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CY3 BOLUU

Ywey ycnyouin kynnaHma “KaHT mexaHuKkacu”, “CTaTUCTUK (U3NKa”,
“KarTtuk kucmniap  usmkacu” KypcnapuHu YypraHaétraH Ba 0Oakanasp
[apaXkaCvHN OIULL YUYH Taxcun onlaétraH Tanabanapra MyspKaiaHraH.

YTa yTKasyBuaHIMK (uankacu 6YiiMua afabuétnap etapamya TOMMLL
MYMKWH, allHUKCa pyc TUamMaa TananruHa, y36ek Tunmaa aca gespnn nyk. by
ycnyouin - kynnaHmaga yta  YTKa3yBYaH/IMK  XOAUCACUHUHI  MOXMUATH,
TaXpubanapga HaMoEH BYNMLLIK, HA3apUin acocnapn Xakuaa Ba Ly XXyMiajaH,
X03MpPru KyHgarn ponsapb qusnk macananapgaH ovpn — 6ynMuw  OKopu

TemnepaTypann yTa-yTKazyBYaH/IMK XaKuaa xam cy3 6opagu.
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YTA YTKA3YBUAH/TMKHVHI YMYMWW
XOCCAJIAPY

Kputnk Temnepatypa

1991 nn KawmepnuHr-OHHec cumo6 (HQ@o) HUHE  KapLLUWMIUTUHN
TemnepaTypara 60fNaHULLIMHK YpraHuw >kapaéHuga, Temnepatypa 4°K paH
nacairaHga o6vpgaH Kapwuank MykonraHuHu aHuknagn (1-pacm ). Te3 opaga
6ab3n OOLWKa MeTasiapfa Xam LWyHAanW xopuca Kysatungu. MeTtannapHuHT
KapLMAurn NyKonrad XonaTuHu “yra yTKasyBY4aHNMK” LYy MeTalnapHU 3ca
“YyTa  yTKasyBYaH” wMartepuanniap pfe6 arawagn. Hopman xonataaH yTa
YTKa3yBYaH/IMK Xonatura yTuu TemnepaTtypacvHuU KpUTUK TemnepaTypa T
Aenvnaau.

i Mletamm | Tc
cd 0506
Al 1.2
Sh .75
Fh 7.2
Tc T
1-pacm 1- Hameam

YTa yTKasyBuaHnMK 6upkaHua (>450) mopaanapga: metannap, MeTan
apanalimanap Ba Ky4ynum ferupnaHrad spum yTkasrmunapga xam KysaTusraH.
Mwucon Tapukacuga 1-xaagsanga 6ab3v MogdanapHUHT KPUTUK TeMnepaTypacu
KeNTUPUTaH.

MeliccHep adekTn

YTa  YTKasyBUaHIMKHUHI SHI JMKKATra casoBOp 6YynraH TUMMK
XoccasiapuHn Kapab Ymkainuvk. KaplnavKHUHE yMyMaH WYKOMWLIW, LUyHra
0/MG Kenap 3KaHKK, MacasaH col KananWgaH sacanraH énvk xankagaH yTaéTraH
TOK ( Ba By TOK XOCWN KWNaéTraH MarHUT MaigoHu xam ) 6up Heya nnnnap
CYHMacAaH LUMPKYNAUNS KAWL MYMKUH 3KaH.



1933 unga MeiiccHep Ba OKceHheng LUYHW aHMKNAAMKWA, MacCuB yTa
yTKa3yBYaH MaTepuaniap — naeai guaMarHe TvK akaH. bowkaya ainTraHga nact
TemnepaTypaga MarHWUT MailfoHM yTa  yTKasyBYaH martepuanra  Aesapnau
CUHIMAcC 3KaH, MOAJAHUHT CUPTUra Xyda Kam Katiamra CUHrM6 60puLLIn, NYKu
KaTnamgaH 3ca CuKM6 umkapunap 9kaH. MacanaH, abconoT  HOJb
TemnepaTypaga MarHuT ManfOHHUHI cuHrnw yykypauru Al, Sn, Pb yuyH 160,
340, 370 A ra TeHrnuru aHuknadrad. TemnepaTypa OPTULLM 6UNaH CUHTULL
YyKypaMrn optné 6opmnb 6y Kynmparn amnvpuk opmMyna 6ynmya aHukIaHap
3KaH

L(T) = LO)y1-(T/T,)* 1)

By xoguca - AbHW MarHUT MalJOHWHWHI YyTa YyTKaslyBYyaH MopnafaH
CUKNG umkapuamwm - MenccHep apgekT Ae6 HomM onraH. MeWccHep
apekTn, hakaT MarHMT ManLoHW KyunaHraHAUMIMHU KUK Kuiimatnapmaa (H
<< H;) Kysatunagu.

Arap metann T TemnepaTypafa Ba MarHuT MaigoHn nyknurnga (H=0
fa) - yra yTKa3dyBYaH xonatga
6ynca, y xonga LWyHAaln KpUTUK
MarHUT MainfoHu KyusiaHraHIurm Hopman xonat
He wmaskyn okaHkn, H > H; '
6ynraHaa MeTannga yTa \
yTKasyBYaHIMK  6y3unmb, vy
HOpMan xofatra yTap aKaH. Arap ¥Ta yTHAZYEYEH
MarH1T MaingoH nacanné H < H
6ynca, meTans fAHa yTa
yTKasyBYaH XxofaTra yrtap 9KaH.
By KOHYHUAT Kynimngaru amnvpuk J-pacm
thopmyna 6yinya aHMKnaHaau

H

Tc T

H.(T) = H () .- (T /T,)?] ()

30TONNK aghpekT

1950 nnpa Makcsenn Ba PeliHonbAc Ba GoLLKanap, WyHW TOMULLAMKNA,
arap cumob aToMm Maccacn M (M30TOnKM ) y3rapca, yTa yTKasyB4uaH Xonatra
YTULLHWHT KPUTKK Temnepatypa kuinmatn T, Xxam y3rapap akaH. by xogucaHu
M30TONMK 3hhekT [ed arawagm Ba Kyumgarn 3aMnNupuk gopmyna 6yinnya
aHVKaHaan



const
T =
c M a (3)

Oy epaa o ~ 0.5. KelivHpoK un30TONUK 3(h(heKTHM OoLIKa 6up Heuya
mMoAafanapga xam Kysatunarad: Kagmuiga o ~ 0.4, KYpFOLWMVH Ba Kafanga o
~0.46-0.5, Tannminga o ~ 0.5-0.62, Pyx yuyH o ~ 0.5. Kpuctann naHxapa
aTOMUHWUHT TebpaHWW 4acToTacu  KpWUCTann TyryHugarum atom maccacura
GoFIMKNUIrK cababnu, “n3oTonNUK APQeKT MOXmMATUAAH” YyTa YTKasyBYaH/IMK
xoaucacu - 6eBocuTa KpucTaan aToMnapy TebpaHun, SbHU (hoHOHNap 6unaH
6oFIMK GYNMLL Kepak feraH Xynoca Kenmb umkagn. by ukp 1950 nmnpaék
(AbHKM yTa YTKa3yBYAHIMKHUHI MUKPOCKOMUK Ha3apuacy ApaTUAryHra kaaap )
nango 6ynraH. PpENNXHUHI YUKprYa yTa YTKaslyBYaH/IMKKa cabab, MeTanHu
3PKWH  3NIEKTPOHNAPUHMHI  (POHOHMap 6unaH y3apo Tabcupiawysn 3KaH. by
epAa sHa LWyHW Tabkuanad yTuw Kepakku, 6up Heya mogaanapaa ( MacanaH,
Ru, Mo, Nb3Sn, Os ) 130TONMK 3MMEKT XKyaa Kam, BKN Aespan KysaTuamaraH.
By 6anku, yTa yTKazyBYaHAMKHUHT ()OHOHMAp 6unaH 60FNnK 6yiMaraH 60oLKa
MEXaHMU3MN MaBXyLmrura uwiopa 6ynmw MyMKUH.

VIcCUKNNK CUFNMU. DHEPreTUK TUPKULL

YTa YTKasyBUaHMMKHUHT (hyHAaMeHTan xoccanapugaH sHa 6upn — nact
Temnepartypanapga 3/eKTpoHNap  WMCCUKIMK  CUFUMWHM  TeMmnepartypara
boFnaHNWNAnP Ces(T<T.). Opatga MeTaIHUHT UCCUKIUK CUFUMU  UKKU
KMCMAAH YHU TalKWA KWAraH KpUCTal aTOMMIaPUHUHE YNywmn - (HOHOHap
NCCUKIMK CUFUMM, Xamfa KpUcTasn naHxapara 60fnaHMaraH, iekuH y 6uniaH
[OMMO Tabcmpa 6ynyBuM 3PKUH 3N1EeKTPOHMAP FasvHUHT UCCUK/IMK CUFUMUAAH
neoparanp. Taxpubaga 6y MKKM cCUCTeMa UCCUKIUK CUFUMMNAPUHK axpaTuLl
MYMKUWH. LUy Tycaiinu, poHoHNap nccukamk cueummn Cp=DbT *  parn [e6aii
AOVIMUIACK b HM xam aHuKnaw MyMKuH. Takpubaga ynyaHraH Tyna UCCUKNK
CUFUMMWIAH KPUCTaNN NaHXapara Terywnu ynywHu  bT® alipu6 Tawunas,
3NEKTPOH FasUHMHI UCCUKINK CUFUMUHM TOMULW MYMKWH. Hopman meTtannga
3NIEKTPOHMAP WUCCUK/IMK CUFUMUHM TemnepaTtypa Oynnya 4vsnkiIvM Kamasgu.
TaxpubanapH/ KypcatuinMya nact TemnepaTypanapga T® 0 (AbHM, yTa
yTKa3dyBYaH X0natfa) 3M1eKTPOHIap UCCUK/IMK CUFUMKW  Temnepatypa 6yinya
3KCMOHEHUMaNb KOHYH 6yinya Kamasp skaH (3-pacm)

C (M) . ¢
T8¢ (4)

c



By epaa gT — HopMan MeTaITHUHT UCCUKIUK CUFUMUHN T® 0 numunTaaru
KNAMaTn. (4) KOHYHUAT LUYHW KypcaTafuKky, XyAau Spum yTKasrudnapgaru
TabKMK/aHraH 30Ha Kabwu 3MeKTPOHMAP Ta3WHUHI YWFOHraH XonaTh acocuu

xonatgaH “sHepre TuK Tupkuw®
A - OpKaIN axparaH 3kaH. Ly
bunaH Gupra yTa YyTKasyB4aH
moAaa Y3UHUHT ANeKTp
xoccasniapy 6unaH MyTiako apum
yTKasrnunapgaH apk Kunagu.
Temnepatypa T,  HyKTagaH
yTraHzia 3/1eKTPoHIap MCCUKINK
CUFUMWHW Cakpaluun Ky3aTuniagu.
By cakpalwl Kynnab mogaanapaa
Kyimgarn sMnvpuk  Kuimatra
ara sKaH

Ce

E-ﬁfT

3 - pacm

Ces _Cen = 259 Tc (5)

4-pacMa 3SHTPOMWSA Ba IPKUH 3IHEPrUAHUMHI TemnepaTtypara OOF NaHNLLIN
KENTUpPWUIraH. 3]'IeKTpOH ra3HNHI UCCUK/INMK CUFUMKN, ISHTPONUACK Ba 3PKNH

AHEPTUACUHUNHT

-SI‘.

4 - pacm

OyHfain Tabuatn 2- TapTMOAM (PasaBUid YTULL XMCO6MaHMO, OyHAA 3MEKTPOH
Fa3VHUHI Kyin 3Heprusanm 6owka TapTmbnaHraH xonatra YTuwmHM Gunampagu.
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Bbus tokopuaa yta YTKazyBUaH/MKHUHI 3HI [AMKKaTra ca3oBop 6ysnraH
TUMNKK XOccanapuHy Kapab uMkauk. Xyaau wynap katopmga yrta yTkasyBuyaH
MoAjanapa yNbTPaTOBYLUHUHT OTUAULLIN, UCCUKIMK YTKa3yBYaHMK, EPYTnK
IOTUAMWK Xamda OvMp Heya 3MNUPUK Xoccanap Ky3aTWraHKu, — YynapHUHC
6aTadcunn TapCcMNOTUHM KyLIMMYa aaaburéTnapgaH Tonmw MyMKUH.

YTa YTKasyBUaHIMKHUHI MyKamMMaa MUKPOCKOMMK Ha3apuscu oKopuaa
KeNTUPWUAraH aMNMPUK KOHYHUATAAPHW TYLLYHTUPWUG BepuLL Kepak.

YTA YTKA3YBUYAH/TNK HA3APUACU ACOCJIAPY

YTa OKyBYaH/MK LIApTK

YTa YTKasyBUaHIMKHW MUKPOCKOMUK Hasapusicu bapauH, Kynep Ba
LLIpudpchepnap bupranvkaa xampga ynapra 60fnivk 6ynmaraH xonga boronto6os
TOMOHUAAH 1957 Munnapga apatwngu. YTa  YTKa3yBUYaHAMKHW Taxpubaaa
pactnab KysatunraHgaH OYEH YHW MUKPOCKOMUK MasMyHUHW TyLLyHMLIraya
Hera 46 1N Kepak 6ynam akaH Ae6 yinaw tabunii. byHra acocuii cabab
Kylingarnua agn.  YTa  YTKasyBuaHAMK xogucacu 1938 iinnga Kanuua
TOMOHMAAH Kalut 3TUAraH “ CYKK FefIMAHUHIE YTa OKyBYaHIUIM “ Xoaucacura
Xyda yxwatuanp. YTa okyBUYaHNVK Hasapusacy JSlaHaay TomoHugaH 1941 linnaa
apatunan. YTa  YTKasyBUaHAMKHWU (Xyaau [enuii kabu) 3nekTpoHnap
CYHOK/IMTMHM YTa OKYBYaHANTUANP 4e06 TaSIKUMH STUAULL Tabuuia.

NaHpay Haszapuacuga yta OKYBYAH/IMKHUHE  KPUTEPUACK KeNTUPWUIaau.
CyloKIMK HucbataH WAMWHWHT Te3nurn ( KM TUHY TypraH wuaugaru
CYIOK/IMKHN nauwra HucbataH Tesnurn) V  OYNCUH, Xamaa CYHOKIMKAA
KBasu3appayvanap cnektpu ¢ (p), KBasumMmnynbcu aca p 6yncuH. Arap
limpeo | e (P)/p YEKNM KPUTUK TE3MMNK

minipp):vC >0 (6)
MaBXy[ 6ynca, y xonga 6y CyloKIMkaa yta OKyBYaHIMK Ky3aTunaau. byHpai
LUapT MacanaH cnekTpu | g(p)=const * p KypuHuLAa 6ynraH KBasunsappadanap
YyUyH Gaxapunagu. Arap KBasusappaya CNeKTpu KYpUHULLK MacanaH, ugean
rasgarn kaobm e(p)=p%2m 6ynca y xonga limpeo | &(p)/p KuiiMaT Honra

UHTUNAOM Ba (6) WapT GakapunManan. [emak, arap MAULLIHUMHE CYHOKNKKA
HucbataH Te3nurn V (BKM akcuH4Ya) 6ynmb6, Toknm V<V, 3KaH, y Xonga



CYIOK/MKAA KBa3u3apayanap YWroHMainauM (naingo 6ynmaigun), OkaéTraH
CYHOK/IMKHUHI 3HEPTUSACK NYKONMaraN, SbHU KapLUMAMKKA yupamanan — Tyna
UMnynbCU  caknaHagn.  Arap V>V, Oynca, y Xxonga, CyHKIMKaa
KBasm3appadanap yifoHa 6olunaiam Ba avccunaums Tyganam yta oKyBYaHINK
oy3unnagmn. KeasnsappadanapyHUHT CNEKTPUHN KYPUHULLIN

e(p)=J§—m(p2—pé)+Az (7)

OynraH CYHK/IMK YY4YH XaM YyTa OKYBYaHIMKHUHI (6) JlaHOay KpuTtepuscu
baxapunagn. byHga Ve=min g(p)/p=D /p>0.

Fenuin atommaa  (Kapama-Kapim) CAMHAW  UKKATa 3N1eKTPOH  6ynnb
aTOMHWHI Tyna CNWHW HoAra TeHr, AbHWM lenuid rasy bose-nHLITeNH
cratucTukacura 6ovicyHagu. bose rasviHUHI 3appadvanapy 6uTTa AroHa Te3nnK
6unaH xapakaTtnaHa onaau ( 60llKaya anTcak, 6Up aHepreTMK caTxra TynaaHa
onagn ). by yTa OKyBYaH/IMKHU 3apypuid WapTu XmucobnaHmo, NeknH eTapnu
amac. byHpaH Tawwkapu (6) KpUTeprsa Xam 6axKapuanLLIn Kepak.

MeTanga anekTpoHnap rasm - depMu cratucTukacura 6yncyHagw.
depmuoHnap 6UTTa AroHa Te3nMK 6unaH xapakaTnaHa onvangn. [laynm
NpuHLMNM  GyHn  Takuknaign!. YTa YTKa3yBYaH/IMKHW  MUKPOCKOMUK
Ha3apuACMHWU acocuia 3MIEKTPOHMAPHUHE XYPT-XKY(pT 6ynnb (Kapama-kapLuu
CNWHAWN), XyAau Tenuii atoMmym Kabu 603e-3appa XOCWUN Kuca Kepak [eraH
(papa3 étagn. LLyHaarmHa 3nekTpoH >XygTnap 3HAW AroHa 6uTTa Tes3nnkaa
OKMLWW MYMKWH 6ynagu. JIeKMH KaHgah Kuamb, axup 3MeKTPOHIap Ky/oH
KOHYHU Oyimnya utapywml kepakky!. Xyaam wy 3uagmat MUKPOCKOMUK
Hasapusa APaTUINLLNHA - KEeYNKTUPAN.

ONEeKTPOHNAPHMHT (DOHOHNAP épAamuaa TOPTULLIMLLIL

FOkopuga Kapab yTunraH WM30TOMMK  3dheKT — AbHM  YTa
YTKa3yBYaH/IMKHUHI KPUTUK TemnepaTypacuHu KpuUCTa/ll MOHW Maccacura
6oFnaHuwm  T~M2 | yTa yTKa3yBYaH/IMKAA (DOHOHMIAP  WLUTUPOKMU

MaBXyLMTMHN Takugnangm. Jemak, yta YTKasyBYaHIMK (PakaT 3/MeKTPOH
cucTtemacy aMac, Gankum - Kpuctann TebpaHuwiapy, SbHU (POHOHNApra Xam
60fnnK 3kaH. LIy panunra TaaHn6 1950 Mmn Ppénux Ba bapanH MycTakun
X0nga Hazapui  xucobnap acocmpa WYHWM  aHUKIAWAMKWA,  KPUCTa
naHXapacuja xapakaTnaHaéTtraH WKKWM 3M1eKTPOH Y3apo TOPTULLMLI MYMKMH
3KaH. ByHM Kuckaya (PU3NK MabHOCK Kyilmparnya: “Oup aNeKTPOH Y3MHWUHT
ANEKTP MalgoHM OpKaiM KpUCTa/il MaHXapacuHW KUCMaH Oynca  Xam
aedopmaumsnangn, Hatwkaaa hasoHK LWy coxacuga gedopMaynoH noTeHuuan
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MaligoHn nargo 6ynné (yHu BupTyan POHOH Aeb xam atawagn), 6y mMaigoH
OOLUKA MKKMHYM 3/IEKTPOHHM XaM TOPTUL MYMKMH. JleKnH (hakaT Kapama-
Kaplwmn CNUHAN WKKUTarMHa 3M1eKTPoH Oup-6upura SKMHAAWUWKM  MYMKUH
(Maynn npuvHumnu).  ®epMmn caTxupa >KovnawraH MKKU 3/1eKTPOH opacuja
XyOAun WyHAan TOPTULLYB to3ara Kenaaun”.

TopTUWMLW Kyun 6unaH 6rpra NKKN 3N1EKTPOH opacuia Ky/noH UTapuLLys
Kyun xaM maBxXyg. Mabiym 6Up Katop MeTannapga TOPTULINLL Kyun YCTYH,
bollKa MeTannapAa aca Ky/noH WTapuLlyB Kyuu YCTYHPOK Kenmb, Xyaau Ly
bouc yTa YyTKaszyBYaHNK Ky3aTUNLL KX Ky3aTU/IMAC/IMK MYMKWH.

Kynep xyptnapu

FOkopuga  Kypub  YTraHMMU3LEK,  3MEeKTPOHMap  KydTiawmi
TyannmrnHa 6030HMap Xocun 6ynnb yta OKYBYAHNMKHUHI 3apypuil LIapTu
baxxapunagn. KBaHT MexaHMKacugaH MablyMKW, W3ofsumanaHraH WKKuTa
MUKpo3appa y4 ynyosnun aszo (3d) ga 60fnaHa oMLK YUYH, YNapHUHT Y3apo
TOpPTMWMLW NnoTeHumann U mabiym 6up KpUTUK KuidvatgaH Ue katTa 6ynuwm
3apyp. Wxtmépuin kyudcus Ttoptvwmwga U<U; 60fFnaHuLL  Ky3aTuiMangu.
NekunH, 6up (1d) ékm mkkn (2d) ynuyoenm cpasofga OyHAal KPUTUK wWapT
maB>Kyn amac Ug=0. MeTanngarn snekTpoHnap 3ca y4 yn4yosnu (hasoga
XapakaTtnaHuLaau. Xyoonm wy 3uMaamsaT  xam  yTa-yTKasyBYaH/IMKHA
MUKPOHa3apmsich SPaTUINLLMHW KEYUKTUPIaH.

By 3ngamnatin 1956 nnnga Kynep xan aTaun. Y wyHra abTnoop 6epanku,
ran y4 yn4oenu hasofa XapakaTnaHyBUM M30MsIUMANAHTaH WKKW 3M1EeKTPOH
ycTuga amac, 6ankv depmm catxy ycTuia XapakaTiaHyBUM 3EKTPOHAp
Xakpyaa 6opap agu. depmy caTxu atpodmparyt 3MeKTPOHAap YYYH YNapHWUHT
KWHETUK 3HEprusick £=p%/2m, Yeknn epMn Heprusicn e JaH Kam 6yna
O/IMaC/IUIHN 3bTUO0PTa ONNLL Kepak. Xyaam Wy Tanad MKKW 3MEKTPOHHUHT Y4
YNYOBNN KBAaHTOMEXAHWMK MacaslaCUHM UKKW YNYOBWM Macanara Kentupmo Kysp
3KaH. Kynep qepmy caTxuga >XonnawiraH WKKW 3M1EKTPOH YYyH Kyinmaaru
OOFNaHNLL SHEPTUACUHM TONAN

E=-2nwye?' N = 2pw e, 1 =N )U (8)

ByHaal anekTpoH XyhTuHn Kynep >kydTnapu (KynepoHnap) ae6 atawagu.
(8) hopmynagaH KypuHaAMKA TOPTULLML JOUMUACK A HUHT UXTUEPUIA KNUMK
kninvatnga xam (A—0) 6ofnaHuw 3Hepruacn E>0 MaBXyn 3KaH.
BaxonawnapHu Kypcatuwimya, Kynep XXy(QTNapuHUHT ynyamm & MeTaHUHT
3/IEKTPOHMNapK opacuaarn macodazaH to3nab maprta Katta akaH. [emak, Kynep
XYy(PTNapuHu (YMyMUia CnHy Honra TeHr) [envid atomy Kabu HykTaBuin bose-
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3appa fe6 oynvangn. Ly Hapca  KynepoHNapHUHr KOHAEeHCaLMsSCUHW,
enuingarn kabu bo3e-raz KoHAeHcaumscuaaH hapkiaHuLimra oMo Kenaau.

MWKPOCKOMUK Hasapus aeMeHTnapun

YTa  YTKasyBUYaHNMKHW  MUKPOCKOMWK  Hasapuscu  KynepHuHr
n3onaumsnaHraH AroHa (epMUOH-XXY(T MacanacHW KeHralTupraH Xxonga,
yekn epMmn caTtxm atpodmaary y3apo TOPTULLYBYM 3M1EKTPOHNAP Fa3UHUHT
KOHZEHCALMs MacanacHU  Kapalau. Y3apo TOPTWLLYBUYM  3MEKTPOHNAp
ra3suHVHI coaganaluTupuarad Tyna aHeprus onepatopyu ( MaMunbTOHMaHW )
Kyiunpgarnya

H=2)xa.a -V), ’a;afkafk,ak, 9)
k 53

by epaa Xk =€k - er, ex= h?k?/2m — aNeKTPOHNAPHWNHT KMHETUK 3HEPTUSICU, EF —
(hepMun aHeprusacugup. VIKKMHYM cymmagarn Wwipux 6Gapya 3/1eKTpoHnaphaH
(hakaT pepmm catxu arpoupa (HOHOHMap 6wunaH TacuMpiawlyByM,  SbHU
3HEpruscu

e+ hwp < ek < eg+ hwp (10)
LIAPTHN KaHOATMaHTMPYBYM 3MIEKTPOHNAPIMHA KaTHALWMWNHL 6ungmpaaun. (9)
raMunbTOHWAHHW, ax - OnepaTop/apra HucbaTaH KeagpaTWK KypuHMLLIra
KeNTMpuw  —guaroHannawtvpuwl  geiAvnagu. AnaroHannawtmpunran
raMMITOHMAH MacalaH¥ e4YUMUHM  TOMWLLIra 3KBUBaNeHTAUP. Boronto6oBHUHT
MaLlXyp “ U-V KaHOHMK anMaluTupuwniap” ycynura Kypa, arap 9cku ak -

orneparopnapiaH SHru KBasu3appadanap TaccaBBypura (€KMW SAHIM vk
onepaTopfapra ) Kynuaaruya ytuaca

Ak = Ukyk VY Tk, Ak = Uky-k - VYK (11)

(9) raMunbTOHMAH AuaroHas KypuHuWLIra Kenap skaH

Hp =2> X, (UZ8: 0, HVig 48 5) = AD UV, (0,975 —949,) (12)
k k
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By wudoga SHrM Ksasusappadanap Tyna 3Hepruscu oneparopu 6ynmné y
AvaroHan KypuHuwra kenrad. (12) HM  KBaHTOCTAaTMUCTMK ypTavdanawiTvmpuica
CACTEMAHWHI Tyfna 3SHEepPrusicuHn TemnepaTypara OOfNaHWLIMHW  TONWL
MYMKWH

AZ

E(T)ZZ(Xk_Ek)+ZEk(fk+f—k)+ V(T) (13)
k k

Oy epda fHrM (epmmn-KBasmsappadanap TakCUMOT yHKumacn depmu-Anpak

TaKCUMOTU Kabu KYpUHULLAA 3KaH

1

= (14)
exp(E, /kgT)+1

fo =1,

NEKNH XMMMNOTEHUMAN 1 MYK — AbHU HOJMra TEHI, SbHW KBasu3appadanap COHU
caknaHmanam ( Temnepartypa nacannwim 6unaH ynap coHM Kamanimb 6opagu ).
OunaroHannawtmpuw  Tydainnm  gactnabkm  3ckum  Hompean doepmu  ras
3appavanapu cnekTpu Ex =ek - &r, &= N2k?/2m Kaiita Hopmannalmé - y3apo
TacupnawmanguraH sHru ugean epMu-ra3 Keasusappadanap crekTpura
annaHam

E, (T) =X¢ +A%(T) (15)

oy epga D(T) — TaptTmbnawww napameTpu pgevvnagm Ba (15) cnekTtpaa
3HepPreTUK TMPKULL cudaTnia Kenagu.

E(k)

EiK) =g(k)=r

F

®du3nK MabHocMra Kypa, >XydTnawraH snektpoHnap (KynepoHnap)
6ofnaHuw 3aHeprusacu  2D(T) ra TeHr 6ynnb6 Temnepartypa opTULIMAA EKU
aHepruacn hw>2D(T)  6ynraH (OTOH Tabcupuga Kynep Xydtn y3uimo,

13



TUPKWLL Tenacupa CrvHNapy Ba WUMMyNbCnapn kapama-kapwum 6ynraH (15)
cnektpin Ba (14) 6yinnuya TakCUMMIaHraH WKKWATa KBasu-(hepMUOH naiigo
6ynagn: 5-pacM. D napameTpHu Temnepatypara OOffaHUWN KyAuaaru
TeHrnamagaH Tonunaam

1 th(E,/2T)
v 2E, (16)

k

AHan (14-16) HK GunraH xosnga AHrY Keasappanap rasuHuHr ( ynap sHepreTuk
TUPKWLL Tenacuga xapakatnaHagn ) Tyna 3HepruscuM Ba feMak 6Gapua
TepMOoANHaAMUK

YWroHraH keazuzappanap

= Vo + a7

Moean depmu raz o .
£k |
Ep —+ — 24
. :1— Fynep sy dTnapw |
[ D — D=0 a 0,
[ R "—n
—_— 0 e [
a) . _':— b .,
—_ 0 — 0 B — 1
[ T — [ J—1
5 - pack

XapaKTepUCTUKaNIapPUHK, >XyMagaH, WUCCUKIUK CUFUMW,  3HTPOMUA, 3PKUH
3HEPrUA, KPUTUK MarHWT MaifoHu B.X. Gapya TYLWYHTUPUL Kepak 6ynraH
AMMUPUK KOHYH/IaPHU MUKPOCKOMMK HYKTau Ha3apaH X1ucobiall MyMKUH.
JHepretMk  TUPKWULIHWHT
TemnepaTypara 6ofmaHuwm D(T) £
HW1 (16) TeHrnamaHm COHIN eyunLl It

OpKa/M  TOnMWUW  MymKuH. By 13
6ofaHnLL 6-pacmaa
KeNTUPUNTaH. EummpaH 1.0
KYPUHANKM, Temneparypaqu

KPUTUK KMAMaTUaa TUPKWLL Hora. -
ainaHap 9kaH. (16) TeHrnama
euYMMn KpUTKK Temnepatypa T, Ba

D(0) YUYH Kyrmngaru
MyHocabaTtnapHu 6epaau

14



AQO)=2awg e, 1 =N(e.)V (17)
Tc = 2hw, (1.78/p)e"" (18)
A(0) = 1.76T, (19)

Taxpnba ynuawnapn opkam T, Ba D(0) HM  TOMMW MYMKWMH Ba
XakykKataH KynriuHa yta YyTkasrmunapga (19)  myHocabar Gaxapuavim
TacAMknaHraH. KeasusapanapHuHr Tyna sHeprusicn (13) Hu auddepeHumannab
NCCUKMNK CUFUMUHN  Coo(T)=dE(T)/dT xam xucobnawl MymKuH.  TlacT
Temnepatypanap y4yH Kynngarm Hatmka Kennb ymkaam

Ces (T) \/7 ( A(O) j —A(O) TkgT
c,m) 20

By MyHocabaT (4) SMNUPMK KOHYHHU TaxMuWHaH TYWYHTUpaau. Xyaau
LUYHWHTAeK Y6y Hasapus 6apya (1-5) aMnnpuK KOHYHMaPHN XaM TYLLYHTUPUG
bepaau.

IOKOPU TEMMEPATYPANN YTA YTKA3IMNUNAP

YT1a YTkasyBuaHnMK xogucacu 1911- iunga tonunrad 6ynca, LyHAaH
OYyE8H SAHIM KPUTUK TemrepaTypacu HOKOPUPOK 6ynraH yTa  yTKasyB4aH
mMaTepuyaiapHi KAAUPULW AaBOM 3TUG KenvHagw. JleknH TonuaraH 6apya
martepvianniap (Metannap, bupukManap, Ky4au ferupaadraH apum ytkasruuiap)
Xyfa nacTt TemnepartypanapgarvHa yta yrkasrmdra avnaHagn. Tc = 23.2 °K
ovpukmann  Nbs;Ge nnéHkacuaa KysatuiraH 6ynuMé, KpUTUK TemnepaTypaHu
KyTapuwra KaHya ypuHuamacuH 1986 - hunra kKagap MakcuMan KpUTUK
Temneparypa 6ynné kengw.

1986 - wun d¢umsmknap begHopy Ba Mtionnep  LajssBagisCuOy
bupmnkmacmaa Tc =35 °K pga yTa yTKasyBYaHAMK Ky3aTUAraHWMHW Mab/ym
knnmway ( by Kawdgumétn yuyyH ynapra Hoben mykodgotu 6epungm ). LLyHaaH
CYHI OVpPWUH KETUH BMp Heya YyHNab GupuMKmanapga Xam yTa YTKasyBYaH/IMK
Ky3aTU/AM Ba MakcMan KpuUTUK Temnepartypa xatto 100 °K  gaH xam owwmnb
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KeTTn. Xo3upru KyHga saHr mykamman ypraHunrad YBa,CusO; 6upukmacuga
yTa YTKasyBYaH/INKHUHT KPUTUK TeMNepaTypacuHUHI kuilmatn Tc =92 °K  HK
TalKun aTagu.

Al | Sn | Hg | Pb | Nb | NbsSn| NbsGe | Laisz Sro17 Sro.17 | YBa2CursOy

12 |38 416 | 7.2 | 7.78| 18 23.2 37 92  (°K)

Kyunn 6ocum  octuga Hg.Ba,Ca, Cu3Og OMPUKMACUHWUHT  yTa
YTKa3yBYaH/IMK KPUTUK TemnepaTypacu kuiimatn Tc=150 °K raya KyTapwiraH.
YWwo6y toKopy TemnepaTypann yTa YTKasrmuiapHUHr TabruaTtuHy tokopuaa 6aéH
atunrad bapavH, Kynep, Wpnddgep (BKLL), Borontobosnap apatraH Hasapus
OpKanv TYLYHTUPMG 6YIMac akaH.

FAHrM TONWAraH KKOPW TemnepaTypain yTa YTKasrmy matepuaniapHuHr
Xapaktepnu 6enrvnapugaH upu: ynapHUHI KpUCTana nap)kapacu Tapknéuga
¢ CuO, paH nbopart katiam MaBXyaauiru, 6owwka éupmga sca xam CuO;
katnamm xam CuO artomnapgaH wubopat 3amkup 6opaurngmp. KynvHa
MyTaxacucriapHu TabKugnawin4a, HKopyu Temnepartypasm yTa yTKasyBYaH/INK
xyaam wy CuO, katnamu 6unaH 60FINK SMULL. TYLIYHTUPUL KUAWH OynraH
6ab3n xoccanapuHy caHab yTamus:

- ONTKK Ba 60LLKA 3NEKTPOM3NK Taxpubanap KypcaTuiLmya, SHEPreTuk
TUPKWLL YTa YTKa3yBYaHMKHUHT KPUTUK TemrepatypacuiaH aH4ya rokopuaa
T (T™> T.) naingo 6ynap akaH.

- Xyaau wWyHra KoppenaumanaHrad xonga KapLWAMKHUHT Kamaivu
XaMm YTa YTKasyBYaHMKHUHT KPUTUK TemnepaTypacuiaH aHuya tokopn T pa
bowunaHap akaH. (Mact Temnepatypasm acku yTa YyTKasruynapharv KapLimimk
KPUTUK HyKTa T, faék cakpab Honra TeHrnawaamn )

- KwvcnopofHu monsp MUKLOPUHW MabiyM OUp KPUTUK KuUAMaTuaa
MeTaNN1-apMMYTKasrmy hasasuii yTuim cogup 6ynap skaH B. X.

16



P

TeeTh o 200-300K

Xyoan WwyHra yxwaw 6up Heya (haktnap MaBXyaku 6ynapHu tokopuaa
6aéH knnuHrad BKLU Ba Boronto6osniap Moaenn opkann TywyHTMpnG 6ynmac
3KaH. X03MUpru KyHfa toKopu TemnepaTypaiv yTa YTKasrnyunapHUHr Haakat
aKCNepuUMeHTan Knampuwaa, 6ankm YHUHI Ty6 MOXUATUHU TYLWYHTUPNG Gepa
onaguraH AHrKM Mogfensap yctmaa xam onnmsiap 60w KOTUpULLMOKAA.
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NJTOBA

A. Kynep macanacu

IPKUH 3neKTpoHNapaaH noopaT hepmmn-rasHUHr acocuii (Kymm) xonatu
WYHAAAKK, Xap GUp aHepreTmk catx ex=h%k%2m Maynu npuHUMnu 6yiinya
Kapama-KapLuy CrHAWM NKKUTadaH 3/1eKTPoH 6unaH To pepmu caTxmraya
Er = h%k%/2m TynraH 6ynagu. Kynep 1956 innaa, depmm catxu yctuaarm
Kapama-Kapwiy CrVHAM WKKUTa anoxupa 3MeKTPOHHU — UXTUEPUA  KUUKK
TOPTULLYB MOTEHUMAN 3Heprucum opkaim 60fnaHnb KOAMW MYMKUHAUTAHM
Hasapuin pasuwga Kypcatnb 6epan. by macanaga wy Hapca MyXUMKK, epmu
caTXv yctugary anoxumpa OJIMHIaH WKKA 3MeKTPOH 3Heprusacu  Maynu
npuHYymnura Kypa Er gaH knumnk 6yna onmangu.

NKKN 3MEKTPOH XYPTU YUyH TYNKUH QyHKUMACK (ry,r,) OYNCMH Ba
mMaccanap MapKasvHW XapakaTnaHManian ne6 onamus. [emak, 6y LiapouTaa
3NIEKTPOHMAP MMNYNbCU Kapama-kapwu oynagn.  KuavpunaértraH Ty/KWH
(hyHKUMsSHN Pypbe TacBupura ytné onamms

y(n)=y [ -n)=2 gke" "™, (Al)

oy epaa, gypbe koagumumeHTnapn g(k)— 6up anektpoHHn hk, 6owkacy -hk
UMMYNbCNW  XOnataa TOMWAWULW  SXTUMONMMHKU - bungupagn. bapuya  k<kr
aHeprusnu xonatnap 6aHg 6ynraHun cababnu, Maynu npuHUMNUra Kypa

g(k)=0 arap k<Kk, (A2)

KapanaéTtraH MKKW 3NeKTPoH y4uyH LLIpenHrep TeHrnamacuy Kyngarmya

2 21,2 21,2
h (Vf +V§}/(rl,r2)+V(rl,r2)y :[E+2h2rl:}/ :(E+hr:F}/(rl,r2) (A3)

- 2m

Oy epga E - 3nekTpoH XY(PTHUHr depmm caTxura HucbaTaH ONMHIaH Ba
knampunaétraH Tyna sHeprusicn. (Al) Hu (A3) ra Kynumb, Homabnym g(k)
YUYH Kyhmgarv TeHrnamaHu onamms.

7K’
m

9(K)+ 2 Vi g (K') = (E +2E¢)g(k) (A4)
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OyHAa
Vi = ijv (r)e'®rd3r
L3

k Ba k' xonatnapapo y3apo TabCup MaTpuua 3MEMEHTH, F=ri-Ip, L3 —
cucTeMa Xamu. Arap y3apo TabCuMp noTeHunanm MaHpuii V<O SbHU
TOpTULIYBYM BYynca, y xonga KynepHu kypcatuwimya, (A4) TeHrnamaHu UKKu
3NEKTPOHHWUHT 60OFNaHraH XonatuHu 6epyBun E<2EF 6ynraH eunmy maBXy[
3KaH. BbyHra WWOHY XOCUN KWAWUW Y4YyH  CcOAfanaliTUpWUraH Kynmugaru
noTeHUMaIHW Kapannmnk

Vv n’k’? nk?
Vi = NER arap o o <Ef +hw, 6ynca
aKcuHua Vi =0 (AS5)

By epga TopTMWYB MOTeHUMaIMHM - epMu caTxu ycTuga Ex+hwp  [deban
SHEPIUACK KanMHMrnga povMuid fe6 copgdanawtupungn. Y xonga (A4)
TeHrnama Kynmgarv KypuHULLIHW onagu

NALS
m

Kavicuku, yHr TomoHgarn C, Kk ra 60fnunK amac:

+E+2EFjg(k):C (A6)

(A7)

(A6) Ba (A7) HW coNULLITUPUG, KyingarnHu onamms

1:%2 hzi’z
“ _E+

2K
thvZ

E. < < E. +hw, (A8)

Arap Kyhuaarmya y3rapyBUmMHy anMaluTupcak
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thlZ
X'= o -E, (A9)

Ba OMPIMK 3HEPTUst MHTEPBaIMAAr X0NnaTnap COHMHN KMpUTCak

_ 4pk” dk’
(2p)® dx’

N(x ")

y xonga (A8) TeHrnama Kymugaru KypuHULLHN onaam

hwp

1=V [ N(x) ax

2xX'-E

(A10)

Arap, metannapga Eg>>hwp 3kaHaurvHu xwmcobra onmHca, Yy xonga N(E’)
KaTTa/IMKHA OOMMMIA aeb Kapalwl MyMKWMH Gynagm Ba WHTerpanjaH 4umkapuo
(A10) faH KynmgaruHyu oiammns

LY In(E—zth j (A11)
2 E

€KM TOPTMLIYB NOTEHUMaNN Knumnk oynraHga NV<<l1

2

E=-2nwge WV (A12)

Jemak, KapanaéTraH Macanafla  UKKW 3NeKTPOHHUMHT  E<QO 3Heprusanu
6OoFflaHraH XonaTu MaeXysd 6ynap skaH. Eku 6Golikauya Kuavé aiitraHga,
aactnabku ngean gepmu rasga  gepmm catxum yctmga Erthwp  [lebait
3HEPruaAcK KaJMHAUrnga TOPTULLYB NOTEHUMAIN  Kyidunica, 6y 9SHepreTuk
NHTepBara TywraH anekTpoHnap (Al2) 6ofnaHuULL 3Heprusacu 6unaH Kynep
XY(TNapn XOCUN KUIULW MYMKWUH 3KaH (BMp KUCM 3HEPTUAHMN TalKn MyXuUTra
6epunb tobopaan).

FOkopuga 1l 606aa anTné ytunraHmaek, Kynep >XypTiapyHuUHr ynyamu
MeTa/I/IHAHT 3M1IeKTPOHMapn opacugarn MacodasaH 03nab mapTa katta 6ynuo,
ynapuHu Menuii atommn Kabu HykTaBumin bo3se-3appa aeb 6ynmanau.

BKLLU Hazapusicura Kypa, TemnepaTypa nacané KpuTuK Hykta T. ra
eTraHfaék anekTpoHnap gepmMu-catxu atpodumaa XypTnawmoé wy nakTHUHT
y3adaéK KOHAeHcaumsnawagm — abHU Bose rasgary kabu 6uUp 3HepreTmk
Xonarra TynnaHagu.
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B. bose-3appayasiap KOHAEHcaLMACH

KBaHT cTaTucTMKacura Kypa, 603e-3appanap y4yH Kyiugarm TakCMMOT
(yHKUMSACK ULLNaTUIaaw

1 1

e, expC< =My _1 eXp(hzk2/2m—m)_l (B1)
k,T k,T
By (hyHKLMSA MabHOCK Kyrmngarnya: Ny. 3appavyaHviHr g SHEPTUANN, EKN TYNKNH
COHM Kk 6ynraH xonatga étmw ( Tonuan ) aXTUMONMHKU bungupagn. (B1)
(opmynaga ks - bonumaH JovMMWIACK, p - TAQ3HUHT XMMWUABUWA MOTEHLMaIN
aenvnagn. KypuHuG Typmbamku, XUMUABWAWA MOTEHUMAN M HUHT KUAMATW
myc6atr 6yna onManman . YyHku, y xonga e = 0 aHeprusinn ( ékm k = 0
MUMMYNCNW ) Xonataa 3appavaHuHr TOMUAULL SXTUMONN MaH(uiA 6Ynnb Konaam
Nk <0. By MYMKMH 3Mac, YyHKU Ng — IXTUMOJIMK (hakaT Mycbat CoH bynuLu
Kepak. [leMak, m HUHI KMAMaTU hakaT HOJ €KW MaH(UIA KuiMaTiaprarmHa
apuwnLIN MyMKUH m < 0.

XUMUABNIA NOTeHUMaN p - ra3 KOHUeHTpauusacm n Ba Temnepatypa T
HUHT (OyHKUMACK 6YNnG, Kylumgarn TEHrMUKAAH — AbHU  3appanap COHUHWUHT
Cak/laHVLL TeHrnamacugaH Tonuaaam

N 1
n=—-= >
vV 2p

° 1
[kPdk ——— (B2)
0

e ‘T —1

By WHTerpanHM aHa/MTUK KypuHULLIAA Xucobnab 6ynmainam, gakaT COHM
ycynga xucobnaw MyMKuH. KoHUeHTpauus n 6epunraHga, Temnepatypa T
HUHT Y3rapuin - m HUHE y3rapywnra onmb kenagn. ®apas Kunannmk — upop
Temnepatypa To ga m=0 6yncuH . LUy Temnepatypa To HW TONUW Yy4yH (B2)
TEHIIMKHU Kyingarnya ésamms

1 2m¥? % eV%de
= (B3)
OgkeTo _1
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By WHTErpan aHanMTUK KYpuHMLLAA XMUcobnaHaan Ba To TemmnepaTtypa Y4yH
KyingarmHy onammns

_ 3314202

kg T m

(B4)

[lemak, n KOHUeHTpauusHn Gepunrad mabaym 6up kuimatuga wyHgan éup To
TemrepaTtypa MaBXy[ 3KaHkW, 6y Temnepatypagun ngean bose — ras Xumnssui
noTeHUManM Homnra TeHr 3kaH. bapua Temnepatypa uHTepBaivga  m(T)
6ofnaHnwmn (B2) paH COHAM ycynda XucobnaHraH HatukKacu Kynmpaarmda
KypuHuwga 6ynam

2T

T<To pam=0 6ynraHu cababnn bo3e TaKCUMOTUHN Kylmnaarnya éunnaam

1 1
n, = — — = - . T<T, (B5)
€y ks /2m
ex -1 o8 ey
p(kET) exp( T )-1

Hemak, T<T, pa k=0 xonatga (3Hr Kyiln Xonart) 3appavaHuUHr TONUAMLL
XTUMONN oo Fa TEHT 3KaH !, SIbHU Ny=p = 00. DHI KylW Xonataaru 3appanap
COHM o HM “B03e KoHAeHcaT” neb xam atanaan. Temnepatypa nacannbd T<T,
Knimatnapnga bose 3appanapUHWHr Kyl XonaTra — SbHWM KOHAeHcaTra
TynnaHa oMM xoccacn — bose KoHaeHcaumsicn ageinnnaan. To TemnepaTypa
Bo3e-KoHAeHCauMaHM 6oLunaHnLL HyKTacu 6ynné yHu bose KOHAeHcaums €ku
Bo3e-OMHLITENH TeMnepaTypacy aennaan.

Bo3e KoHAeHcaumsacy takat bose crtaTucTmkacugarn appanap-6030Hap
yuyH Taannyknmaump. CnuHnapu s=1/2 6ynraH ¢epMuoHnap yyyH [Maynu
NPUHUMNMIa Kypa 6uTTa 3HEeprusnmn xonarra UKKATarMHa MePMmMOH >Kolnatua
onagn. bo3oHnapga aca OyHAaW TakKWMKIaHMLW YK Ba LUYHWMHT Y4YyH 6MTTa
SHeprusnM  xonarra wucTairaHya 6030H »>koinawa onagn. TemnepaTypa
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nacammwimaa 603e KoHAeHcaTra TynnaHaéTraH 3appanap COHM owwmnb 60pnb
T=0 ga 6apuya 6030HMap KOHAeHcaTra Tywmnb 6ynaau.
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