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Diffraction of Slow Electrons by the Periodic 
Structure in the Lattice Gas Model. VI.Two-Di-
mensional Phase Transitions 

Experimental data on diffraction of small energy 
electrons on the systems: hydrogen-tungsten and hydrogen 
oxide-nickel has been analysed. It was shown that in the j 
hemsorbed adatom system the two-dimensional phase transi
tion of another type there occurs. The results of Onsager 
as well as Fischer•s idea about the analogy of hemsorptio 
at a half overlap of antiferromagnetic in a zero magnetic 1 

field were applied. The parameter of effective interacti-! 
on ~ti between adatoms was obtained at the adsorption of H) 
on\1(100). The estimated value 1<1 ·+.145~+.17 eV agrees welt 
with f, from calorimetric measurements. 

The investigation has been performed at the 
Laboratory Theoretical Physics, JINR. 
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© /977 06•eoUHeHHI>IU UHC•u•y• JIO<?pHI>IX UCCA<?Oo6QHUU.J{y6HQ 

I. B.BeAeHHe 

Aft~paKUHfi Ye~eHHWX aneKfpOHO.B H~AHefCh HOhWY nepcnertfMhHWY 

YefOAOY 3KCnepHYeHf8AbHOro HCCReAO.B8HHH A.ByYepHWX waao~WX nepe

XOAO.B/l-3/. KaK llOK838HO B paOorax/4-?/, 0 H6KO!OpWX xapaKf6pHWX 

qeprax llO.BeAeHBH AByuepHoA CHCfeYW 8ACOp0aT-8ACOp06HT YO.HO 

CYAHTb no 38BKCHYOCfH HHfeHCH.BHOCTH AOnOAHHTeRbHWX AH~paK~HOH

HWX nares, nosBneHHe Koropwx xapaKrepHo ~H AH~paK~HH ueAneHHWX 

aneKrpoHoB npH Hanaqaa aAcopO~HH, of reuneparypw » aaepraa 

HSAetam.-x 3~eKTpOHOB. 

EcAH 38BHCHKOCfb HHTeBCH.BHOCTH Of xapaKTepHCfHK aneKTpOH

HOrO nyqKa C.BH38H8 C AeT8HHMK YeX8KH3Y8 AH~paK~HH H8 CHCf6Ke 

pacceHB8TeneA (ABYKP8fHOe H KHOrOKp8THOe pacceHHHe/S/), TO 

TeYnepatypH8ft 38BHCHMOCfb H Ba.BHCHYOCfb OT ABBHeHHH C onpeAe

neHHOCfhD C.BHAetenbCfByer 0 CT8fHCTHqecKOM XapaKrepe 8ACOpu~HHo 

CT8fHCfHqecK8ft npHpOA8 8ACOp0~HH OfMeqaeTCH BO MHOrHX 3KcnepH

MeHT8RbHWX paOOT8X/S, 9/. flocneAOB8TenbB8H K.B8HfO.BOCf8THCTHQeCK8H 

reopHH 8ACOp0~HH, p83BHT8H .B ~HKne HCCAeAO.B8HHA/IO/, OCHO.BW.Baer

CH 88 .BWOope raYHHbTOHH8H8 .B .BHAe 
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'l- -~ 7 n n. H =- y --- I~ .£- --~ - f-, ~"- ~ 
f A;/_,_ 

.;;; 

v=j> ·t;, l/~r_.__e-~/'(6C.:~'Y'_.)JJf (I) 

-( Jc(;B} 
ecn IJl.YHKi.UUI reuneparypbl 1<-8 T= j3 , ,llaBJieHHH Po 

/ 

11 BH.)'TP6HHHX CBOitCTII 11 8,ll8TOMOB _) <v (_;5) , MOJI6K.)'JI B raaOBOA 

IJlaae )• (:->) , .xapaKrepHCTHK 3JI6K!pOHHOI CHCT611bl/c , C 

8~6KTHBH06 B88HIIO,ll6ACTBHe; ~ - K03WWH~H6Hf ,llHCCO~H81..1HH npH 

a,llcopo~HH: A.._---. n. [ 4]; cyuuHpoBaH.Ite B (I) Be,llercH no yaJiau pewer

KM B nepBou CJiarae11ou H no Bceu napau OJIH&alwa.x coce,llel Bo 

BTOpou. CymeCTB6HHbllol ,llOCTOHHCTBOU reopHH, paSBKTOI B/IO/,HBHJI8Cb 

BOSMO&HOCTh CT8H,ll8pfHO H llOCJI6,llOB8f6JlbHO KOJIHqecTB6HHO npoaH8JIH-

8HpOB8fb BKJI8,ll KoppeJIHUHOHHbi.X 31JlW6KTOB B paBHOB6CHb16 H KHH6TH

qecKH6 X8p8KT6PHCfHKJ4 8,llCOp0UHH. 0HH cymecTB6HHbl .It ,llJlH CHCT611 

C npHTHli6HH611 ( C /> () )
1 

H ,llJlfl CHCf6M C OTT8JIKHB8HH611 ( C. < t)) 
(cu/101). 

llOHBJI6HHe ,llOnOJIHJ4f6JlbHbi.X ,llH~pa~HOHHbi.X loi8KCHMYMOB npH 

pacceHHHH lol6,llJI6HHbiX 3JI8KTpOHOB corJiaCH0/4/ xapaKrepHO ,llJIH CHCT6lol 

C OTPHI..I8T6JlbHbiM napa11erpou C- B (I), TO 6Cfb B Hamel WOPM6 

aanacH /~ no (I) ,llJIH peweroqaoro rasa c orraJIKHBSHHeu 6JIH

•alwax coce,llei,H ooycJIOBJieHo aWIJlexraua xoppeJIHUHH B a,llcopoare. 

3ror cnyqal IIO,lleJIHpyer Becblla B8l1Hbll npouecc - xeuocopOUHD. 

Eonee roro, nonyqeHaoe B paOoraxiii,I2/ Bblpa&eHHe AJIH napHol 

xoppeJIHUHOHHol WYHK~HH B cynepnoaHUHOHHOM npH6JIH&6HHH B Hexoro

pbiX np6,ll6JlbHbiX CJiyqaHX ,ll86f HBH06 .)'K838HH6 H8 BOSMOliHOCfb B08HHK

HOB6HHH B peweroqHou rase c orraJIKHBaHHeu ynopH,lloqeHHoro cocro

HHHH r~o~na "wauarHoro nopH,llKa"/6 , 71. AHaJiorHqHbll peayJiuar noJiy

qaJICH p~Heefi3/ Ha OCHOBe 8H8;H38 6,llHHCTB6H_~OCT.II rHOOCOBCKOrO 

COCfOHHHHo B H8CT0Hill61 paoore llO,llpOOHO HCCJI6A.YDTCH H3M6H6HHH 

AHWPBKUHOHHol xaprHHbl pacceHHHH ue,llJieHHbiX anexrpoHOB, conpoBoa

ABDill.lle ,llByllepHble WSBOBhle nepexo,llhl. 

4 

2. nepexolU!! una C (2.¥2) .- CI.xi> npH a11copow H 

118 'r( (!00) 

CorJiacHo/
4/ npa yqere JIHmh O,llHOKparaoro pacceHHHH Bhlpa

&eHHe ,llJIH ,llB~peH~8JlhHOro ceqeHHH paCC6HHHH lol6,llh8HHbi.X 3JI6K!pO

HOB Ha ,llB.)'M6pHOI KB8,llp8THOI pemerKe npH H8JIJ4qHe Ha Hel 8,llCOpOH

POBSHHbi.X qacrB~ (8,ll8TOMOB) HM66T BH,ll 

rio= o/.?t.~.A N J/ r~.) cfff") ,. BN Y < ..., ·r .. ¢ '" '¢ -~ (2) _,.., r 'r r L_ no n~,c/ e 
a~~ ~~~ ~ 

r,lle A H B - ecn Hexoropble KOIIOHHBUHH aMnJIHTYA pacceHHHH aJieK

rpoHoB Ha 8TOM8X H 8,ll8f0118X, - KOHKp6THb16 Bblp8&6HHH npHB6,ll6Hbl 

B/
4
/, # - noJiaoe qlrfcJio yaJJOB pewerKH, ~ ¢ ' - oeapaaMep

Hble nepeueHHble, <non,. .. ,> - napHaH KoppeJIHI..IHOHHaH W.YHKI..IBH. 

Ycpe,llH6HHe B6,ll6TCH c raiiHJ!bTOH.118HOM (I), or- WYHKI..IHH B (2) 

HMemr nepHOA 2.YL ,_ 1<., 1<' =O,±r,±2, ••• Bbipa&eHHe ;IIJIH napHoro 

KOppeJIHTOpa B cynepn03l4UHOHHOM pac~ellJI6HH.M/JI,I2/ HMeer BH.ll 

rAe 

_A 

:t.. /*.1-.llr. 'I <non,,.,_,>= 6J ,_ &(1-&},J.. 
} 

Vft~.t&) 2-+ ~p~cJL 1-fl--t&) iJ- 1 

fTi-.tt9 JZ-,. eap(j>c.)l i-:(t-""i&lJ '"I 

(3) 

(4) 

BeJIJ.tqHHY tfl: <_ nf > =- Z'"- - cpe;nHee qBCJIO a,ll8TOMOB - B W.lt-
SHKe llOBepXHOC!HbiX H~16BKI DPHHHTO H83b1B8fb DOKpbi!K6M (npa 

MOBOC.BOIROll B8DOJIB6HHH CJ ~ f}.( f ) • AJia CHC!6M C DOJIOBHHHbllol 

DOKpbi!H6M ( f:l =I/2) ( 3) C yqeTOII ( 4) npHM6! BHA 

.13/t/ 1~/.lk'/ /X./,_11<'/ 

<non,.w:·>=--f[!l-(M__ -r) (-f) } (5) 

( l_ ( 0 t !'8K K8K Ioibl paCCII8!pHB86M CJiyqal OU8JIKHB8H.IIH) • 
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0tCII~8 BH,llH0 1 liTO npH .f>.: oo ( T =0) B CHCT8W8 B03HIIK88T 

ABJI»HHA nopHAOK. ilpH aTOM Bblpaxeaae AJIH napaoro xoppenstopa (5) 

npHM81' BH,ll 

(6) 

< "· "·•' > = {: 

, ecJIH /K I ~ I k 'I lletao, 

, ecJIH 1 1< I ,. I 1< 'I aeqetao; 

. L/ 
npB OTCYTCTBiilH ynopH,llOll8BHH < ll., nu'> ~<n .. >( nu'):/l.::~• 
YnopH~olleHHe, onpeAeJIHewoe KoppeJIHtopow (6), cootBeTctByet, 

Oll8BII~H0 1 ynOWHH8BW8U:fCH BO BB8,ll881411 111118XM81'HOWY llOPHAKY"• ilo~

cta80BK8 (6) B (2) ,ll881' 

c~:; ~ Jr.t( -t (A~ f 8 )A' d(~) d(r? ')~.1fJ.8 IV d(cp ·fi} J{¢;;;,.7) 

ilepBbiH tUI8H B (7) COOTB8TCTBY8'1' 06WllBbiM OparrOBCKHM YSKCHMyMBM 

HHT8HCHBHOC1'H ~HWP8KUHH,HY811111H¥ B nepeue8Hb1X (,P~~Jf ,~j/~J[) 
KOOp~H8Tii (1~ 1 /~

1

) 1 BTOpOA OllHCWB881' ~OllOJI8H'1'8JI»Bble nHTB8 

( n • ~ • /7.. ',. ~.t ) • COOTB8TCTBYIIIIIH8 AHWP8KU140881i8 K8ptHHW B 80W88-

KJ18type, npH8HTOI B teopHH llOBepXHOCTHWX HBJ188HI 1 0603H8ll811TCH 

(lxl) H ( (2x2), TO 8CTb AHWPBKUH08H8H KB,IlTHH8 (!X!) COOTB6TCT

Byet HeynopHAOll8HHOUY COCtOH8HII 8,ll8TOUOB 1 8 K8PTB88 ~ (2x2) 
XapaKtepHa AJIH HX ynop.H,li,O'!eHHOrO COCTO.fiHHll nma "maxMaT-

HOro nopH,llK8 11 • BoaHHKHOB6HHe A8JibHero llOPHAK8 npH T =0 .xapaK

!epHO AnH OAHowepHWx cHctew1141, noatowy cynepnoaHUHOHHOe pacuen

JieHHe HBJifi8TCfl KSK Obi 11 KB83HOAHOW8pBbiW11 (14 1 ,lleiCTBHT8JlbHO,,JtJIH 

OAHOUepHWX CHC1'8M OHO HBJifi8TCH TOllHbl¥ pewe8148U U0~8AH HSHHr8)o 

0AHBKO ecnH B o~aowep8ow cnyqae waaoBwl nepeXoA npH ~ =0 

HU88T llHCtO WOPU8JibHbll CWWCJ1 1 TO B ,llByWepHOM B03BHKHOB8HH8 

~an»Hero nopHAKB JIHW» np14 ~ =0 yKaSbiBaet HB npHOAI4K8H80CTb 

cynepn03HUHOBHOrO pac~enneHHfl H B03WOKHOCTb WS30BOrO nepeXO,ll8 

6 

npH T: 7;_ ;> {) npa OoJiee touou paccuotpeHHH. J(eno B TOM, 

liTO 
1 

ecJIH AJIH WHpOKOrO KJI8CC8 CHCT8M (B OC80ll80M uetaJIJibl 88 uetaJI

JIBX) H8!88CHB80CT» 8e0parroBCKHX MSKCHM:fMOll C POCTOM teunepatypbl 

H ~aBJie8HH npH WHKCBpOB8880W noKpbltHH,ocnaOJIHHC» H paawwBaHcb, 

HclleaaeT npH BbiCOKHX teunepatypax - Bee ato xopowo nepe,llaetcH 

WOPW:fJIOI (5) 7 - TO cy.ectByeT CHCT8W8 BOAOPO~ 88 BOJI»WPBW8 

(li IV), AJIH KOtopoA 88JIH~o "KPHTHllecKoe noBe~eBHe" HHte8CHB-

80CTBI31. 3,ll8C» npo~ecc OCJI80JI8HHH HHT8HCHBBOCT* AOllOJIHHT8Jib80rO 

fiHTB8 H~8T UpH COXp8B88HH ero JIOK8JIH38UHH 1 npHll8M llOJI808 HCll83-

80B8HH8 nHTHa Hweet wecto npH 'T= 7;_ 
qtoOw onacat» ~BywepBbiA waaoBwl nepexoA B cHctewax tHna 

fl I W npz /:. fc. :> tJ , Oy~eu CllHtan HCXOA8YII KBa~pataym 

pewetKY ( ~ = I( , ct :,l ) COCtOH1!18H H3 ABYX KB8,llp8!Bb1X no~pe

wetOK1 O,ll88 113 KOtOpbiX B CJI:fll88 llOJIHOrO ynopH~OlleHHH . ( ~ =0) 

OK83blB88TCH ll0Jl80CT»II llOKpbltOI 8~8TOM8MH 1 BtopaH - nyCTOio 

B 001!18M CJiyllae npH T ;Q OAHOH H3 3THX UOA,PemeTOK UOZHO npHnH

caTb aexotopoe noxpstHe t9'(1r). llocxoJlbKY oO•ee noxpa-

ne !} =112, to noxpwue no pol no,llpeweuH paBHO f - fl (1j. 
.LJ ~~~h .r<l•IK'/ 

BBe,lleu B napwdt KoppeJIHtop (5) Bwecto ( tn.. /k 7 ) 

WYHKUHII F' ( ,9) 
I [ I IK/•/1('}. <no n"l('> = 4 1 + Ff~} (-I) . (8) 

iloTpeOyew, llTOOW BbiUOAHHJIHC» YCAOBHll 

F (I) = F f 0) = 1
7 

F ( ~) = 0. (9) 

PaBeacuo 67{r) =-112, olleBHAHO, cooue!cnye!r T= Tc 
llpoctelmel 'y~el, YAOBA8fBOPHII•el YCJIOBHHM (9), HBJIH8!CH 

WYHKII,BH 
Fffl')= 1-'1&'(1-&}= (1-Lt9'}~: S~ (10) 
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r,lle S-= 1-.26'', o'leBH.llHO, RBJIRercH napawerpoM nopR,llKa. llo,ll

craHoBKa (8) H (IO) B (2) ,ll861' B~paxeHHe ,llJIH HHT6HCHBHOCTH 

,llH~p8KUHH Me,ll~eHH~ 3JI6KTpOHOB 

d 0 = 4-'J'ZYA ~ .L B) IV dr¢)dr¢') ,..J(.tB# SLd(p~JQJfp~~ (II) 
d.s-2 £; ~ 

TO 6CTb HHT6HCHBHOCTb llHTeH OK83~B86TCH nponOpUHOHBJ!bHOit KBB,llpa

Ty napawerpa nopH,llKa: 

l oc:. (' -t 
~L u J.,t . (I2) 

ilOCKOJibKJ' X6MOCOpCiUHH fl HB W npH tfl =I/2 ( OTTBJIKHBBHKe 

MeE,lly COCe,llHHMH 8,ll8TOM8MH) llOJ!HOCTbm 8H8J!OrH1lH8 8HTHW6PPOMar

H6THKy, TO, BOCllOJib30B8BillHCb llO,llXO,llOW M.~Hmepa/IS/; MOEHO p8CC1lii

T8Tb napawerp nopH,llKa aa ocHOBe CBepxooueaaoit wo,lleJIH pemeroqaoro 

raaa C OT1'8JIKHB8HH6M/G/. ]!JlR aroro B K81l6CTB6 KCXO,llHOI pemerKH 

paccworpHw npocTym KBa,llparaym pewerKy, 'lBCTH'lHO noKp~rym a,llaro

wawH C npHTHE6HH6W OJIHEBIWKX COCe,llel. rauHJ!bTOHHBH TBKOrO pewe

TO'lHOrO raaa 1'81Qie HMeer BH.ll (I) , 80 C' > (} • TaKyD pemerKy WOEHO 
11

TP8HCQJOPIIIHPOB8U 11 , 38W6BHH npHw~e B38HIIO,ll6MCTBHH 11 TpaHCWOPWHpo

B8HH~MH11, KOTOpble CBH3~B8mT CiJ!Hllalrlmlle COC6,llHIIe 8,1{8TOW~ J'lt. II 

n"- He Henocpe,llCTB6HHO, a 'lepea 11 Tp8HCQJOPMHPYillllYD 11 Q)H3H1l6CKJ'Il 

CHCTeMy. l.iy,lleM C'UIT8Tb, B 1l8CTHOCTH, 'iTO Ha K8J;,llOI BepTHKBJJLHOI 

CBH3H 1116lK.llY OJIHJKalmHIIH COC6,llHHWil J'3J18WH HCXO,l{HOI pemeTKH H8XO

.llHTCH yaeJI HeKoropol ,llpyro£! pemeTKH (Bcero N ;yanoB), oona,llaD

~it T8KHM CBOACTBOM, 'iTO 8,ll8TOM, llOllBllWHI B Hero,npHTHrHB86TCH 

K 8,1{8TOMBW, H8XO,llH~HWCH B OJIIIEBAWHX K Heuy J'3JI8X HCXO,llHOM pe

W6TKH, npH'leM KOHCT8HT8 3TOrO npHTRll6HHH paBHH6TCH C • ilpe,ll

llOJ!OllHW TaKZe, 'iTO H H8 ropH30HT8JlbH~ CBH3HX HBXO,llHTCH JV 
yaJJOll, HO ll0ll8llilli16 B HHX 8,ll8TOW~ OTT8JIKHB8DTCH 01' OJIHEBAWHX K 

BHII 8,ll8TOMOll, HBXO,llH~XCH B J'3JI8X OCHOBHOA peweTKH, C KOHCTBB-

8 

rot.~ - t5 • ilOJIY1lHBW8HCR rpaHCWOPMHPOB8HH8H KB8,llp81'H8H pe-

werKa Haoopaaeaa ua pHc. I. 

Bcero, T8KHM oopaaoM, HMeercR 3 N yaJIOB. ]!onycrHw, 'iTO 

aa HHX pacnonaraercH IV a,llarowoB. Tor,lla npH ~ =0 raKaH 

CHcrewa Cly,lleT llOJIHOCTbm ynopR,ll01l6H8: 0YAYT CBOOO,llH~ Bee yaJI~ 

OCHOBHOI pemeTKH H yaJI~ HB BeprHKBJ!b~ CBH3RX BB6,ll6HHOH CBepx

OOMeHHOH pemerKH. YaJI~ ae CBepXOOM6HHOI pemeTKH, HBXO,llH~eCH Ha 

ropH30HT8Jib~ CBR3RX, OKBEYTCR 38HRT~WH. TO'lHO TBKOe ae yno

PR.ll01l6HH6, KBK .llJIH cBepxooMeHHOA pemeuH, npH T =0 xapaKrepao 

H ~~a HCXO~HOA KBaApaTHOR pemeTKH, HaUOJ!OBHHY UOKpHTOA ~aTOKa

IlK. 0HO COOTBeTCTByeT, KaK yae OTM61laJIOCb, B npHHRTOA 

HOMeHKJ!aType CTpyKType C (2x2). ECJIH ,ltJ!R CBepxo6weHHOA 

pemeTKH napaweTpH, COOTBeTCTBYDlHe \) B (I), 0603Ha1lHTb qepea 

)}+ , V- , TO 'laC TO 3HeprilR BCeA CHCTeW, aaBHCRIIIIl!l OT 'lHCJ!a 

3aUOJ!HeHH!l n.~(CM. pHC. I), 6y~eT HMeTL BH~ 

H ( n •) =- C: ( n, ,.. n.._) n. +- v .. n ~. 
]!JlH 11-- 888J!OrH1lHO llOJ!Y'lKM 

1-t ( n..-) = ~ (n, ~ n~) n - - y_ n -

llorpeCiOB8B ,ll8JI66 TO~eCTB6BBOrO B~llO~BeHHR paBeHCTB 

L f7X/J I JC (n, +I!L) n r,.. ;1 J. nj=j. ea:.,oJ;.>E.n,n._ tj>L (n, ·~)I 
n·=qt (13) 

~ 
1 
e-,1./{JCfrvn1 )n-+jJ y_ n j =)- e~/J£. n.,~ :J;Lrn~ ~n3 >}~ 

MOEHO CB6CTII CT8THC~H1l6CKYil cywwy rpaHCWOPWHPOB8HHO~ pemeTKH , 

K CT8THCfllqecKO~ cywwe H6KOTopoft npocroA KB8,llp8THOM pemeTKH C 

npH~RaeaHew. ITepBoe paBeacrBo (13) B~nonaneTcH np11 

£ = j_ ln/(ea-p {.2fi C '"J3 V. ] .. f J (.e-xp fJ3 V.j +f)] (14) 

+ f; r ~P f 1 l- .. J v~ J ~ 1) :t ~ 
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L • =_l-~~ / ~f' f?t!.. :/3 ).j '"!) ;£,. = /r ~? {.fi ~~ 
<::.1-p fpv~}+f / , 

~3 BToporo ypa:saeHHH {13) aaanorHqao no~yq11u 

£_ = j, Ln./l~p (-.2;3~ :t3.,J_},.. ~)f<a.;:;_/lri}.-1~ 
' - ( e-x.b f- 3 c ~ ;8 y_ j ..-f) / 

r / _/ (14') 

L_ ~,ff~t(<<>Lp/-?~-~v-}•IJ j- = (t.e'x,P{.J8V...}. 
/ ~a.p {_d v_J -.f 

Ha~o&HM aa rrapaMeTpu (14), (14') e~e ~Ba ycnosHR: 

t- -:::[ =-c .ZL t,ZL_r-v=--.t£ 
r - L-) ,. ;I (15) 

rrep:soe 113 KOTOpUX HeoOXOAIIMO AJIH CHMMeTpHH pemeTKH, BTOpoe COOT

B6TCTByeT YCJIOBIID paBeBCTB8 HyHm M8rHHTHOrO ITOJIH AJIH CITHHOBOii! 

CIICTeMU. C ITOMO~hD (14), (14•) ypa:BH6HHH (15) MOXHO neperrKC8Th 

Tait: 

( e«p f~Jc ~3J.] .. f)(~p&?_~J •I) fvx;>f-lfl'}V.J.I)/taf/J!J~ 
( "''~fJ iJl ~,!8 v.} ~ i) il. -·--- -::: (.£a;~ f-J31 +j3 V..J-·1) :t. (16) 1 

(<?f!J~,3C ~ /jJ, J~l) v.x!!}!_~ - ~/: IJ3~-~ J + 1 
~:t.p I J3 11~ J ~- 1 - v.x...p l-~c"~~-.~]+1 

llep:soe ypaBHeHII6 (16) oOpa~aeTCH B TO&)teCTBO ITpll V .. = - C t 

V .. -= c . Tor)ta AJIH :surronaeHHH noporo ypa:saeHHH (16) aeoOXOAHIIO, 

qTOOH V =0. KOHCT8HT8 B3811MOA61i!CTBIIH BBe)teHHOii! pemeTKII 

H311Hra C ITPIITH&eHII6M t7 cornaCHO (14), (14') II (15) IIM66T BIIA 

,-. I i (J.tAC) 
c -= - -t.n. ch /:::.._ 

,6 .£ . (17) 

CornacHo foqaouy peweH~~m Oa3arepa116/ KPIITJ4qecKaH reurreparypa 

)tJIH TSKOI pewe~KII orrpe)teJIHeTCH pa:seHCfBOM 

10 

. f..,} 
~;-:;I j3~ -c. = 1~- Vi. (18) 

Hcrro~h3YH (I?), aa {IS) no~yqzu 

I c I = ,l A 'Z-J..._( l:_{f) ~ 3, t/6° 
/.>e _;d'-

(19) 

Ec~H :s:sec!H oooaaaqeaHH ~ = < n. > , £ ::- < n_ > , ro rrapauerp 

nopH~Ka HHrepecym~ei aac c:sepxoOueaaoi pemeTKH S' oy~er 

pa:BBHThCH, oqe:BHAHO, 

S=&-G "'-'s 
- ~ 0 .) (20) 

rAe S~ - rrapaMerp ITOPHAKS CT8BA8PTHOI KB8)tp8THOH peweTKII 

HaHHr8 C KOHCTSHTOI BWW6KTHBHOrO npHTH&6HIIH l: 1 A~BaeMOi 

(I?). Couacao paoorau1I6 • I? I ..S onpe)teJIHeTCH wopuynoli! Oaca-

repa 

rJ _ i ( {- sh -"A£) f 
0 - .L ? 

0 
) 

jJ[~/'c £~~ 

_;6£<_}.;. t:_ 
(21) 

~T06W BWqHC~HTh KOB~II~II6HT rrporrop~IIOH8JihHOCTII B (20~ pacCMOTPHM 

Cf8TIICTIIqecKym CYMMY Tp8HC!l>OPMIIPOB8HHOI pemeTKH 

z (t; ~ v .. , ~) = Z, z:_. L ecr;;fpt L(n., ~---
n, :Qi ni•o,l 11.=0.1 _ (22) 

- nJz.,-)+f>VLn, "'"/>v~Z_n~ +;sv-Lrz"-j 
14 0003H8UM CHMBOJIOM 11 lim 11 rrpe)teJI'bHUI rrepeXOA ...) - {7 , 

V .. -- c t v_ -+ f. . Tor)ta ITOKPUTKe 67a HCXO)tHOI peweuH, 

a raxae tl._ H fl- orrpeAeJIHTCH :supaaeHKBIIK 

t9o = #- 1-': ~ d~ ~~ z «; ~ v>.) V..), 
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f, _,I / r;; ~· z/ . 
cY~ = N .·~ ~ J v e-n. c c ~ ~ ~ _, 12. ) , 

.' ~ 

t9 "N _, f ~~'-1?1_ ~~,--- .tn... z rc~ ~ v~) ~). 
- .' dy_ 

(23) 

C DOMO~hD {13) H3 (22) MOaHO DORyqHfh 

Z r t'j ~ J.) v_) = f Nl- I( a (£p, E./ M), (24) 

rAe M :: V .,.. .iL .. + .l L.- , a npeAeJil>Hbill nepexoA ~~ oaaa.

qaer £. -E, £.. -1:..., , M~ -~E ; tl(£;)£- "M)-
CTSTHCfHqecKSH cyuua pemefKH C napauefpSMH B38HMOA6iiCfBHH t7+, 

L:..,_ , nepeXOAHmaH B YK838HHOU npeAene B CTSfHCfHqecKyD cyuuy 

npOCTOil KB8AP8THOII pemefKH HaHHra B B3J16BOM M8rHHfBOM DOJie. 

C nouo~D {23) H (24) ASJiee nonyqaeu 

rl. = N ., _i_ ~ ;Jfr( 2_ in tl(£ £ ·M)~ 
jo _fl ' JV ... JM +" -; · C25) 

f N-' I lt-rn df~ 2_ ~ {/I[£ ·M\ + j_ tm-, d /n.J 
.I a vp Jc;, U1 r r ~ +, / ; J Jv... r~-/ 

L) =N -I_(_ lr..rn d/1 a y ~ /£ r M) of-

l7_ 3 ) d '\ . Vn '{ ( j • .> --;I 
/ 0' v.. u/1 . 

~ N -
1 

_{ l<h1 }__£ _d_ In (((E.: E_ · 11) .. l_ ~7"?, /;/- · 
J3 av_ 'de.. ~ ~ ,;S O'V-

AnH 6/c 8H8J10rHqHO (23) MOEHO H8DHC8Th 

&c = N -I_!_ ,t:~ ~d Ln r2(£. £ M) 
j) O'M ) -/ • (26) 

C nouomhD (I4) H (I4') H6fPYAHO npoBepHfh, lifO 

r;;r, I - ?Jc_;· 
'Jv~ J.=-l - Jv_ ,i_·t· {2?) 

12 

' 

' , 

.1 
.I 

lloarouy llOACT8HOBK8 {25) B (20) C yqeTOM (26) H {27) A86T 

S = ( ,..0 HI _ 7JH I ) t- j_ /.d 4. ~ I . -, 'J 1,11 ) 
d v- IJ. o t. d v~ !J. ·-t Go p I cJv_ f k =<: v>v, /•IJ.'~ 

HRH 

d=--.t&th E.,~lh. p_§_=/4.. A.f/:t-2&.)= 14 ~-~;-·.s· .. (28) 
0 z ~2 z (.J c £ c 

llOACT8BRHH {2I) B (28), no~y~u OKQHqare~hHO 

t! 16' ( f ) ;t7 1 s:::. ti T l-<J.. it'~ l 1- Sh ~ ~ J 
.!- .i. 

(29) 

(HaDO:MIU'III1 UO 3,lt6Ch t > CJ ) • 
TaKHM oopaaou, BblpaaeaHe AnH ceqeRHH pacceHHHH ueAneHHbiX aReKT

poaoB {II), r,11.e S onpe,~tenHercH (29) { S =0 npH T> fc.; , 
ODHCbiB86f H3K6H6HH6 AH~paK~OHHOI K8PTH8bl npH nepeXOA6 

C (2x2) ~ (IX!) ( fY =I/2). 

llpH _/'-'> Jc:. 143 (29) Cl3A6M HM6fl> 

S' =- v £. ( u _ o ( L; I Vi- IJ',· c) f ( f- !J'-J f . 
Ha (I2) H (30) liH;IlHO, liTO npH r~ '?: 

I~. , oe (I - :r ) ~--
.l..i, 7; 1 

rAe /'· =I/8. 

(30) 

(3I) 

CooraomeaHe (31) uoaao paccuarpHBSTL raKae KaK c~eACTBHe 

TeOpHH ,ltHH8MHq6CKOro DOAOClHH (•cKeiBHRra•)/l4 ,I8/. B oTOM 

CJ1yllae CliHSh M6EA3 ;6' 14 ~· He OOH38T8J1hHO onpeA6J1H8fCH 

ypaBH88146M (I9), 8 MOEHO HCUO~l>80ll8fh, 88UPHMep, OU6HKH AJIH 

J~ p800Tbi/I3/, COrJ18CHO KOTOpoll AnH raUHRhTOHH888 (I) npK 

It/> 1~//.2 1 

13 



,..., ( -1 
j3>(/c t-; ) c, r)(e J=v--v :..)-.t fl/) (32) 

cy~eo!By~r no KpaAaeA wepe p,Ba paaHNX ruooooBOKHX paonpep,eHeHHB. 

ITOOKORbKJ' 6/ =l/2 OOOTB8TOTByeT B OHJ''I88 onHHOB~X CHOT6M 

HyHeBOMY warHHTHOMY nonD, 8H8ROrOM KOTOporo B cnyqae peme!O'IHO

ro rasa oornacao/19/ BBnBeToB BeHH'IHHS 

v + .t c = v - .2 1~ I = ')~ 
TO 1!13 (32) MO&HO nOXJ''IHTb 0~6HKY CBepxy ARB ~ : 

It I = £ ) C33) 
_/Jc:. 

rp,e( BBAB6TOB nOXOKHT6HbHHM KOpHeM ypaBH6HHB / 13/ 

Lr eoc.-p I- c t- ..t -{;.__ 3 J _ = 1 ? (34 > 
3 ( {- exp f-c +,!ln. .3}) :<.. .2 

yp,OBX6TBOpBillllHM yonoBm €<XJO(-C.' +-f /n.- ,Y.L t • PemaB (34) 

u nop,craBnBB B (33), nonyquw 

It I= ,t /trz. 3 + A ~SA IF) _;: 
;,6C 

3;> 6 
A 

/ 

(35) 

Ha {19) 1!1 (35) BHAft0 1 'ITO OB8pX00M8HH8B MOP,8Xb P,88! H80KOXbKO 

38HHK8HH08 3H8'18HH8 napauerpa SWW8KTHBHOrO B38HMOP,8ICTBHB ap,-

8TOMOB no cpaBaeHKil o o~eHKOI o nowo~bll uerop,a/131. Op,HaKo 

BS&H~M npeuwy~eO!BOM OE8PXODW8HHOA MOP,8XH BBXB8TCB !0 1 'ITO 

oHa noaBonBeT no (29) H (30) paooquraTb napauerp nopBP,Ka $ 
ARB npouaBonbHOI rewneparyp~. ~B aKonepuweHTa no KpuruqecKowy 

paooeHHKil SH6K!pOHOB npH ap,oopO~H J{ BS w/ {100), CM./1/ 

( />o =1/8, Tc_ =550°K)
1 

OL\6BKH (19) H (35) ;11811! OH6A]IIIIIH6, XOpo-

DlO oorHaoylllllHeOH wea;111 oooolr! aaaqeHHB / t / =0,145 aB 1!1 

ll/ = 0,17 aB COOTB6!0TB6HBO. qHCH6BBO 8!0 XOpomO oorna-

oyercn o p,aHHHMH no uawepeHI!IIl nOHaoro nepenap,a rennor~ xewo-

14 

',. ., 

COpO~HH/Sf: (tJCf),Kcn-o:! (26,7 -t 30) KKSX/MOXb. ,llelOTBHT6HbHO, 

60HH BOOU0Xb30B8UOH i_PopMyHOI P,JJH 1:11/: r/ (th(/) -t(IY'=_f), llORy

'16BHOI4 B/IO/ 
- ' 

(1J cyJ-.... ~' = n ::z N_.. It I (36) 

(a,JJ;ec:& n =.!, ( 1-f.t ~ L [ H] ) , Z = f , /~ - 'IHOJIO ABora.,JJ;po) 

H qucHeaa~w aaaqeauew /f./, npuBe,lleHH~M B~we, ro(d'fL~< 27+31 ) 

KKSX/MOHb OOOTB8TOTB6HHO. 

TaKHM oopaaow,aKonepuwearH no KpuruqeoKol ,llM3 p,a~r Boa

woaHocTb onpe,lleHHTb l. - BaaaelwuM H ep,uacrBeaauA napaMeTp reopuu 

noBepXHOOTHHX fiBXeHHA. SaweTHM, 'ITO nonuTKH paoqera c' Ha oaae 

KBaHTOBol wexaHHKI!I B pawKax wop,eneA Aap,epcoaa, laooapp,a 1!1 r.n. 

noKa He yBeaqanucb ycnexow. 

ITOI!ICKH HOBNX CI!IOT8M ap,cop0aT-8P,OOp0eHT,00Hapy&I!IB8~~HX 

Kpi!ITH'I80K08 llOB8P,8HH8 I!IHT8HOHBHOCTH,npep,cTSBJifi~TOH H8M B80bM8 

SKTYSJibH~LIHo 

3. ITepexon~ runa C (2x2) .-. (lxl) npu aAcopouuu 

CO Ha N,· (IOO) 

Cnel\lllWHK8 CHCT8MU {_'(}-/Vi ( 100) COOTOHT B TOM, 'ITO paa~o~ep 
8,llC001!1pOB8HH~X '18CTI!IL\ HSOTOJibKO B8JIHK, 'ITO B~llOJIHfi8TOH HepaBeHOT-

BO 

r,lle z 

z '7 d 
£.. ) 

- KOB8JI8HTHHI 11 p8P,I!IJ'C 11 8P,8TO.M8 1 

(37) 

~ - paocronuue Mexp,y 

J'3JI8MH peweTKHi TO 80Tb MH HMeeM K8K OU 3KCnepHM8HT8RbHJ'~ pe&HH-

38~1!11l peweTO'IHOA MOP,8JIH 0 TBepp,ol oepP,L\8BHHOI/l3/. B oTOM o~yqae 
sa KoHwurypal\HH ap,copoupoBaHH~x qacTH~ Hano•euo ep,*HCTBeHHoe 

orpaHH'I8BHe, COOTOH~ee B TOM, 'ITO P,B8 OOOeP,HHX ~3~8 peweTKI!I He 

woryT OHTb op,aoBpeweHHo aaHBT~. IToarowy napawerp Baauwop,e~CTB*H 
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C B raUHAhTOHMBHe (I) AOrM~HO B~6paTh TaKHK: 

,E = - c->=> 

~OpM8AhH8H llO~CT8HOBK8 (38) B (4) ~BeT 

j =- t9 
1-6/ / 

tJ<tY-' .1. 
'- "" ,.__ 

IToarouy »a (3) c nouomh~ (39) .Buecro (5) reneph GyAeu »uerb 

.t 6} /II:/•/K'/-{ IKI+/K'{] 

<n~n,.,.>=&il--(j_&) (-!) ). 

(38) 

(39) 

(40) 

Ma (40) BMAHO, ~ro ~anhHHl nopn~oK B cynepnoaHUMOHHOK pacuenneHMM 

B03HHK86T TOJlhKO npH f:l =I/2. 3KcnepMU6HT8JihHO lie H8RHU8 !IJ830Bbll 

nepeXo~ npM f= '7;_ ( ,jl) , {J <( (} < f: : <lJHKCHpOB8HHOKy 

noKpbiT~ aa nnocKocrH (IOO), ,<; = 4' , one~aer "cBoH" 

re~o~neparypa <IJaaoBoro nepexo~a (cu. p»c. 2). 

qTOO~ OllHCoTh !IJ830Bbll nepexo~ npH npOK3BOJihHOU flOKpbiTMH 

(} H3 MHTepB8A8 ( V .( (/ <( I/2), BBe~eU, KBK M paHee, B napHbll 

I & ) /k.l•/.t '/-/ 
KoppeJIHTOp (40) BUCCTO ~ KBBAPBT napawerpa 

~ I 1- v ' 
nopH~Ka S' : 

< IZo nu.' > = t9 Lf-. S (- j) 
~ ~ 1~/+/K'/J 

npH /KI~-1/('/>t! 
/' 

<n<l7.,·>::: f) 
(4I) 

npH /I< I + /K '1-= (}. 

ITO~CTBBJIHH (40) B (2), llOJIY~HM .Bblp8ll6HHe ~JIH ce~eHHH pacceHHHH 

ue~JieHHbiX aneKrpoHo.B Ha cHcreue r»na Cl/- !Vi (IOO): 

do = 45fz/A +B &~lief(¢) 6(¢> J +&[i-G'(I,. s'!J+ 
dQ (42) 

+ l;.c7f1-Biv'&t-s#-J(y6 ,..:x) d'"(¢ /,5f). 

16 

CpaBHeHHe (42) H (II) llOK83b1Baer, ~TO ~H CHCT6Kbl C TBepAO~ 

cep,llU6BHHOI B OTJ!IdqHe OT CldCT8Ubl C a<lJ<lleKTH.BHbiM OTT8JIKHBBHHCU, 

paccuorpeHHOI .BO BTOpOU p83,llene, XapaKrepHO HBAH~He llOCTOHHHoro 

(He 38BHCHIIlCrO OT nepeueHH~X cf"> , r ') <lJOH8, OllHC~.B8CUOrO 

BTOPbiU CAaraeUbiU B (42). CAe,llyeT OTUCTMTh TBKlle, qro napauerp 

nopH,llKa S' B aroM c.,y~ae onpe,llenRercH !Jlopuynol 

tP /fr) 
.r~ ,_ &?rTJ (43) 

r,lle CY~-t. llOKpbiTMe O,llHOI H3 K.BB,llpBTHbiX llO,llpemeTOK, &/7;)
noKpbiTHe "ocHoBHol" peweTKH. IT pH t9 =I/2 ( 43) npHHMuaer .BM~ 
(!0). KaK ylle OTUeqaAOCh, npH ~~ ~ corABCHO (42) H TCO.PMH 

CKeiJIHHra /I4,I8/ MHTCHCHBHOCTh flHTCH ( IZ. + ~ , /Z '" 4 ) onpe-

,lleAHCTCH COOTHOWCH118U (3I). 0,11H8KO renepb ~~ 60Th ~YHKUMH 

flOKPbiTHH [) : fc = '7; ( cY), 11 fl03TOMY (36) npHHHUBCT Bil,ll 

1 oC (.I- L_ ) +3
" -f_j '7;(&) 

KaK llOK838HO B/I3/, ,llJIH peweTO~HOI UO,llCJIH C T.Bep,llol cep~
UBBHHOI nplrl 

)(~) > ~ .zc 
/.> V(i9J (44) 

CYIIlBCTBymr no Kpalael wepe ,llBa paaHblx rHOOco.BcKHX pacnpe,lleneHHH. 

Ha (44) nonyqaeu oueHKy ,llAH vfrl): 

J(&) = .tc. - = . 3 6 
A-f&J A(67) 

SKcnepHKeHranbHaH aaBHCHMGC~h KP»THqecKol 

nepeXO,ll8 C (2x2) ~(!XI) npH 8,llCOP6UHH 

H300paaeaa H8 pHC. 2/2/. 

reuneparypbl fc 
L't? Ha !Vc.' (IOO) 

(45) 

ilOCKOJihKY V H.BJIH8TCH nepeHopUHPOB8HHbiU XHio!Hl{8CKHU llOTeH-

UHBAOU, B KOTOpbll 11 38rH8H8 11 BCH MH<lJOpU8UHH 0 Ci!JI8X CBH3H a~cop-

6eHT-8,llCOp0ar (cu. (I) H/IO,!I/), TO Ol.l6HKH BeAHl{HHbl Y (6) no 
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~opuyRe (45) B xapaKrepa~x roqxax c nouo~b~ pHc. 2 (0,05 aB 

npH 6i._ {/ H 0,25 aB npH & =I/2) ,lla~r Hau HeKoropoe npe;n

cra:s~eHHe 0 nopH,llKe BeAHqHH~ 5HeprHH B38HUO,ll6lCTBHH 8,llCOp6eHT-

8,llCOpOaT. 

OueHKH (44) uoryr o~rb oooO~eH~ H aa cnyqai yqera :saaHuo

,lleicTB!MI aeORHaaimHX cocelle'l/13/. ,ll.na cHcre11~ #,· (IOO) + Ctl, 
llOCKORbKY ynopHlJ.OqeHHOe COCTOHHHe !Hll8 ~ (2x2) COXpaHHeTCH npH 

oqeHb M8R~X noKp~THHX 9f2 ,Bf, B38HII07J.6ftCTBHe 8TO,BO BCHKOII 

cnyqae npH uan~x 67, HBnaerca a~eKTHBH~M npHTH&eHHell. Sro 

ecrectBeHHO, fiOCKOAbKY npH M8AHX llOKp~TKHX 3~6KT811K nepeKpHB8-

HHfl 3JieKTpOHH~X OOOJIOqeK 87J.8TOMOB MO&HO npeHetrpeqb. PaccqJilT8Tb 

KOAIIlqeCTBeHHO BeAII!qHHY a~eKTKBHOrO npii!TH&eHIIlfi TaK ze, nO-BBAH

MOMy, CAOKHO, K8K paccqKT8Tb KBaBTOBO-KexasHqecKH BeABqHRJ OTTaA• 

KlllB8HIIlfi MeZllY 0AII!K8illiHMIIl COCe,llHMIIl (0 qey ynOMHH8AOCb B~We). 

0,llH8K~ B paMK8X HeKOTOpOrO B8pH8HT8 npH0AII!K6HIIlfi cpe,llHero llOAH 1 

llOCTYAHpyH cnaOy~ CBH3b 8,ll8TOM8 C llOB6pXHOCTb~1 8TO IIOKHO C,ll6A8Tb 

f20f. Bf20f llOK838H0 1 qTo B 38BII!CIIliiOCTH OT COOTHOill6HHH Me&,lly 

pa,ll.llyCOM "aKTHBHOrO U6HTpa" R. o Ill 01 8~6KTIIlB~U 01 p8CCTOHHH611 

uea,llY a,llaTouaMIIl (oao onpe,llen.Herca napauerpaua aarpaBoqaoro 

fiOT6HUH8R8 B3811liiO,ll6iCTBII!H) B03110&HO K8K npHTHZeHHe,taK Ill 

OTT8AKHB8HIIle ( C)>(} 1 l_ ( (} ) • 

Ho 6CAIIl paCCII8TPHB8Tb BTO B3811liiO,ll6lCTBIIl6 npocTO T8K W6HO

MeHOAOrll!qecKHl napaMeTp C '( fJ) (38BII!CKMOC!b OT OCT8Ab~ 
xapaKrepHcTHK onycxae11), TO BMecro (44) cornacHo /I}/ oy,lleM 

11!116Tl> 

v( &) > ltc '(~)) J > f rv:!J) -.21 i~. (46) 

Ha (46) nonyqaeu ypa:sHeHHe 
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PHc. I. Tpaac~opMHpOBaHHaH KB~parHaH 
pemerKa. 

TOO 

MJO 

JOO 

200 

100 

./..o 
disozdezed •\ /i\ I I I 1 

~·.t.--:- ~ 'II 
I " I 

:,8•..!. : jJ heXOjOflO! 

of o--z--o.r o.lfos oo o 1 
([oveza;ez~nonolojez) 

PHC. 2. ¢8.30Bafi ,n;Harpa.MMa ,D;Jlfi CO 
Ha (100) Ni. 
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-J I rJ) - ! c '(&) = 2 c 
_4(&) 

::: 3__, 6' 
/3t. (&) ;J 

ll031lOJHIIlJ1166 1 3H8H Ol.!HY 143 ll6JIH"'HH V(6J} HJIH ~'(67}, Ollp6J16JIH!'L 

)!.pyry~> no/' ( t9) - BeJIH"'HHe~ H31leCTHOI aKcnepHMeHTaJibHO. Y11ecTHO 

OTio!6UTb 1 lifO M V ( fY), H C t tfi) JfOry!r 01>1!1> paCC'iHi'81W npH 

MBJI~>~X 67 B pawxax onpel.!eJieHHI>IX MOJ16JibHI>IX npel.!craBJieHHI (eM. 

(I) H f 20f). &ra 381.18"18 BKTYBJibHa M n031lOJIHT npoaHBJIH3HP01lBTb 

C8MOCOrJI8COll8HHOCTb 1l8pit!BHT8 T60pHH noBepXHOCTHI>IX H~6HHI/IO/ H 

SKcnepHMeHTBJibHI>IX ABHHI>IX {P81lH01l6CHI>IX 1 KHH6TH'i6CKHX It! no ~S). 

Ml>l paccuorpeJIH KPHTH"'ecxoe pacceHHHe aneKTPOHOE aa CHcrewe 

N,: (IOO) -1 C (} TOJibKO npH nepexo1.1e {.' (2x2)~ (Ixi). llpH 

& >~ , KBK llHAHO Ha pHC. 2, ll03140KBO ll03HHKBOE6HHe reKcaro-
"""' 

HBJibHOro ynopHl.!OlleHHOro COC!rORHHH. HayqeHHe nepeXOJ18 reKcaro

HBJibHBH CTPYKTypa ~(!X!) ffEJIH6TCH 1 Ol.!HBK0 1 np61.!146T014 0Tl-!6Jlb-
HOrO HCCJI6AOE8HHH. 
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