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TIl•...ah"'llrption "'red!"<Iuf magnelie irnpurities in II-VI compoulld ..•can only he explailll'd ir the Jahn-Tdlkr l'Ilecl is taken into :lCl'Ollnl.To
rop •..•\••'ilh this ta ..•1\ there is a varialy 01' I1lcthods, In the prcscnl wml\ \Ve COlllparl' two nI Ihcm: BOrll-()ppcnhcil11cr rnethod amI Glauhcr
...tal•..' ..•lllcthod. Th •..•applic~tion makes use 01"Ihe paramctcrs that would he ;lpprupri;ltl' ro¡-lh•..•;losurplioll ...•pt.'clrum 01"ZnS:r:el+, Tlle only
lrl'l' paramelcr in our calculatiolls is lhe Jahn4Teller energ:y. SIl we do nol altcmpt hen: a llllal descriplíon 01"the ..•pcetrum. Thc cmphasis is on
Ihe comparison nI"hOlh methods looking: for their v~lidity ami divcrgellce cOllditi{)n~anJ e..•pecially the way IIIwhieh they can reinforcc eaeh
olh•...r 10givC;l more reliahle Jescription of these spcctra.

¡';/'.l'Inmls: Ahsorption spcctra: Jahn-Tellll'r crfect; lahn-Tclk'r ellcrgy; Born-Orpcnheillll'l" states: C¡lauher slate~

Lo..•e ..•p•...clros tll.' ;¡h"ort'iíln de impuraa .••magnélicas en compuc-.los U-VI sólo pueden ..•el' e'plicado ..•...•i se con ..•idcra el efeclo Jahn.Tcllcr.
Pala realizar est;l 1;lI'ca exislen variados métodos. En e-.le tr;lhajo ..••...comparan do-. do..' ••.•110..•: el dc Born-Oppcnheimer y el de e..•tado""
d•..' (i!allher. La aplicación hace uso de los parámetros apropiados ;11e..•pectro de ah ..•orción del ZnS:F('~'''. El lÍnieo par<ÍlTlctroajustable
•...11lluestro ..•dlculos e..•la energía de Jahn-Tellcr. por lo qUt' no intentamos aquí una dc.\nipción tinal del espl'ctro. El énf¡l'¡js cst¡í en I~
ctllllpal'aci<'inde los métodos. sus condiciones dI.' validez () divcl'gclIci;l y. muy especialmente. la forma como ..•e pucden reforzar para dar una
descripción lll;ís conli:lol •..•de los espectros de estos sistemas.
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J. IlItrndllctioll alld theory

Tlle ahsorption speclra 01"magnelic impurilies in I1-VI COIll-
pOllnds "ho\\'s more lero-phonon lines (han cxpcclcd frolll
plain crystal-lield theory even \••..hen spin-orhi[ inleraclion is
induded 10 very high ort1er of accuracy (1-31. This phe-
IltllllCIlOIl is ralher \Veak for ZnS:Fc1+ alld is very imporlalll
lu]" CdTe:fe:.!+. \vilh inlennediale silualiolls rOl"ollle!" I1-VI
t'lHllpOunds H 1, Several aUlhors have proposed lhal lhis is II1L'
lllanifestalion of a .Iahn4Teller (JT) ellecl [3-;>1.

Inlhc presenl papel' \Ve \\/ould like lo compare two lllelh4

{lds applying lhelll 10 lhe case of ZnS:r:e:'!+. in which lhe
.IT clfecl appears as lhe \veakeSI of lhe series 01' Fe in 11-
VI t'lllllpounds. The ahsorption speclntm shO\vs a slrong
linl' al 29-l5 Clll l. follo\Ved hy very weak Hiles al intervals
(11' 19 cm-I antl .W CI11-1 respeclively. rOl" higher el1ergies
a more complex slructurc is prescnl where rhonon-assish:d
Ir;U1"itions l"legin lo dominale. No allempt \vill he done at tllis
IHu11lCnt lo e,'plain L'very line and inlensily. huI lhe Icading
Ihrec lines (1\\'0 cnergy inlcrvals) \ViII he laken inlO aCeounl
Iwhm'.

Tlll' crystallinc ¡¡cId al Ihe position of lhe impurily has a
"ymlllctfY' 7:1 which splits the ,')D alolllit: lllultiplet inlo "E

and "'1~11lullipll'L", Spin-orhil intcr<lCliOIl further splits these
levels: Ihe .;.'I"ound .-,E 111ultiplct lorks in 5 level", lcaving a
sin!.!1C'1(..11 or -, 1) as Ihe lruc !.!round state hom which ah-
smrlions \\ill origin:ttc at lo\\' 1~lllperaturcs. The cxciled "T1

lllultiplel splils inhl6 h.~\'els. Iw() ()f which are of sYllllllelry T:.!
or r'.-. which are c:lIldidales lor linal states in clectric-dipole
[]"allsilions, Howevcr. lhcsc Iw() stales \Vould he sep<lrated hy
cncrgies 01' íI few hundretls C111-1 so lhey cannot explain Ihree
low-cnergy lines spread in less lhan 100 cm-l, A complete
encrgy-le\'el diagral1l supporling Ihis discussion can he found
in Re!". -l.

Nexl slep is 10 lkcide on Ihe cOllpling phonons. Here \\'C
will aSSllllle Ihal sllch vihrational mode must havc an impor-
tanl lllcalcompollelll in Ihe surmllnding IClrahedmn ol-l ¡¡n-
iOlls. The \i111plesl possihle local mode \\'ollld he a dOllhly
degellerale ¿ modes. (jo amI {¿" lo whieh usual crealion ano

annihilalillll {ll)('ra[ors apply.
The (¡Hal Ilalllilwnian l"ompri"es thc elcclronic compo-

llen!. Ihe vihrational componenl nI' the coupling modes and
[he Jahn-Telkr or l"oupling componcn!. The lalter can l!lcn
he \vrilten as

fln = ¡En ¡''''[(''b + "")J),, + (,,)+",)D,I, (1)
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where E.I'!' is lhe Jahn- Teller energy or slrength 01' Ihe cou-
pling. !lw is Ihe energy al' Ihe coupling mode. Do anu D, are
normalizcd opcralors aCling on Ihe eleclronic orhilals.

To diagonalize lhe total Hamiltonian a complele hasis 01'
vihronic funcliolls is necded. Such basis can he conslructed
in several ways. Here we \ViII do so using hases conslrucled
in two extreme cases.

On olle hand, \ve \ViII construct lhe hasis in lhe wea"
l'lHlpling limil. hy laking direcI producls 01' vihralional fUllc-
lions ano electronic funtions. This is lhe so-callcd adiabalic or
Il(lrn-Oppenheimer limil. Vihralional functions are progrcs-
sivcly huilL inCJ"easing

(2)

I!lL' numher 01"vihralional l)uanla, whcre 110 and Hf are lhe
oL'upalioll numoers of normall1lodes Qo and (j, respcclively.
The delails aoout Ihe conslruction 01" this oasis llave been
givcn elsewhere [.1J.

011 the olher hand. we cOllsider lhal Ihe coupling could
hL' so large as lo inilially produce a virtual dislortioll. Equi-
lihriulll is now rcachcd hy a mixlure 01' eleclronic and vi-
bralional coordinales. The systclll is lhcn aIlO\,,'cd 10 vihrate
in the dislorled positions. Such displaced hanllollic oscilla-
lors can he described hy means 01' Glauber siates inereasing
Ihe 10lal vihralional quanlulll number N in a progressive way
in Ihe same manncr introl1uccd ahoye. This melhod has aiso
hecn reponed previously in Ihe literatufe [6-101.

\Ve have dcvcloped algorilhms to diagonalize the tOlal
Hamiltonian in holh bases delincd in previous paragraphs. In
Ihe rest 01"l!lis papel' we ,,'¡II go directly to lhe comparison (Ir

nUlIlerical results obtained hy using lhe sallle paramelers in
h{llh calculaliolls.

2. Reslllts amI disClIssioll

The LTystal-field parameler IOIDqj for ZnS:Fe2+ has heell
c ...limated lo he 315X cm~1 hased on general cOllsidcrations
or Ihe threshold ahsorplioll line 151. \Ve use here the free ion
vallle of the spirHlrhit parameler. Namcly, .\ = -lOO ("111-1.
The coupling mode has oeen laken as lhe TA2(K) mode nI'
ZnS, which is very ahundanl in lhe lattice dynamics 1111,
and has lhe approprialc projeclion 01' £ modes in the local
sYllllllerry surrollllding Ihe Fe impurily iOIl. That is to say
. h-'.l' ~ 85 ClIl-l, which will be considerctl as 100 CIll~1 in
Ihis general presenw.tion ro facililate comparison 01"magni-
tudes. Thenlhe only parameler that can be varied is lhe COll-
pling constanl nr. ralher. the Jahn- Teller ellergy. EJT.

Results \ViII be prescllled in figures Ihal !lave lhe 1"0110\\'-
ing COIllIllOIlconsideratiolls: (a) We eOllsider Ihe six lowest
cnergy levels hy showing the 5 ellergy ditTerences refcrred lo
Ihe lowesllevel. (Nolice lhallhe lowcSI ellergy dilference is ()
ctlillL'iding wilh Ihe axis). (h) ReslIlts rOl" Born-OppcnhcilllL'r
lIIelhod \vill he represented by disconrilluous ¡¡!les: (c) Re-
Slllts for Glallhcr lIlelhoti will he represented hy continuolls
lines.
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FIGURI: l. Six lowCSIvihl'tlnic cncrgy levcls (tivc encrgy intcrvals)
as fUllctions 01'thc .Iatlll.Tdler cl1crgy using lhe follov.'ing paramc-
ters fOl"holh lIlelh(lds: 11I1lJ'll = 3158 cm-l. ,\ = -iOO cm-l.
"'Jo': = 1lJ() cm-l. Tlm'L' differcnl \"alucs for .Y = "ti + ". are
illustrall'lI: 10.20 amI JO.

In Fi~. 1 \\'e repon Ihl' 6 encrgy levels as fUllclions nf
E.1T ror Ihree dilTcrenl valucs 01'N: (a) ror.s = 10: (b) for
N = 20: (e) ror N = ;lO.

Several (ommcnls follow fmm Fig. l. Firsl, we realize
lhat hOlh lllelhods converge to Ihe appropriale Ohw, 1 1/.;.;.",
2hJ,), ctc. v;¡lues in Ihe case 01' elllirely L1ecoupled moLles.
Second. in lhe low-coupling limil (E.1'!' < 1.\1 and E.lT <
1u.•..J) holll lIlclhods give similar results ¡¡no Ihe small dilTer-
e!lees lend lo disappear as iY incrcases. Third, in lhe strong-
coupling iimil (EJT » 1_\1 aJl(1En » hui) only lhe Glauher
Illelhod converges lo Ihe appropriale Oh.,.,,', l/w ...',Clc. values:
Born-Oppenheilllcr sl¡¡lcs tend to diverge even whcn ¡\' is
suhstanlially increased.

The intermediale (ase (£.11' ~ 1.\1 + h.,). roughly
speaking) deserves a more exlcnse discussion. The Born-
Oppenlleilller results go lhrough a minilllum over which lev-
els Icnd lo diverge ralher l)lliekly. Such behavior is unphys-
iral, reprcsenting the lilllitalions 01"the lIlethod which is in-
tended for wea" coupling. Then. l!lis Illelhod can be truslcd
only in lile regimc in which Ihe levels loose encrgy. c!osing
Ihe energy illlervals. For the example under consideralion.
EJ"j' ~ :U)() nn-I is an lIpper limit ror lhis application. On
lhe (llhl'r hand. Ihe reslllts 01"lhe Glauber melhod presenl os-
cillatiolls in lhe regioll 01' inlermediate coupling. Howevcr.
Ihese l1uctuations Illo\'e to higher values 01' EJT <Inll tcnd
lo disapPc;lr as .\" grow". Tn have reliahlc rcslllts with Ihe
Glallber lIlelhod, il is ellough lo study Ihe slability 01' Ihe so-
11Itions with respecI lo N. Eventual/y we can always gel lo a
\'allle nf .\" for which slahle resulls are fOllnd.

11,.,. !\.,f". ''-". _1...1\;;1(100"'1"/\-r')



¡:](iIIRI 2. Si\. 1{I\Ves! vihronic cncrgy le\'els as functiol1" of
S ::::o 11•• ...,...11,. P;¡ralllCICrs are the same used for Fig. l. Two
díllcfCllt \"ahll's Inr EJ.,. are illuslratcd: 250 amJ 500 cm-l.

In ¡:i~.2. we sllIdy slahilily uf Ihe S lowcst cncrgy inlcf-
\ ;tls j"ln 2. \'altlcs of Ihe .Iahll- Tcller cncrgy: (a) 250 cm-1, and
(h)SO()CIll-1.

In Fig. 2a \Ve rcalile Ihal Ihe Born-Orrcnhcimer method
is alrcady sl¡¡hlc al N :::; lO, whilc Glauhcr states nccd up lo
.Y = 1;) lo stahili/e Ihe () low laying vihronic ¡evels. Wc also
llOlicl' lllal lhe n:sulls givcn hy holh tIlelhods for Ihe 6 energy
lt.'vl'ls arl' very similar.

¡:¡~urc 2h presel1(s a clear disagreclllcnl of Ihe (wo Illelh-
ods. f\llhouglt Ihey are slahilized for N = 20 al least, Ihey
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This \vork has hecll partly funded hy FONDECYT (Chile)
lindel' conlrae! 1()()()l)72.

1\ l'kllow Icd~mcn ts

give complelely dilTerel1t Illllllerical resulls. Il is cxpected
Iha( rOl" litis coupling encrgy, Ihe Iwo 100\fcst Icvcls should
Il'nd lo degellcrale al oh , while Ihe olher four levcls should
al.\o degelleralC al aholllh lh.•.' over lhe ground douhlel [!JI.
This is shown hy Ihe Glauher rcsults hUI nol hy Ihe Born-
()ppcnheilller calculatiolls.

3. C()ncllJdin~ rcmarks

\Ve conclude hy saying lha1 Ihe Born-Oppenhcimer IllclhoLl
can he aprlied only rOl' wcak coupling. ¡.c. for EJT ::;

1,\1 + h.•..'.Tlll' case lindel" sllldy secms 10 he allhe limi1 01"ap-
plil'ahililY ol"lhi ••llll'lhod. FortLlnaleiy Ihe Illclbod ofCJlauher
slales. I"mS 1;-)is "lahlc cnough lo allow a Illorc rcalislic
cakulalioll lrying lo oplimile ¡ht.' fOlllld inlcrvals 10 cxplain
lhe spel'lrulll.

Bolh IIIl'lhods explain Ihe dccreasc in tlle enrgy intervals
in ordcr lo cxplain experimenlal spcclra. Figure 2a can he
u\cd alllli" limc as a preliminary explanation 01"¡his general

phcnolllenon. \Ve rcalize Ihal hoth melhods give Ihe lIrst
Iwo inlcrvals under lhe assull1ed energy ror the coupling
phonon lOO cm-I, which is vcry encouraging, The calcu-
lated values are ahollt JO and XO cm-I ror lhe paramelers re-
ported in lhis figure, which are still larger than Ihe ohservcd
small pcaks al 19 amI YJ cm-l. However. from Fig. 11..'we
can see Ihat a hetler adjllstment can he ohtained hy consid-
cril1~ a lowcr (more realislic) phonon energy and tllning the
.Iahn-Tellcr energy in a more careful way. This goal is out of
Ihl' SL'OPCof Ihe prcsenl \\'ork since it would requirc lhe dis-
lillalioll of Ihe wave fUllclions to ealculate Ihe corrcsponding
lhe eleclric dipole inlcnsities lo look rOl' a complete corrc-
spondence \I,-'ilhlhe SPCClrtllll.
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