmèna an�mesa se dÔo metallÐka fÔlla eÐteapì Au eÐte apì Al. To fainìmeno dièleushc hlektronÐwn apo to fr�gma dunamikoÔ metaxÔtou met�llou kai tou qalkogenidÐou parousi�zetai sto dexÐ tm ma tou sq matoc 2.4. Tofr�gma dunamikoÔ sqhmatÐzetai apo thn energeiak  diafor� tou epipèdou Fermi tou met�lloukai tou pujmèna thc z¸nhc agwgimìthtac tou qalkogenidÐou. H meletoÔmenh ex�rthsh thcqarakthristik c kampÔlhc I−V twn dom¸n aut¸n apì thn jermokrasÐa, èdeixe mÐa shmantik pt¸sh t�shc metroÔmenhc upì stajerì reÔma. H pt¸sh t�shc prokÔptei apì ton diaqwrismìthc z¸nhc agwgimìthtac qamhl¸nontac me autìn ton trìpo to Ôyoc tou fr�gmatoc. Hefarmog  magnhtikoÔ pedÐou prokaleÐ megalÔterh pt¸sh t�shc se jermokrasÐec elafr¸cmegalÔterec apì thn jermokrasÐa met�bashc ìpwc faÐnetai sto aristerì tm ma tou sq matoc2.4. H pìlwsh tou spin den posotikopoi jhke se aÔta ta peir�mata alla apotèlese èmmeshèndeixh thc Ôparxhc tou fainomènou. Parìmoia sumperifor� sqetik� me thn antÐstash twndìmwn aut¸n parathreÐtai gia ìla ta qalkogenÐdia tou Eu pou qrhsimopoioÔntai se autèc ticdomèc.AkoloÔjwc oi qarakthristÐkec idiìthtec "filtrarÐsmatoc spin� pou parousi�zoun ta ulik�aut� ìtan qrhsimìpoioÔntai wc fr�gmata dièleushc melet jhkan kai apodeÐqjhkan me apeu-jeÐac metr seic thc pìlwshc tou spin me thn teqnik Meservey-Tedrow , ìpou èna uperag¸gi-mo hlektrìdio Al qrhsimopoi jhke gia na aniqneÔsei twn spin twn dierqìmenwn hlektronÐwn.O bajmìc pìlwshc tou spin gia to reÔma dièleushc upologÐzetai apì thn metroÔmenh dunamik agwgimìthta s raggac (dI/dV ) se èna eÔroc lÐgwn milivolt tou epipèdou Fermi (Sqhma 2.5).
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Sq ma 2.4: Ex�rthsh qarakthristik c kampÔlhc I-V apì thn jermokrasÐa me efarmog magnhtikoÔ pedÐou.

Sq ma 2.5: Qarakthristik  kampÔlh agwimìthtac-t�shc gia domèc Ag/EuS(EuSe)/Al meefarmog  magnhtikoÔ pedÐou.Ta bèlh deÐqnoun ton prosanatolismì tou spin kai ton diaqwris-mì twn katast�sewn puknìthtac (DOS ) lìgw tou fainìmenou Zeeman .
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MagnhtoantÐstash (TMR )'Enac enallaktikìc trìpoc parat rhshc tou fainomènou filtrarÐsmatoc spin, eÐnai h mètrhshthc magnhtoantÐstashc lìgw tou fainomènou s raggac (tunnel magnetoresistance TMR ) sehmimagnhtikèc domèc (quasimagnetic tunnel junction QMTJ ). Oi domèc autèc qrhsimopoioÔnulik� me thn idiìthta tou fÐltrou spin wc to fr�gma dièleushc metaxÔ enìc kanonikoÔ (mhmagnhtikoÔ) hlektrodÐou (NM) kai enìc sidhromagnhtikoÔ hlektrodÐou gnwst c pìlwshc(PFM), h apìdosh tou fÐltrou spin upologÐzetai apo thn mètrhsh thc magnhtoantÐstashc(TMR ) me thn qr sh tou tÔpou thc fìrmoulac Julliere [16]:
TMR =

∆R

R
=

2PFMPSF
1 + PFMPSF

(2.5)H antÐstash (Rj) thc dom c exart�tai apo ton sqetikì prosanatolismì thc magn tishctou fr�gmatoc-fÐltrou spin kai tou sidhromagnhtikoÔ hlektrodÐou, qamhl  antÐstash giapar�llhlo prosanatolismì kai uyhl  gia antipar�llhlo prosanatolismì. Gia thn parat rhshkai katagraf  thc magnhtoantÐstashc kai thn posotikopoÐhsh thc apìdoshc tou fÐltrouspin eÐnai aparaÐthto ta dÔo hlektrìdia na eÐnai austhr¸c diaqwrismèna gia na apofeÔgetai hmagnhtik  sÔzeuxh metaxÔ touc kai epiplèon na eÐnai dunatìc o anex�rthtoc kajorismìc twnmagnhtik¸n touc prosanatolism¸n.

Sq ma 2.6: a)Qamhl  antÐstash gia par�llhlo prosanatolismì magnhtÐsewn b) Uyhl antÐstash gia antipar�llhlo prosanatolismì. Se merikèc domèc qrhsimopoi tai kai ena polÔleptì mh magnhtikì str¸ma metaxÔ twn dÔo hlektrodÐwn gia thn apofug  thc magnhtik csÔxeuxhc.Epiplèon thc apl c dom c pou parousi�sthke parap�nw up�rqei kai h jewrhtik  ergasÐatwn Worledge et Geballe [17] pou problèpei mia magnhtoantÐstash thc t�xhc megèjouc 10523



se mia dom  mètallo/fÐltro spin 1/fÐltro spin 2/mètallo, pou onom�zetai diplì filtro spin.'Otan ta dÔo fÐltra magnhtÐzontai par�llhla to èna me to �llo ta hlektrìnia me spin p�nwsunantoÔn èna qamhloÔ Ôyouc fr�gma en¸ ta hlektrìnia me spin k�tw sunantoÔn ena uyhloÔÔyouc fr�gma. Autì èqeic san sunèpeia thn Ôparxh reÔmatoc isqur� polwmènou spin p�nw.'Otan ta dÔo fÐltra èqoun antipar�llhlouc magnhtikoÔc prosanatolismoÔc, ta spin p�nwkai spin k�tw Ôyh fr�gmatoc den sumpÐptoun, etsÐ dièrqetai el�qisto reÔma. H anex�rththenallag  twn magnhtÐsewn twn fÐltrwn epitunq�netai me thn qr sh ulik¸n me diaforetikèckai kal¸c diaqwrismènec paramènousec magnhtÐseic, ètsi ¸ste to èna fÐltro na eÐnai stajèrase ènan magnhtikì prosanatolismì, en¸ to deÔtero na eÐnai eleÔjero na all�zei me thn e-farmog  magnhtikoÔ pedÐou. SÔmfwna me aÔto to montèlo h ekjetik  ex�rthsh tou reÔmatocs raggac mporeÐ na odhg sei se exairetÐka meg�lec tÐmec thc magnhtoantÐstashc all�zontactic sqetikèc magnhtiseÐc twn dÔo fÐltrwn. 'Omwc me thn qr sh dÔo filtr¸n aux�netai kaih antÐstash (Rj) h opoÐa exart�tai ekjetik� me to p�qoc tou fr�gmatoc odhg¸ntac se ènaepiprìsjeto fr�gma dunamikoÔ, en¸ gÐnetai akìma pio polÔplokh h apofug  thc magnhtik csuzeÔxhc metaxÔ twn dÔo sidhromagnhtik¸n fÐltrwn gia na eÐnai diakritoÐ kai pragmatopoi si-moi o par�llhloc kai antipar�llhloc prosanatolismìc.

Sq ma 2.7: Diplì fÐltro spin me thn magn tish tou enìc spin fÐltrou na eÐnai elèujerh naall�zei dieÔjunsh me thn efarmog  pedÐou, en¸ tou deÔterou na eÐnai austhr¸c kajorismènh
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2.2.3 Enallaktikèc proseggÐseicKbantik� phg�diaTo fainìmeno twn katast�sewn kbantik¸n phgadi¸n (QW) diaqwrismènou spin se èna u-likì, mporeÐ na apotelèsei mÐa diaforetik  prosèggish tou fainomènou spin filtering . Seèna sidhromagnhtikì ulikì, ta energeiak� epÐpeda twn kbantik¸n phgadi¸n QW exart¸ntaiapì to spin exaitÐac thc enèrgeiac antallag c diaqwrismoÔ, ta energeiak� epÐpeda twn QWkatast�sewn gia ta spin p�nw hlektrìnia ja eÐnai epomènwc diaforetik� apì auta twn spink�twn hlektronÐwn. O diaqwrÐsmoc twn katast�sewn parèqei thn dunatìthta epilog c miacsuntonismènhc kat�stashc gia k�je spin efarmìzontac thn kat�llhlh t�sh.'Ena mìntelo pou akoloujeÐ aut n thn prosèggish prot�jhke apo touc Slobodskyy et al[18]to 2003. ApoteloÔtan apo mia dìmh diploÔ fr�gmatoc apì ZnSe/ZnBeSe/ZnMnSe/ZnBeSe/ZnSesthn opoÐa kÔrio qarakthristikì melèthc  tan h qarakthristik  kampÔlh reÔmatoc-t�shc.

Sq ma 2.8: a) Sqhmatik  apeikìnish twn energiak¸n zwn¸n gia mia suntonismènh dìmh meefarmog  t�shc b) Qarakthristik  kampÔlh reÔmatoc-t�shc me thn efarmog  magnhtikoÔpedÐouTa str¸mata ZnBeSe eÐnai ta fr�gmata dièleushc en¸ oi katast�seic kbantik¸n phgadi¸nsqhmatÐzontai sto str¸ma ZnMnSe , to ìpoio an kai den eÐnai sidhromagnhtikì ulikì em-fanÐzei polÔ meg�lo diaqwrismì Zeeman twn katast�sewn aut¸n upì thn epÐdrash magn-htikoÔ pedÐou. To mègejoc tou diaqwrismoÔ elègqetai apì thn ent�sh tou efarmozìmenoupedÐou. Apì thn qarakthristik  kampÔlh reÔmatoc-t�shc, se mhdenikì pedÐo parathr jhkemia eureÐa koruf  suntonismoÔ sta 0.12V . H korÔfh aut  qwrÐzetai se dÔo korufèc methn efarmog  pedÐou kai to eÔroc tou diaqwrismoÔ aux�nei me thn èntash tou pedÐou, anti-stoiq¸ntac se diaqwrismì lìgw tou fainomènou Zeeman . K�je mÐa apo tic korufèc eÐnai25



dunatìn na apodojeÐ se spin p�nw kai spin k�tw energeiakèc katast�seic mèsa sto phg�di.Upì autèc tic sunj kec eÐnai efikth h epilog  tou epijumhtoÔ reÔmatoc spin efarmìzontacthn kat�llhlh t�sh sthn dom .Fainìmeno RashbaMÐa entel¸c diaforetik  prosèggish, ena fÐltro spin to opoÐo den qrhsimopoieÐ magnhtik�ulik�, prot�jhke apì touc Koga et al [?]. SÔmfwna me to montèlo autì, h epÐdrash thcsÔzeuxhc spin-troqi�c lìgw tou fainomènou Rashba anamènetai na prokalèsei diaqwrismìlìgw spin sta energeiak� epÐpeda tou phgadioÔ.

Sq ma 2.9: a) Sqhmatik  apeikìnish thc proteinìmenhc suskeu c fÐltrou spin b), c) ProfÐldunamikìu gia thn z¸nh agwgimìthtac thc suskeu c. Oi suneqeÐc kai oi diakoptìmenec gram-mèc antistoiqoÔn stic katast�seic kbantikoÔ phgadioÔ QW twn spin p�nw kai spin k�twhlektrìnÐwn.H qamiltonian  exÐswsh tou sust matoc se mÐa di�stash mporeÐ na grafteÐ:
~
2k2z

2m∗(z)
+ Ueff

↑,↓ (k||, z) = Ez,

Ueff
↑,↓ (k||, z) =

~
2k2||

2m∗(z)
± α(z)k|| + U0(z)−Ek||

(2.6)ìpoum∗ eÐnai h energìc m�za tou hlektronÐou, o z-�xonac eÐnai k�jetoc sto fr�gma dièleushc,
k|| eÐnai h par�llhlh sunist¸sa thc orm c kai α(z) eÐnai h stajer� Rashba sthn jèsh z.To prìshmo thc stajer�c antistoiqeÐ sthn qamiltonian  gia ta spin p�nw kai spin k�twhlektrìnia. H qamiltonian  aut  katal gei se energeiak� epÐpeda twn katast�sewn tou26



kbantikoÔ phgadioÔ pou exart¸ntai apì to spin, gi�utìn ton lìgo eÐnai dunatìn na epiteuqjeÐepilektikìthta tou reÔmatoc dièleushc.Oi duo autèc enallaktikèc proseggÐseic tou fainomènou filtarÐsmatoc spin me thn qr shkbantik¸n phgadi¸n eqoun orismèna elkustik� qarakthristik�, op¸c thn epilogh tou spinme thn efarmogh t�shc kai ton èlegqo thc t�shc mèsw tou eÔrouc twn kbantik¸n phgadi¸nthc suskeu c.2.3 Teqnologikèc Efarmogèc - Spintronics2.3.1 Eisagwg H ragdaÐa prìodoc thc epist mhc kai thc teqnologÐac gia thn kataskeu  diark¸c mikrìterwndiast�sewn oloklhrwmènwn kuklwm�twn èqei odhg sei sthn prosèggish thc t�xhc mège-jouc twn nanomètrwn. H klÐmaka aut  anadeiknÔei thn kumatik  sumperifor� twn hlek-tronÐwn, dhmiourg¸ntac thn an�gkh an�ptuxhc suskeu¸n oi opoÐec ja ekmetalleÔontai ticidiaiterìthtec tou kbantikoÔ kìsmou kai ja exasfalÐzoun monadik� pleonekt mata se sqèshme tic  dh up�rqousec teqnologÐec.Mia tètoia idiìthta thc kbantik c fÔshc tou hlektronÐou eÐnai to spin, to opoÐo sqetÐzetaisten� me tic magnhtikèc idiìthtec. Oi suskeuèc pou sthrÐzontai stic idiìthtec tou spin giana leitourg soun apoteloÔn ton kl�do twn spintronics apì thn sÔntmhsh twn lèxewn spinkai electronics . O ìroc spintronics suqn� anafèretai kai wc spinelectronics kai ”magneto-
electonics” an kai h Ôparxh magnhtikoÔ pedÐou  /kai magnhtikoÔ ulikoÔ den eÐnai p�nta a-paraÐthth gia ton qeirismì kai èlegqo tou spin. Me ton ìro spin anaferìmaste eÐte sthnidioperistrof  enìc hlektronÐou, eÐte sthn mèsh idioperistrof  enìc sunìlou hlektronÐwnpou ekfr�zetai apo thn magn tish. O èlegqoc tou spin anafèretai ston èlegqo tou pl-hjusmoÔ kai thc f�shc tou spin se èna sÔnolo swmatidÐwn kai ston sÔmfwno qeirismì enìcsust matoc me èna   lÐga spin. O stìqoc twn teqnologi¸n spintonics eÐnai h katanìhshthc allhlepÐdrashc metaxÔ twn spin twn swmatidÐwn se perib�llonta stere�c kat�stashckai h kataskeu  qr simwn suskeu¸n me thn qrhsimopoi sh thc katanìhshc aut c. Basik�pedÐa èreunac eÐnai h metafor� tou spin, h dunamik  kai h qal�rwsh tou spin se hlektronikècsuskeuèc[19].2.3.2 Magnhtikèc Mn mec -MRAMH pio exeligmènh efarmog  twn spintronics aut n thn stigm , eÐnai oi teqnologÐec apo-j keushc me magnhtikèc mn mec tuqaÐac prospèlashc (MRAM ). H mn mh MRAM diathreÐthn arqik  thc kat�stash (ta dedomèna pou perièqei) akìmh kai an stamat sei h hlektrik trofodosÐa thc se antÐjesh me touc shmerinoÔc tÔpouc mn mhc. EpÐshc èqei taqÔtatouc ruj-moÔc an�gnwshc kai epaneggraf c pou xepern�ne kat� polÔ tic shmerinèc sumbatikèc mn mec
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Ta kÔria mèrh stic shmerinèc kefalèc an�gnwshc twn sklhr¸n dÐskwn kaj¸c kai stic mn mec
MRAM , kataskeu�zontai apì sidhromagnhtik� metallik� kr�mmata. Tètoiec suskeuèc meb�sh ta mètalla apoteloÔn thn pr¸th kai pio ¸rimh apì tic treic kathgorÐec twn spin-tronik¸n suskeu¸n. Mia deÔterh kathgorÐa apoteloÔn oi suskeuèc stic opoÐec reÔmata mepolwmèno spin rèoun mèsa se hmiagwgoÔc. To na petÔqoume sthn pr�xh spintronikèc efar-mogèc, ja mac epitrèyei na èqoume mia ploÔsia gk�ma apì  dh up�rqousec mikrohlektronikècsuskeuèc se mia enallaktik  morf  me parap�nw dunatìthtec ekmetalleuìmenoi to spin.EpÐshc ja anaptuqjoÔn kai �llec suskeuèc pou ja ekmetalleÔontai tic uyhl c poiìthtacoptikèc idiìthtec twn hmiagwg¸n kai thn ikanìtht� touc na enisqÔoun tìso ta optik� ìsokai ta hlektrik� s mata. Wc paradeÐgmata mporoÔn na anaferjoÔn polÔ gr goroi diakìpteckai pl rwc programmatizìmenoi spintronikoÐ mikroepexergastèc. H nèa aut  lewfìroc efar-mog¸n perilamb�nei mia nèa t�xh poluleitourgik¸n hlektronik¸n pou sundu�zoun logik ,apoj keush kai epikoinwnÐa se èna monadikì tsip.S' èna sunhjismèno hlektrikì kÔklwma, ta spin kateujÔnontai proc tuqaÐec kateujÔnseickai den paÐzoun rìlo sthn antÐstash enìc sÔrmatoc   sthn enÐsqush enìc kukl¸matoc apìtranzÐstor. Oi spintronikèc suskeuèc antÐjeta, sthrÐzontai stic diaforèc kat� thn kÐnhshtwn hlektronÐwn me spin proc ta ep�nw, apì aut� me spin proc ta k�tw. S' ènan sidhromag-n th, ìpwc o sÐdhroc   to kob�ltio, ta spin merik¸n hlektronÐwn se geitonik� �toma teÐnounna eujugrammisjoÔn. S'èna isqur� magnhtismèno komm�ti sid rou, h eujugr�mmish epekteÐne-tai sto megalÔtero mèroc tou met�llou. 'Otan èna reÔma per�sei apì ton sidhromagn th,ta hlektrìnia me to èna eÐdoc kateÔjunshc tou spin teÐnoun na empodistoÔn. To apotèles-ma eÐnai mia pìlwsh twn spin tou reÔmatoc, kat� thn opoÐa ìla ta spin twn hlektronÐwnprosanatolÐzontai proc thn kateÔjunsh eÔkolhc dièleushc.'Enac sidhromagn thc mporeÐ akìmh na ephre�sei th ro  enìc reÔmatoc diamèsw k�poioudiplanoÔ mh magnhtikì mètallou. Gia par�deigma, oi shmerinèc kefalèc an�gnwshc stoucsklhroÔc dÐskouc twn upologist¸n, qrhsimopoioÔn th legìmenh balbÐda spin spin valve . Seaut , èna str¸ma mh magnhtikoÔ met�llou brÐsketai an�mesa apì dÔo �lla sidhromagnhtik�str¸mata, san to turÐ kai ta ywmi� sto s�ntouitc antÐstoiqa. H magn tish tou pr¸tousidhromagnhtikoÔ str¸matoc eÐnai stajer , en¸ tou deÔterou sidhromagnhtikoÔ str¸matocmporeÐ na all�zei dieÔjunsh me thn efarmog  magnhtikoÔ pedÐou.H kefal  an�gnwshc apoteleÐtai apì èna sidhromagnhtikì str¸ma stajer c magn tishc sun-odeuìmeno apì èna str¸ma mh magnthikoÔ ulikoÔ. Ta dedomèna "1� kai "0� ston sklhrì dÐskoantistoiqoÔn se magnhtikèc perioqèc tou dÐskou oi opoÐec eÐnai magnhtismènec se par�llhlhkai antipar�llhlh dieÔjunsh wc proc thn magn tish tou stajeroÔ str¸matoc thc kefal cantÐstoiqa. Sthn par�llhlh perÐptwsh, ta hlektrìnia pou èqoun spin prosanatolismènosthn protimhtèa dieÔjunsh twn magnhtÐsewn kukloforoÔn me eukolÐa mèsa ston agwgì en¸ta hlektrìnia me spin antÐjeto empodÐzontai. Sthn antipar�llhlh perÐptwsh, ìla ta hlek-trìnia empodÐzontai. Oi metabolèc pou prokÔptoun sto reÔma epitrèpoun stic kefalèc naaniqneÔoun asjen  pedÐa, ètsi ¸ste ta dedomèna mporoÔn na apojhkeÔontai me qr sh piopukn¸n magnhtik¸n eggraf¸n sto dÐsko, aux�nontac ètsi thn apojhkeutik  dunatìthta.Epafèc magnhtik c s raggac - MJTMia �llh suskeu  me trÐa str¸mata, h epaf  magnhtik c s raggac(MJT ), èqei èna leptìmonwtikì str¸ma metaxÔ dÔo metallik¸n sidhromagnht¸n(Blèpe Sq. 2.10). Kai ed¸ to èna28



apì ta dÔo sidhromagnhtik� str¸mata èqei stajer  magn tish en¸ sto �llo sidhromagnthikìstr¸ma h magn tish mporeÐ na metab�letai me thn efarmog  magnhtikoÔ pedÐou. To reÔmapern�ei apì thn suskeu  me thn diadikasÐa thc kbantik c s raggac: 'Enac mikrìc arijmìchlektronÐwn katafèrnei kai uperphd� ton fragmì tou monwt . To reÔma autì empodÐzetaiìtan ta dÔo sidhromagnhtik� str¸mata èqoun antÐjetouc prosanatolismoÔc magn tishc, en¸epitrèpetai h dièleus  tou ìtan oi prosanatolismoÐ twn magnhtÐsewn eÐnai ìmoioi.Oi epafèc magnhtik c s raggac apoteloÔn th b�sh twn MRAM tsip pou anafèrjhkan prin.K�je epaf  mporeÐ n' apojhkeÔsei èna bit plhroforÐac me ton prosanatolismì tou str¸matocmetablht c magn tishc. To str¸ma autì krat�ei th magnhtik  tou kat�stash �sqeta anup�rqei hlektrik  trofodosÐa   ìqi, toul�qiston mèqri na xanagr�youme s' autì me thnjèlhs  mac.En¸ oi spintronikèc suskeuèc met�llwn pou mìlic perigr�fhkan mac prosfèroun nèouctrìpouc apoj keushc plhrofori¸n, oi spintronikèc suskeuèc hmiagwg¸n mporoÔn na pros-fèroun akìmh perissìterec dunatìthtec. Epeid  oi sumbatikoÐ hmiagwgoÐ den eÐnai sidhro-magnhtikoÐ, k�poioc mporeÐ n' anarwthjeÐ pwc oi spintronikèc suskeuèc hmiagwg¸n mporoÔnna leitourg soun; Mia lÔsh perilamb�nei èna sidhromagnhtikì mètallo na stèlnei èna reÔmame polwmèna spin mèsa s' èna hmiagwgì.

Sq ma 2.10: Epaf  magnhtik c s raggac, Eikìna apì SLIMFILMS,MOTOROLA
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2.3.3 Spin TranzÐstor - SFETTo 1990 oi Supriyo Datta kai Biswajit A. Das [20], prìteinan èna sqèdio gia èna tranzÐstorpedÐou me polwmèna spin,   se suntomÐa spin FET . S' èna sumbatikì tranzÐstor FET , ènacstenìc dÐauloc apì hmiag¸gimo ulikì brÐsketai metaxÔ 2 hlektrodÐwn pou onom�zontai phg kai sullèkthc. 'Otan efarmosteÐ k�poia t�sh sto hlektrìdio thc pÔlhc, to opoÐo brÐsketaip�nw apì ton dÐaulo, to dhmiourgoÔmeno hlektrikì pedÐo odhgeÐ ta hlektrìnia èxw apì tondÐaulo metatrèpontac ton dÐaulo se monwt , elègqontac ètsi thn leitourgÐa ON/OFF . Tospin FET tranzÐstor twn Datta kai Das , èqei phg  kai sullèkth apì sidhromagnhtikìulikì pou leitourgoÔn wc mèsa eisagwg c kai anÐqneushc tou spin tou hlektronÐou. Hphg  eis�gei hlektrìnia me spin par�llhlo sthn dieÔjunsh metafor�c. Ta hlektrìnia ìsometafèrontai mèsw tou kanalioÔ diathroÔn to spin touc to opoÐo aniqneÔetai ìtan ft�nounston sullèkth. Autì shmaÐnei se mia aplopoihmènh eikìna ìti ta hlektrìnia eÐte mporoÔn naeisèljoun ston sullèkth an èqoun ton idio prosanatolimsì spin me autìn (kat�stash ON)eÐte na skedasjoÔn makri� (kat�stash OFF ). O rìloc thc pÔlhc eÐnai na par�gei èna energìmagnhtikì pedÐo sthn kateÔjhnsh W tou sq matoc 2.11. 'Etsi metab�llontac thn t�sh thcpÔlhc eÐnai dunat  h epilog  thc dieÔjunshc tou pedÐou na eÐnai par�llhlh   antipar�llh   se opoiad pote endiames  kat�stash se sqèsh me thn dieÔjunsh tou spin elègqontac meautìn ton trìpo thn dièleush tou reÔmatoc.

Sq ma 2.11: Sqhmatik  apeikìnish tou proteinìmenou SFET apì touc Datta-Das [20]
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Oi Sugahara kai Tanaka [21] prìteinan èna jewrhtikì montèlo enìc hmiag¸gimou tranzistìrpou qrhsimopoieÐ fÐltro spin (SFT ). H suskeu  aut  apoteleÐtai apì mh magnhtikoÔc hmiag-wgoÔc gia ekpompì, b�sh kai sullèkth qwrismènouc apo duì filtr� spin-fr�gmata dièleushc.To fr�gma tou ekpompoÔ filtr�rei ta spin kaj¸c aut� dièrqontai lìgw fainomènou s raggacapo ton ekpompì sthn b�sh ìtan efarmìzetai t�sh, epitrèpontac mìno sta hlektrìnia me spinp�nw na per�soun. To fr�gma tou sullèkth leitourgeÐ san analut c spin gia ta polwmenaspin pou dièrqontai apo thn b�sh. To eÔroc thc b�shc prèpei na eÐnai mikrìtero apo to mhkìcan�klashc tou spin. 'Otan ta duo fÐltra eÐnai magnhtismèna me par�llhlouc prosanatolis-moÔc ta hlektrìnia me spin p�nw pou eisèrqontai sthn b�sh mporoÔn na brejoun ston sullèk-th lìgw fainomènou s raggac, epeid  sunantoun qamhlìtero Ôyoc fr�gmatoc, me sunèpeiathn anÐqneush uyhl� polwmènou reÔmatoc. Sthn antÐjeth perÐptwsh thc antipar�llhlhcmagnhtÐshc ta hlektrìnia den eÐnai dunatìn na per�soun to fr�gma tou sullekth kai denaniqneÔetai reÔma se autìn. Epomènwc h sqetik  magnhtish twn duì fÐltrwn kajorÐzei thnapìdosh enìc SFT odhg¸ntac se uyhlec timèc magnhtoantÐstashc.

Sq ma 2.12: Sqhmatik  apeikìnish tou proteinìmenou SFT apì touc Sugahara-Tanaka [21]
a) par�llhlh magnhtish b)antipar�llhlh magnhtish
2.3.4 KbatnikoÐ Upologistèc -qubitPolloÐ apì touc kbantikoÔc upologistèc pou èqoun protajeÐ mèqri t¸ra qrhsimopoioÔn tospin san thn basik  mon�da kbantik c plhroforÐac   alli¸c qubit . Up�rqoun jewrhtikècprot�seic gia thn qr sh fÐltrwn spin san èna enallaktikì trìpo gia na epiteuqjeÐ o kban-tikìc upologist c ìpwc faÐnetai sto akìloujo sq ma 2.13.Se aut n thn perÐptwsh to fainìmeno tou filtarÐsmatoc tou spin epitrèpei thn kbantik mètrhsh tou qubitpou ulopoieÐtai apì thn kat�stash tou spin enìc hlektronÐou se mia k-bantik  teleÐa (quantum dot). H susqètish thc kumatosun�rthshc tou hlektronÐou apomia kbantik  teleÐa sthn geitonik  thc pragmatopoieÐtai lìgw fainomènou s raggac diamèsw31



Sq ma 2.13: Sqhmatik  apeikìnish miac kbantik c mètrhshc me thn qr sh fÐltrou spin [22]fr�gmatoc filtrarÐsmatoc spin. To energeiakì epÐpedo tou pagideumènou hlektronÐou ka-jorÐzetai apo thn efarmozìmenh t�sh pÔlhc, epitrèpontac tou na per�sei apo èna fr�gmatopojethmèno pÐsw apo mia kbantik  teleÐa. E�n to fr�gma eÐnai magnhtikì tìte h pijanìthtadièleushc tou hlektronÐou exart�tai apo ton sqetikì magnhtikì prosanatolismì tou spin touwc proc ton magnhtikì prosanatolismì thc magn tishc tou fr�gmatoc. Epomènwc to spintou pagideumènou hlektronÐou mporeÐ na anagnwsteÐ, an�loga me ton an pern�ei to fr�gma  ìqi, epitrèpontac thn mètrhsh thc kat�stashc k�je qubit xeqwrist� kai axiìpista me hlek-trik� mèsa. Autìc eÐnai ènac aplìc trìpoc me ton opoÐo h plhrofìria tou spin metatrèpetaise plhroforÐa fortioÔ an kai up�rqoun poll� ulik� kai paramètroi pou prèpei akìma nadiereunhjoÔn mèqric ìtou epiteuqjeÐ o skopìc autìc.
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Kef�laio 3
Atomik  je¸rhsh thc antÐstashc
3.1 Eisagwg Se prohgoÔmeno kef�laio ègine anafor� se suskeuèc, jewrhtik� proteinìmenec   kai teqnologik�efarmìshmec oi leitourgÐec twn opoÐwn kai ta parathroÔmena megèjh kajorÐzontai kai qarak-thrÐzontai apì tic basikèc arqèc thc makroskopik c fusik c. Sto par¸n kef�laio ja akolou-jhjeÐ h antÐstrofh poreÐa, ja gÐnei dhlad  mia prosp�jeia perigraf c kai montelopoi shctwn hlektrik¸n idiot twn suskeu¸n pou anafèrontai se atomik  klÐmaka. H prosèggishaut  onom�zetai apì prosèggish apo "k�tw proc ta p�nw"(bottom-up ) se antÐjesh me thnkajierwmènh prosèggish apì "p�nw proc ta k�tw"(top-down ).H prosèggish aut  qarakthrÐzetai apì mÐa genik  dìmh suskeu c, mÐa apl  ekdìqh enìcnanotranzÐstor ìpwc faÐnetai sto sq ma 3.1.

Sq ma 3.1: Apeikìnish enìc tranzÐstor ekpomp c pedÐou (FET ) se nanoklÐmaka
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H suskeu  apoteleÐtai apì èna hmiag¸gimo kan�li qwrismèno apo thn metallik  pÔlh me ènaleptì mon¸tiko str¸ma. Oi perioqèc ekpompìc kai b�sh(sourge, drain ) eÐnai duo fÔllaepaf c ta opoÐa èqoun uyhl  agwgimìthta. H antÐstash tou kanalioÔ kajorÐzei to reÔmapou rèei apo ton ekpompì sthn b�sh ìtan efarmosteÐ mia t�sh metaxÔ aut¸n. H t�sh pouefarmìzetai sthn pÔlh elègqei thn hlektronik  puknìthta sto kan�li kai epomènwc thnantÐstash tou.Di�gramma energeiak¸n epipèdwnH montelopoi sh thc ro c tou reÔmatoc xekin�ei apo ton sqediasmì tou diagr�mmatoc twnenergeiak¸n epipèdwn se isorropÐa kai ton entopismì tou hlektroqhmikoÔ dunamikoÔ µ   thcenèrgeiac Fermipou kajorÐzetai apì tic epafèc ekompoÔ kai b�shc. 'Upojètoume ìti oi peri-oqèc epaf c èqoun suneq  katanom  katast�sewn, upìjesh realistik  e�n eÐnai metallikèc.Oi epitreptèc katast�seic eÐnai kathllhmènec meqri k�poia enèrgeia µ h opìia mporeÐ na en-topisteÐ me peir�mata fwtoekpomp c apì to èrgo exìdou pou orÐzetai wc h el�qisth enèrgeiapou qrei�zetai èna fwtìnio gia na exèljei apì èna mètallì, kai dÐnei plhroforÐec gia thnjèsh tou epipèdou Fermi.An oi perioqèc epaf c eÐnai sundemènec me to kanali me mhdenik  efarmog  t�shc, tìte tahlektrìnia rèoun apì kai proc thn suskeÔh fèrnontac se isorropÐa to sÔsthma me èna koinìhlektroqhmikì dunamikì µ. Sthn kat�stash isorropÐac o mèsoc(an� mon�da qrìnou) arijmìchlektronÐwn gia k�je enègeia den eÐnai akèraioc all� dÐnetai apo thn katanom  Fermi

f0(E − µ) =
1

1 + exp(E − µ)/kBT
(3.1)ìpou kB eÐnai h stajer� Boltzmankai T eÐnai h jermokrasÐa tou ulikoÔ. To ginìmeno kBTèqei diast�seic enèrgeiac kai se jermokrasÐa dwmatÐou isoÔtai me kBT ' 0.026eV .Energeiak� epÐpeda qamhlìtera apo µ eÐnai p�nta gem�ta ¸ste f0 = 1 en¸ epÐpeda poubrÐskontai uyhlìtera eÐnai p�nta adeÐa me f0 = 0. EpÐpeda pou briskontai se èna eÔroc lÐgwn

kBT eÐnai peristasiak� gem�ta kai peristasiak� �deia ¸ste o mèsoc arijmìc twn hlektronÐwnna eÐnai 0 ≤ f0 ≤ 1 .H agwgimìthta ex�rt�tai apo thn diajesimìthta katast�sewn gÔrw apo E = µ, qwrÐc naèqei shmasÐa an oi katast�seic autèc eÐnai gem�tec(tranzÐstor tÔpou p )   kenèc (tranzÐstortÔpou n ) . Ac upojèsoume ìti stic dÔo epafèc mÐa jetik  t�sh VD h opoÐa qamhl¸nei taenergeiak� epÐpeda sthn b�sh se sqèsh me ton ekpompì kai ta diathreÐ se diakrit� hlektro-qhmik� dunamik� µ1, µ2 antÐstoiqa, diaqwrismèna apì qVD
µ1− µ2 = qVD (3.2)dhmiourg¸ntac dÔo diaforetikèc katanomèc Fermi

f1(E) =
1

1 + exp[(E − µ1)/kBT ]
= f0(E − µ1)

f2(E) =
1

1 + exp[(E − µ2)/kBT ]
= f0(E − µ2)

(3.3)
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Sq ma 3.2: Epitrept� energeiak� epÐpeda pou mporoun na eÐnai kathllhmèna se èna kan�liK�je epaf  prospajeÐ na fèrei to kan�li se isorropÐa me aut n. O ekpompìc suneqÐzei naprosfèrei hlektrìnia sto kan�li en¸ h b�sh suneqÐzei na antleÐ hlektrìnia apì to kan�li mesunèpeia h sunolik  suskeu  na eÐserqetai se mia endi�mesh kat�stash mh isorropÐac metaxÔtwn duo epaf¸n.ReÔma se èna energeiakì epÐpedo

Sq ma 3.3: Ro  twn hlektronÐwn apì kai proc èna kan�li enìc energeiakoÔ epipèdouAn upojèsoume ìti sto kan�li ta hlektrìnia mporoÔn na èqoun mìno mÐa enèrgeia ε h opoÐabrÐsketai an�mesa sta hlektroqhmik� dunamik� twn dÔo epaf¸n µ1 kai µ2. Tìte o ekpompìcja  jele f1(ε) hlektrìnia na katalamb�noun thn enèrgeia ε en¸ h b�sh ja  jele f2(ε)hletrìnia antÐstoiqa, ìpou f1 kai f2 eÐnai oi parap�nw katanomèc twn epaf¸n. O pragmatikìcarijmìc twn hlektroni¸n ja eÐnai N k�ti an�mesa se f1(ε) kai f2(ε). H apìluth ro  fortÐou35



(reÔma) I1 an�mesa ston ekpompì kai to kan�li eÐnai an�logh tou (f1 − N) ìpou èqoumeparal yei to ε gia lìgouc aplìthtac, opìte
I1 =

qγ1
~

(f1(E)−N) (3.4)ìpou q eÐnai to fortÐo an� hlektrìnio. H antÐstoiqh ro  sthn b�sh antÐstoiqa eÐnai
I2 =

qγ2
~

(f2(E)−N) (3.5)Oi stajerèc qγ1/~ kai qγ2/~ eÐnai oi rujmoÐ me touc opoÐouc èna hlektrìnio pou arqik�briskìtan ston epÐpedo E eÐnai dunatìn na brejeÐ se mÐa apì tic dÔo epafèc antÐstoiqa.Se mÐa stajer  kat�stash den up�rqei ro  apì kai proc to kan�li, epomènwc I1 + I2 = 0opìte me antikat�stash prokÔptei
N =

γ1f1 + γ2f2
γ1 + γ2

(3.6)Antikajist¸ntac to apotèlesma autì se mia apo tic sqèseic gia ta reÔmata, prokÔptei hèkfrash tou reÔmatoc stajer c kat�stashc ana dieÔjunsh spin
I = I1 = −I2 =

q

~

γ1γ2
γ1 + γ2

[f1(E)− f2(E)] (3.7)Apo thn teleutaÐa sqèsh ex�gontai orismèna qr sima sumper�smata. Pr¸ta parathroÔmeìti den eÐnai dunat  h Ôparxh ro c an f1(E) = f2(E). EpÐshc èna epÐpedo pou brÐsketaiqamhlìtera kai apì ta duo hlektroqhmik� dunamik� ja èqei f1(E) = f2(E) = 1 kai denja suneisfèrei sto reÔma, ìpwc kai èna epÐpedo pou brÐsketai uyhlìtera kai èqei f1(E) =
f2(E) = 0. Mìno ekeÐna ta epÐpeda pou brÐskontai sto eÔroc lÐgwn kBT ìpou isqÔei f1(E) 6=
f2(E) = 0 suneisfèroun sthn ro  tou rèÔmatoc metaxÔ twn duo epaf¸n.Kb�ntwsh thc agwgimìthtacAc jewr soume mÐa suskeÔh sthn opoÐa efarmìzetai mia mikr  t�sh me sunèpeia ton diaqwrÐs-mo twn hlektroqhmik¸n dunamik¸n twn duo epaf¸n. Apì thn sqèsh 3.7 kai me thn upìjeshìti µ1 > ε > µ2 kai qamhl  jermokrasÐa ¸ste f1 ≡ f0(ε− µ1) ≈ 1 kai f2 ≡ f0(ε− µ2) ≈ 0mporoÔme na gr�youme :

I =
q

~

γ1γ2
γ1 + γ2

=
qγ1
2~

anγ1 = γ2 (3.8)H parap�nw sqèsh eÐnai lanjasmènh giatÐ den lamb�nei upìyh thc thn dieÔrunsh tou epipèdou
ε pou proèrqetai apì thn sÔzeuxh tou kanalioÔ me tic epafèc. H sÔzeuxh anagk�zei toenergeiakì epipèdo na "aplwjeÐ� metaxÔ twn µ1, µ2. To pragmatikì reÔma eÐnai meiwmènose sqèsh me aÔtì pou perigr�fei h sqèsh 3.8 kata èna par�gonta (µ1 − µ2)/Cγ1 o opoÐocantiproswpeÔei to tm ma ekeÐno tou energeiakoÔ epipèdou pou "apl¸jhke� sto di�sthma (µ1−
µ2) = qVD, en¸ o par�gontac Cγ1 eÐnai to energì eÔroc tou kanaliou ìpou C eÐnai miaarijmhtik  stajer�. Opìte h orj  sqèsh eÐnai:

I =
qγ1
2~

qVD
Cγ1

→ G =
I

VD
=

q2

2C~
(3.9)36



faner¸nontac ìti h agwgimìthta plhsi�zei mÐa stajer  tim  anex�rthth apo to pìso isqur�eÐnai sundemènec oi epafèc.Prin apo thn sÔzeuxh tou kanalioÔ me tic epafèc h puknìthta twn katast�sewn kai stic treicperioqèc èqei thn morf  tou parak�tw sq matoc

Sq ma 3.4: Energeiak� epÐpeda prin kai met� thn sÔzeuxh epaf¸n-kanalioÔUp�rqei èna mìno epÐpedo sto kan�li kai mi� suneq c katanom  twn katast�sewn stic epafèc.Me thn sÔzeuxh oi katast�seic alloi¸nontai, to epÐpedo tou kanalioÔ q�nei èna tm ma toukaj¸c autì diaqèetai stic epafèc en¸ kerdÐzei kai tm ma apì ta epÐpeda twn epaf¸n me thnantÐstrofh diadikasÐa. Apì thn stigm  pou h ap¸leia sumbaÐnei se mÐa kajorismènh enèrgeiaen¸ to kèrdoc se ena eÔroc energei¸n, h sunolik  epÐdrash eÐnai mia dieÔrhnsh thc puknìthtactwn katast�sewn sto kan�li apo thn arqik  tou sten  morf  se mia pio diaplatismènh morf .H dieurumènh puknìthta katast�sewn mporeÐ na èqei opoiad pote morfh all� h aploÔsterhperigraf  thc eÐnai mia katanom  Lorentz me kèntro thn enèrgeia tou epipèdou e :
Dε(E) =

γ/2π

(E − ε)2 + (γ/2)2
(3.10)ìpou γ eÐnai h dieÔrunsh se mon�dec enèrgeiac thc kat�stashc. Gia γ → 0 h parap�nwsun�rthsh Lorentz dÐnei swst� sun�rthsh dèltaApì thn stigm  pou h sÔzeuxh me tic epafèc dieurÔnei to diakritì energeiakì epÐpedo se mi�suneq  puknìthta katast�sewn pou dÐnetai apo thn sqèsh 3.10 h èkfrash 3.7 gia to reÔmaprèpei na tropopoihjeÐ oloklhr¸nontac wc proc thn katanom  twn katast�sewn Dε(E)dE:

I =
q

~

∫ ∞

−∞

dEDε(E)
γ1γ2
γ1 + γ2

[f1(E)− f2(E)] (3.11)37



Se qamhlèc jermokrasÐec mpìroume na gr�youme f1(E)− f2(E) = 1 an µ1 > E > µ2 alli¸c
f1(E)− f2(E) = 0 etsÐ ¸ste to reÔma na dÐnetai apo to thn sqèsh

I =
q

~

γ1γ2
γ1 + γ2

∫ µ1

µ2

dEDε(E) (3.12)E�n h t�sh eÐnai arket� mikr  mporoÔme na upojèsoume ìti h puknìthta twn katast�sewneÐnai stajer  sto eÔroc µ1 > E > µ2 kai na qrhsimopoi soume thn sqèsh 3.10 gia nagr�youme
I =

q

~

γ1γ2
γ1 + γ2

(µ1 − µ2)
γ1 + γ2/2π

(ε− µ)2 + (γ1 + γ2/2)2
(3.13)ProfÐl dunamikoÔSthn prohgoÔmenh par�grafo eÐdame pwc me thn efarmog  t�shc metaxÔ twn duo epaf¸n tahlektroqhmik� dunamik� qwrÐzontai apì µ1 − µ2 = qV . An�loga ton trìpo me ton opoÐoto energeiakì epÐpedo e ephre�zetai apo thn efarmozìmenh t�sh prokÔptoun diaforetikècepilogèc.An agno soume thn pÔlh,tìte to dunamikì sto kan�li endèqetai na brÐsketai sthn mèsh metaxÔtwn epaf¸n,ε → ε − (V/2) ìpwc faÐnetai sto akìloujo sq ma an�loga me to prìshmo thct�shc

Sq ma 3.5: Di�gramma energeiak¸n epipèdwn gia jetikèc kai arnhtikèc timèc t�shcGia mÐa mikr¸n diast�sewn suskeu  h epÐdrash tou dunamikoÔ U eÐnai h aÔxhsh thc puknìthtactwn katast�sewn se enèrgeia kai mporeÐ na sumperifjeÐ stic exis¸seic upologismoÔ tou38



arijmoÔ twn hlektronÐwn kai tou reÔmatoc me �meso trìpo
I =

q

~

∫ ∞

−∞

dEDε(E − U)
γ1γ2
γ1 + γ2

[f1(E)− f2(E)] (3.14)
N =

∫ ∞

−∞

dEDε(E − U)
γ1f1(E) + γ2f2(E)

γ1 + γ2
(3.15)en¸ gia ta reÔmata se k�je epaf  mporoÔme na gr�youme

I1 =
q

~

∫ ∞

−∞

dEγ1[Dε(E − U)f1 − n(E)] (3.16)
I2 =

q

~

∫ ∞

−∞

dEγ2[Dε(E − U)f2 − n(E)] (3.17)ìpoun(E) = Dε(E − U)(
γ1

γf1(E)
+
γ2
γ
f2(E)) (3.18)Se st�simh kat�stash to �jroisma twn duo reÔmatwn isoÔtai me mhdèn

I =
q

~

∫ ∞

−∞

dET (E)[f1(E)− f2(E)] (3.19)ìpou
T (E) = Dε(E − U)2πγ1γ2/γ (3.20)eÐnai o suntelest c metafor�c.AgwgoÐ me poll� energeiak� epÐpeda'Ena genikìtero montèlo pou perilamb�nei n energeiak� epÐpeda apaiteÐ thn antikat�stash twnmegej¸n kai posot twn pou èqoun  dh anaferjeÐ apo touc antÐstoiqouc pÐnakec diast�sewn

n× n

E → [H ]

γ1,2 → [Γ1,2]

2πD(E) → [A(E)]

2πn(E) → [Gn(E)]

U → [U ]

N → [ρ] =

∫

(dE/2π)[Gn]Sthn pragmatikìthta h epÐdrash twn epaf¸n perigr�fetai apì ènan pÐnaka ðdioenèrgeiac�
[S1,2(E)] to antiermitianì komm�ti tou opoÐou eÐnai o pÐnakac dieÔrhnshc Γ1,2 = ı[Σ1,2 −Σ+

1,2].'Olec oi posìthtec kai ta megèjh pou endiafèroun mporoÔn na upologistoun apo autoÔc toucpÐnakec pou prokÔptoun me thn efarmog  thc mejìdou twn peperasmènwn diafor¸n.39



Sq ma 3.6: Sqhmatik  anapar�stash thc antikat�stashc twn megej¸n endiafèrontoc apopÐnakec

40



Kef�laio 4
Mèjodoc twn peperasmènwn diafor¸n
4.1 Eisagwg Se prohgoÔmeno kef�laio anaptÔxame thn atomik  je¸rhsh gia thn agwgÐmothta kai katal x-ame pwc gia thn perigraf  ènoc genikìterou montèlou n energeiak¸n epipèdwn apaiteÐtai hantikat�stash twn megej¸n kai posot twn apo pÐnakec an�logwn diast�sewn. Sto kef�laioautì ja gÐnei h paroÔsiash mia proseggÐstikhc mejìdou gia thn metatrop  miac diaforik cexÐswshc se mia exÐswsh pin�kwn. H mèjodoc aut  onìmazetai mèjodoc twn peperasmènwndiafor¸n.4.2 Mèjodoc twn peperasmènwn diafor¸nH exÐswsh Schrödinger gia to �tomo tou Udrogìnou mporeÐ na epÐlujei me analutikèc mejì-douc, ìmwc ta perissìtera apì ta praktik� probl mata apaitoÔn mia upologistik  mèjodo.Ena koinì gn¸risma ìlwn twn upologistik¸n mejìdwn eÐnai h qr sh k�poiou teqn�smatoc giathn metatrop  thc kumatosun�rthshc se di�nusma sthlhc,tou diaforikoÔ telest  se pÐnakaetsÐ ¸ste h exÐswsh Schrödinger na metatrapeÐ apo mia diaforik  exÐswsh se mia exÐswshpin�kwn.

Ψ(−→r , t) ⇒ ψ(t)

Hop ⇒ [H ] (4.1)
ı~
∂

∂t
Ψ(−→r , t) = HopΨ(−→r , t) ⇒ ı~

d

dt
ψ(t) = [H ]ψ(t)H metatrop  aut  mporeÐ na gÐnei me polloÔc trìpouc, ènac apì touc pio aploÔc eÐnai h epilog enìc diakritoÔ plègmatoc. Ac jewr soume mia mìno di�stash kai ac diakritopoi soume thnmetablht  jèshc x se èna plègma ìpwc fainetai sto akìloujo sq ma xn = nα41



Sq ma 4.1: Sqhmatik  anapar�stash miac suneqoÔc sun�rthshc apo tic timèc thc se enasÔnolo shmeÐwn diakritoÔ plègmatocMe thn epilog  tou plègmatoc eÐnai dunat  h anapar�stash thc kumatosun�thshc Ψ(x, t) meèna di�nusma st lh [ψ1(t)ψ2(t) . . . . . . ]
T , ìpou o ekjèthc T dhl¸nei anastrof , pou perièqeitic timèc thc gÔrw apo ta plegmatik� shmeÐa thn qronik  stigm  t. An agno soume thnmetablht  tou qrìnou mporoÔme na gr�youme

{ψ1ψ2 . . . . . . } = {Ψ(x1)Ψ(x2) . . . . . . } (4.2)H anapar�stash aut  gÐnetai akrib c sto ìrio α→ 0, all� paramènei akrib c ìso to α eÐnaimikrìtero apo thn qwrik  diakÔmansh thc kumatosun�rthshc Y.To epìmeno b ma eÐnai na broÔme thn anapar�stash se morf  pÐnaka tou qamiltonianoÔtelest 
Hop ≡ −

~
2

2m

d2

dx2
+ U(x) (4.3)O trìpoc me to opoÐo pragmat¸netai aut  h metatrop  miac diaforik c exÐswshc se miaexÐswsh diafor¸n lègetai mèjodoc twn peperasmènwn diafor¸n

(
∂2Ψ

∂x2
)x=xn →

1

α
[Ψ(xn+1)− 2Ψ(xn) + Ψ(xn+1)] (4.4)kai

U(x)Ψ(x) → U(xn)Ψ(xn) (4.5)H teqnik  aut  mac epitrèpei na gr�youme (lamb�nontac upìyhn ìti t0 ≡ ~
2/2mα2 kai Un ≡

U(xn))
ı~
dψn
dt

= [Hop]x=xn = (Un + 2t0)ψn − t0ψn−1 − t0ψn+1

=
∑

m

[(Un + 2t0)δn,m − t0δn,m+1 − t0δn,m−1]ψm
(4.6)42



ìpou δn,m eÐnai to dèlta tou Kronecker δn,m = 1 an n = m alli¸c δn,m = 0 an n 6= m. Hparap�nw exÐswsh mporeÐ na grafeÐ san mÐa exÐswsh pin�kwn :
ı~
d

dt
{ψ(t)} = [H ]{ψ(t)} (4.7)Ta stoiqeÐa tou pÐnaka thc qamiltonian c dÐnontai apo thn sqèsh

Hn,m = [Un + 2t0]δn,m − t0δn,m+ 1− t0δn,m−1 (4.8)O pÐnakac pou anaparist� thn qamiltonian  ja èqei thn morf 
H = 1 2 . . . N − 1 N1 2t0 + U1 −t0 . . . 0 02 −t0 2t0 + U2 . . . 0 0. . . . . . . . . . . . . . . . . .
N − 1 0 0 . . . 2t0 + UN−1 −t0
N 0 0 . . . −t0 2t0 + UNGia mia dedomènh sun�rthsh dunamikoÔ U(x) kai me thn kat�llhlh stajer� plègmatoc α hkataskeu  tou parap�nw pÐnaka eÐnai dunat .Idiotimèc kai idiodianÔsmataTo epìmeno st�dio eÐnai h eÔresh twn idiotim¸n Eα kai idiodianusm�twn {α} tou pÐnaka [H ]:

[H ]{α} = Eα{α} (4.9)Qrhsimopoi¸ntac thn parap�nw exÐswsh mporoÔme na deÐxoume ìti h kumatosun�rthsh {ψ(t)} =
e−ıEαt/~{α} ikanopoieÐ thn exÐswsh 1.19 h opoÐa eÐnai grammik  epomènwc lÔsh thc ja eÐnaikai k�je grammikìc sunduasmìc thc {ψ(t)}

{ψ(t)} =
∑

α

Cαe
−ıEαt/~{α} (4.10)H teleutaÐa morf  eÐnai pl rhc, dhl�dh k�je lÔsh thc 1.19 mporeÐ na grafteÐ se aut n thnmorf . Me mia dedomènh arqik  kat�stash eÐnai dunat'ìc o upologismìc twn suntelest¸n

Cα.4.2.1 SwmatÐdio se koutÐSe autì tm ma ja parousi�soume mi� apl  efarmog  thc mejìdou gia to problhma touswmatidÐou se èna koutÐ pou eqeÐ perigrafeÐ se prohgoÔmenh upoenìthta. To dunamikìmèsa sto koutÐ eÐnai stajerì kai to koutÐ periorÐzetai apo duì apeÐrwc uyhl� fr�gmata stashmeÐa x = 0 kai x = L. H analutik  lÔsh tou probl matoc dÐnetai apo tic idiosunart seic
φα(x) ∼ sin(kαx) ìpou kα = απ/L, α = 1, 2, . . . kai tic idioenèrgeiec Eα = ~

2k2α/2m.Mia upologistik  lÔsh tou idÐou probl matoc brÐsketai me thn epilog  enìc diakritoÔ plèg-matoc 100 shmeÐwn kai gr�fontac enan 100× 100 pÐnaka [H ] me Un = 0:43



H = 1 2 . . . 99 1001 2t0 −t0 . . . 0 02 −t0 2t0 . . . 0 0. . . . . . . . . . . . . . . . . .
99 0 0 . . . 2t0 −t0
100 0 0 . . . −t0 2t0Me thn qr sh upologistik¸n pakètwn ìpwc to MATLAB, o upologismìc twn idiotim¸n kaitwn antÐstoiqwn idiodianusm�twn eÐnai eÔkoloc. Sto sugkekrimèno prìblhma to apotèlesmaeÐnai 100 idiotimèc ìsa kai ta plegmatik� shmeÐa pou akoloujoÔn thn analutik  èkfrash
Eα = ~

2π2α2/2mL2 me L = 101α ikanopoihtik� gia qamhlèc enèrgeiac all� apoklÐnounshmantik� se uyhlìterec.

Sq ma 4.2: Energeiak� epÐpeda gia ena swmatÐdio se koutÐ upologismèna gia èna diakritoplègma 100 shmeÐwnH proseggistik  mèjodoc twn peperasmènwn diafor¸n
~
2

2m
(
∂2Ψ

∂x2
)x=xn → t0[Ψ(xn+1)− 2Ψ(xn) + Ψ(xn+1)]eÐnai akrib c mìno e�n h kumatosun�rthsh Ψ metab�lletai arg� se èna m koc klÐmakac α .E�n antikatast soume Ψ ∼ sin(kαx) prokÔptei
~
2

2m
(
∂2Ψ

∂x2
)x=xn = t0(kαα)

2Ψ(xn)en¸
t0[Ψ(xn+1)− 2Ψ(xn) + Ψ(xn+1)] = 2t0(1− cos kαα)Ψ(xn)ParathroÔme pwc to analutikì apotèlesma Eα = t0(πaα/L)

2 akoloujeÐ mia parabolik sun�rthsh en¸ to upologistikì Eα = 2t0[1 − cos(απa/L)] mia sunhmitonoeid . Ta duìapotelèsmata eÐnai Ðsa mìno an kαα = απa/L etsÐ ¸ste cos(kαα) ≈ 1− (k2αα
2/2).KanonikopoÐhsh 44



Sthn analutik  prosèggish h kanonikopoÐhsh twn kumatosunart sewn dÐnetai apo thn sqèsh
∫ ∞

−∞

dx|φα(x)|
2 = 1en¸ sthn upologistik  mèjodo prèpei na ikanopoi tai h sqèsh

N∑

n=1

|φα(xn)|
2 = 1SungkrÐnontac ta apotelèsmata parathroÔme ìti di�feroun kata thn stajer� plègmatoc aAnalutikì apotelèsma → Upologistikì apotèlesma

|φα(xn)|
2 = (2/L) sin2(kαx) → |φα(xn)|

2 = (2α/L) sin2(kαx)Sunoriakèc Sunj kecApo austhr  majhmatik  �poyh o pÐnakac [H ] eÐnai apeÐrwc meg�loc, all� sthn pr�xh eÐnaidunatìn na perikopeÐ se ènan periorismèno arijmo N shmeÐwn. Autì sunep�getai ìti sta dÔo�kra antikajistoÔme ton ìro
−t0ψ0 + (2t0 + U1ψ1 − t0ψ2me

(2t0 + U1)ψ1 − t0ψ2kai
−t0ψN−1 + (2t0 + UNψN − t0ψN+1)me

−t0ψN−1 + (2t0 + UNψN ).Sthn pragmatikìthta jètoume tic timèc twn ψ0 kai ψN+1 Ðsec me mhdèn. Auth h sunoriak sunj kh eÐnai kat�llhlh an to dunamikì eÐnai apeÐrwc meg�lo sta shmeÐa 0 kai N+1.Mia �llh sunoriak  sunj kh pou qrhsimopoi tai suqn� eÐnai h periodik  ìpou upojètoumeoti to teleutaÐo shmeÐo en¸netai xan� me to arqikì ¸ste na mhn up�rqoun �kra.Majhmatik� oi periodikèc sunoriakèc sunj kec ulopoioÔntai tropopoi¸ntac ton pÐnaka thcqamiltonian c se
H = 1 2 . . . 99 1001 2t0 −t0 . . . −t0 02 −t0 2t0 . . . 0 0. . . . . . . . . . . . . . . . . .
99 0 0 . . . 2t0 −t0
100 −t0 0 . . . −t0 2t045



Sq ma 4.3: Sunoriakèc sunj kec a) apeÐrou dunamikoÔ b) periodikoÔ tÔpou qwrÐc �kraSe sÔgkrish me tic sunoriakèc sunj kec apeÐrou fr�gmatoc parathroÔme pwc oi mìnec di-aforèc eÐnai sta stoiqeÐa H(1,100) kai H(100,1). Oi kumatosunart seic dÐnontai se aut nthn perÐptwsh apì φαx) ∼ sin(kαx) kai cos(kαx) ìpou kα = α2π/L, α = 1, 2, . . .Oi timèc qwrÐzontai apì 2π/L antÐ gia π/L, epomènwc up�rqoun oi misèc epitreptèc timècalla se k�je tim  antistoiqeÐ mia hmitonoeid c kai mia sunhmitonoeid c sun�rthsh oi opoÐecmporoÔn na grafoÔn kai se sumptugmènh morf  eıkαx = cos(kαx) + ı sin(kαx) kai e−ıkαx =
cos(kαx)− ı sin(kαx)Arijmìc idiotim¸nH upologistik  mèjodoc lÔshc par�gei ènan periorismèno arijmì idiotim¸n se antÐjesh methn analutik  mèjodo. Autì eÐnai anamenìmeno apo thn stÐgmh pou oi idiotimèc antistoiqoÔnse ènan peperasmèno pÐnaka. H aitÐa eÐnai oti gia èna diakritì plègma oi kumatosunart seic
sin(kαx) kai sin([kα + (2π/α)]x) antiproswpeÔoun thn Ðdia kat�stash afoÔ se k�je shmeÐo
xn = nα,

sin(kαxn) = sin([kα + (2π/α)]xn)Den eÐnai Ðsec metaxÔ duì plegmatik¸n shmeÐwn kai gi�utì antiproswpeÔoun diakritèc katast�-seic se mia mh diakrit  anapar�stash. 'Omwc me thn epilog  tou diakritoÔ plègmatoc timèctou kα pou diafèroun kata 2π/α anaparistoÔn ìmoiec katast�seic kai mìno timèc tou kαα seèna eÔroc 2p odhgoÔn se anex�rthtec lÔseic. To pio sÔnhjec eÐnai na periorÐzontai oi timèctou kαα se èna eÔroc gnwstì kai wc pr¸th z¸nh Brillouin .periodikèc sunoriakèc sunj kec− π < kαα ≤ +πkai sunoriakèc sunj kec apeÐrou fr�gmatoc0 < kαα ≤ +π46



4.2.2 SwmatÐdio se 3D koutÐH mèjodoc pou perigr�fhke sthn prohgoÔmenh enìthta mporeÐ na efarmosteÐ kai se peris-sìterec apì mia diast�seic. Ta diag¸nia stoiqeÐa tou pÐnaka [H] thc qamiltonian c isoÔntaime t0 ton arijmì twn plhsièsterwn geitìnwn (2 se mia di�stash, 4 se duo diast�seic, 6 setreic diast�seic) prosjètontac to dunamikì U(−→r ) upologismèno sto antÐstoiqo plegmatikìshmeÐo,en¸ ta mh di�gwnia stoiqeÐa eÐnai Ðsa me −t0 gia geitonik� shmeÐa tou plègmatoc.
Hnm = vt0

= −t0

= 0

(4.11)Kaj¸c aux�nontai oi diast�seic emfanÐzontai duskolÐec sqetikèc me to mègejoc tou pÐnakathc qamiltonian c. En¸ gia ena monodi�stato prìblhma apaiteÐtai ènac pÐnakac diast�sewn
100×100 gia to antÐstoiqo trisdi�stato prìblhma qrei�zetai ènac pÐnakac di�astasewn 106×
106. Oi duskìliec aÐrontai me thn pro "upìjesh na eÐnai dunatìc o qwrismìc twn metablht¸n.Se aut n thn perÐptwsh antimetwpÐzoume trÐa monìdi�stata probl mata se antÐjesh me ènagigantiaÐo trisdi�stato. Autì eÐnai dunatìn e�n to dunamikì mporeÐ na qwristeÐ se x−,y−kai z− exart¸mena tm mata:

U(−→r = Ux(x) + Uy(y) + Uz(z) (4.12)H kumatosun�rthsh mporeÐ na grafeÐ upì morf  ginomènou
Ψ(−→r = X(x)Y (y)Z(z)ìpou k�re mia apo tic sunart seic X(x),Y (y) kai Z(z) upologÐzontai lÔnontac mia xeqwrist monodi�stath exÐswsh Schrödinger

ExX(x) = (−
~
2

2m

d2

dx2
+ Ux(x))X(x)

EyY (y) = (−
~
2

2m

d2

dy2
+ Uy(y))Y (y) (4.13)

EzZ(z) = (−
~
2

2m

d2

dz2
+ Uz(z))Z(z)H olik  enèrgeia eÐnai Ðsh me to �jroisma twn energeÐwn pou sqetÐzontai me k�je mia apo tictreic diast�seic: E = Ex + Ey + Ez .4.3 Domèc Z¸nhcSto prohgoÔmeno kef�laio anaptÔxame thn mèjodo me thn opoÐa mporeÐ mia diaforik  exÐswshna metatrapeÐ se mÐa exÐswsh pÐnakwn kaj¸c kai thn anapar�stash upì morf  pÐnaka touqamiltonianoÔ telest , h diagwnopoi sh tou opoÐou katal gei sthn eÔresh twn idiotim¸n47



tou probl matoc. Se autì to kef�laio ja perigr�youme ton upologismì thc dom c twnenergeiak¸n zwn¸n me thn epÐlush mia exliswshc idiotim¸n pÐnaka thc morf c
E(φ0) = [h(

−→
k )](φ0)ìpou

[h(
−→
k )] =

∑

m

[Hnm]e
ı
−→
k (

−→
dm−

−→
dn)O pÐnakac [h(

−→
k )] eÐnai megèjouc b × b ìpou b eÐnai o arijmìc twn troqiak¸n pou qrhsi-mopoioÔntai san b�sh anapar�stashc enìc shmeÐou tou plègmatoc . H �jroish wc proc mperilamb�nei ìla ta geitonik� shmeÐa tou plègmatoc(kai to Ðdio) me ta opoÐa to shmeÐo nèqei k�poia epik�luyh,dhlad  to stoiqeÐo Hnm eÐnai mh mhdenikì. To �jroisma upologÐzetaidialègontac èna opoiod pote shmeÐo n kai to apotèlesma ja eÐnai to Ðdio ex�itÐac thc peri-odikìthtac tou plègmatoc. H dom  twn zwn¸n sqedi�zetai me thn eÔresh twn idiotim¸n tou

b× b pÐnaka [h(
−→
k )] gia k�je tim  tou −→

k kai èqei b kl�douc, ènan gia k�je idiotim .4.3.1 MonodÐastato stereìAc jewr soume èna monodi�stato stereì apoteloÔmeno apo N �toma ìpwc autì tou parak�twsq matoc

Sq ma 4.4: 'Ena monodi�stato stereìAn jewr soume èna troqiakì gia k�je �tìmo mporoÔme na gr�youme ènan N ×N pÐnaka giathn qamiltonian  ìpou ta diag¸nia stoiqeÐa qarakthrÐzontai me deÐkth ss q¸ric aparaÐthtato troqiakì na eÐnai tÔpou s kai me qr sh periodik¸n sunoriak¸n sunjhk¸n
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H = |1 > |2 > . . . |N − 1 > |N >
|1 > E0 Ess . . . 0 Ess
|2 > Ess E0 . . . 0 0. . . . . . . . . . . . . . . . . .
|N − 1 > 0 0 . . . E0 Ess
|N > Ess 0 . . . Ess E0Me thn qr sh arijm tik¸n mejìdwn upologismoÔ brÐskoume ìti oi idiotimèc mpìroun nagraftoÔn sthn morf 

Eα = E0 + 2Ess cos(kαα), kαα = α2π/N (4.14)Oi timèc tou kαα orÐzontai apo −π wc +π kai apèqoun kat� 2π/N . Gia meg�lec timèc touN oi idiotimèc briskontaÐ kont� h mia sthn �llh en¸ gia mikrèc timèc apèqoun perisìtero.Ex'aÐtiac thc periodhkìthtac, h exÐswsh pÐnaka E(ψ) = [H ](ψ) apoteleÐtai apì èna sÔnoloN omoÐwn exis¸sewn pou mporoÔn na graftoÔn sthn morf 
Eψn = E0ψn + Essψn−1 + Essψn+1 (4.15)To sÔnolo twn exis¸sewn epilÔetai analutik� apì

ψn = ψ0e
ıknα (4.16)
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Sq ma 4.5: Di�gramma Enèrgeiac-kα/π me E0 = 0 kai Ess = 1 gia a) N=100 kai b) N=20Antikajist¸ntac thn teleutaÐa exÐswsh sthn prohgoÔmenh kai aplopoi¸ntac ton koinì par�-gonta exp(ıknα) prokÔptei
Eψ0 = E0ψ0 + EssE

−ıkαψ0 + Esse
ıkαψ0epomènwc E = E0 + 2Ess cos(kα) To peperasmèno eÔroc tou plègmatoc Nα odhgeÐ se di-akritèc epitreptèc timèc tou k en¸ h diakritìthta tou plègmatoc epib�lei peperasmèno eÔrocstic epitreptèc timèc. O arijmìc twn epitrept¸n tim¸n tou k (2π/α)(2π/Nα) = N eÐnaiakrib¸c o arijmìc twn shmeÐwn tou plègmatoc. Autì exasfalÐzei oti kai o arijmìc twnidiotim¸n ja eÐnai Ðsoc me to mègejoc tou pÐnaka [H ] pou kajorÐzetai apo twn arijmì twnplegmatik¸n shmeÐwn.4.3.2 GenÐkeush apotelesm�twnH diadikasÐa pou perigr�fhke sthn prohgoÔmenh enìthta gia ton upologismì thc dom c twnenergeiak¸n z¸nwn mporeÐ na genikeuteÐ gia opoiod pote periodikì stereì me aujaÐreto ari-jmì sunart sewn b�shc-troqiak¸n an� domik  mon�da. Ac jewr soume mia domik  mon�da nsundemènh me tic m geitonikèc mon�dec aut c me èna pÐnaka [Hnm] megèjoc b× b,b o arijmìctwn sunart sewn-dianusm�twn b�shc an� mon�da.H exÐswsh pin�kwn gr�fetai se aut n thn perÐptwsh

∑

m

[Hnm]{φ(m)} = E{φ(n)} (4.17)ìpou {phi(m)} eÐnai èna b×1 di�nusma st lh pou dhl¸nei thn kumatosun�rthsh sthn mon�da
mTo sÔnolo aut¸n twn exis¸sewn mporeÐ na epilÔjei me thn qr sh thc sqèshc

{φ(m)} = {φ0} exp(ı
−→
k
−→
dm (4.18)50



Sq ma 4.6: Sqhmatik  anapar�stash miac domik c mon�dac n sundemènhc me tic m geitonikècthc mèsw enìc pÐnaka [Hnm]me thn pro "upìjesh h exÐswsh pin�kwn na isqÔei gia k�je mon�da n. Antikajist¸ntac thnteleutaÐa sqèsh sthn exÐswsh pin�kwn prokÔptei
E{φ0} = [h(

−→
k ]{φ0} (4.19)me

[h(
−→
k )] =

∑

m

[Hnm]e
ı
−→
k (

−→
dm−

−→
dn) (4.20)anex�rthta apo poi� mon�da n upoplogÐzetai to �jroismaEpitreptèc timèc tou kSe sqèsh me to monodi�stato par�deigma, oi epitreptèc timèc gia ena stereì stic duì diast�-seic meorjog¸nio   kubikì plègma mporoun na grafoÔn

[
−→
k ]nm = x̂(m2π/Mα) + ŷ(n2π/Nβ) (4.21)ìpou (m,n) eÐnai èna zeÔgoc keraÐwn en¸M,N anaparistoÔn ton arijmì twn dimik¸n mon�dwnpou brÐskontai kata m koc twn x−, y− dieuj nsewn antÐstoiqa. Epiplèon orÐzontac −→

L 1 =

x̂Mα,
−→
L 2 = ŷNβ upologÐzoume

−→
k
−→
L 1 = m2π → kx = m2π/Mα
−→
k
−→
L 2 = n2π → ky = n2π/NβZ¸nh BrillouinSthn perÐptwsh tou monodi�statou probl matoc eÐdame pwc gia èna sÔnolo shmeÐwn pouqwrÐzontai apì α èqei èna metasqhmatismì Fourrier apoteloÔmeno apo shmeÐa pou apèqounmetaxÔ touc 2π/α . H z¸nh Brillouin kataskeÔazetai gÔrw apo to shmeÐo k = 0 sundèontacto me geitonik� shmeÐa sto antÐstrofo plègma kai sqedi�zontac tic mesokajètouc aut¸n.51



Sq ma 4.7: a) EujÔ plègma, b) AntÐstrofo plègma, c) Z¸nh BrillouinParìmoia gia èna dudi�stato plègma kataskeÔazoume to antÐstrofo plègma kai mèta thnpr¸th z¸nh Brillouin sqedi�zontac tic mesokajètouc twn gramm¸n pou en¸noun to shmeÐo
−→
k = (0, 0) me ta geitonik� shmeÐa sto antÐstrofo plègma. H z¸nh Brillouin orÐzei ticepitreptèc timèc tou −→

k

−π ≤ kxα < +π

−π ≤ kyb < +π

Sq ma 4.8: a) EujÔ plègma, b) AntÐstrofo plègma, kai h z¸nh Brillouin
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4.4 Kb�ntwsh twn diast�sewnSthn prohgoÔmenh enìthta perigr�yame mia mèjodo katagraf c twn energeiak¸n epipèdwnenìc omogenoÔc periodikoÔ stereoÔ me ìrouc tou kumatanÔsmatoc −→k ìpou ta hlektrìnia ki-noÔntai eleÔjera kai stic treic diast�seic. Ac jewr soume mia dom  tranzÐstor apoteloÔmenhapì dÔo sumetrik� hlektrìdia pÔlhc wc proc to kanalÐ ìpwc autì tou akìloujou sq matoc

Sq ma 4.9: Sqhmatik  anapar�stash enìc nano-tranzÐstor ekpomp c pedÐou(nano −
scaleFET ) me dÔo pÔlecSe èna omogenèc stereì ta energeiak� epÐpeda kathgoriopoioÔntai wc Eb(kx, ky, kz) ìpou odeÐkthc b anafèretai stic diaforetikèc z¸nec. Se mia dom  tranzÐstor ìpwc aut  tou parap�n-w sq matoc ta hlektrìnia eÐnai eleÔjera na kinhjoÔn mìno sto x−y'epÐpedo. O upologismìctwn energeiak¸n epipèdwn gÐnetai me b�sh thn gn¸sh twn epipèdwn tou omogenoÔc stereoÔ,jewr¸ntac ton periorismì wc proc ton z �xona wc èna daktÔlio perifèreiac Lz, ¸ste oi pe-riodikèc sunoriakèc sunj kec na preiorÐzoun tic epitreptèc timèc tou kz se èna traqÔ plègmapou qarakthrÐzetai apì kz = p2π/Lz

Eb,p ≈ Eb(kx, ky, kz = p2π/Lz)ìpou o prìsjetoc deÐkthc p onom�zetai deÐkthc upoz¸nhc. H prosèggish aut  dÐnei kal�apotelèsmata gia nanodomèc daktulÐou ìpwc oi nanoswl nec �njraka, ìmwc gia tic peris-sìterec qamhlodi�statec domèc oi sunoriakèc sunj kec prosomoi�zoun perissìtero me autèctwn apeÐwn fragm�twn dunamikoÔ periorÐzontac tic epitrep'tec timèc tou −→
k se èna traqÔplègma pou qarakthrÐzetai apì kz = pπ/Lz kai èqei energeiak� epÐpeda

Eb,p ≈ Eb(kx, ky, kz = pπ/Lz)53



Ac upojèsoume ìti h sqèsh diaspor�c twn energeiak¸n epipèdwn perigr�fetai apì thnparabolik  sqèsh
E(

−→
k ) ≈ Ec +

~
2(k2x + k2y + k2z)

2mc
Sumpagèc stereì (4.22)ìpou Ec, mc eÐnai stajerèc an�logec tou probl matoc. O periorismìc wc proc ton �xona zdhmiourgeÐ upoz¸nec qarakthrismènec me deÐkth p tètoiec ¸ste

Ep(kx, ky) ≈ Ec + p2εz +
~
2(k2x + k2y
2mc

)Kbantikì phg�di (4.23)PeriorÐzontac peraitèrw tic diast�seic kata ton �xona y èqoume
En,p(kx) ≈ Ec + n2εy + p2εz +

~
2k2x
2mc

Kbantikì n ma (4.24)ìpou εy antistoiqeÐ sthn di�stash y . Tèloc gia tic domèc pou periorÐzoun thn kÐnhsh twnhlektronÐwn kai stic treic diast�seic katal gontac se diakrit� epÐpeda parìmoia me aut� twnapomonwmènwn atìmwn isqÔei
Em,n,p ≈ Ec +

m2
~
2π2

2mcL2
x

+
n2
~
2π2

2mcL2
y

+
p2~2π2

2mcL2
z

(4.25)4.4.1 Puknìthta katast�sewnH puknìthta twn katast�sewn (Density of States DOS ) deÐqnei ton arijmì twn idiokatast�sewnthn enèrgeic na mon�da energeiakoÔ eÔrouc kai exart�tai apo thn sqèsh diaspor�c E(−→k )
E(

−→
k ) = Ec +

~
2k2

2mc
(4.26)H diadikasÐa upologismoÔ thc puknìthtac twn katast�sewn eÐnai h je¸rhsh enìc orjogwnÐoukoutioÔ megèjouc LxLyLz me periodikèc sunj kec se ìlec tic diast�seic

kx =
2π

Lx
νx, ky =

2π

Lyνy
, kz =

2π

Lzνz
(4.27)ìpou νx, νy, νz eÐnai akèraioi. Sthn sunèqeia upojètoume pwc to koutÐ eÐnai arket� meg�lo¸ste oi epitreptèc timèc na eÐnai suneqeÐc kai h �jroish wc proc k�je deÐkth na mporeÐ naantikatastajeÐ me oloklhr¸mata

∑

kx

→

∫ ∞

−∞

dkx
2π/Lx

,
∑

ky

→

∫ ∞

−∞

dky
2π/Ly

,
∑

kz

→

∫ ∞

−∞

dkz
2π/Lz

(4.28)
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Oi epitreptèc katast�seic ston q¸ro k katanèmontai me puknìthta thc t�xhc (L/2π) anamon�da k se k�je k di�stash. O sunolikìc arijmìc twn epitrept¸n katast�sewn N(k) mèqrimia orismènh mègisth tim  dÐnetai apo tic sqèseic
L

2π
2k =

kL

π
, L ≡ Lx, 1D

LxLy
4π2

πk2 =
k2S

4π
, S ≡ LxLy, 2D

LxLyLz
8π3

4πk3

3
=
k3Ω

6π2
,Ω ≡ LxLyLz.3DQrhsimopoi¸ntac thn sqèsh diaspor�c thc enèrgeiac metatrèpetai o sunolikìc arijmìc epitrep-t¸n katast�sewnN(k) seN(E) deÐqnontac ton arijmì twn katast�sewn me enèrgeia mikrìter-h apo E. H par�gwgoc thc sun�rthshc aut c ma dÐnei thn puknìthta twn katast�sewn

D(E) =
d

dE
N(E) (4.29)Ta apotelèsmata gia thn antÐstoiqei kb�nbtwsh twn diast�sewn parousi�zontai ston akìlou-jo pÐnaka

Sq ma 4.10: PerÐlhyh twn apotelesm�twn gia ton upologismì twn DOS se 1D, 2D, 3Ddiast�seic gia isotropik  sqèsh diaspor�c, ta diagr�mmata eqoun sqediasteÐ gia mc = mekai gia èna spin[23]
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h parabolik  sqèsh diaspor�c E(k) dhmiourgeÐ puknìthtec katast�sewn pou exart¸ntai san
E−1/2 gia mia di�stash, E0 gia 2D kai E1/2 se treic diast�seic. Gia diast�seic mikrìterec twntri¸n ta stoiqeÐa tou pÐnaka parousi�zoun thn puknìthta mÐac mìno upoz¸nhc. H pl rhcèkfrash prokÔptei apì thn �jroish se ìlec tic upoz¸nec,gia par�deigma se èna kbantikìphg�di 2D isqÔei

Ep(kx, ky) ≈ Ec + p2εz +
~
2(k2x + k2y
2mc

)kai h puknìthta twn katast�sewn dÐnetai apo thn sqèsh
D(E) =

mcS

2π~2

∑

p

ϑ(E −Ec − p2εz) (4.30)Genik  èkfrash upologismoÔ DOSSe èna sÔsthma me idiokatast�seic pou qarakthrÐzontai apo ènan deÐkth α o sunolikìcarijmìc twn katast�sewn me enèrgeia mikrìterh apo E eÐnai
NT =

∑

α

ϑ(E − εα) (4.31)ìpou ϑ(E) eÐnai h monadiaÐa sun�rthsh b matoc Ðsh me mhdèn gia E < 0. H par�gwgoc thcsun�rthshc b matoc eÐnai h sun�rthsh dèlta ètsi ¸ste
D(E) ≡

d

dE
NT (E) =

∑

α

δ(E − εα) (4.32)H teleutÐa sqèsh anaparist� mia akoloujÐa apo korufèc antÐ gia mÐa suneq  sun�rthsh. Hèkfrash gia thn puknìthta twn katast�sewn dÐnetai apo thn sqèsh aut  me thn antikat�s-tash tou ajroÐsmatoc apo olokl rwma. Gia par�deigma e�n
E(

−→
k ) = Ec +

~
2k2

2m∗tìte
D(E) =

∑

−→
k

δ(E − ε−→
k
)

=
∑

kx

∑

ky

∑

kz

δ

(

E − Ec −
~
2(k2x +K2

y + k2z)

2m∗

)Antikajist¸ntac tic ajroÐseic me oloklhr¸mata prokÔptei
D(E) =

Ω

8π3

∫ ∞

−∞

dkxdkydkzδ(E −Ec −
~
2k2

2m∗

=
Ω

8π3

∫ ∞

−∞

4πk2dkδ(E −Ec −
~
2k2

2m∗

=
Ω

2π2

∫ ∞

0

m∗dE

~2

√

2m∗(E − Ec)

~
δ(E −Ec −

~
2k2

2m∗

=
Ωm∗

2π2~3
[2m∗(E − Ec)]

1/256



H pragmatik  axÐa thc teleutaÐac sqèshc eÐnai otÐ èqei genik  isqÔ anex�rthta apo thn sqèshdiaspor�c.DiaqwrÐsima probl mataE�n upojèsoume ìti èqoume ena 2D prìblhma pou mporeÐ na diaqwristeÐ se x−, y− sunist¸secètsi ¸ste h sunolik  enèrgeia na eÐnai to �jroisma twn duì sunistws¸n
ε(n,m) = εx(n) + εy(m) (4.33)Se aut n thn perÐptwsh mporeoÔme na orÐsoume dÔo puknìthtec katast�sewn mia x−DOSkai mia y −DOS

Dx(E) =
∑

n

δ[E − εx(n)] (4.34)
Dy(E) =

∑

m

δ[E − εy(m)] (4.35)H olik  puknìthta twn katast�sewn dÐnetai apo thn sqèsh
D(E) =

∑

n

∑

m

δ[E − εx(n)− εy(m)] (4.36)kai upì morf  sunèlixhc oloklhrwm�twn
D(E) =

∫ ∞

−∞

dE ′Dx(E
′)Dy(E −E ′) (4.37)
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Kef�laio 5
DieÔrhnsh energeiak¸n epipèdwn
5.1 Anoiqt� sust mataSe prohgoÔmeno kef�laio eÐdame pwc gia na uparqeÐ ro  reÔmatoc apaiteÐtai èna kan�li sun-demèno me duo epafèc pou den brÐskontai se isorropÐa metaxÔ tou kai èqoun duo diaforetik�hlektroqhmik� dunamik�. H mia epaf  genÐzei suneq¸c to kan�li en¸ h �llh to adei�zeisuneq¸c apo hlektrìnia dhmiourg¸ntac mia kajar  ro  reÔmatoc apo thn mia epaf  sthn�llh. Se autì to kef�laio ja perigr�youme thn kbantik  je¸rhsh tou probl matoc.Ac jewr soume èna sÔsthma me mia mìno epaf  ìpwc autì tou akìloujou sq matoc. Tokan�li èrqetai se isorropÐa me thn epaf  kai den up�rqei ro  reÔmatoc upo stajerèc sun-j kec.Ean to kan�li eÐnai aposundemèno apo thn epaf  upakoÔei sthn exÐswsh

Eψ = (Ec + 2t0)ψ
︸ ︷︷ ︸

HψMìlic sundejeÐ me thn epaf  h exÐswsh aut  tropopoi tai se
Eψ = (Ec + 2t0)ψ − t0Φ−1 (5.1)ìpou oi kumatosunart seic Φn thc epaf c ikanopoioÔn èna �peiro sÔnolo exis¸sewn (n <))

EΦn = −t0Φn−1 + (Ec + 2t0)Φn − t0Φn+1 (5.2)Apo thn stigm  pou ìlec oi exis¸seic se autì to �peiro sÔnolo èqoun thn Ðdia morf  mporoÔmena gr�youme tic lÔseic me thn morf  epÐpedwn kum�twn. Upojètontac toi h lÔsh apoteleÐtaiapì ena prospÐpton kÔma apì thn epaf  kai èna anakl¸meno apo to kan�li èqoume
Φn = B exp(+ıknα) + C exp(−ıknα) (5.3)ìpou

E = Ec + 2t0(1− cos kα) (5.4)58



Sq ma 5.1: 'Ena hmi�peiro kal¸dio me mÐa epaf . To shmeÐo 0 jewreÐtai san to kan�li en¸ta upìloipa san thn epaf Qrhsimopoi¸ntac thn 8.4 exÐswsh gr�foume
ψ ≡ Φ0 = B + Ckai

Φ−1 = B exp(−ıkα) + C exp(+ıkα) (5.5)ètsi ¸ste
Φ−1 = ψ exp(+ıkα) +B[exp(−ıkα)− exp(+ıkα)] (5.6)Antikajist¸ntac sthn 8.2 èqoume

Eψ = (Ec + 2t0)ψ
︸ ︷︷ ︸

Hψ

− t0 exp(+ıkα)ψ
︸ ︷︷ ︸

Σψ

+ t0B[exp(+ıkα)− exp(−ıkα)]
︸ ︷︷ ︸

S

(5.7)H teleutaÐa sqèsh èqei thn morf 
E{ψ} = [H + Σ]{ψ}+ {S} (5.8)me

Σ = −t0 exp(+ıkα) (5.9)kai
S = ıt02B sin kα (5.10)O ìroc Σ eÐnai o ìroc thc idioenèrgeiac , den eÐnai ermitianìc kai eÐnai anex�rthtoc twnstajer¸nB,C thc kumatosun�rthshc thc epaf c. Anaparist� to gegonìc oti oi kumato-sunart seic tou kanalioÔ mporoÔn na brejoÔn sthn epaf . O ìroc S anaparist� thn diègershtou kanalioÔ apo thn epaf  kai eÐnai an�logoc tou B.59



Genikìc formalismìcAc jewr soume èna kan�li qwrÐc hlektrìnia pou den eÐnai sundemèno me thn epaf . Tahlektrìnia sthn epaf  èqoun kumatosunart seic {ΦR} pou upakoÔn thn exÐswsh Schrödingergia mÐa apomonwmènh epaf 
[EIR −HR]{ΦR} = {0}ìpou HR eÐnai h qamiltonian  gia thn epaf  kai [IR] eÐnai o manadiaÐoc pÐnakac Ðdiou megèjoucme thn qamiltonian An tropopoi soume thn exÐswsh kata trìpo

[EIR −HR + ıη]{ΦR} = {SR} (5.11)ìpou [h] = 0+[IR] eÐnai mia apeiroel�qisth posìthta epÐ ton moanidiaÐo pÐnaka kai antiprosw-peÔei thn exagwg  twn hlektronÐwn apo thn epaf  en¸ o ìroc SR anaparist� thn epaneis-agwg  twn hlektronÐwn apì exwterikèc phgèc ¸ste na diathreÐtai h epaf  se stajerì hlek-troqhmikì dunamikì.

Sq ma 5.2: a)Kan�li qwrÐc hlektrìnia kai aposundemèno apì thn epaf  b)SÔndesh kanalioÔ-epaf c kai di�qush twn kumatosunart sewn thc epaf c sto kan�li me antÐdrash to skedazì-meno kÔma {χ}sthn epaf H met�bash apo thn exÐswsh Schrödinger sthn exÐswsh 8.8 antiproswpeÔei mia jemelei¸dhdiafor� optik c gwnÐac: E den eÐnai plèon mia idioenèrgeia all� mia anex�rthth metablht  pouanaparist� thn enèrgeia diègershc apo tic exwterikèc phgèc. Me thn exÐswsh Schrödingeroi {PhiR} eÐnai anagkastÐka oi mh mhdenikèc idiosunart seic thc [HR] mìno ìtan h enèrgeiaE antistoiqei se mÐa apo tic idioenèrgeiec thc [HR]. Apo thn �llh meri� oi {PhiR} eÐnai mhmhdenikèc gia ìlec tic enèrgeiec me korjfèc gÔrw apo thc idioenèrgeiec thc [HR], h oxÔthtatwn opoÐwn exart�tai apo thn apeiroel�qisth posìthta 0+.60



Me thn sÔndesh tou kanalioÔ me thn epaf  oi kumatosunart seic aut c diaqèontai kai "-gennoÔn� mia kumatosun�rthsh {ψ} sthn suskeÔh plèon kan�li-epaf  h opoÐa me thn seir�thc par�gei skedazìmena kÔmata {χ}. H olik  kumatosun�rths ja ikanopoieÐ thn sÔnjethexÐswsh Schrödinger gia to sÔsthma kan�li-epaf  pou mporeÐ na grafeÐ upo morf 
(
EIR −HR + ıη −τ+

−τ EI −H

){
ΦR + χ
ψ

}

=

{
SR
0

} (5.12)ìpou [H] eÐnai h qamiltonian  thc suskeu c. Oi ìroi pou emfanÐzontai sthn exÐswsh den eÐnaiarijmoÐ alla pÐnakec diafìrwn diast�sewn
[HR], [IR], [η] : (R ×R)

[H ], [I] : (d× d)

[τ ] : (d× R), [τ+] : (R× d)  dianÔsmata st lec
{ΦR}, {χ}, {SR} : (R × 1)

{ψ} : (d× 1)Me apaloif  tou ìrou {SR} apì thn exÐswsh pin�kwn prokÔptei ìti
[EIR −HR + ıη]{χ} − [τ+]{ψ} = {0}Me thn qr sh �lgebrac pin�kwn mporoÔme na ekfr�soume ton ìro {χ} wc proc ton ìro {ψ}apo thn pr¸rh exÐswsh

{χ} = GRτ
+{ψ}ìpou

GR ≡ [EIR −HR + ıη]−1 (5.13)kai
[η] = 0+[IR]Antikajist¸ntac sthn deÔterh exÐswsh èqoume

[EI −H − Σ]{ψ} = {S} (5.14)ìpou
Σ ≡ τGRτ

+, S ≡ τΦR (5.15)H posìthta GR antiproswpeÔei mia idiìthta thc apomonwmènhc epaf c afoÔ perièqe mìnothn qamiltonian  epaf c kai ìnom�zetai sun�rthsh Green thc epaf c.
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Upologismìc twn S kai SO pÐnakac pou antistoiqeÐi sthn sun�rthsh Green GR eÐnai diast�sewn (R × R),o pÐnakac
[τ ] eÐnai diast�sewn (d × R) kai sundèetai me r stoiqeÐa thc epif�neiac metaxÔ thc epaf ckai tou kanalioÔ. Epomènwc eÐnai dunatìn na ton periorÐsoume se ènan (d× r) pÐnaka kai nagr�youme

Σ(d×d) ≡ τ(d×r)gR(r×r)τ
+
(r×d) (5.16)kai

S(d×1) ≡ τ(d×r)φR(r×1) (5.17)ìpou h epifaneiak  sun�rthsh Green gR antiproswpeÔei èna (r× r) uposÔnolo thc pl roucsun�rthshc Green pou perilamb�nei mìno r shmeÐa thc epif�neiac kai h {φR} anaparist�èna (r × 1) uposÔnolo twn kumatosunart sewn {ΦR} thc epaf c. Gia to par�deigma pouanalÔjhke sthn prohgoÔmenh enìthta isqÔei
τ = −t0, φR = −ı2B sin kα (5.18)kai
gR = −(1/t0) exp(ıkα) (5.19)'Enac �lloc trìpoc upologismoÔ twn S kai S eÐnai h qr sh thc anapar�stashc twn id-iokatast�sewn thc epaf c ètsi ¸ste h qamiltonian  thc epaf c na eÐnai diag¸nioc pÐnakackai h sun�rthsh Green mporeÐ na grafteÐ me ìrouc twn idiotim¸n εn thc HR

[GR(E)] =

[ 1
E−ε1+ı0+

0 . . .

0 1
E−ε2+ı0+

. . .

. . . . . . . . .

] (5.20)Se aut n thn anapar�stash o pÐnakac sÔzeuxhc [τ ] den mpìrei na perioristeÐ se qamhlìterecdiast�seic kai ja prèpei ma upologistoÔn �peira ajroÐsmata se ìlec tic idiokatast�seic thcepaf c
Σi,j(E) =

∑

n

[τ ]in[τ
+]nj

E − εn + ı0+
(5.21)

Si(E) ≡
∑

n

[τ ]in{ΦR}n (5.22)
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5.2 Topik  puknìthta twn katast�sewnSthn prohgoÔmenh enìthta perigr�yame pwc h sÔndesh tou kanalioÔ me thn epaf  mporeÐ naperigrafeÐ apì mia tropopoihmènh exÐswsh Schrödinger thc morf c E{ψ} = [H+Σ]{ψ}+{S}ìpou {S} anaparist� thn diègersh apo thn epaf  kai o ìroc thc idioenèrgeiac S anaparist�thn tropopoÐhsh sto kan�li lìgw thc sÔzejxhc. Se antÐjesh me ton pÐnaka thc qamilotnian c
[H ] o pÐnakac [H+Σ] èqei migadikèc idiotimèc kai to fantastikì komm�ti twn idiotim¸n aut¸ndieur nei thn puknìthta twn katast�sewn kai prosdiorÐzei ènan peperasmèno qrìno zw c seautèc tis katast�seic.Ac jewr soume èna sÔnjeto sÔsthma suskeÔhc apoteloÔmeno apo to kan�li kai thn epaf .H puknìthta twn katast�sewn se èna tètoio sÔsthma me èna sÔnolo idiotim¸n εα dÐnetai apìthn sqèsh

D(E) =
∑

α

δ(E − εα) (5.23)Gia ton upologismì thc topik c puknìthtac katast�sewn sto kan�li qrei�zetai na lhfjeÐupìyhn kai to tm ma thc kumatosun�rthshc pou paramènei sto kan�li met� thn sÔndesh methn epaf 
D(d;E) =

∑

α

|φα(d)|
2δ(E − εa)Ac upojèsoume ìti h suskeÔh me èna energeiakì epÐpedo eÐnai aposundemènh apo thn dexamen -epaf  h opoÐa èqei èna puknì sÔnolo energeiak¸n epipèdwn εR. H olik  puknìthta twnkatast�sewn dÐnetai apo thn sqèsh

D(E) =
∑

α

δ(E − εα) = δ(E − ε) +
∑

α

δ(E − εα)en¸ h topik  puknìthta twn katast�sewn sto kan�li apo thn sqèsh
D(d;E) =

∑

α

|φα(d)|
2δ(E − εa) = δ(E − ε)afoÔ oi katast�seic thc dexamen c èqoun kumatosunart seic me mhdenikì pl�toc mèsa stokan�li. Me thn sÔndesh dexamen c kanalioÔ den ja uparqeÐ plèon èna mìno epÐpedo me thnkumatosun�rthsh tou sto kan�li all� ja up�rqoun pollèc geitonikèc katast�seic me tm -mata twn kumatosunart sewn na paramènoun sto kan�li. Koit�zontac thn topik  puknìthtatwn katast�sewn parathroÔme mia seir� apo energeiak� epÐpeda me kumainìmena Ôyh pouantistoiqoÔn sto komm�ti thc tetragwnismènhc kumatosun�rthshc pou paramènei sto kan�li
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Sq ma 5.3: Kan�li me èna energeiakì epÐpedo sundemèno me dexamènh pukn¸n enegeiak¸nepipèdwn. Me thn sÔndesh kanalioÔ-epaf c mia eir� apì epÐpeda kumainìmenouj Ôyoucparamènoun sto kan�liGenikìtera orÐzoume mÐa topik  puknìthta katast�sewn (LDOS),D(−→r ;E) h opoÐa metr�eithn suneisfor� k�je epipèdou apì to tetr�gwno thc kumatosun�rthshc tou sth jèsh r
D(−→r ;E) =

∑

α

|Φα(
−→r )|2δ(E − εα) (5.24)h opoÐa mporeÐ na jewrhjèÐ san to diag¸nio stoiqeÐo (diairemèno kata 2p) miac pio genik cènnoiac pou onom�zetai sun�rthsh f�smatoc [A(E)]:

A(−→r ,−→r ′;E) = 2π
∑

α

φα(
−→r )δ(E − εα)φ

∗
α(
−→r ′) (5.25)ìpwc h hlektronik  puknìthta

n(−→r ) =
∑

α

|φα(
−→r )|2fo(εα − µ) (5.26)mporeÐ na jewrhjeÐ wc to diag¸nio stoiqeÐo tou pÐnaka puknìthtac

ρ(−→r ,−→r ′)
∑

α

φα(
−→r )fo(εα − µ)φ∗

α(
−→r ′) (5.27)Sthn anapar�stash tou pragmatikoÔ q¸rou mporoÔme na gr�youme thn sun�rthsh f�smatocsthn morf 

[A(E)] = 2πδ(E[I]− [H ]) (5.28)Qrhsimopoi¸ntac tic idiokatast�seic thc qamiltonian c H san b�sh o [H ] eÐnai diag¸nioc
[H ] =

[ ε1 0 0 . . .
0 ε2 0 . . .
0 0 ε3 . . .
. . . . . . . . . . . .

] (5.29)64



to Ðdio isqÔei kai gia ton pÐnaka thc sun�rthshc f�smatoc [A(E)]
[A(E)] = 2π

[ δ(E − ε1) 0 0 . . .
0 δ(E − ε2) 0 . . .
0 0 δ(E − ε3) . . .
. . . . . . . . . . . .

] (5.30)H olik  puknìthta twn katast�sewn dÐnetai apì to Ðqnoc thc fasmatik c sun�rthshc [A]diairoÔmeno me 2p kai eÐnai anex�rthto apo thn anapar�stash b�shc
D(E) =

1

2π
Trace[A(E)] =

∑

α

δ(E − εα) (5.31)Kanìnac �jroishcO sunolÐkìc arijmìc twn katast�sewn se k�je shmeÐo an oloklhr¸soume wc proc thnenèrgeia eÐnai èna. Xekinìntac apo mia suskeÔh me èna epÐpedo kai sundèontac to me mÐadexamen  ,to epÐpedo autì ja dieurhnjeÐ se mÐa seir� epipèdwn kumainìmenhc isqÔoc ana-parist¸ntac to gegonìc ìti h kumatosun�rthsh gia k�je epÐpedo suneisfèrei me diaforetikìtrìpo sthn suskeÔh. AjroÐzontac ìlec tic suneisforèc to sÔnolo ja prèpei na eÐnai to Ðdiome to arqikì epÐpedo.O kanìnac �jroishc diatup¸netai wc ex c
∫ ∞

−∞

dED(−→r ;E) = 1Sth anapar�stash tou pragmatikoÔ q¸rou gr�fetai
dE

2π
[A(E)] =

[ 1 0 0 . . .
0 1 0 . . .
0 0 1 . . .
. . . . . . . . . . . .

] (5.32)afoÔ ∫∞

−∞
dEδ(E − ε) = 1 To shmantikì eÐnai ìti aut  h posìthta ja eÐnai ìmoia se k�jeanapar�stash.Sun�rthsh GreenGia ton upologismì thc sun�rthshc f�smatoc eÐnai qr simh h tautìthta

2πδ(E − εα) = [
2η

(E − εα)2 + η2
]η→0+

= ı[
1

E − εα + ı0+
−

1

E − εα − ı0+
]gia na gr�youme

2πδ(EI −H) = ı{[(E + ı0+)I −H ]−1 − [(E − ı0+)I −H ]−1} (5.33)65



ìpou 0+ upodhl¸nei mia jetik  apeiroel�qisth posìthta. OrÐzontac to kajusterhmèno tm mathc sun�rthshc Greenwc
G(E) = [(E + ı0+)I −H ]−1 (5.34)kai to proqwrhmèno tm ma wc
G+(E) = [(E − ı0+)I −H ]−1 (5.35)mporoÔme na gr�youme thn fasmatik  sun�rthsh exart¸menh apo tic sunart seic Green

A(E) = ı[G(E)−G+(E)] (5.36)PÐnakac puknìthtacAfou orÐsame thn fasmatik  sun�rthsh A(E) mporoÔme na ekfr�soume kai ton pÐnakapuknìthtac wc sun�rthsh aut c. Xekin¸ntac apì thn sqèsh [
rho] = fo([H ]− µ[I]) èqoume

=

∫ +∞

−∞

dEfo(E − µ)δ([EI −H ])

=

∫ +∞

−∞

dE

2π
fo(E − µ)[A(E)]me th shmeÐwsh ìti [A(E)]/2π eÐnai h èkfrash upì morf  pÐnaka thc puknìthtac twn katast�sewn

D(E). H antÐstoiqh èkfrash gia ton arijmì twn hlektronÐwn eÐnai
N =

∫ +∞

−∞

dEfo(E − µ)D(E)h opoÐa dhl¸nei pwc o arijmìc twn hlektronÐwn upologÐzetai pollaplasi�zontac ton arijmìtwn katast�sewn D(E)dE me thn pijanìthta fo na eÐnai kateillhmènec kai ajroÐzontac thnsuneisfìra apì ìlec tic enèrgeiec.PÐnakac auto-enèrgeiacH sunolik  èkfrash gia thn sun�rthsh Green mporeÐ na grafeÐ sthn morf 
G =

[
G GdR

GRd GRR

]

=

[
(E + ı0+)I −H −τ

−τ+ (E + ı0+)I −HR

]−1 (5.37)H dÔnamh aut c thc mejìdou ìpwc ekfr�zetai me thn parap�nw sqèsh eÐnai ìti qrhsi-mopoi¸ntac �lgebra pin�kwn mporoÔme na upologÐsoume opoiod pote stoiqeÐo tou pÐnakathc sun�rthshc Green .
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H idiìthta twn pin�kwn pou qrhsimopoioÔme eÐnai ìti an
[
a b
c d

]

=

[
A B
C D

]−1 (5.38)tìte [
A B
C D

][
a b
c d

]

=

[
I 0
0 I

] (5.39)ètsi ¸ste Aa +Bc = I kai Ca +Dc = 0 → c = −D−1Ca. Epomènwc
a = (A− BD−1C)−1 (5.40)Efarmìzontac thn idiìthta aut  gia thn sun�rthsh Green kai k�nontac tic kat�llhlec an-tikatast�seic èqoume

G = [(E + ı0+)I −H − τGRτ
+]−1ìpouGR = [(E + ı0+)I −HR]

−1apotèlesma pou mporeÐ na grafeÐ kai wc
G = [(E + ı0+)I −H − Σ(E)]−1 (5.41)H idiìthta aut  qrhsimopoieÐtai suqn� gia thn eÔresh tou antistrìfou pÐnaka meg�lwn di-ast�sewn me thn diamèrish tou se mikrìterouc pÐnakec. Mac epitrèpei dhlad  na upologÐsoumeton pÐnaka [G] antistrèfontac ènan (d× d) pÐnaka antÐ gia ton olìklhro (d+R)× (d+R)pÐnaka.5.3 Qrìnoc Zw cSthn prohgoÔmenh enìthta h sun�rthsh Green qrhsimopoi jhke san ènac eÔkoloc trìpocupologismoÔ thc sun�rthshc f�smatoc basismènoc sthn majhmatik  idiìthta

2πδ(EI −H) = ı{[(E + ı0+)I −H ]−1 − [(E − ı0+)I −H ]−1}

A(E) = ı[G(E)−G+(E)]'Omwc h sun�rthsh Green èqei kai fusik  shm�sÐa h opoÐa eÐnai h aujìrmhth apìkrish sthnexÐswsh Schrödinger .Qrhsimopoi¸ntac tic idiokatast�seic thnc qamiltonian c H san b�sh opÐnakac thc sun�rthshc Green eÐnai diag¸nioc
[G(E)] =

[ 1
E−ε1+ı0+

0 . . .

0 1
E−ε2

+ ı0+ . . .

. . . . . . . . .

] (5.42)An jewr soume ton metasqhmatismì Fourrierthc G(E) pou orÐzetai wc ex c
[G̃R](t)] =

∫ +∞

−∞

dE

2π~
e+ıEt/~[G(E)]67



o opoÐoc eÐnai epÐshc diag¸nioc
[G̃R](t)] =

−ı

~
ϑ(t)e−0+t

[ exp(−ıε1t/~) 0 . . .
0 exp(−ıε2t/~) . . .
. . . . . . . . .

] (5.43)H apìdeixh all� kai h isqÔc thc teleutaÐac sqèshc epalhjeÔetai me ton antÐstrofo metasqh-matismì
[G(E)] =

∫ +∞

−∞

dte+ıEt/~[G̃R(t)]

=
−ı

~

∫ +∞

−∞

dte+ıEt/~ϑ(t)e−ıεt/~e−0+t

=
−ı

~

∫ +∞

−∞

dte+ı(E−ε)t/~e0
+t =

1

E − ε+ ı0+

(5.44)
Ta diag¸nia stoiqeÐa tou pÐnaka ikanopoioÔn thn sqèsh

(

ı~
∂

∂t
− εα

)

G̃R
αα(t) = δ(t)epomènwc mporoÔme na gr�youme

(

ı~
∂

∂t
− [H ]

)

[G̃R](t)] = [I]δ(t) (5.45)ermhneÔontac thn G̃R(t) san thn aujìrmhth apìkrish thc exÐswshc Schrödinger
(

ı~
∂

∂t
− [H ]

)

{Ψ(t)} = 0 (5.46)To (n,m) stoiqeÐo tou pÐnaka G̃R
nm(t) mac dÐnei to n−ostì stoiqeÐo thc kumatosun�rthshcèan to sÔsthma uposteÐ diègersh sto m−ostì stoiqeÐo tou.Apì majhmatik c �poyhc apodeiknÔetai ìti kai h proqwrhmènh sun�rthsh Green gia thnopoÐa isqÔei

[G̃A](t)] = [G̃R](t)]∗ (5.47)ikanopoieÐ thn exÐswsh
(

ı~
∂

∂t
− [H ]

)

[G̃A](t)] = [I]δ(t) (5.48)all� eÐnai mhdèn gia ìlouc touc qrìnouc met� apì t = 0.H sun�rthsh f�smatoc eÐnai an�logh twn dÔo tmhm�twn thc sun�rthshc Green

ÃRαα(t) = ı[G̃R
αα − G̃A

αα]kai epeid  aut� ikanopoioÔn thn Ðdia diaforik  exÐswsh h fasmatik  sun�rthsh ja ikanopoieÐthn omogen  diaforik  exÐswsh qwrÐc thn diègersh kai qwrÐc asunèqeiec
(

ı~
∂

∂t
− [H ]

)

[Ã(t)] = [0]68



Sq ma 5.4: Di�gramma twn tmhm�twn thc sun�rthshc Green kai thc fasmatik c sun�rthshcsto pedÐo tou qrìnouFusik  shmasÐa thc auto-enèrgeiacSe prohgoÔmenec enìthtac eÐdame pwc h auto-enèrgeia mporeÐ na upologisteÐ apo tic idiìthtecthc epif�neiac thc dexamen c kai ton ìro sÔzeuxhc thc susxeu c me thn dexamen 
Σ(E) = τgR(E)τ

+kai ìti h sun�rthsh Green sto pedÐo tou qrìnou 'jewr tai wc h apìkrish thc exÐswshc
Schrödinger .Me parìmoio trìpo mporoÔme na gr�youme mÐa exÐswsh kai gia to tm ma thcsun�rthshc Green pou anafèretai sthn suskeu 

G = [(E + ı0+)I −H − Σ(E)]−1E�n h auto-enèrgeia eÐnai anex�rthth thc enèrgeiac tìte prokÔptei
(

ı~
∂

∂t
− [H ]− [Σ]

)

[G̃R(t)] = [I]δ(t) (5.49)en¸ an lhfjeÐ upìyhn h energeiak  ex�rthsh èqoume
(

ı~
∂

∂t
− [H ]−

)

[G̃R(t)]−

∫

dt′[Σ(t− t′)][G̃R(t′)] = [I]δ(t) (5.50)Ac jewr soume èna aplì par�deigma miac mikr c suskeÔhc me èna mìno energeiakì epÐpedo εtètoio ¸ste oi ìroi [H ] kai [S] na eÐnai arijmìi kai ìqi pÐnakec. H exÐswsh eÐnai
(

ı~
∂

∂t
− ε− [Σ]

)

G̃R(t) = δ(t)69



H lÔsh thc exÐswshc aut c eÐnai
G̃R(t) = −

ı

~
e−ı(ε+Σ)t/~ϑ(t)h opoÐa mac deÐqnei thn apìkrish se mia diègersh sthn suskeÔh thn qronik  stigm  t = 0.MporoÔme na gr�youme thn lÔsh sthn morf 

G̃R(t) = −
ı

~
e−ı(ε

′)~e−γt/2~ϑ(t) (5.51)ìpou
ε′ = ε+ReΣ, γ = −2ImΣ (5.52)To pragmatikì mèroc thc auto-enèrgeiac prokaleÐ mia aÔxhsh thc enèrgeiac thc suskeÔhcapo e se e' en¸ to fantastikì mèroc prosdiorÐzei stic idiokatast�seic ènan qrìno zw c, meto pl�toc thc kumatosun�rthshc na ekfr�zei pwc mei¸netai h pijanìthta me ton qrìno met�thc arqik  diègersh
|G̃R(t)|2 =

1

~2
ϑ(t) exp(−γt~)O qrìnoc zw c twn katast�sewn eÐnai

1

τ
= −

γ

~
= −

2ImΣ

~
(5.53)To fantastikì mèroc thc auto-enèrgeiac eÐnai Ðso me thn dieÔrhnsh thc puknìthtac twnkatast�sewn. Apo ton metasqhmatÐsmo Fourrier thc sun�rthshc Green prokÔptei ìti

G(E) =
1

E − ε′ + ıγ/2ètsi ¸ste
A(E)

2π
= D(E) = ı

(
1

E − ε′ + ıγ/2
−

1

E − ε′ − ıγ/2

)

=
γ

(E − ε′)2 + (γ/2)2deÐqnontac pwc h topik  puknìthta twn katast�sewn LDOS thc suskeÔhc dieurÔnetai apìèna mìno epÐpedo se mia Lorentzian  kampÔlh pl�touc γ Ðsh me to dipl�sio tou fantastikoÔmèrouc thc auto-enèrgeiac.GnwrÐzontac to fantastikì mèroc eÐnai dunatìc o upologÐsmìc tou pragmatikoÔ mèrouc methn bo jeia mia basik c arq c anex�rththc apì to eÐdoc tou probl matoc. H basik  arq eÐnai ìti to pragmatikì kai to fantastikì komm�ti prèpei na eÐnai metasqhmatismoÐ Hilbert toèna tou �llou
ReΣ(E) = −

1

π

∫

dE ′ ImΣ(E ′)

E − E ′
= ImΣ(E)⊗

(

−
1

πE

) (5.54)ètsi w'ste h auto-enèrgeia na mporeÐ na grafeÐ sthn morf 
Σ(E) = [ReΣ(E)] + ı[ImΣ(E)] = ıImΣ(E)⊗

(

δ(E) +
ı

πE

) (5.55)70



H arq  aut  efarmìzetai se k�je sun�rthsh pou o metasqhmatismìc Fourrier eÐnai mhden giathn qronik  stigm  t < 0PÐnakac dieÔrhnshcSthn genikìterh perÐptwsh h auto-enèrgeia eÐnai ènac pÐnakac tou opoÐou to anti-ermitianìkomm�ti mporeÐ na oristeÐ wc o pÐnakac dieÔrhnshc Γ(E)
Γ(E) = ı[Σ(E)− Σ+(E)] (5.56)To tm ma autì thc auto-enèrgeiac eÐnai upeÔjhnogia thn dieÔrhnsh twn epipèdwn en¸ toermitianì tm ma

ΣH(E) =
1

2
[Σ(E) + Σ+(E)]mporeÐ na jewrhejeÐ kai wc mia diìrjwsh sthn qamiltonian  H . Sunolik� mporoÔme nagr�youme

H + Σ(E) = [H + ΣH(E)]−
ıΓ(E)

25.4 Upologismìc suntelest  met�doshcSto kef�laio 3 perigr�yame èna aploikì montèlo gia thn ro  tou reÔmatoc apoteloÔmenoapì èna kan�li me èna energeiakì epÐpedo pou epikoinwneÐ me duì epafèc kai sthn sunèqeiato genikèusame me thn mèjodo twn peperasmènwn diafor¸n gia suskeÔec me pollapl� en-ergeiak� epÐpeda opoÔ oi posìthtec endiafèrontoc anaparistoÔntai me thn morf  pin�kwnantÐ gia arijmoÔc,en¸ sto parìn kef�laio eÐdame pwc me thn bo jeia kai ton upologismì thcsun�rthshc Green mporoÔme na upologÐsoume ton pÐnaka thc fasmatik c sun�rthshc A thnanapar�stash pÐnaka thc puknìthtac twn katast�sewn. Se aut n thn enìthta ja doÔme pwcapo ta parap�nw mporoÔme na upologÐsoume ton suntelest  met�doshc miac suskeÔhc kaisthn sunèqeia to hlektrikì reÔma pou thn diarrèei me thn efarmog  exwterik c t�shc.Ac upojèsoume èna kan�li me dÔo epafèc,arqik� mh sundedemènec me autì. Oi kumatosunart -seic twn hlektroni¸n se autèc ja ikanopoioÔn thn exÐswsh Schrödinger gia tic apomwnomènecepafèc
[EI −H1 + ıη]{Φ1} = {S1} kai [EI −H2 + ıη]{Φ2} = {S2}Sundèontac tic dÔo epafèc h olik  kumatosun�rthsh ja prèpei na ikanopoieÐ thn sÔnjethexÐswsh Schrödinger tou sust matoc
[EI −H1 + ıη −τ+1 0

−τ+1 EI −H −τ2
0 −τ+2 EI −H1 + ıη

]{Φ1 + χ1

ψ
Φ2 + χ2

}

=

[S1

0
S2

] (5.57)ìpou H eÐnai h qamiltonian  tou kanalioÔ. Qrhsimopoi¸ntac �lgebra pin�kwn prokÔptei apothn pr¸th kai thn teleÔtaia seir�
{χ1} = G1τ

+
1 {ψ} kai {χ2} = G2τ

+
2 {ψ} (5.58)71



Sq ma 5.5: Sqhmatik  anapar�stash enìc kanalioÔ me dÔo epafècìpou
G1 = [EI −H1 + ıη] kai G2 = [EI −H2 + ıη] (5.59)eÐnai oi sunart seic Green twn apomonwmènwn epaf¸n. Qrhsimopoi¸ntac tic teleutaÐec dÔoexis¸seic gia thn apaloif  twn ìrwn {χ1}, {χ2} prokÔptei ìti

[EI −H − Σ1 − Σ2]{ψ} = {S} (5.60)me
Σ1 = τ1G1τ

+
1 kai Σ2 = τ21G2τ

+
2 (5.61)na eÐnai oi pÐnakec autoenèrgeiac. Oi antÐstoiqoi pÐnakec dieÔrhnshc G eÐnai

Γ1 = τ1A1τ
+
1 kai Γ2 = τ2A2τ

+
2 (5.62)ìpou A1 = ı[G1 − G+

1 ], A2 = ı[G2 − G+
2 ] eÐnai oi fasmatikèc sunart seic twn dÔo epaf¸n.Sthn sunèqeia orÐzontac thn sun�rthsh Green gia to kan�li

G ≡ [EI −H − Σ1 − Σ2]
−1 (5.63)kai

Gn = GΣinG+ (5.64)ìpou
Σin = [Γ1]f1 + [Γ2]f2 (5.65)eÐnai mia sun�rthsh pou ekf�zei thn allhlepÐdrash twn hlektroni¸n tou kanalioÔ exaitÐacthc sÔndeshc me tic epafèc,katal goume sthn sqèsh[23]
[Gn] = [A1]f1 + [A2]f2 (5.66)me

A1 = GΓ1G
+ kai A2 = GΓ2G

+72



Sq ma 5.6: Sqhmatik  anapar�stash thc ro c tou reÔmatoc metaxÔ twn dÔo epaf¸nna eÐnai oi merikèc fasmatikèc sunart seic gia k�je epaf [23].H ro  tou reÔmatoc sthn suskeÔh mporeÐ na anaparastajeÐ apo duo antikrouìmenec roècmetaxÔ twn dÔo epaf¸nO suntelest c met�doshc (transmissioncoefficient) gia k�je epaf  orÐzetai
T 12(E) ≡ Trace[Γ1A2]

T 21(E) ≡ Trace[Γ2A1] (5.67)ApodeiknÔetai ìti Trace[Γ1A2] = Trace[Γ1GΓG
+] = Trace[ΓG+Γ1G] [24] gia k�je epaf epomènwc o suntelest c met�doshc eÐnai

T (E) ≡ Trace[Γ1A2] = Trace[Γ2A1] = Trace[Γ1GΓ2G
+] = Trace[Γ2GΓ1G

+] (5.68)'Eqontac upologÐsei ton suntelest  metafor�c to sunolikì reÔma pou diarrèei thn suskeÔheÐnai
I = (q/h)

∫ ∞

−∞

dET (E)[f1(E)− f2(E) (5.69)
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Kef�laio 6
Melèth magnhtikhc diìdou FM/FI/NM

6.1 Eisagwg Sta prohgoÔmena kef�laia ègine h perigr�fh thc mejìdou me thn opoÐa èna fusikì prìblh-ma mporeÐ na anaparastajeÐ kai na epilÔjeÐ me thn mèjodo twn peperasmènwn diafor¸n,thnqr sh pin�kwn kai thn bo jeia thc sun�rthshc Green . Se autì to kef�laio ja parousi-asteÐ h efarmog  twn parap�nw teqnik¸n epÐlushc fusik¸n problhm�twn gia thn melèth miacmagnhtik c diìdou apoteloÔmenhc apo èna sidhromagnhtikì ulikì (FM), èna monwtikì ulikìme magnhtikèc idiìthtec (FI) kai èna mh manghtikì metallikì ulikì, kajwc kai ta apotelès-mata thc melèthc aut c. Sugkekrimèna ja melethjoÔn h ex�rthsh twn reum�twn an�loga thndieÔjhnsh tou spin kai thc magn tishc apì to p�qoc tou fr�gmatoc. KurÐarqo stoiqeÐo thcparoÔsac melèthc eÐnai h ex�rthsh thc magnhtoantÐstashc(TMR) apì thn exwterik� efar-mozìmenh t�sh, to Ôyoc tou fr�gmatoc dunamikoÔ,thn èntash tou fainomènou spin filtering, tìso sto sidhromagnhtikì ulikì ìso kai sto monwtikì ulikì-fr�gma,ìpwc epÐshc kai apìto p�qoc tou monwtikoÔ ulikoÔ.6.1.1 Montèlo kai formalismìcTo fainomènou thc magnhtoantÐstashc se magnhtikèc diìdouc parathr jhke arqik� se domècpou apoteloÔntan apo dÔo sidhromagn tec qwrismènouc apì ènan monwt    kai hmiagwgì[16].H emf�nish thc magnhtoantÐstashc se autèc tic domèc ermhneÔetai apì èna montèlo miac en-erg c m�zac sto opoÐo h enegeiak  z¸nh pou antistoiqeÐ sthn enèrgeia Fermitwn sidhromagn-ht¸n qwrÐzetai se dÔo xeqwristèc z¸nec an�loga thn eswterik  magn tish tou ulikoÔ k�twapì mia sugkekrimènh jermokrasÐa met�bashc TC ,jermokrasÐa Curie, me thn k�je kat�stashna qarakthrÐzetai apì dieÔjhnsh spin p�nw kai spin me diaforetik  puknìthta katast�sewn.'Otan h magn tish twn hlektrodÐwn twn dÔo sidhromagnht¸n eÐnai par�llhlh ta hlektrìnia medieÔjhnsh spin p�nw dièrqontai ex�itÐac tou fainomènou s raggac apì mia z¸nh me meg�luterhpuknìthta katast�asewn(majority band ) se mia antÐstoiqhc puknìthtac katast�sewn z¸nh74



en¸ ta hlektrìnia me antÐjeth dieÔjhnsh spin dÐerqontai apì mia z¸nh me mikrìterh puknìth-ta katast�sewn se mia antÐstoiqh z¸nh (minority band). Sthn antÐjeth perÐptwsh ìpou oimagnhtiseÐc eÐnai me antipar�llhlh katèujhnsh sumbaÐnei h antÐstrofh diadikasÐa, hlektrìniapou proèrqontai apì z¸nec pleioyhfÐac dÐerqontai mèsw tou fr�gmatoc kai katal goun sez¸nec meioyhfÐac. H allag  ston prosanatolismì twn magnhtÐsewn dhmiourgeÐ mia allag sthn agwgimìthta pou eÐnai h parathroÔmenh magnhtoantÐstash [25, 9].H antikat�stash tou deÔterou sidhromagnhtikoÔ ulikoÔ apì èna metallikì ulikì kai toumonwtikoÔ ulikoÔ apì èna ulikì me magnhtikèc idiìthtec prosdÐdei sthn dìmh h opoÐa plèoneÐnai tou tÔpou FM/FMS/NM kai ta qarakthristik� miac spinfiltering diìdou me thnènnoia ìti to ulikì tou fr�gmatoc dhmiourgeÐ duì exart¸mena apo thn dieÔjhnsh tou spinfr�gmata dièleushc. 'Ena hlektrìnio me prosanatolismì spin par�llhlo (  antipar�llhlo)stìn prosanatolismì thc magn tishc tou fr�gmatoc ja dièljei apì èna qamhlìtero (  uyh-lìtero) fr�gma. Auto èqei wc sunepeÐa thn megalÔterh(  mikrìterh) pijanìthta dièleushcapo to fr�gma kai epomènwc kai thn allag  thc agwgimìthtac thc diìdou.H paroÔsa melèth anafèretai se magnhtikèc diìdouc tou tÔpou FM/FMS/NM ìpou todeÔtero sidhromagnhtikì hlektrìdio èqei antikatastajeÐ apì èna hlektrìdio mh magnhtikoÔulikoÔ, me thn efarmog  suneqoÔc t�shc Vα ìpwc faÐnetai sto akìloujo sq ma ìpou φL,φReÐnai ta Ôyh arister� kai dexi� apo to magnhtikì fr�gma metroÔmena apo thn enèrgeia Fer-
mitou sust matoc.

Sq ma 6.1: Sqhmatikì di�gramma mi�c FM/FMS/NM magnhtik c diìdou me dunamikìexart¸meno apo to spin kai ton magnhtikì prosanatolismì[26]
75



Gia mia diìdo apoteloÔmenh apo hlektrìdia diaforetikoÔ ulikoÔ, h diafor� sta Ôyh twnfragm�twn stic diepÐfaneiec odhgoÔn se mÐa mh summetrik  sumperifor� thc qarakthristik ckampÔlhc reÔmatoc-t�shc,me par�metro asummetrÐac ∆φ = φL − φR gia mhdenik  exwterik t�sh. H qamiltonian  exÐswsh pou perigr�fei thn dÐodo eÐnai
Hx = −

~
2

2m∗
j

d2

dx2
+ Uj(x) + V σ − h(x) · σ (6.1)ìpou m∗

j(j = 1− 3) eÐnai oi energèc m�zec twn hlektronÐwn se k�je mÐa perioq  kai
Uj(x) =







0, x < 0

UL − (∆φ+ eVα)
x
d
, 0 ≤ x ≤ d,

−eVα, x > d

(6.2)eÐnai to exart¸meno apo thn apìstash dunamikì,U(L) = µ + φL eÐnai to Ôyoc tou fr�g-matoc sthn diepif�neia sidhromagn th-fr�gmatoc,µ eÐnai h enèrgeia Fermi tou sust matockai d eÐnai to pl�toc tou fr�gmatoc. O ìroc V σ anafèretai sto exart¸meno apo to spindunamikì to opoÐo ekfr�zei thn enèrgeia sÔzeuxhc metaxÔ twn dierqìmenwn hlektronÐwn kaitwn entopismènwn katast�sewn sto magnhtikì fr�gma kai mporeÐ na grafei sthn morf 
V σ = −Iσ < Sz >. Oi timèc σ = ±1 antistoiqoÔn se dieÔjhnsh spin ↑, ↓. O ìroc h(x) · σanafèretai sthn eswterik  enèrgeia antallag c ston sidhromagn th ìpou h(x) eÐnai to mèsomoriakì pedÐo kai |h| = h06.2 Efarmog  thc mejìdou twn peperasmènwn diafor¸nOi exis¸seic 6.1 kai 6.2 pou perigr�foun thn qamiltonian  gia thn dÐodo FM/FMS/NMeÐnai oi exÐswseic stic opoÐec ja efarmìsoume thn mèjodo twn peperasmènwn diafor¸n methn paradoq  ìti se ìlec tic perioqèc thc diìdou h energ  m�za twn hlektronÐwn paramèneistajer  kai ìti h exwterik  t�sh efarmìzetai summetrik� sta �kra thc suskeu c.To aplousteumèno energeiakì di�gramma thc diìdo faÐnetai sto akìloujo sq maArqik� prosomoi¸noume thn dÐodo me èna kÔklwma ìpwc autì thc eikìnac 6.3 ìpou oi duìepafèc, to sidhromagnhtikì ulkì kai to mh magnhtikì ulikì qarakthrÐzontai wc phg (Source)kai apagwgìc(Drain) en¸ to magnhtikì fr�gma jewr tai wc mia sustoiqÐa monadiaÐwn keli¸nsta �kra thc opoÐac efarmìzetai h exwterik  t�sh.Apo to energeiakì di�gramma(Sq ma 6.2) prokÔptei pwc h enèrgeia Fermi tou sust matocmetatopÐzetai kata V/2 en¸ oi par�metroi Ub,D metr¸ntai apì aut n. H katèujhnsh thcmagn tishc sto tm ma FM thc suskeu c paramènei stajer  kai prosanatolismènh kata thndieÔjhnsh +z,en¸ h antÐstoiqh dièujhnsh tou spin sto fr�gma mporeÐ na enall�setai metaxÔtwn dieuj nsewn +z,−z ìpwc faÐnetai kai apo ta bèlh. Oi diakekomènec grammèc anaparis-toun twn pujmèna thc z¸nhc agwgimìthtac se k�je perioq  gia T ≥ Tc en¸ oi leptèc grammècme ta bèlh anaparistoÔn ton pujmèna thc z¸nhc agwgimìthtac an�loga thn dieÔjhnsh touspin gia T < Tc. To mhdèn thc energeÐac orÐzetai ston pujmèna thc z¸nhc agwgimìthtac gia76



Sq ma 6.2: Energeiakì di�gramma gia mia dÐodo FM/FI/NM me thn efargmog  jetik ct�shc

Sq ma 6.3: Sqhmatik  anapar�stash me thn morf  kukl¸matoc miac magnhtik c diìdou
FM/FMS/NMta hlektrìnia me spin up ston aristerì sidhromagn th ènw gia to dexiì tm ma thc suskeu co pujmènac thc z¸nhc agwgimìthtac tou met�llou orÐzetai sto mèso tou spinsplitting, hotou aristeroÔ sidhromagn th [18, 27].To epìmeno b ma eÐnai h epilog  enìc kat�llhlou peperasmènou diakritoÔ plègmatoc,k�jeshmeÐo tou opoÐou anaparist� mi� tim  thc lÔshc thc qamiltonian c exÐswshc pou qarakthrÐzeithn dÐodo. H epilog  thc plegmatik c stajèrac, thc apìstashc metaxÔ duì shmeÐwn touplègmatoc sqetÐzetai me thn akrÐbeia thc proseggistik c mejìdou,h mèjodoc eÐnai pio akrib cìso h stajer� α → 0. H enèrgeia allhlepÐdrashc metaxÔ dÔo shmeÐwn tou plègmatoc t0kajorÐzetai apì th apìstash tou plègmatoc kai thn energì m�za twn hlektronÐwn sthnsuskeu  t0 = ~

2/2mcα
2 kai gia thn paroÔsa melèth paramènei stajer .Sthn sunèqeia efarmìzoume thn mèjodo twn peperasmènwn diafor¸n se k�je tm ma thcdiìdou. Skopìc eÐnai h metatrop  thc diaforik c exÐswshc k�je perioq c se mia exÐswshdiafor¸n. 77



Sq ma 6.4: Sqhmatik  anapar�stash enìc peperasmènou diakritoÔ plègmatoc gia k�je tm mathc suskeu c sto opoÐo efarmìzetai h mèjodoc twn peperasmènwn diafor¸nGia to aristerì tm ma thc suskeu c, to sidhromagnhtikì ulikì,h qamiltonian  èqei thn morf 
Hx = −

~
2

2m∗
1

d2

dx2
− h(x) · σ (6.3)H qr sh thc mejìdou sto tmhma autì lambanontac upìyhn thn morf  thc qamiltonian c(exis¸seic6.1,6.2),thn Ôparxh dÔo dunatwn katast�sewn tou spin all� kai thn sqèsh diaspor�c giathn enèrgeia

E = E0,j + 2to(1− cos(kα)) (6.4)dÐnei wc apotelèsma
ı~
dψn
dt

= [Hx]x=xn = ((E01 + 2t0 · I) + (
I − σ · h0

2
))ψn − t0ψn−1 − t0ψn+1

=
∑

m

[((E01 + 2t0 · I) + (
I − σ · h0

2
))δn,m − t0δn,m+1 − t0δn,m−1]ψm

(6.5)ìpou I eÐnai o monadiaÐoc 2 × 2 pÐnakac ,E01 eÐnai o pujmènac thc z¸nhc agwgimìthtac giajermokrasÐa p�nw apì thn jermokrasÐa met�bashc T > TC , δn,m eÐnai to dèlta tou Kronecker
δn,m = 1 an n = m alli¸c δn,m = 0 an n 6= m.H parap�nw exÐswsh mporeÐ na grafeÐ san mÐa exÐswsh pin�kwn :

ı~
d

dt
{ψ(t)} = [Hx]{ψ(t)} (6.6)Ta stoiqeÐa tou pÐnaka thc qamiltonian c dÐnontai apo thn sqèsh, sÔmfwna me to Kef�laio4

HL(n,m) = [((E01 + 2t0·)I + (
I − σ · h0

2
))]δn,m − t0δn,m+ 1− t0δn,m−1 (6.7)78



Aplopoi¸ntac thn parap�nw exÐswsh gia tic dÔo dunatèc timèc tou spin orÐzoume E01↑ =
E01 − h0 kai E01↓ = E01 + h0 o pÐnakac pou anaparist� thn qamiltonian  endeiktik� gia taduo pr¸ta shmeÐa tou peperasmènou plègmatoc ja èqei thn morf 

2t0 + E01↑ −t0 0 0
HL = −t0 2t0 + E01↓ −t0 00 −t0 2t0 + E01↑ −t00 0 −t0 2t0 + E01↓To kentrikì tm ma thc suskeu c perigr�fetai apo thn qamiltonian 

Hx = −
~
2

2m∗
1

d2

dx2
− UL − (∆φ+ eVα)

x

d
+ V σ (6.8)Efarmìzontac thn mèjodo twn peperasmènwn diafor¸n se autì to tm ma me tic pro "upojèseicpou isqÔoun sto aristerì tm ma kai qwrÐc na l�boume upìyhn thn pt¸sh t�shc mèsa stofr�gma (∆φ+ eVα)

x
d
prokÔptei

ı~
dψn
dt

= [Hx]x=xn = ((E02 + UL + 2t0) · I + (
I + V σ

2
))ψn − t0ψn−1 − t0ψn+1

=
∑

m

[((E02 + UL + 2t0) · I + (
I + V σ

2
))δn,m − t0δn,m+1 − t0δn,m−1]ψm

(6.9)ìpou I eÐnai o monadiaÐoc 2 × 2 pÐnakac ,E02 eÐnai o pujmènac thc z¸nhc agwgimìthtac giajermokrasÐa p�nw apì thn jermokrasÐa met�bashc T > TC , kai V σ = −cσ < Sz >= ±∆eÐnai to exart¸meno apo to spin dunamikì.Gr�fontac thn teleutaÐa exÐswsh upo morf  pin�kwn, ta stoiqeÐa tou pÐnaka thc qamiltoni-an c se autì to tm ma thc suskeu c dÐnontai apo thn sqèsh
HC(n,m) = [((E02 + UL + 2t0) · I + (

I + |∆|

2
))]δn,m − t0δn,m+ 1− t0δn,m−1 (6.10)Aplopoi¸ntac thn parap�nw exÐswsh gia tic dÔo dunatèc timèc tou spin orÐzoume E02↑ =

E01 − ∆ kai E01↓ = E01 + ∆ o pÐnakac pou anaparist� thn qamiltonian  endeiktik� gia taduo pr¸ta shmeÐa tou plègmatoc ja èqei thn morf 
2t0 + E02↑ + UL −t0 0 0

HC = −t0 2t0 + E02↓ + UL −t0 00 −t0 2t0 + E02↑ + UL −t00 0 −t0 2t0 + E01↓ + ULSto dexÐo tm ma thc suskeÔhc,to mh magnhtikì h qamiltonian  eÐnai
Hx = −

~
2

2m∗
j

d2

dx2
− eVα (6.11)79



Akolouj¸ntac thn Ðdia diadikasÐa ìpwc kai me ta upìloipa dÔo tm mata thc suskeu c,apìthn efarmog  mèjodo twn peperasmènwn diafor¸n prokÔptei
ı~
dψn
dt

= [Hx]x=xn = ((E03 − eVα + 2t0) · I)ψn − t0ψn−1 − t0ψn+1

=
∑

m

[((E03 − eVα + 2t0) · I)δn,m − t0δn,m+1 − t0δn,m−1]ψm
(6.12)ìpou I eÐnai o monadiaÐoc 2 × 2 pÐnakac ,E03 eÐnai o pujmènac thc z¸nhc agwgimìthtac toudexioÔ mh magnhtikoÔ ulikoÔ' Apì thn teleutaÐa exÐswsh se morf  pin�kwn,ta stoiqeÐa toupÐnaka thc qamiltonian c upologÐzontai dÐnontai apo thn sqèsh

HR(n,m) = [((E03 + 2t0) · I)]δn,m − t0δn,m+ 1− t0δn,m−1 (6.13)O pÐnakac pou anaparist� thn qamiltonian  endeiktik� gia ta duo pr¸ta shmeÐa tou plègmatocja èqei thn morf 
2t0 + E03 −t0 0 0

HC = −t0 22t0 + E03 −t0 00 −t0 2t0 + E03 −t00 0 −t0 2t0 + E03Me thn efarmog  exwterik c t�shc ta stoiqeÐa twn pin�kwn se k�je tm ma thc suskeu cja prepei na tropopoihjoÔn katall lwc, sto aristerì tm ma gia summetrik� efarmozìmenht�sh ja prèpei na prostejeÐ se k�je diag¸nio stoiqeÐo o ìroc eVα/2 pou antiproswpeÔei thn�nodo twn energeiak¸n epipèdwn lìgw thc efarmog c thc t�shc 6.2. AntÐstoiqa sto dexÐokomm�ti ja prèpei na afairejeÐ o Ðdioc ìroc apì k�je diag¸nio stoiqeÐo,epeid  se ekeÐno totm ma thc suskeu c ta energeiak� epÐpeda tou sust matoc mei¸nontai exaitÐac thc t�shc.Sto kentrikì tm ma sÔmfwna me thn morf  tou dunamikoÔ t�shc ìpwc autì pèrigr�fetai apìthn qamiltonian  tou sust matoc ja prèpei h pt¸sh t�shc na pragmatopoi tai an� shmeÐotou plègmatoc tou fr�gmatoc. Epomènwc ja prepei k�je diag¸nio stoiqeÐo tou pÐnaka nasumplhrwjeÐ me ton ìro eVα(12 − i
N+1

) ìpou N o arijmìc twn shmeÐwn tou fr�gmatoc.Oi ekfr�seic gia to k�je tm ma thc suskeÔhc eÐnai oi akìloujec[28]
HL(n,m,E01) =







((E01 + 2t0 + eVα/2) · I + ( I−σ·h0
2

)) n = m

−t0 · I n,m plhsièsteroi geÐtonec
0, opoud pote alloÔ (6.14)

HC(n,m,E02) =







((E02 + UL + 2t0 + eVα(
1
2
− i

N+1
)) · I + ( I+|∆|

2
)) n = m

−t0 · I n,m plhsièsteroi geÐtonec
0, opoud pote alloÔ (6.15)80



kai
HR(n,m,E03) =







((E03 − eVα/2 + 2t0) · I) n = m

−t0 · I n,m plhsièsteroi geÐtonec
0, opoud pote alloÔ (6.16)

6.2.1 Upologismoc reum�twn me thn qr sh thc sun�rthshc GreenSthn enìthta aut  ja parousi�soume thn efarmog  thc mejìdou gia ton upologismì twnreum�twn pou diarrèoun thn suskeu  me thn qr sh thc sun�rthshc Green . Arqik� jewroÔmepwc to sÔsthma perigr�fetai apo mia sunolik  qamiltonian  H = HL+HC+HR kai pwc giato anoiktì sÔsthma thc diìdou pou melet�me oi suneisforèc twn hlektrodÐwn twn epaf¸nantiproswpeÔontai apo touc pÐnakec autoenèrgeiac S.

Sq ma 6.5: Sqhmatik  anapar�stash thc epÐdrashc twn epafwn mèsw twn pin�kwn auto-enèrgeiacOi pÐnakec auto-enèrgeiac ìpwc perigr�yame sto Kef�laio 5 [23, 24] orÐzontai wc
Σ ≡ τGRτ

+ (6.17)ìpou o ìros GR anafèretai sthn sun�rthsh Green thc hmi�peirhc epaf c afoÔ perièqei mìnoto tm ma thc qamiltonian c pou antistoiqeÐ sthn epaf  kai ìnom�zetai sun�rthsh Green thcepaf c.O pÐnakac pou antistoiqeÐi sthn sun�rthsh Green GR eÐnai diast�sewn (R×R) afoÔ èqoumejewr sei ìti h arister  epaf  eÐnai hmi�peirh, o pÐnakac [τ ] eÐnai diast�sewn (d × R) kaisundèetai me r stoiqeÐa thc epif�neiac metaxÔ thc epaf c kai tou kanalioÔ. Epomènwc eÐnai81



dunatìn na ton periorÐsoume se ènan (d× r) pÐnaka [23, 24] kai na gr�youme
Σ(d×d) ≡ τ(d×r)gR(r×r)τ

+
(r×d) (6.18)(6.19)ìpou h epifaneiak  sun�rthsh Green gR antiproswpeÔei èna (r× r) uposÔnolo thc pl roucsun�rthshc Green thc epaf c pou perilamb�nei mìno r shmeÐa thc epif�neiac. Gia ènamonodi�stato prìblhma isqÔei ìpwc eÐdame sto Kef�laio 5

τ = −t0 kai gR = −(1/t0) exp(ıkα)Lamb�nontac upìyhn tic duo dunatèc katast�seic tou spin o pÐnakac thc auto-enèrgeiac giathn arister  epaf  eÐnai ènac 2× 2 pÐnakac me stoiqeÐa
ΣL =

[
−t0 exp(ık

↑
L)α 0

0 −t0 exp(ık
↓
L)α

] (6.20)ìpou oi ìroi k↑L, k↓L proèrqontai apì thn sqèsh diaspor�c thc enèrgeiac gia thn arister epaf [28]
k↑L = cos−1

(E −HL

2t0

) (6.21)kai
k↓L = cos−1

(E −HL

2t0

) (6.22)Antistoiqec eÐnai kai oi ekfr�seic gia thn dexi� epaf 
ΣR =

[
−t0 exp(ık

↑
R)α 0

0 −t0 exp(ık
↓
R)α

] (6.23)
k↑,↓R = cos−1

(E −HR

2t0

) (6.24)GnwrÐzontac thn qamiltonian  tou sust matoc kai tic ekfr�seic gia touc pÐnakec auto-enèrgeiacΣL,R eÐnai dunatìc o upologismìc thc sun�srthshc Green tou sust matoc
G(E) = [E −H − ΣL − ΣR]

−1H sunart sh Green tou sust matoc exart�tai kai apì thn sqetik  dièujhnsh twn magn-htÐsewn thc arister c epaf c kai tou fr�gmatoc. Epomènwc gia thn par�llhlh kai thn an-tipar�llhlh diamìrfwsh cf = par, apar =↑, ↓ twn dÔo magnhtÐsewn orÐzoume tic antÐstoiqecsunart seic Green

Gcf(E) = [E −Hcf − ΣLcf
− ΣRcf

]−1

Gcf(E) = [E −Hcf − ΣLcf
− ΣRcf

]−1Oi ìroi Hpar,Hapar anafèrontai sta stoiqeÐa thc qamiltonian c H an�loga me thn diamìr-fwsh twn magnhtÐsewn en¸ oi ìroi ΣLpar,ΣLapar eÐnai oi pÐnakec autìenergeÐac me mh mhdenik�82



stoiqeÐa an�loga thn magn tish.(exÐswsh 6.20) Me parìmoio trìpo orÐzontai kai oi pÐnakecdieÔrhnshc G an�loga thn diamìrfwsh
ΓLcf ,Rcf

(E) = ı(ΣLcf ,Rcf
(E)− Σ†

Lcf ,Rcf
(E)) (6.25)kai thc fasmatik c sun�rthshc

A = ı(Gcf −G†
cf) = GcfΓLcf ,Rcf

G†
cf (6.26)Apo thn sun�rthsh Green kai tou pÐnakec G eÐnai dunatìc o upologismìc tou suntelest met�doshc T

Tcf(E) = trace[ΓLcf
GcfΓRcf

G′
cf ] = trace[ΓRcf

GcfΓLcf
G′
cf ] (6.27)kai telik� o upologismìc tou reÔmatoc pou diarrèei thn dÐodo

Icf = (q/h)

∫ ∞

−∞

dETcf(E)(f1(E)− f2(E) (6.28)H agwgimìthta thc suskeÔhc orÐzetai G = ΣIcf/V kai thc magnhtoantÐstashc
TMR =

G↑↑ −G↓↓

G↑↑

(6.29)pou eÐnai to kurÐarqo stoiqeÐo sthn paroÔsa melèth [23, 24].6.3 Melèth diìdou FM/FI/NMSthn amèswc prohgoÔmenh enìthta parousi�same thn efarmog  thc mejìdou twn peperasmèn-wn diafìrwn gia mÐa dÐodo tou tÔpou FM/FMS/NM . Se aut n thn enìthta ja parousi�-soume ta apotelèsmata pou proèkuyan apì thn mèjodo aut n kai thn montelopoi sh me thnmorf  tou k¸dika tou parart matoc sto upologistikì pakèto MATLAB. H melèth afor�mia energ  m�za me tic akìloujec paramètrouc:
• Enèrgeia Fermi tou sust matoc se isorropÐa,par�metroc Ef
• Diaqwrismìc lìgw fainomènou SpinF iltering tìso sto tm ma tou sidhromagn th FM ,par�metroc
ho ìso kai sto tm ma tou fr�gmatoc FI,par�metroc D

• 'Uyoc tou fr�gmatoc,par�metroc Ub
83



6.3.1 Melèth reum�twn spinArqik� melet same thn sumperifor� twn reum�twn spin se sqèsh me thn exwterik� efarmozì-menh t�sh gia mia tim  thc paramètrou ho[28]. H up�rxh tess�rwn mh mhdenik¸n reum�twnspin, duì ana diamìrfwsh twn magnhtÐsewn metaxÔ tou sidhromagn th kai tou fr�gmatocprìblèpetai kai apo palaiìtera jewrhtik� montèla ìso kai apì ton orismì tou suntelest met�doshc kai tou reÔmatoc pou diarrèei thn suskeÔh kai eÐnai èndeixh ìti h dÐodoc an kei sthnkathgorÐa twn en mèrei magnhtik¸n diìdwn kai parousiazeÐ tìso to fainìmeno spinfilteringìso kai thn emf�nish magnhtoantÐstashc upo t�sh [29, 12].

Sq ma 6.6: Ex�rthsh twn reum�twn spin apo thn efarmozìmenh t�sh upologismèno giasugkekrimèno p�qoc fr�gmatocSthn par�llhlh diamìrfwsh twn magnhtÐsewn to reÔma lìgw fainomènou s raggac pouofeÐletai sta hlektrìnia me spin p�nw eÐnai polÔ megalÔtero apì autì pou ofeÐletai s-ta hlektrìnia me spin k�tw,en¸ sthn antipar�llhlh diamìrfwsh h diafor� metaxÔ twn dÔokanali¸n reÔmatoc-spin aux�netai me argoÔc rujmoÔc. To gegonìc autì ofeÐletai sto ìti toreÔma an� dieÔjhnsh spin exart�tai apì thn puknìthta twn katast�sewn ston sidhromagn thkai to Ôyoc tou fr�gmatoc. Sthn par�llhlh diamìrfwsh ta hlektrìnia pleioyhfÐac(spin p�n-w) dièrqontai apì mikrìterou Ôyouc fr�gma se sqèsh me ta hlektrìnia meioyhfÐac,en¸ toantÐjeto sumbaÐnei sthn perÐptwsh thc antipar�llhlhc diamìrfwshc twn magnhtÐsewn. Epi-plèon parathreÐtai aÔxhsh thc klÐshc twn kampul¸n me thn aÔxhsh thc t�shc,exaitÐac thcmeÐwshc tou energoÔ pl�touc tou fr�gmatoc. Gia mikrèc timèc thc t�shc to pl�toc tou fr�g-matoc den ephrre�zetai en¸ gia megalÔterec timèc t�shc ìpwc faÐnetai kai sto energeiakìdi�gramma to pl�toc tou fr�gmatoc eÐnai mikrìtero me sunèpeia thc allag  sthn klÐsh thckampÔlhc.
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Sthn sunèqeia gia k�je diamìrfwsh twn magnhtÐsewn melet same thn ex�rthsh tou olikoÔreÔmatoc spin an� diamìrfwsh apì to p�qoc tou fr�gmatoc kai parathr same thn ekjetik pt¸sh twn dÔo reum�twn me thn aÔxhsh tou pl�touc tou fr�gmatoc, parat rhsh apìlutasÔmfwnh me thn jewrÐa [30, 10], afoÔ ìso megalÔtero eÐnai to pl�toc tou fr�gmatoc tìsomikrìterh eÐnai h pijanìthta dièleushc twn hlektronÐwn lìgw tou fainomenoÔ s raggac mèsaapo autì,epomènwc kai to reÔma pou diarrèei thn suskeu .

Sq ma 6.7: Ex�rthsh twn reum�twn spin apo to pl�toc tou fr�gmatoc
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Sq ma 6.8: Ex�rthsh twn reum�twn spin apo to pl�toc tou fr�gmatoc se logarijmik klÐmaka6.3.2 Melèth thc magnhtoantÐstashc TMRH magnhtoantÐstash ìpwc ìristhke sthn enìthta 6.2 eÐnai h allag  sthn agwgimìthta miacsuskeu c se sqèsh me tic agwgimìthtec twn dÔo diamorf¸sewn twn magnhtik¸n prosana-tolism¸n metaxÔ thc epaf c tou sidhromagn th kai tou sidhromagnhtikoÔ fr�gmatoc
TMR =

G ↑↑ −G ↑↓

G ↑↑ìpou G ↑↑ eÐnai h agwgimìthta thc par�llhlhc diamìrfwshc kai G ↑↓ h antÐstoiqh ag-wgimìthta thc antipar�llhlhc diamìrfwshc. Arqik� ìpwc kai sthn perÐptwsh twn reum�twnspin,meletoÔme thn ex�rthsh thc magnhtoantÐstashc apo to pl�toc tou fr�gmatìc gia ticdÔo timèc thc paramètrou ho[31, 26].Apì to di�gramma 6.9 kai to energeiakì di�gramma thc suskeu c parathroÔme pwc giajermokrasÐa mikrìterh thc jermokrasÐac met�bashc Curie,T < Tc,kai gia k�jeth prìsptwshtwn hlektronÐwn sto fr�gma,ta hlektrìnia me enèrgeiec plhsÐon thc enèrgeiac Fermi eÐnaioi foreÐc tou megalutèrou mèrouc tou reÔmatoc. Epiplèon se aut n thn jermokrasÐa tìso henèrgeia Fermi ìso kai to Ôyoc tou fr�gmatoc eÐnai stajer�. Epomènwc me thn aÔxhsh toupl�touc tou fr�gmatoc h agwgimìthta thc par�llhlhc diamìrfwshc aux�nei pio gr gorase sÔgkrish me aut n thc antipar�llhlhc me apotèlesma thc aÔxhsh thc parathroÔmenhcmagnhtoantÐstashc. Auto sumbaÐnei mèqri to pl�toc tou fr�gmatoc na plhsi�sei to mis-ì tou m kouc kÔmatoc twn hlektronÐwn mèsa sto fr�gma,shmeÐo ìpou kai parathreÐtai hmègisth tim  thc magnhtoantÐstashc. Megal¸nontac perissìtero to pl�toc tou fr�gmatoch magnhtoantÐstash mei¸netai me sqedìn ekjetikì rujmì.86



Sq ma 6.9: Ex�rthsh thc magnhtoantÐstashc apo to pl�toc tou fr�gmatocTo epìmeno di�gramma afor� thn ex�rthsh thc TMR apo thn efarmozìmenh t�sh sta �krathc suskeÔhc. ParathroÔme pwc kai gia tic dÔo timèc t�shc h sumperifìra thc magnhtoan-tÐstashc eÐnai parìmoia,emfanÐzontai kai gia tic dÔo timèc thc t�shc oi korufèc, oi opoÐec denbrÐskontai sto Ðdio shmeÐo gia to Ðdio pl�toc fr�gmatoc.To gegonoc autì ermhneÔetai apìthn ex�rthsh thc enèrgeiac twn hlektronÐwn apì thn efarmozìmenh t�sh(Sqèseic 6.14-16).
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Sq ma 6.10: Ex�rthsh thc magnhtoantÐstashc apo to pl�toc tou fr�gmatoc kai thn tim thc exwterik� efarmozìmenhc t�shcOloklhr¸nontac to st�dio autì thc melèthc parajètoume thn ex�rthsh thc magnhtoantÐs-tashc apì thn t�sh gia sugkekrimènec timèc pl�touc tou fr�gmatoc. 'Opwc faÐnetai apì todi�gramma 6.11 h magnhtoantÐstash aux�nei me thn aÔxhsh thc t�shc gia mikrèc timèc en¸mei¸netai gia megalÔterec timèc thc t�shc. H meÐwsh aut  den eÐnai parìmoia gia ta diafore-tik� pl�th tou fr�gmatoc wc sunèpeia thc el�ttwshc tou energoÔ pl�touc tou fragm�toc.Se qamhlèc timèc t�shc h pijanìthta dièleushc enìc kanalioÔ spin eÐnai megalÔterh apoaut n tou �llou kanalioÔ enw gia uyhlìterec timèc to energì pl�toc mei¸netai me sunèpeiathn tautìqronh aÔxhsh thc pijanìthtac dièleushc kai gia ta dÔo kan�lia reÔmatos spin meapotèlesma thn meÐwsh thc magnhtoantÐstashc.

88



Sq ma 6.11: Ex�rthsh thc magnhtoantÐstashc apo thn tim  thc exwterik� efarmozìmenhct�shc gia sugkekrimèna pl�th fr�gmatocOi par�metroi me to megalÔtero endiafèron sqetik� me thn ex�rthsh thc parathroÔmenhcmagnhtoantistas c apo autoÔc eÐnai o diaqwrismìc lìgw tou fainomènou spin filteringtìso sthn sidhromagnhtik  ep�fh ìso kai sto fr�gma kai to Ôyoc tou fr�gmatoc. S-to akìloujo di�gramma 6.12 parousi�zetai h ex�rthsh thc parathroÔmenhc TMR apì to
spin spliting,D tou fr�gmatoc gia stajer  tim  tou spin spliting, ho tou sidhromag-n th.
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Sq ma 6.12: Ex�rthsh thc magnhtoantÐstashc apo thn tim  tou spinsplittingD tou fr�g-matocH enÐsqush thc magnhtoantÐstashc me thn aux sh thc tim c tou spin splitting tou fr�g-matoc eÐnai shmantik . H aitÐa thc enÐsqushc aut c eÐnai ìti me thn auxanìmenh tim  tou
spin splitting h pijanìthta dièleushc twn hlektronÐwn tou kanalioÔ meioyhfÐac gÐnetaip�ra polÔ mikr  me sunèpeia thn dièleush mìno twn forèwn reÔmatoc tou kanalioÔ pleioyh-fÐac kai thn Ôparxh sthn suskeÔh uyhl� polwmènwn reÔmatwn. To gegonìc autì èqei prob-lefjeÐ kai apì �lla jewrhtika montèla[26, 29] alla kai apì peiramatik� dedomèna [6, 8, 32].
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To epìmeno b ma thc melèthc afor� thn ex�rthsh thc magnhtoantÐstashc apo ton diaqwrismìlìgw tou fainomènou spin filtering sthn sidhromagnhtik  epaf . Sto akìloujo di�gramma6.13 katagr�fetai h metabol  thc TMR me thn metabol  thc paramètrou ho gia stajer tim  tou spin splitting sto fr�gma gia duì timèc exwterik c t�shc.

Sq ma 6.13: Ex�rthsh thc magnhtoantÐstashc apo thn tim  tou spin splitting ho sthnsidhromagnhtik  epaf ParathroÔme pwc uparqoÔn duì diakritèc perioqèc tou diagr�mmatoc,h pr¸th perioq  afor�timèc thc paramètrou ho ≤ 1.2 kai parousi�zei arnhtikèc-mhdenikèc timèc thc magnhtoantÐs-tashc TMR en¸ h deÔterh afor� timèc thc paramètrou ho ≥ 1.2 gia tic opoÐec h magnhtoan-tÐstash ìqi mìno den eÐnai mhdenik  all� aux�nei me uyhlì rujmì. Arnhtikèc timec gia thnmagnhtoantÐstash èqoun parathrhjeÐ peiramatik� [33] all� den èqoun,par� tic prosp�jeiec[29, 27] ermhneujeÐ pl rwc jewrhtik�. Se mia prosp�jeia katanìhshc thc parathroÔmenhcaut c sumperifor�c melet same tautìqrona thn ex�rthsh kai apì tic dÔo paramètrouc poukajorÐzoun thn èntash tou fainìmènou spin filtering tìso ston sidhromagn th,par�metroc
ho ìso kai sto sidhromagnhtikì ulikì D.Apì to di�gramma 6.14 parathroÔme pwc me thn aÔxhsh twn tim¸n thc paramètrouD parathreÐ-tai aÔxhsh twn apolÔtwn tim¸n thc magnhtoantÐstashc qwrÐc ìmwc na all�zei h sumperÐforastic dÔo perioqèc oÔte na parathreÐtai k�poia allag  pros mou. H par�metrocD eÐnai shman-tikìc par�gontac gia thn parathroÔmenh aÔxhsh stic timèc thc magnhtoantÐstashc all� ìqi okajoristikìc. Sto kef�laio 2 eÐdame pwc gia tic hmimagnhtikèc diìdouc ìpwc h sugkekrimèn-h pou melet�me h magnhtiantÐstash kajorÐzetai apo to ginìmeno dÔo paragìntwn(exÐswsh2.5)[9], thc pìlwshc PSF lìgw tou magnhtikoÔ fr�gmatoc kai thc pìlwshc PFM tou sidhro-magn th. H pìlwsh tou fr�gmatoc kajorÐzetai apì thn puknìthta twn katast�sewn twnspin twn hlektronÐwn kont� sthn enèrgeia Fermi (exÐswsh 2.1) en¸ h pìlwsh sto sidhromag-n th exart�tai apo ton suntelest  dièleushc T gia timèc thc enèrgeiac kont� sthn enèrgeia
Fermi

PFM =
T ↑ −T ↓

T ↑ +T ↓
(6.30)91



Sq ma 6.14: Ex�rthsh thc magnhtoantÐstashc apo tic timèc twn paramètrwn ho,DApì thn sqèsh 6.26 gnwrÐzoume thn fasmatik  sun�rthsh gia k�je tm ma thc diìdou e-pomènwc qrhsimopoi¸ntac tic sqèseic 5.31,5.37 mporèsame na upologÐsoume tic puknìthtectwn katast�sewn gia k�je eÐdoc hlektronÐou kai epomènwc thn pìlwsh PSF . Sta akìloujadiagr�mmata katagr�fetai h ex�rthsh twn puknot twn katast�sewn kai thc emfanizìmenhcpìlwshc apo thn par�metro ho.
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Sq ma 6.15: a) Ex�rthsh thc puknìthtac twn katast�sewn apì thn par�metro ho b)Ex�rthsh thc pìlwshc PSF apì thn par�metro hoApo ta parap�nw diagr�mmata parathroÔme pwc me thn aÔxhsh thc paramètrou ho mei¸netaih puknìthta twn katast�sewn twn hlektronÐwn me spin ↓ gegonìc pou odhgeÐ sthn aÔxhshthc tim c thc pìlwshc',ermhnèuontac thn enÐsqush thc parathroÔmenhc mh arnhtik c magn-htoantÐstashc all� ìqi kai tic arnhtikèc timèc aut c.O lìgoc gia ton opoÐo h magnhtoantÐstash emfanÐzei arnhtikèc timèc sthn perioq  tim¸nthc paramètrou ho eÐnai h ex�rthsh tou suntelest  met�doshc apì thn tim  thc paramètrou
ho ìpwc faÐnetai sta akìlouja diagr�mmata 6.16,6.17 gia timèc thc enèrgeiac kont� sthnenèrgeia FermiAnaptÔsontac thn sqèsh 6.30 gia ton arijmht  èqoume

T ↑ −T ↓= TTpup+ TTpdo− TTapup− TTapdo93



Sq ma 6.16: Ex�rthsh tou suntelest  met�doshc apì thn enèrgeia gia ho = 0.9

Sq ma 6.17: Ex�rthsh tou suntelest  met�doshc apì thn enèrgeia ho = 2.15Gia mikrèc timec thc paramètrou,se èna stenì eÔroc tim¸n thc enèrgeiac gÔrw apì thn enèrgeia
Fermi parathroÔme pwc oi suntelestèc met�doshc an� spin kai an� diamìrfwsh èqoun poi-otik� Ðdiec timèc,kai m�lista me tic timèc twn suntelest¸n met�doshc thc antipar�llhlhc di-amìrfwshc na eÐnai kata tÐ megalÔteroi apì autouc thc par�llhlhc diamìrfwshc me sunèpeiao arijmht c na eÐnai arnhtikìc odhg¸ntac se arnhtikì prìshmo ton ìro thc pìlwshc PFM94



ermhneÔontac me autìn ton trìpo thc sumperifor� thc magnhtoantÐstashc gia mikrèc timectou ho. Gia megalÔterec timèc thc paramètrou aut c h our� twn suntelest¸n met�doshcpou antistoiqeÐ se polu qamhlèc èwc amelhtèec timèc aut¸n metatopÐzetai dexiìtera kata
ho brÐsketai met� apo mia tim  katwflÐou mèsa sto par�juro endiafèrontoc twn tim¸n thcenèrgeiac. Se aut n thn perÐptwsh oi timèc twn antipar�llhlwn suntelèst¸n eÐnai qamh-lìterec apì autèc twn par�llhlwn suntelestwn kai se sunduasmì me thn enÐsqush pouproèrqetai apo to magnhtikì fr�gma exhgoÔn thn apìtomh �nodo thc magnhtoantÐstashc giameg�lec timec thc paramètrou ho.TeleutaÐa par�metroc thc opoÐac thn epÐdrash p�nw sthn parathroÔmenh magnhtoantÐstashmelet same,eÐnai to Ôyoc tou fr�gmatoc kai pio sugkekrimèna o par�gontac asummetriac
∆φ = φL − φR. Apì to akìloujo di�gramma 6.18 parathroÔme pwc o par�gontac asum-metrÐac ephrre�zei polÔ asjen¸c thn tim  thc magnhtoantÐstashc epomènwc to fr�gma m-poreÐ na jewrhjeÐ me kal  akrÐbeia summetrikì. Gia èna summetrikì fr�gma h ex�rthsh thcmagnhtoantÐstashc apì to Ôyoc tou katagr�fetai epÐshc sto akìloujo di�grammaH magnhtoantÐstash gia meg�lec timèc thc paramètrou ho aux�nei me thn aÔxhsh tou Ôyouctou fragm�toc mèqri en� shmeÐo kai sthn sunèqeia stajeropoi tai me ptwtikèc taseic. Giamikrèc timèc thc paramètrou ho h ex�rthsh apì to Ôyoc eÐnai shmantik  giatÐ me thn �n-odo thc tim  tou fr�gmatoc h magnhtoantÐstash teÐnei na all�xei prìshmo. Oi dÔo autècmetabolèc,h elafr� ptwtik  t�sh kai h t�sh gia allag  pros mou gia meg�la Ôyh fr�gmatocermhneÔontai apo thn ell�twsh thc isqÔoc tou fainomènou spin filtering . 'Oso megalÔteroeÐnai to Ôyoc tou fr�gmatoc tìso ligìtero suneisfèrei sthn magnhtoantÐstash to diaqwris-mìc lìgw spin filtering sto fr�gma me sunèpeia gia meg�lec timèc tou ho h magnhtoantÐstashna paramènei sqedìn stajer  me elafr¸c ptwtikèc t�ceic afoÔ praktik� den enisqÔetai lìgwtou fr�gmatoc en¸ gia mikrèc timèc thc paramètrou ho kai gia mikrèc t�shc na mhn up�rqeiousiastik� èna qamhlìtero fr�gma epitrèpontac thn eÔkolh dièleush twn hlektronÐwn giamÐa apì tic dÔo diamorf¸seic kai me autìn ton trìpo thn kÐnhsh thc magnhtoantÐstashc procjetikèc timèc.
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Sq ma 6.18: Ex�rthsh thc magnhtoantÐstashc apì to Ôyoc tou fr�gmatoc gia summetrikìkai m  summetrikì fr�gma6.4 Sumper�smataSkopìc thc paroÔsac diplwmatik c ergasÐac  tan h melèth miac hmimagnhtik c diìdou FM/FI/NMme thn mèjodo twn peperasmènwn diafor¸n. H mèjodoc aut  ìpwc analutik� perigr�fhke stoKef�laio 4 apoteleÐ mia proseggistik  mèjodo gia thn epÐlush fusik¸n problhm�twn. Oi diì-doi tou sugkekrÐmènou tÔpou mporoÔn na epilujoÔn me analutikèc mejìdouc kai èqoun meleth-jeÐ diexodik� tìso peiramatik� ìso kai jewrhtik�. Oi jewrhtikèc proseggÐseic anafèrontaikat� kÔrio lìgo sto montèlo twn eleÔjerwn hlektronÐwn. Me thn qr sh thc mejìdou twnpeperasmèwn diafor¸n,h opoÐa basÐzetai sthn epilog  enìc diakritoÔ plègmatoc shmeÐwn, tojewrhtikì montèlo to opoiì perigr�fei thn sumperifor� twn hlektronÐwn mèsa sthn suskeÔh96



den eÐnai plèon to montèlo twn eleÔjerwn hlektronÐwn all� proseggÐzei to montèlo isquroÔdesmoÔ. H prosp�jeia enswm�twshc twn dÔo katast�sewn tou spin tou hlektronÐou kat� thnmontelopoÐhsh, upì morf  k¸dika, thc suskeÔhc, mazÐ me thn prosèggish isquroÔ desmoÔ,eÐnai dÔo shmeÐa to opoÐa den èqoun melethjeÐ ekten¸c apì thn episthmonik  koinìthta. HÔparxh apotelesm�twn aut c thc melèthc kai h merik  sumfwnÐa touc me prohgoÔmenoucpeiramatikoÔc kai jewrhtikoÔc upologismoÔc apoteloÔn b�simec endeÐxeic ìti h mejodologÐapou akolouj jhke sthn paroÔsa melèth mporeÐ na ermhneÔsei se ikanopoihtikì bajmì thnsumperifor� suskeu¸n tou sugkekrimènou tÔpou kai mporeÐ na epektajeÐ me tic kat�llhlecprosarmogèc kai se �llwn tÔpwn suskeÔec.Apì thn melèth thc diìdou proèkuyan orismèna qr sima sumper�smata. To pr¸to apo aut� tan h Ôparxh sthn suskeÔh tess�rwn diaforetk c èntashc reum�twn, dÔo ana dieÔjhnshspin kai dÔo ana diamìrfwsh twn magnhtÐsewn. To gegonìc autì pistopoieÐ ìti to upol-ogistikì montèlo pou qrhsimopoi jhke sthn melèth prosomoi�zei thn leitourgÐa miac hmi-magnhtik c diìdou. H ex�rthsh twn sunolik¸n reum�twn an� diamìrfwsh apì to p�qoc toumagnhtikoÔ fr�gmatoc sumfwneÐ apìluta me tic jewrhtikèc problèyeic, h ekjetik  meÐwshpou paraththr jhkc ofeÐletai sthn meÐwsh thc pijanìthtac dièleushc lìgw tou fainomènous raggac apì to fr�gma exaÐtiac thc aÔxhshc tou p�qouc tou fr�gmatoc.H parathroÔmenh magnhtoantÐstash eÐnai �mesh sunèpeia thc Ôparxhc twn tess�rwn reÔmatwnsthn suskeÔh. H sumperifor� thc tim c thc magnhtoantÐstash sunart sei tou pl�touc toufr�gmatoc kajorÐzetai apì tic agwgimìthtec twn dÔo diamorf¸sewn. Me thn aÔxhsh toupl�touc tou fr�gmatoc h agwgimìthta thc par�llhlhc diamìrfwshc aux�nei me taqÔteroucrujmoÔc sugkrinìmenh me aut n thc antipar�llhlhc diamìrfwshc mèqri to shmeÐo pou to pl�-toc tou fr�gmatoc gÐnetai Ðso me to misì m koc kÔmatoc twn hlektronÐwn. Me thn peraitèrwaÔxhsh tou pl�touc tou fr�gmatoc antistrèfontai oi rujmoÐ aÔxhshc twn agwgimot twn mesunèpeia thn pt¸sh thc tim c thc magnhtoantÐstashc. H ex�rthsh apo thn t�sh sqetÐzetaime to energo pl�toc tou fr�gmatoc, ìso megalÔterh eÐnai h tim  thc t�shc tìso mikrìteroeÐnai to energì pl�toc me sunèpeia ta kan�lia twn reÔmatwn spin na èqoun parapl siecpijanìthtec dièleushc me apotèlesma thn meÐwsh thc magnhtoantÐstashc.Oi par�metroi me to megalÔtero endiafèron eÐnai oi enèrgeiec antallag c lìgw tou diaqwris-moÔ twn spin (Spin − Splitting, ho,D) twn duo 'magnhtik¸n ulik¸n pou emfanÐzoun tofainìmeno spinfiltering. Apì ta apotelèsmata thc melèthc prokÔptei pwc h paramètrocdiaqwrismoÔ twn spin D tou magnhtikoÔ fr�gmatoc eÐnai upeÔjhnh gia thn enÐsqush thcparathroÔmenhc magnhtoantÐstashc afoÔ me thn aÔxhsh thc aux�netai kai h parathroÔmenhtim ,den eÐnai ìmwc epark c gia thn pl rh emhneÐa thc sumperifor�c thc magnhtoantÐstashc.H par�metroc ho tou diaqwrismoÔ twn spin sto sidhromagnhtikì ulikì emfanÐzetai na èqeishmantikìtero rìlo sthn parathroÔmenh TMR kaj¸c sqetÐzetai �mesa me thn tim  tou sun-telèsth met�doshc ana spin kai ana diamìrfwsh. H ex�rthsh tou suntelèsth met�doshc apìthn tim  thc paramètrou ho faÐnetai na eÐnai o kÔrioc lìgoc thc sumperifor�c thc parathroÔ-menhc magnhtoantÐstashc afoÔ ermhneÔei tìso thn emf�nish mhdenik¸n-arnhtik¸n tim¸n ìsokai thn apìtomh aÔxhsh thc timhc thc TMR met� apì en� ìrio. Tèloc h tim  tou Ôyouctou fr�gmatoc èqei mikr  sumbol  sthn apìluth tim  thc parathroumènhc magnhtoantÐs-tashc emfanÐzei ìmwc thn dunatìthta allag c tou pros mou aut c gia meg�lec tÐmèc Ôyoucfr�gmatoc 97



Ta apotelèsmata kai ta sumper�smata thc paroÔsac melèthc,m�zi me thn diereÔnhsh �ll-wn paramètrwn ìpwc h ex�rthsh thc magnhtoantÐstahc apo thn eukinhsÐa twn hlektronÐwnkai thn enèrgeia Fermi tou sust matoc,par�metroi pou sthn paroÔsa melèth jewr jhkanstajerèc, eÐnai dunatìn na proteÐnoun ta jewrhtik� qarakthristik� twn ulik¸n pou qrhsi-mopoioÔntai se autìn ton tÔpou diìdwn kai na odhg soun sthn epilog  kai kataskeu  kalÔter-wn ulik¸n me stìqo thn beltistopoÐhsh thc apìdoshc twn efarmog¸n pou qrhsimopoioÔntaioi sugkekrimènoi dÐodoi.
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Par�rthma Aþ
K¸dikac MATLAB

clc; clear all;

general constants se olo ton kwdika
q = 1.6e-19; h = 6.62e-34;zplus=i*1e-10;
hbar=1.06e-34;m=0.25*9.1e-31;Go=(q*q)/(2*pi*hbar);kT=.025;

finite difference constants
a=3e-10;
to=2.25;

tight binding constants
mu0 = 2.25; Ebo=0.; fermi energy
ho=0.9; ferromagnet splitting
h1=0.;
Ebup=Ebo; spin up FM1
Ebdo=Ebo+ho; spin down FM1
Efr=ho/2;
Efrup=Efr-h1;
Efrdo=Efr+h1;
D=0.35; spin filtering
Ubl =1.94; barrier height
Ubr=1.7;
Nsites=2; size of lead in device

Nbarrier=5; size of barrier
Nd = 2*Nsites + Nbarrier; total size of device

Vext=0.5;
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hamiltonian of the device se parallel configuration
A = (diag((Ebo+2*to)*ones(1,2*Nd),0)-diag(to*ones(1,2*Nd-2),2)-diag(to*ones(1,2*Nd-2),-
2));
hamiltonian elements of left lead
for k=1:2:2*Nsites-1; A(k,k)=Ebup+2*to; end;
for k=2:2:2*Nsites; A(k,k)=Ebdo+2*to; end;
hamiltonian elements of spin filter barrier
for k=2*Nsites+1:2:2*Nsites+2*Nbarrier-1; A(k,k)=mu0+Ubl+2*to-D; end;
for k=2*Nsites+2:2:2*Nsites+2*Nbarrier; A(k,k)=mu0+Ubl+2*to+D; end;
hamiltonian elements of right lead
for k=2*Nsites+2*Nbarrier+1:2:2*Nd-1; A(k,k)=Efrup+2*to; end;
for k=2*Nsites+2*Nbarrier+2:2:2*Nd; A(k,k)=Efrdo+2*to; end;

H2=A;

hamiltonian of the device se antiparallel configuration

C = diag((Ebo+2*to)*ones(1,2*Nd),0)-diag(to*ones(1,2*Nd-2),2)-diag(to*ones(1,2*Nd-2),-
2);
for k=1:2:2*Nsites-1; C(k,k)=Ebup+2*to; end;
for k=2:2:2*Nsites; C(k,k)=Ebdo+2*to; end;
for k=2*Nsites+1:2:2*Nsites+2*Nbarrier-1; C(k,k)=mu0+Ubl+2*to+D; end;
for k=2*Nsites+2:2:2*Nsites+2*Nbarrier; C(k,k)=mu0+Ubl+2*to-D; end;
for k=2*Nsites+2*Nbarrier+1:2:2*Nd-1; C(k,k)=Efrup+2*to; end;
for k=2*Nsites+2*Nbarrier+2:2:2*Nd; C(k,k)=Efrdo+2*to; end;
Hap1=C;

NV = 20.;
VV = linspace(0,Vext,NV);

for kV =1:NV; o deixtis tou bias

mu1 =mu0+VV(kV)/2; mu2 =mu0-VV(kV)/2; mu1,mu2 einai ta fermi level aristera
deksia

energy grid

EE = min(Ebup,Ebdo):0.1*kT:max(Ebdo,mu0+to);
NE = length(EE);
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dE = 0.1*kT;

fermi distribution left right

f1 = 1./(1+exp((EE-mu1)./kT)); f2 = 1./(1+exp((EE-mu2)./kT)); f12 = f1-f2;

potential me klisi

Uslope=linspace(VV(kV)/2,(-(Ubl-Ubr)-VV(kV)/2),Nbarrier);
Uslope2=[Uslope;Uslope];
Uslope3=reshape(Uslope2,1,2*Nbarrier);
U2 = [(VV(kV)/2)*ones(1,2*Nsites) Uslope3 (-VV(kV)/2)*ones(1,2*Nsites)]; kalutera
na eixe mu1 2 anti gia 00
UL2 = diag(U2) ;
Hd2 = H2+UL2;
hamiltonians me efarmogi tis eksoterikis tasis
Hp = Hp+UL;
Hap = Hap1+UL2;

for kE = 1:NE;
E = EE(kE);
k(E)

sf matrixes
ck1pup=1-((EE(kE)+zplus-Ebup-UL2(1,1))/(2*to));
ka1pup = acos(ck1pup);
ck1pdo=1-((EE(kE)+zplus-Ebdo-UL2(2,2))/(2*to));
ka1pdo=acos(ck1pdo);

ck2pup=1-((EE(kE)+zplus-Efrup-UL2(2*Nd-1,2*Nd-1))/(2*to));
ka2pup = acos(ck2pup);
ck2pdo=1-((EE(kE)+zplus-Efrdo-UL2(2*Nd,2*Nd))/(2*to));
ka2pdo=acos(ck2pdo);

ck1apup=1-((EE(kE)+zplus-Ebup-UL2(1,1))/(2*to));
ka1apup = acos(ck1apup);
ck1apdo=1-((EE(kE)+zplus-Ebdo-UL2(2,2))/(2*to));
ka1apdo=acos(ck1apdo);
ck2apup=1-((EE(kE)+zplus-Efrup-UL2(2*Nd-1,2*Nd-1))/(2*to));
ka2apup = acos(ck2apup);
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ck2apdo=1-((EE(kE)+zplus-Efrdo-UL2(2*Nd,2*Nd))/(2*to));
ka2apdo=acos(ck2apdo);

self energies

Sigma1p = zeros(length(H2)); Sigma2p = zeros(length(H2));
Sigma1ap = zeros(length(Hap1)); Sigma2ap = zeros(length(Hap1));

self energy is equal to the interface GF 1D semiinfinite lead
Sigma1p(1,1) = -to*exp(i*ka1pup);
Sigma1p(2,2) = -to*exp(i*ka1pdo);

Sigma2p(2*Nd-1,2*Nd-1) = -to*exp(i*ka2pup);
Sigma2p(2*Nd,2*Nd) = -to*exp(i*ka2pdo);

Sigma1ap(1,1) = -to*exp(i*ka1apup);
Sigma1ap(2,2) = -to*exp(i*ka1apdo);
Sigma2ap(2*Nd-1,2*Nd-1) = -to*exp(i*ka2apup);
Sigma2ap(2*Nd,2*Nd) = -to*exp(i*ka2apdo);

broadening matrices
Gamma1p = i*(Sigma1p-Sigma1p’); Gamma2p = i*(Sigma2p-Sigma2p’);
Gamma1ap = i*(Sigma1ap-Sigma1ap’); Gamma2ap = i*(Sigma2ap-Sigma2ap’);

retarded GF of the coupled device
Gp = inv(((EE(kE)+zplus)*eye(2*Nd))-Hd2-Sigma1p-Sigma2p);
Gap = inv(((EE(kE)+zplus)*eye(2*Nd))-Hap-Sigma1ap-Sigma2ap);

density of states
Dp=diag(i*(Gp-Gp’))/(2*pi);
Dpup(kE)=Dp(1);
Dpdo(kE)=Dp(2);

Dap=diag(i*(Gap-Gap’))/(2*pi);
Dapup(kE)=Dap(1);
Dapdo(kE)=Dap(2);

Number of electrons
Npup=trace(Dpup.*f1);
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Npdo=dE*sum(Dpdo.*f1);

Napup=dE*sum(Dpup.*f1);
Napdo=dE*sum(Dpdo.*f1);

transmittion coeficcient

tracematrixp=Gamma1p*Gp*Gamma2p*Gp’;

TTpup(kE)=0.0;
for k=1:2:2*Nd-1; TTpup(kE)=TTpup(kE)+real(tracematrixp(k,k)); end;

TTpdo(kE)=0.0;
for l=2:2:2*Nd; TTpdo(kE)=TTpdo(kE)+real(tracematrixp(l,l)); end;

tracematrixap=Gamma1ap*Gap*Gamma2ap*Gap’;

TTapup(kE)=0.0;
for s=1:2:2*Nd-1; TTapup(kE)=TTapup(kE)+real(tracematrixap(s,s)); end;

TTapdo(kE)=0.0;
for t=2:2:2*Nd; TTapdo(kE)=TTapdo(kE)+real(tracematrixap(t,t)); end;

end;
current integrated by trapezoid rule
IIpup(kV) = Go*dE*sum(TTpup.*f12);
IIpdo(kV) = Go*dE*sum(TTpdo.*f12);

IIapup(kV) = Go*dE*sum(TTapup.*f12);
IIapdo(kV) = Go*dE*sum(TTapdo.*f12);

Number of electrons
Npup=dE*sum(Dpup.*f1);
Npdo=dE*sum(Dpdo.*f1);

Napup=dE*sum(Dpup.*f1);
Napdo=dE*sum(Dpdo.*f1);
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end;

G11=IIpup+IIpdo;
G21=IIapup+IIapdo;
TMR=(G11-G21)./G11;

hold on
figure
subplot(2,1,1)
plot(V V, IIpup,′ o′, V V, IIpdo,′+′, V V, IIapup,′ ∗′, V V, IIapdo,′

′

,′ linewidth′, 1); xlabel(′V d(V )′); ylabel(′Id(uA
subplot(2,1,2)
plot(VV,TMR*100,’r’)
figure
plot(EE,TTpup,EE,TTpdo,EE,TTapup,’k’,EE,TTapdo,’r’)
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