
REVISIÓN REVISTA MEXICANA LJE FÍSICA 44 (6) 533-.'B9 DICIEMBRE 1998

Ultrafast spin dynamics of magnetic metals in a nonequilibrium state
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The spin dynamics al' magnetic metal s like Ni, Fe in a nonequilibriulll state is analyzed. The characteristic times for rclaxation proccsses
nI"the eleClrons. local magnctic moments, the magnetizatían and the time needed I"orreorientation ol' the magnetization are cstimated. For
illustratioll orthe general analysis, rcsults are presented for the magnctic response to hot electrons USillgmagneto-optics.

Ke.nwmfs: Spín dynamics: hot electrons

Se analiza la dimímica de los espines en metales magnéticos como Ni. Fe Cllun estado de no esquilibrio. Se estiman los tiempos característicos
para procesos de relajación de los electrones. momentos magnéticos locales. la magnetización y el tiempo necesario para la reorienlación
de la magnetización. Para ilustrar el análisis general. se presentan los resultados para la respuesta magnética a electrones calientes usando
m:¡gneto-óplica.

f)C.'icriplore.\": Dimímica dc los espines: electrones calientes

I'ACS 42.65.Ky: 75.40.Gh: 73.47.+1'

Here. fa r.:kr..; lo lh.: inilial tilll~ ;It \\'hich tlle pcrturbatiol1 (o!"
the pump lascr. ((11" ex,llllple) has stoppcd. 11;/(/) refers lo lhe
tllllllhcr nI' C\Cilcd ti-c!L'l'tl"On" which have not yct thermal i7ed

FIGURE l. Sehematie illustration 01' lhe densily 01' states for fer-
romagnctic ;-.Ji.including spin-polmized d-states and unpolarizcd
-,,-states. Photons excite .'j- and d-electrons into states above E F. No
spin-Ilips OCCUf. Since -"tatcs ~¡rc.'I-d-hyhridizcd. eleetrie dipole sc-
Ieetian rules h:1VC to inclmk Ihis. Using the Hubbard H,lIniltonian
fur tI1\.'dynallliL's pf the ilincralll e!cclrons, Ill~¡gnetisrn responds
due to lhe interpl:¡)' 01 ¡he hopring integral f ij. the intra-atomic
Coulomh intcraction L~:llld lhe exchange coupling J < U. l"oLe.
ror given hw' one geLs different llumhcr of spin IIp and dO\vll hot
cleetrons duc \('l differenccs in the initial DOS Sr¡ (e). Furthcrmorc.
the eleetron disl rihuti(ln { /1."1"(:.....) +11-,... (u:)} mighl changc in timc
snlllcwhat !llore ,,1(1\\'1,:;tlJan {II,~ (..(..) - tI_1T (0....) }.
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,11[101-> .Ü[TI~(I). T,,(t)] -> J1[J~I(I)1 (1)

Thc study of nonequilibriulll cleelronic stalcs, for ex-
ample optically hy pump-probe experimenls, is of inereas-
ing intcrest [1.2J. For ferromagnctie transition metals like
Ni. re ctc., thc response of magnelism to eleetronie exeita-
tions is important: 1I0w quickly do cxcited electrons ther-
malifc [:3, 4J ami how quickly does magnetism, the magneti-
fation and lhe direclion 01' the magnetization change? [5, 6J
ror ilinerant magnelism in transition metals, whase elec-
lronic structure is illuslrated in Fig. 1, one expecls on gen-
eral physical grounds lhal the d-clcclrons and their magneti-
zation respond on the same time seale, and that this response
is material-speciflc.

Thc noncquilibrium cleetrons exeited out of the
cxehange-split d-slales in the Fcnni sea will change the mag-
ne!ization. sinec this depends gene rally on the eleelron dis-
trihution and since the effective Huhhard-type Coulomb in-
h:raction U and the exchange internet ion J is ehanged in
the Ilonequilihrium state. The thennalization of lhe exciled
Iloll-thermal d-elcelrons togethcr \••..ith the lhermal ones in !he
FCl"mi sea eonstituting the hot magnetie mOlllcnts will occur
rairly rapiJly 01' the muer 01' several fs and a time sGile rnuch
srnallcr than ps. Generally, the magnelic electrons have thcr-
Illalil.ed long befare all elcclrons and elcctrons and laHiee are
again in equihlibriulll. The lime scale ror this dynamics fol-
10\••..5 of course from the characteristic intcraelions U and .J
alllongst the d-eleelrons, typically ol" the urder al" eV, amI the
Illagnctic llloments at neighboring lattice sites. NOle. changes
01"the lIlagnetil.alion must conserve angular lllo111enlul11 and
this involves transfcr of angular momcntum hctween neigh-
horing spins 01" hetween spins and electronic orhits (spin-orbit
coupling). Schcmatically, the magnetic response to hot clcc-
trons shown in Figs. I and 2 is describcd by
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al (iml".'/, and linally J:'I (f) is (h~ e Ice(l"On telllperature which
i...dilTerell1 fmm J;,I(fIl) = 71;ltt (to) dlle to II1L' the!"lllitl-
i/ed IHlt l'!L'elnHls. C!L'arlv. if Ihe (I-e!L'et{lIls han' IllL'rmali/ed
a~ain lhe malllleti/alinn 'ís appro\imalcly givcn hy J/('I;,¡),
\\hl'rl' 1~,] is the l'kl'trnnie lelllperature ilml 1;.] i '1lalt in
¡;l'llL'ral. 1iall is lhe lattin: telllpl'ralure,

Silll'c d- and '''.jH.'!L'l.trolls eSlabli ..•h a C011l1ll01lIL'mfl"'ra-
lme 7~'I ami ..•inee the .".¡I-l'[ectrons IIlL'rmali/l' lllO!"Cslmdy
(I\'cr a lime ..;cale 01' the order of fs lo ;¡ fL'w hundred fs gener-
atl~ I:q. \\'e expect lhe strongest non-equilihriulll reduclioll of
JI (l;,I) whell 1:,1 i" lllaximal. Nole, Ihe interplay of L'!L'ctron-
e!L'clrtlll intl'l"~Ktitlll" amll'!L'etrtln-lattice inleracti(ln amI dif-
fu ..•iPll nllhc Ilnl c[ectron..; out 01' Ihe region wllere 11lL'e\ci-
lations occur delermine al \\'hich time tone gels a maximal
lelllperaturc -¡:,].

Ii i" importanl tn reali/e Ihal the hot e!cclrolls may GUise
di"on!cr 01 t1lL'spin-direclions nf neighhoring al Olll" on a t illlL'
"L'ale 01' IIlL'onler 01' f .•..•.• / - I a" \\'c11 <1..•a dlangl' of 11lL'lIIag-
nilude 01' lhe 10l'al lIlagnelic Illolllent dlle to an intra-alolllic
rcdi",riblltioll nf 11l(' d-e!l'l"lron spins on <1time sl'ale uf 11110..'
ordl'r 01 f .•..•. ('-1. (,ellerally. Ilipping [ocally a spin in\"tlln~s
abo ;¡ dlangl' uf lhe magnilude 01' tlle IllOlllenl 17. "-]. Using
a 111Orl'phellol1lenological pielUre, we Illay dl'Colllpose the
IH1llequilibriullllllagneli/ali(ln as

.\1(1) = .\1"(1) + ,\1'(1)

Ihl' dYllamies 01' itineranl magnetic Iransition melals within
ilnl'll'ctronil" Ihemy one Illay tlSl'. for c.\:lmplc. the Huhhard
llalll iltonian. Thus, olle calculales lhe llulllhcr of clectrons at
silL' i with sllin (7

wherl' .\'/17 (e. f) is IhL' ItIL'al (knsily of stales ami fa (e, f) =
f,~1(¿.1:.¡) -tr5Ja(.:. t) lile dislrihulion function 10 he dcter-
Illilll'd wilh Ihe hl'lp of thl' Boltllllann equation [J~= (1 +
, (t-,.~~I,)nr)-I]. OUl' gets appnJ\imately [3)

(6)

wilh (ncglecling for "implicity density 01' states effcels)

;1" rela\ation timl' fO!"lhe electrons c.\ciled hy (.: -:: F) ahove
lllL' Fcrllli eller¡;y el-"' Here. (using for simplicity TOO" :::: TO)

11is Ihe lIulIlhl'r (lf elcclrons per alolll ami ,-,-,'1' the pla:-'Illon fre-
quellcy [!JI. In accordance wilh Fermi\; goldcn rule one has
lor Ihl' spin-depcndent liretim~ 1:2. 101

\\hl'l"l' .\/°(1) refers to Ihe lIla¡;nillJ(1e nI' 1111:Illaglleli/.atioll
dUl' In Ihl'rmali/l'd d-I'Il'l'lnlns ,It time I ¡¡nd ,\//(1) (o 11110..'
spin-po1aril¡lliOIl orille 1l01l1111'rr11,l!hot ckelrons, Clearly.lhL'
l<lltl'r dL'pl'lld'i UIl 1I11'frl'qul'lll'y u.: 01' the Iighl c\Cilin¡; Ihe rI-
l'lcl'trons out uf Ihe Fel"lIli "e;l. I)uc to densily nf stall'S dkels
and rapid spin-l!l'pendcnl interactions lIlIlongsl lile hol l.k'l'-
(roll". Il1l' lIlallnclilalitlll nI' lhe 11{1I11'quilihriulllell'clnH1s

Illa)' cau..;c .\[0(1) (o he smalle!" nI" larger (han Ihe gnlt11ld
..•Iate ll1a~lll'lilation al L'quilihriulIl. I/~ = II~I(I rekrs to tillo..'
1l011lhl'rl1lalc\cilcd r!-l'lel'lrol"" \Virh spill (J, Ir for given pl1o-
IOlll'lll'rgy h.,: Illore lllajl1rity-spin elcctrons are excitt:d. tlll'lI
l~pically .\/°(1) has beL'olllc smaller lhanlhe original IIll'l"IlIaj
lllagnl'li/atioll. Tllll";. (lile may cxpeí.'t fOl"ultrashorl rl'''IHlIlSC
tillle" (pr(lhl'lirn~s in J111111pamI probe ~xperilll~lIts) that

1~\'idL'nlly. Ihese L'\prl'SsitHls descrihe Ihal rI-cleclrons havc
smaller [ifclime ..• and thercforc thcrmali/e raster than ...•,1)-
cleclrons wilh smalle!" density 01" slales (DOS) artlund El-"

l"nr examplc. The ¡f-elc\:tron Ihermalitatioll speeds IIp as Ihe
I)()S availahle al ::)' hn lhe relaxing elcctrons increases ]ror
en, Fe: T - ,-¡ -; 1(1-7 1~,b ror (E - [¡.) -; 111 [1, 21.
Si IH.T N I (E) ji\" J (E) \'aries 1'01'Ni. ('o. Fe, er ele .. (lne cxpeets
correspondi ng char;lL'lerist ir bL'llilvior of Tr7 or T¡/ TJ' respee-
livl'ly. In the case 01"rapid ,'"'pin Hips of llw hot clectrons, one
l'xlK'CtS TI ::: TI' Ntlll', spin-tlip collisions may' causc c.\cited
l'1l'rlrolls wilh SPIll (T 10 drop into holl's in the -(7 tI-hand, In
general. iflhe minority spin densily orslates SL(::) is larger
Ihan.\'1 (::) artllllld ..:,." Ihl'n

.\1'(1) - [,,'¡(I) -,,'1(1)]

.\1(,,:, = 1I.1:il> '\1(,,:, t lI.l:il

(.1)

(.1)

I
.Yo(') .

(<) )

Tlll' dwnges nI' (he dircclion 01"the IOllg-range lllagllcti-
lation (IL'cm during lIluch S[O\\"(,I"times nI' thc ordcr 01' [00
p..•...•ilK'e Ihe lllagl1l'lic anisotropy l'nergy is typically Illuch
..;mal1l'r Ihan Ihe e.\changc coupling .J. Note, in lhe caSL' nI'
"pi n dYTl<llllic" ull'pld ";pln,, in a warlll lallkc olle expú'ls ,1
l¡ml' "L'ale of the order tlf 1(lO P' rOl"th~ spin rcla\:llioll dUl:
[o "pill-orbil l"tluplill~ lb]. Tlll' l"old Spilb Illay \KCur dUl'
lo \ l:r~ slron~ inlril-atolllil' rorrelalions alJlol1~sl Ihl' L'!l'lrons
l"tllbliILltin¡; the lolal spill.

\VI".' analY/e llO\\' in more delail thl' lime scales for lhe
rL'"pon..;e nf Tlwgllelisl1l lo llo11equilibrilllll e1cl'lrtlns. Tu lreal

\\'ilh increasing density {Ir l'xcitations. Ihe ¡¡fetime T shortens
¡¡lid lhen tlll' Ihermalitalion will speed up. Also, acenrding lo
Ihe Bolllmilnll l'quation. T shurlens as the clcctrnnic t('mper-
alme "1:'1incre;¡ses

lJsing Ihes\.' l'qualiplh ami L'Xperillll'lltal n:sulls 12. :~1,
OIlCeslilll<lh.'s Ihallhe exri(ed ¡j~elcctron." thermaliLe approx-
imately witllin ¡¡ timL' range 01" lO-50 fs ilnd cSlahlish a lel11-
peralUl"l' 1;,1, Tllis ¡.., in acrord,-lIlL'L' wi!h the strong interaclion
(',¡,¡ allltlngsl d-L'lerlrons \\hich is {lf Ihe order of a fe\\' ~v.
:\bp. nole {',tI > l'". and .J ::; ['dd rOl' examplc. Of enurse.
it lIlay 1;1"""a lime up (Oa fe\\' hlllldred fs lIntil all ~"'.I'-typc hot
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l'Icdrolls ha\'c th~l"lnali/cd [:q. HCllce. Ihc clcctron tcmpcra-
ILlrc "1;.1 l1Ia)' innease with time after d-electrons tl1ennali/ed.
hUI.". jJ-elCClfOns conlinuc to lhcrmali/c. As time progrcsses
(f .---:. p..;), th,,' ekctron-Iallicc illtcraction descrihed hy f1l'-ph

necomes lllor,,' ¡¡cti\"C wilh respcct to Iransfcrring cnergy fmm
lhe elC(lrons lo Ih,,' lallicr.: and determines the timc-dept.'ndent
(hange (Ir Ihe ek(lronlell1peralure. Ihus, Te1 decr~ases again.
Apl'roxilllately. 1:'1 follO\vs Irolll [111

T

,,
r-, T., f" ph
, ---- __!!~,,,,,~tions

5.1' -"' ••e/,.o" _

th('lrnol'70/00n -

_. ' , ¡)"Ji,dl " , , ,
(Ldl(/latl)-;-)I- = ,(J,'_ph(I,'I- II;\u)

( I()I

(11)

T

(a)

,,,,
,,

----~~~, -

rlll. Ihe Iime-depcndenl response 01"the magnclization 10 e\ci-
lalions. lkre .. \/ CI~d ¡" Illlo.'lIlagnclil.alion al Ihe temperature
"1;1 = Tl.llt al timl.' lo hcfore lhe e.\c¡talion~ have inneased
Ihe lelllpcralure, ,\1(/) rcfers lo thc lIlagnclilalioll durillg 111,,'
limc \\'Iwr,,' IHlnlhermal c1eclrons reduce the lIlagnetilalion.
nI" L'ourse. as lil,,' e1c('trons rele\'anl ror magnetislll recstah-
lish a tClllpt'ralure '1;'1(/). nne cxpccls .\1(/) .---:. .\f(7:.d.
Olwiously, Ihe lllagnelilatioll \vill decrease umil ~Tax is
n:ached ami lIJen r"'l'{IVer ;¡gain as 1:'1(/) dcueases again. ):01'
1;,1 > 1>.01' Ctlllrse, ¡\/ -t ()and n:mains lCro unlil T,'I be-
COll1es again slllaller Ihan Ihe Curic lemperature T(", This is
illu"lraled in Fig. 2,

where al lime lo br.:forl' the excitation hy th~ laser cleclron
ami btticr.: Il..'JJlperaturr.:s arc equal andI:'1 = 7ii\lt = To.
C,'I = ¡)1;Inl' is Ihe r.:lcctronic sp~ciflc heal for the nonequi-
lihrium state [1 ~I.C1<ll' is Ihe 1¡¡llice spccific heat and 61 the
cOlllrihulion to the electronic distrihution fllnClion J = Jo +
(~.rtille 10 lh~ Ilonthermal excited clectrons [I:3]. Note, lhe
inlerplay h,,'lweell tlislrihllling Ih~ ~xcitalion encrgy (input
ellcrgy) (I\',,'r Ihe ."./', t/-e1c<:trons and the energy Iransfcr lo
lh,,' colder lalli(~ \'ia Ihe ell'clroll-1altice coupling g!'~phde-
Icrmincs 1:.1(1) and in pal'li<:ular lhc maximal temperalure
T.TilX r,,~sllltin~ rOl a gi\TIl inpul photon encrgy. In general.
in lransilioll lllctals y" "1'11is larger ror rI-clcclrons Ihan for
.~.1'-ele,,'lrons. ,\s nOled already. lhe lempcrature ~'l (t) lIlay
I,:onlinu,,' lo inucase alkr lllos1 01' Ihe d-ekctrons responsihk
rOl" llIa~pllo.'lisll\ !lave lhcrmalil.cd already, sinec Ihe ,",/Hype
hol cll'elrons conlinuc lo lhennalil.c,

Thc lIla~nl'li<: response to c1cetroni<: e.xcilations, in par-
liL'ld;l!" lo rI-ekelroll cxeil,lIions, is or cnurse eonlrollcd hy
l' and ./, ;lIld ]lllssibly by spin-urhil eoupling \ ~'" Since
I.'.¡,¡ > f :,,'¡ > f '",,0111.' expects an almost illlJ1lcJiate \\'eak-
ening of lhe lIlagnclil.alion as rI-c1cclrons gel cxcited (opli.
Gdly \\'ilholll spin l1ipl oul or lile exchange-splil Ferllli-s~a
illto .",/I-I)'pe slales, see Fig. 1. [I.l[, As lhe d-elcclrons lhcr-
Ill;di/.e ami !t'1'1 Ihe l,,'mperalun: T,'I(I), one g~ts on gcncral
gnltll1d ...

Using lhe lIuhbard lIamiltonian or cqllivalenlly lile
• kisenherg I Llllli I(unian

( 1.1 I

( 1.1)

'"
(h)

',./

t'

// = L.!I" 'I'}

\\'IK'I"l.~.J i.. lhe cx(:llallge cOllpling hctwecn neighhoríng 1Il~lg-
nelic lllOlllenls ¡i,. (lile estimalcs ror lhe ensemhle of l(lcl!
lIlagllclk Illomcnts 11, a lhermali/ation timc nI' Ihe ordcr 01"

Hel"e. ::: is lh~ 1I11mher nI' nearcsl ncighhors anJ typically
.J "'- ll.1 1'\', Thus, lo!" c\amplc, lhc magnetization of h.'
...hollld n:spolld Ill'arl~ I",icl' as ra"t as Ihc onc 01' Ni. For Ni
"'~ eslímate a response lime lo c1cclronic c.\citatinns 01' Ihe
urde!" of 100 Ls or ras","'!".depcnJclll on lhe numhcr of c\l'i-
1;llions and lhe ~\l'ilation ellcrgy rangc (¿ - E"F)' Of COllrS,,',

l'hall~cs 01' Ihe lIlagnel i¡<llion mus! conser\'c angular 1Il0Ilh.'ll-
1lll1\and Ihis may ill\'ol\"l' nol unly (transversal) local spin e.\-
,,'ilalions, bUI also lhe lo<:al inlra-<llolllic-tike spin-orhit (OL1-
plil!~ \~" (\ ~() :::::.1 rOl"Ni. Fe) I ];-)1. Notc. ir lhe llol1equilih-
riull1 dislributioll cílu ...es also ti denease 01' Jli. then the spin-
re1ax:lliOIl lillle ¡lineases a<:cording 10 Eq. (14). FOI"Ni, ftl[
l'.xamp1c.II, 11I:1)'l1cnc;lse by ahollt "orlt [8].

Fl(iURL 2, l11uslraliollof the dynamics in i':i, for exampk. dlle lo
hOI l'kctron<;,. ror;1 ll\llll'qllilihrillm slale. fo i" Ihe time WhClll'\ci-
lati(ll1 amI "uh<;,cqul,'llt rel:l'Xalioll ami thcrmaliz~lt¡nn nI' thc cXclleli
deClrlllls hcgllls. (a) Time liep,,'ndellcc nI' Ihe clcclron tcmpcralun:
T•.] cOlllrolkd hy c1eclroll-c1eclron and c1eelron-13uicc inleraclion<;,
Pir<;,1d- amI Ihen .~-c1cclrons lhermalize. T~:lax relkcts Ihe imet'-
pla) nf lhe energy di .•lrihutioll mer the progrcssi\'c1y Ihermali/ing
ckClttlll" amI energy tran<;,lá 1(1lhe lanicc .. \l(t) = -'/(1'.'1) ;11'-
ter ekclron thL'rlllali/atioll. lh) 11' 1'.'1 > Te, Te heing Ihe Cmie
lernp,,'ralure, lhen .\/ --+ 11during Ihe time (1" - t').

(1:').\/(1;,) > .\1(1) -+ .\1 [Tel(l)]

NI'I'. ;\In, Fú. -l~ (ú) (IlJlJX) 5:n-5.W
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Within an c1ectronic theory. lhe magnetizalion is approx-
ímatcly giwll hy

.\1(1) - h(l) -11,(1)] (15)

,,;,il ""(1) = !'¡"Ya(¿)fa("1) IIGI. Clearly. ,his silows
'1I....olh<l1 áfrJ(f,) amI T¡¡ delerminc the magndic response to
'11(11'c1cctrons and that the electronic alltllllagnetic response
nCL'ur during the samc lime (f « ps), (he magnetic response
heing SOIllL'whal faster.

(H course, electronic exeitations 01' d-elcctrons out 01' (he
Fl'J"llli-'iea affeet in general also Ihe magnitude of (he mag-
netil.: Illomcnts as is clear from

/1,(1) - [11,,(1) - "'1 (1)] ( I (,)

Il¡ ¡I¡ III
/~~~~ //~~BN,-~1'~/~_~@~surface

hol electrons

FI(;UJ<E 3. Light-indllced magnetic patlcrn formal ion due [o cx-
rilillg hol l'll'rll(lllS in "'i. fnr cX;lInrll'. Ir in Ihe irradiatcd rcgions
the cicrlronir Icmpcrature riscs such Iha( "1;.1 > '1'11. [!len Ihe par-
allcl "urfacL' l1lagncri¡atíon -'111changes al (he (ernrerature Tu ro
Ihe JX'l'pendiL'lIbr magnetiz.:llion .H.L. The rcoriclIlation Iransition

,\111---- .\11. i" arhlc\'cd hy spin-orbit c(lupling and (hu" rL'tjuire~ lhe
limc nI" Ihl' ordl'l" nI' t '.~<l" ,.....~E;',~~.The l"tlnlin~ ffom "I~.l> TR

lo "1:.1 < Tu implics a fllrlher time dclay.

l\'olL', howewr, lhe intra-alomic correlations amongs the d-
elL'clmn ...are 01' Ihe order 01'U » J. Sinec in Iransilioll mel-
als likc Fe <t1ldNi. the local Illagnctie Il10lllents exisl ahovc
Ihe C'uric lelllpcrature Tí". (lile will generally ohserve a mucll
\\'L';lkcr change uf

duc [o r,.I. :\'llte, lor magnetism In KOlldo S\'stems the Slt-
uatioll miglH he different. Thcn. hot electrons are cxpecled
lo destroy lhe Kondo statc ir Tf'l TI,' TI, is the Kondo-
tcmperalure and 01"the order o •. the width of the DOS peak
al E l'

I:unhennore, lhe direction 01" Ihe magnetization. J7(f),
will also e!lange during a characlerislic limc in response to
;1 pcl'lurhalioll. Sillce Ihe direetion 01" lile rnagnclizalíon is
pinned [o:ln ea'iY crystal axis by the Illagnetic allisolropy en-
agy ,j.L~alli~.which ror transilion Illetals is 01' Ihe order uf
/14'\'. olle estimates the response lime

( IR)

( IY)

(20)"L '"¡(JI./) + 1(-.\1,1)

,,1_ '" 1(.1I,I) - 1(-.1I.I)

Tillo' lIlagnelic SH signal is gi\'cll b)

'ile resull IGI

Tile SIIG illtellsity 1(.1I. I);s calculated hy 1(~~')-s:~'(~"')I'.
and lhe polaritation is givell in tcrm..; 01" thc elcctric
licld by fl,('2~') \,)rEjE¡ ['20]. Sinclo' Ihe seconu-
harmonic gl'neration inlensity dcpcnds un .\1 ;llld TI..I(t).
une has 1(.\7 .. r,,¡) 161. Expanding lile Ilonlinear susccptihil-
ily \/)1(.\1) illlO c\'cn and odd tcnns in .'1 10. '20]. namely
\ == \" + \0' \(J::: \1.\/. olle gcts (1 "-. 1\1:.1) ncglecting
]lhase dillcrellccs ['21-'231

Hcrc. \\T asslIJ1led the approxil11atioll that mainly one lensor
clL'l11ent of \ IJI dominates. Similarly. we lind for the quanlíly

( 17)
1

1>---
......,j.E"nis

Ikrc. in general .\1 == .\I(t). For thcrlllali/ed clectrons and
spins (lile lila)' use in lhe equaliolls rOl" lhc lllagnetil.alion
,ji = JI (1:.,). Tilell. rOl" csamplc.

The equilibriuJlI magnctizatioll for T == 1~1 is approxi-
mOled ilv .\1(1') = .\I(To))1 - (.(T - To). Tile coeflíc;elll
,.\(7;'1) incllldes Frcsnel faclors and magne(ic anisotropy cn-
crgy which alsodepcndoll Tpl Ihesidcson1:.1 via .'/('I~[) (01.
ThllS. ~/_ exhihits !llore lhe magnctic dynalllics and ,j.J+
rcllects !llore dil'cclly Ihe clectrnnic [cmperature T,.I] 1'2:2].
This has been discLlssed previollsly hy lIohlfcld el ul. IG].

\Vl' c¡¡lcu1a[l' ::::./_ and ~l+ llsing Eqs. (]X)-(22)and as-
sUllling rOl"silllplicity thal the dOlllinant depcndence on Tpl is
dlll~ to .\I(1~.¡). \,,(T. JI) is CXPL'CICdlo depcnd ol1ly \\'cakly
011 tcmpcra[urc. Thc rcsults 01"our ealculalions are eOlllpared
wilh experilllcl1ts on Ni hy Hohlfcld ('/ ul. ¡(¡J.

rOl' l'eoricnt;lIion transitions of the magneti/atioll. This gi\'es
<l l'c....pollSC limc t "'- 100 p~ rnr reoricntations 01' Ihe mag-
llcti/atiull. ror e.\ample at surraces 01' films where the (ral1-
siliol] J/11 -+ JI1. may he induL"ed hy an increase nI' lhe
IL'lllper;llure 117[. Such;¡ situatioll is illuslralcd in Fig. 3.
Nol\.'. ,j./:'¡\lIi~ irl\"olves lhe spin-orhit nr (he spin.latliec cou-
pling. respcctiH'ly. Thc response 01' 'cnld' spill.'i in <Incxcited
\\'<lrmcr 1atlice is also controlled hy the spín-Iatlicc cour1ing
and \\ i11OL'l.'mdllring similar limes f ••••.• 50-100 ps. This timc
ha'i heell calcubted [181 <lnd is ohser\"ed II!J].

This complL,tcs then lhc gcncral discussion o •. charaCler-
i<aie limcs ror Ihe response 01"magnclislll in transition Illclals
lo eleclronic excilalions. One expeets thal the arplication of
plllllp-prohe spectrnscopy 10 magneto-oplics is particularl)'
sui[cd 101"stlldying the dynamics nI" magnetismo Thercforc.
we analY/c in Ihe following in detail tlle recent magncln-
ojllical L'xperimenls ohserving the magnctie signal t::..I_ of
the 'iccond-hal'monic lighl (SHG) indicating a response oflhe
Illagncti/alion in Ni to optieally cxcitcd elcctrons much raster
[han I ps Ifl].

(21 )

(22)

Rl'¡'. MI'X. F{" . .u (6) (]99~) 533-).W
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In Fig. 4 rcsults are shown fOf lhe normalizcd changc nf
lile SHG signals
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1.15 o

(2.1)

(24)
<5-(1) = -[1 - ~L(t)/~/_(to)]

::: - [1 - O(t)III(t)] .

6+(t) = -iJ - ~r.(t)/~h(tn)J

[
I\,.(t)l' + 1\'(t)I'M'(1) ]- - I - -------- (25)

- 11•.(to)l" + 11'(/"ll'.\!'(lo) .

\\'I1('re 'o refers to the lime at which 'f.'l starts to increase ini-
líal!)' ahovt: T];\!l dlle lo the prohe.laser irradiation. Using the
previolls formulae, one gets approxilllately

wilh 0(/) [1,.(t!l:'(I)] !l1 •.(t,,!I:'(to)] and'I/(t) =
.\I(t)/.\I(/o). Silllilarly. we lind 1m ,1.,.(/)

F]GURE -l III1IslrJtion of lhe shOrl-lime hehJvior of lhe c1ectronic
temper~llllre in panel (a) ami Ihe SIIG magnelie conlrast signal
L(I) = (..'.1-(1) - '::"L(I,,))/~/-(to) in panel lb) and 01
'\+(1) = ('::"/+(1) - '::"h(t,,)/ó/+(t,,) in panel (e). For Ihe
cleclronic lernperalure 7~.I{l) in panel (a) we use resuhs oht<lined
from Eq. (10). The cenler of the gaussian pump Jaser pulse is sel
at t = -lIJO b, This is indicatel! in panel (a) by Ihe dash.dotted
line n:presenting lhe pul~ shnpc (in arhitrar)' units). to rcfers to lhe
time hcforc Ihe onsc( of the pump pulse. The results for the SHG
signal \VerL'Call'lllated llsing Eqs. (24) and (25) amj are comparcd
with experimental data [G]. F rcfcl ...•lo the laser t1u('ncc normalizcd
to G m,l/nul

. ¡\fU) is calculalcd fmm Af(1~¡),

Note. for tl ::: 1 in our approximatc formulac Eqs. (24)
ami (25) only ,5+ is alfected hy the temperature dependence
of \ I ami \.,. Interestingly, the ca\culated vaIues for J+ at lhe
l11iniJ1lUIIlare too negativc suggesting that ~/+(t) ami hence
.\e(t) tila)' increase sOlllewhal rol' increasing lemperature
ami lIlay not he COllstant as assllllleJ. One gels rOl"Ni with
T1all (t (J) ::: 350 K and T~ll<lX :: 5HO K thal Tiatt (f < ps) ::::
-l50 K. Then \Ve eSlimalc Ihal (L (t) is lower hy 0.05 al times
/ - 1" and Ihal <5- ::: .\1(1",,,,)/.\1(10) - 1 '" -(J.:l al the
minimulll. Experimentall)' olle observes (L :: 0.02 - 0.03
al t '" p:-; and á~ ::::().:H al Ihe minimulIl. 17m ¡ater
limes t > 'rllin' when the eleelronic tempcraturc approachcs
Ihe Iatlice tcmperalure 71,,!! Cl;'1 ----4 T[alt), the formula
~J _ ,':'\.JI (1:.¡) descrihes salisfactoril:y expcrimet11. NOle.
<5- lor limes / - (rs) is somcwhal smaller than L (to) due
lo the \>"anning up ofthe Iauicc hy lhe hot electrons. Also the
simple theory preJicls for longer (imes correelly [61

~I- 1•.1'
~/+ 11..1' + II'I'.I!,M « M.

Note. l1egkcting ror simplicity the temperature depen.
dellce 01' \,. and \1. one ohlains \,,(1) \ •.(/0) and
11 :::: 1 I:!:!j. This silllplillcation is made in Ihe calculations
"howll in fig . ..t. Pre\'ious results ror SHG yielded \,. '" \0'
\" and \0 can f1e delcl"lnined sOllll'wl1al independently hy
changing the po!ari/alion of lhe SHCJ 12;')1.

Fig. 4a shO\\'<,; results ror 7:.](f). Using these results ror
'1;.1(1) ;¡nd .\1 = .\1 (7;,d. \Ve get the rC"lJlts ror r5_(t) shoWIl
in Fig . ..th. In Fig . ..te. rcsults for 15+ (1) are shOWJ1.

For cakulating "1;.[ \Ve use Eq. (10). taking intn aeCOlll1t
lhe linite widlh or lhe c\ciling Jaser pulse I:2G]. Due lo Ihe 11-
Ililc width or the JlUlllp Jaser pulse. \ve eSlimate thal '1;,[(1)
becomcs max.illl:l! al f '" :!OO r~and lhus h_ mini mal at
Ihis lime. For ¡¡ pump Jaser pulse of sm;1I1er widlh. uf course.
1;,[ (f) hecolllcs maximal at shnrter times. possihly f ~ I(JO f.".
IndccJ. recent L'xpcrimcl1ls hy Hohlfeld et al. indicalc such
íl hl..'ha\"lo["12;)]. Ilo\\'c\'er. nole the lime at which 7;.](t) hc-
comes rnaxilllal is sel hy Ihe inlerplay uf the heal put inlolhc
CICCll"OnicsySll'lIl hy lhe pump laser and Ihe heal loss lo lile
lallice lllcdialed hy Ihe c1eclron-latlice coupling. For ¡¡ delta.
fllnction like pump \Ve estimalc for transilion metal s times 01"
lhe order o" I "- y.~}1 when TI'I(1) is maxima1.

The simp!L' Iheory lIsing.\I = '\/(7;'1) ;¡nd a IClllperalure
indepenclel1l ratio f, = 1\ l\f (lo) /1 \ ,.1is in o\'cral1 I"air agree-
lIlelll \Vilh experimel1t (Hg. 4). Thc rapid decrease 01' IL(1)
is dlle tn Ihe dccrcase o" Jf(t) callscd hy Ihe increa<.;c nf '1;.]
dlle lo Ihe hOll'lectrons. After rcaching a minimum lhe quan-
lit y (L (t) incrrases again. since .\1 (1) increases again. see 1;'1
¡¡nd T,'I -4 Tíall' Nole. thc latticc will he somcwhat \vanner al
Ihc lime f '" p" Ihan al Ihe limc fo and hencc 6_ (/) and r5+ (t)
approach a valuc \\'hich is smaller than the one at f{l. '1;'1(1)
reICrs to Ni with 'f~ll¡;X ~ 580 K. 7:.1(10) = T1att ~ :~soI\:
ami T1al! ~ 7:.1 = ,1;'")01\ al t <: :2 ps [(JI.

-0.5 O 0.5 15 2
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\\'hik' \.'\pCrilllCIl!S and Ihcory are in o\'cr;¡1I rai!" ;¡gree-
l11\.'nl. one \.'\p\.'cts un gencral groullds Ihal á.t.(I) lllay dc-
\.TC:I'.;\.'al H'ry :-.IHlrItimes t < tlllill rasler lhan á.!::[.\/(T,'I)]
\.'alcubt\.,t! lI'iing (he eqllilihrilllll \'allles .\/(J~,]) f(lr the Illag-
I1l'li/alioll. Tlli:-. is e.\pecled lo reslIlt from Illc I"ae! Ihal al ul-
lra:-.l1url lilll\.'s tI1\.'eledrolls h;¡\'(~ nol yel all Ihcrlllali/ed and
Ib:\l dCpl'lllh:nl un Ihe pholon ellergy 11;.",,' ol1e prohes oplically
cs .••cl1lially lhc "mallcr magneli/<llion ,\/"(1) 01"lhe 111\.'rln<ll-
i/l'd \.'1\.'\.'11'011",sel' Eq, (2). Orcnurse. á.:i:(I) --t ái:[J/P;,!)]
fOl" iI1LTl':t"illg lilllcs a" lIlore and more !lol electrons ha\'e
111\.'l"llI:tlih'd,

Fllnhl'r "ludies. including lhe uelerminali(ln (Ir 111\.'dL.'¡K'Il-
lk'nc\.' ollh\.' d: nalllics on ¡¡ghl freqllcncy h.•_',are llecessary,
Thi .••nJiglll rc\'cal inlcrc"ting hand-slrlH,:lure cllccls for Ni. Fe
;llId etl. lnr c\alllpk' [~II.

Thi" d\.'1ll0IhlraI1':-' hu\\' the dynalllics of lllagnelic lransi-
lion IIlclals at llolleqllilibriulll can he sludicd llsing nonlincar
Sil ;Illd lll<lgnclO-oplics. These experiments suppmt lhe gcn-
\.'1';11111\.'OI"Yrol' ti1\.'dynamics of lllagnetislll in lransilioll JIlel-
"1,, lliscus'ied by I:q", (1 )-( 12). Gne lIlay C(lIlCIUlk g\.'llcrally
lh:\l 1I11rasI1orl lIlagnelic response. spin relaxalion of lI'ansi-
liollll1clab ;11noneqllilihrillllllllay occur duril1g limes of lhe
ordn nI' 1()-:'i() r" ;1l1t1long hefare lattice antl ek'rlmns have
rcached l'quilibriulIl again.

Note. rol' rare-earth Illetals in contrasl 10 lransilioll lllCI-
;tI" Ih\.' .r -ekclrons l'onsliluling Ihe spins lTlay he Irl'atetl as a
"\.'p<lrale :-.:sk'm cOllplctl 10 Ihe s. d-cleclrons \\hich gel e.\-
c¡ll'd. Then. c.\change J antl spin-orhit inleral"lion \~ •• are
largl'r and onc may tlnJ I"or nonequilihrium lhe silUation

1, IInlel. E, 1\.1}0('scl.:--1.\Vnlf. and (j, En!. P!I\'s, /<1'1'. 1,{'tI. 7(.
(]I)%) :\~): \1. t\cschlimann. i\1. BallC'f.and S. Pa\Vlí~. ('1'('11I.
I'fn-,. 205 (I(JIUl) 127.

.) F I'a l.~. \1. [)(Illalh. 1\..Ertl. and V. [)ose, I'/¡y.\'. /<1'1', I.dl. 75
t JlJ9)l 27..tfJ;\1 r\eschlirnann ('/ al.. lo he puhli:-.hed (1997); F.
\ ll'in 1'/ (/1.. J .\1..\1..\1. I)J ( 1991) 52.1.

:~ \V.S Fann. R, Slm/, H.\\'.K. Torn, amI .1,Bo~or. I)/¡r.\ HI'I'. H
-If, ( I()I)21 13592.

P(i t\lkn.l'h\"\ /<t'l'. Ll'H. 59 (19X7) 1..f60

~, E, Ik;lll1'cpair\.', J .. e. \!crlc. A. Daunni ....amI J.- Y !ligo\. Phys
Hn', !-elf. 76 (I()(lh) 4250.

ro J. Il(lhlkld. 1:. \1;¡llhi:1S. R, KlHlrrcn, alld K.II. Bennemann.
,'hl'\ NI'I'. !-e!/. 7S (1 IN7) 4X61.

.l. II1lhh;l1d. l'It."\'. lú'l'. H lU (1979) ..f5X4.

.) .1.1., \1(ll;ill-I,t'JPC/, K.ll, Benncmann. and j\1. r\vigIHJll. I'''n.
Hl'l' n 2.' ( I ()H 1 ) 5lJ7X.

~) {llll' ,l!CbIhe:sc Il',>\lIlslI'iing FC'rmi-liqllid IhcOl'Yor lhe r;1l1dulll-
ph,N' ;lPIHlI\im:llitHI (RPA) ir (E - El"" l« E f'.

I() Thc 1I"1I~1Icollision illll'gral cxprcs:-.ioll !!i\"cs (01' an l'ner!!y
lr;m•.ln ~ = ~ - / lhl.' rl'sul[ ,('-1 (El '- .C d/ J....:I, •. d/'
.\"~( 'H.\'.~(/').Y.-~U"+ ~~) ... }.lIefl.'.m:llri'\.-d\.'llll.'lHd-
il'l'l" ;l1l' Ilegkdl.'d ;llul we assullle thal [lw rcl:l\:l1ion 111'oc\.'•.s

Tf'l '# T, (l). ",here '1', rders 10 the local spins 01"the rare-
carth aloms. alHl fUrllwnnore that hOlh Tel and T~are diller-
enl fmm T);\1! 11] l.

In COIK'lll'o,ioll. \\"lo.' ha\'\.' hklllilied characlerislic limes rOl"
Ihe shOrl-tilllC dynallli\.'s 01" rnagnelic melals n()1 al cquilih-
riUlll dllc lo hol ell'drons. At limes t <: ps. lhl' "pin dynalll~
ics lllay OCCUl"rOl" 'C(lld spins' in an e.\Ciled warmer lalticc.
Then lhe spin-lallicc rOllpling will play ;In importanl role rOl"
spin l"elaxalioll prorcsscs ocnlring 011a time scalc of approx-
illlatcly t - 11111P' I 1,"1.

It \\"llllld he inl\.'l"l'sling!tl analy le also the dynamil"s nI"Ihe
rnany-hotly KOlldo singlcl .••Wtc alHl of magnelism in 11\.'avy-
f-erlllinll Sy'Slelll". Thc dynalllics of lhe Kondo slate is ex-
pecled lo he chararl\.'ri/cd hy thc lillle t liT". \\'here T" is
Ihe KOTldo lelllperalurc. 1101ekdrons ",ill deslroy the singlel
slale ir 7~'1> TI,' Similarly, rOl"heavy Fermions Ihe nOllequi-
lihriulll ho! ch..'ctmn:-. raising cl~.1 ",ill t1estroy lhe re"onanre~
like DOS pl'ak al ~I and lhus Iypicalmagnctil" elTeclS. Again
changes occur during a lillle t -..., l'l~r]'wherc F"ff is lhe cf-
fcclive eleclnlll ClllTl'l:llioll rcsp<lllsihle rOl' Ihe narnnv hantl of
\vidth In and 7~.1> 1/' sl10uld deslroy lhe hcavy-f-crlllion char-
aCleristics. Finally. il "'(luId t1\.' inll'l"csting lo sludy syslellls
whcrc \ ~o cpnlrols angular-lIlo111CIHLllIll"Onser\'ation al1lllhll:-
Ihe magnelic dYllalllics.
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involvcs no spin llips. Thi:-.collision illll.'gral uescrihes lhe scal-
Icring prn("css E: ----t f.:' amI ¿;" ----t E:" + ~¿; nI" ¡"iO clcc-
!fons. !knce. ;lpPloxim;lldy T,., (¿) ex .v.,.- 1 (E ~ ~.::) in accor-
dance willt Fcrmi's goldcll rule. ;'\01('. the collision Ílllc!!ral in .
\,o[vcs :\1linile lClllpcralurc:-. in ge:m:ral Ihe Fcrmí-rUllClioll fac-
lors f,( 1- f, l. I = I.:l. fin lhe:twolnlcracllng elcclrons. Thus.
one ¡¡mIs,,., = T,.. (I) ti Ir lhcrmali/ing c1cctrons.

11. The lime depe:lldence 01 7:.¡( t) rnay he delcrmineu approxl-

mately ;lIso hy U"ill!!lile: llla•.l\.'rl.'L(u;}lioIlSc"ITel = -111 (T", -
Tlatt) - 112(7:'1 - 1;.) + ¡I(!} ror Ihe clcclrollS. e"T,. =
-(12(7:, - 1;'1) - I tI ('1;. - Ti,,,t) ror lhe spins. anu ('latt T =
-(\ 1(Tlat! -1:.1) - Itj(Tlall - J:,). lkrc. ("•.1,el' amI ('latt lk.
nOle lhe spccilic hea\. J' i•.lhe I:L"crpower anu n, are cOllslanls.
Ir dillusiOll is illlport:ll1\. tIJen I ',.¡'i;'1 = ,;1,(1\',.] (~~T;,¡) + , .
",here /\""1 is Ihe ¡hcrlll;¡1dilfllsíOll cm:rticicnl 01' lhe eleclrons .
T,~;,a~(I) ",ill hl' !!e:l\l'lally de:lcrmille:d hy lhe inlcrplay 01' lhe
e:kctnlll-ckelnlll and Ihe: clcdroll-Iatlice: lnleraction. NI)!c. hll
ilí'K'ranl [rall"llioJl ll1Cl;ll•. 11i" nol •.lrielly valid lo scparale lhe:
ulIlduclit)ll cleclltllh rrtlllllh(hC UlllstilLHing thc rnagnclíc rno-
mcnl'i.

I::! ;\Oh:, 1'( 7:.1) i" gl'ncr"ll~ nol equallll lhe equi lihrillm slate spt.'-
\.'ilk he"l
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¡:¡ The flllKlioll ¡(é,!) may he determincd hy using the Bolll.-

Illalln equation ¡MI 1m ~ ~()/. see Ref J. or hy mili!! lhe
Liollville equation ror the density (1(1) ;1l1d ¡!lf) :=: ([1/. flJ).

1 l. IIcre. we do not Ulllsider situaliolls where the exchange inter-
aclion illcr('a~c ..•dlle to excitations as ma) he the G1Se for some
magnetic semiconduclors.

1.-) \~,,;::;;: ..1O rneV fIn Ni. \ ~o ;::;;:70 IllcV fin Fe. for example.

t(; The magnclil.atioll is aprroxim;ltcly given within a Ising-likl'
modcl hy ..\1 '"'-' (('+1/+ - c_I/_). whcrc ('+ is the prohahil-
ily [O tjlld ;1 magnctic momelll 11 + pointing in the direction
(11'the magncli/atioll and ('_amI 11_ afe correspolloingly de.
lincd. Cenerally. 1/+ :f:. 11_ and pCrlurhations GIUSC changes
11. ---,> 11-. for cxamplc. and lhus a tlencase 01' JI tlue In dí-
rec[ional disllrtler ;IS wcll as tille 10 a decrease in thc magniludc
(JI' the magnctic lllOlllcnls,

17. P. Jem.en and K.II Rennemanll. ,)ofid ,)/(11(' CO/llI/III/I. )Un
(1{)\)6) 5X5.

18. \\'. Hühner ano K.II. Rennemann. 1'11."1'. N('l'. IJ 5J (1996) l.

I~I II.J. Sicgmanll ('( al.. privale cOlllmllnication: See also n.K
Penn. sr. Apell. am.! S.t\-l Girvin, /111.",\', N('l'. H J2 (19X5) 755):
\1. Aeschli1llann ('/ (/1., I-'h.".\ N('\,. I.dl, 7t) (1997) 515H

:.W. The sllsccplihilily tensor \ij,(J/) may he expa.nueJ into evell
¡Hld ol.lu Icrms in .\1. !ice LJ. Pllsto~owa. \V. Hübner. a.nd K.II
fknncmann: /'/r.v,\, Ni'I'. U.UI (199J) X607. :\carly equiva.lcnlly
one milY \Hite \ 1)/( .\í) = \ 1)/(0) + \ ,)I~. .\h + ... , It is then
strai~htftll"\\'ard (1) gel ~I _ ':x: ,\1.

:!l. Nole. for ~irnrlicity Ihe phase helwcen \' ami \'0 has ht'en ne-
~Iected. Also \l/e have assumed for simplicity that (lile lensu[
element dominates in '¡jI. Ir ••nalyzin~ lhe polarizalion depen-
dcncc of SlIG anJ ils lime e\'Oilltiol1 (lne must of course use

\ .,,(.1/).

:!2 Approxilll;llcly :J.f--t- o.. 1\,,(T)[:!(l + tt.\/2). with

a(l} = l\'r~/I",I:!. " - \;jÁ'/' Henee. [j,/+ varies with
.\/:!('r;.¡). since the tempcrature depcnuenec 01" \,.(7') ami (1 is
expected lo he weaker. ;...;rote.the Sil intensity r involvcs r:res-
ne! coeflicicnls which are lempcralurc dependen!. see T. Luce.
\\'. lIühncr. and K.H, I3cllnemann. Z. Phys. H 102 (1997) 223.

23 \\'. IHihner amI K.H. Bennemann. I'hy"'. N('\~n -tu (19XI) 5973.

2.:1. Fig. I sllgge~ts lhat Ihe ma~netic response may depcnd on Ihe
C'X(ila[loll l'lll'fgy h..,-'ami may reveal intcrcsting cffecls tille lo
lhe "!ructurc in the DOS S..•(E), For eXíltllple, one (ould excite
lIsing (in:ularly polarizcd lighl mainly elcctrom in Ihe minorÍly
hano amtlhu~ possihly 1'01'very short limes enhancc magnctism
umillhermalil.alion yicld~ .\/(1;.¡) with T•.1 > 71att.

2j, J. lIohlfcld. J. C;üddc. and E. ,\latthias. private communicalion.
11)97.

2G. In Ihe caiclll;llion 01 Ihe electron [emperatllre llsing Eq. (10),
we use ItlL' following paramelers. The nonequihilhriul1l e1ee-
[ron distrihuti(ln is crcaleo hy Ihe pllmp laser. modelled hy
a Gaussian pulse shapc 01' width 280 fs (F\\'Hfl.1). Thc ren-
ler 01" lhe pulse is set 10 f :=: -100 fs in order lo hesl de-
scribe lhe onsel ,1Ild slope 01' the redurlion in Ihe signal as
ohserved in Ihe experimenl. Fm lhe oecay 01' lhe nonequi-
lihriulll electron distrihution. we use Eqs. (6) and (7) \vilh
70 d. = :!,-I f~f'V:!. The lauice specitic heat is taken lo he
conslan!. ('la!! = 3.G X lO().I111-'~h:-I. the c1eclronic spccijic
heat is parametrized to llave Ihe lemperature dependcnce as c ••l-
cublcd in 1'271. hut its value is sC;llcd by a I""artor 01""4.5 in or-
dl'l" lo ohtain results for lhe !inal declron amI Iallice lemper-
alures in agrl'L'lllCnl \vith lhe expcrimental ohscrvalions. This
lcads tO;1 valllC' 01' ("•.1(7;.1 = ;UHlK) = 1.4 x lOfl.Jlll-:~I\-I.
The value (11' lhe c!eell"On-phonoll coupling (onstanl uscd is
q,'-ph =:.! X llll!l \\'11I-11...:-1.
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