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We demonctrate the use'of DR in jonic solids applied ta the.

dynania IehumTe1l::;effcct 4”“f cgﬁtn;é of Can, The Jahp-Trllar
o SN

splitting (A = 2.1 cm ) is oatalned and Jahn~Teller states are
eohefeuﬁ in zero—{iglj at least 103 times Jon"el than the stocliac-
tic limit,vénd posSibiy as iong as the llfetimerof the centers.

This is de monueruted by thVLng the loss of cohercice by small

- Zeceman perturbations on the PMDR spectrum.

x '
Alfred P. Sloan Fellow

+Work done in part under the auspices of the U. S Atomlc Energy Commission through
the Inorganlc Materlals Research Dlvision, Lawrence Berkeley Laboratory



_111-
v .
 PHOSPHORESCENCE MICROVAVE DOUBLE RESONANCE (PMDR)
SPECTROSCOPY IN IONIC SOLIDS AND I1S APPLICATION TO )

COHERENT JAHN-TELLER STATES IN F CENTERS OF CaO:
. o,
: , C. B. Harris t
Department of Chemistry, University of California.
Berkeley, California, U.S.A" 94720

M. Glasbeek
Laboratoriun voor Fysische Chemie
Universiteit van Amsterdam
Amsterdam, The Netherlonds

: . E. B. Hensley
Departirent of Physics, .University of Missouri
Columolh Missouri, U.S.A. 65201

(Regeived May 1974)

) - » : T A N A . e . P ", ,
We demonctraic _the uschof THDR in jonic solide applded to the
A e vt \ - : .
dvnania Jahn~Te1l:: ‘effoct I F conters of Cal,  The Jabhn-Trllor
B ! PR T T oo -

NS

splitting (A = 2.1 cmf;) is obtained and Jahn~Telleor states are
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Phoéphorescence ﬁicrowave‘ﬂouble resonance spectroscopy (PMDR)l is a
technique which has allowed much of the kinetié information regarding the
populating rouges.and decay channels of eleétronic excited state energy into
triplet states to be obtained easily and routinely in molecular solids. It
is a zero-field spectroscopic technique based on opticaily detected magnetic
.re#onance (ODMR) in high fie1d2’3 which wes subsequently extended to zero-—
field.4 PMDR monitcrs the individual vibronic bands:in.emissicn and measuregs
the quantitative changes induced in thg'cmission by a micrcwave ficld
reconant with the zcero-~field splittings. Because of th¢ séusitivity of
photon deccctdon, it ig capable of wmeasuring properticc on.as feu as 104
excited states depending uvpon the details of the rediative channeié being
'm;uitarcd. Arplications of FMDR ha§c been so extensive in the last fchr_ycats
that to do justice to the contributors woﬁld require'an extensive rafprpncei
list. A recent thorough:review of this field, however, has been written by
Kwiram.s

Although many propertiés of.ionic solid§6 are different-from molecular
solidé, the basic features of excitcd F centers are similar to excited
triplet statés, particularly in zero-field. If»one.considers the F ﬁenter
oxygen vacancles in CeO, there is a one-to-one correlation of thé indiviéﬁal
.spin sublevels of the F center iﬁ ?erofield with 3Bl; mélecular excited
triplet stétes. In D4h, the F center can Be e$téblished7'as a.3B1u (0,0*)'
stafevwhep the-xuaxis‘of the ;ero—field tensor is defined élong the Cy

1

symmetry axis of the center. Many excited triplet states in molecular cpjstals

have been unequivocally8 establishedlthrough PMDR in 3Blu (m,7*) states. We

" “expect therefore that the dynamics of populating and depopulating excited



centers can be. elucidated in ionic solids as 51mply and easily as in
triplet states in molecular solids. Moreover, PMDR has been recently used to
- . e 9 ... 10
establish coherence in excited triplet excitons” and spins in molecular
solids, and oné might expect:the same could be accomplishcd in donic and semi~.
‘conducting crystals having acecoojblo triplet stﬂtcs."' 
In this paper we will (a) demonstrate‘zero—field‘PMDR in F centers of
Cao, (b) illustrate how the methods can be uced to extract the Jahn«Tcllerll
" splittings frem the zevo~phonen origin in Cs9, and final]y, (c) detoerniae a
winimui coherence time for the Jahn~Teller eplit states and vxcd soue light
on hotr the ceherence is lest, and ite relaticachip to Lhefdynnmichahuchller..-
1 . v ,

cffect.

3

To illuntyate the privciples, ve begiu Ly swmarizing. the dynao e John-

Teller cffcct in culie gyumotry for triplet state . T centexs. Otartiily
from a . ‘Hamiltonian describing two electrons in an oxygen vacancy
~having thrce eg uvv*loni axes (z, ), z), Lho P'mrltonsun for tvo cloctroﬂﬂ

correlated along any of the three axes, x(1 0 0), y(O l O) and z(O 01, where
the indices €, 3, k) correspond to Millei indiceg associaged vith the Ca0"

cubic structure, is simply:

CH(L 0 0) V(100,010) V@O0O,001)

B o eal V(010,100 H@OL10) V(010,001

LV(0'01,100) V(@©O1l,010) H(QO L

Because of cubic symmetry,lthe vibronic matrix elements; V(i j k,
i' 3' k'), are all equal, and all H({ j k)'elements are eqoal; ‘The,

diagg531 eigenfuncticns of HL cal a¥e . ‘iliustrated'in Figure 1,

.
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(hercafter called_w(+.+ +), ¢(+ - +) and ¥(- + -));ggdAinclude the tcrm,
V(q,Qi), which‘is-aésociated with Jahn-Teller induced nuclear d;splaccmcnt,
Qi' This gives risec to a sﬁlitting between Y+ + +)'and W(f + f) of A,
sometimes referred to as the tunnel splitting. It is dwportunt to note that
Y(Lms) are stationary solutidns to.the Schrodinger equéfioh in the abseace cf
a rela:ation Hamiltonian; hence, the states y(fmn). can be considered cohcrentv
in the abscﬁcé of some relaxation. Additienally,

because the Y ~ +) an4.$(~ % -) staccer
~involve lineaw combinutions of the degencvate axces in tﬁe'tetragunnlly
‘distuztcd JahnuTclicz'cuntor, any off~-diagonal watrix clevcat in the |

pos01 banis of K » will bo equivalent for Y - +) and (=~ 4 =) but

iay :
— total
different from @{t -+ ). Fhysically, ve cipact thet the ozcilletor
~strength, f(fmn), resulting from gpin-crbit coupling and respunsilble for

: o 3, L P T o . : ;
phosphorescence from the “Y(+ - +) and “Y(- + ~) states, will be the sam2 in
first order, but diffcrent frca the “P(- 4 ) state. Additionally, we expoct

"the spin-orbit contributions to the zero-field electron spin Hamiltonian for

the dipolar splitting, which is off-diagonal, to be different for “Y(! 4 -+)

than for the pair, 3lp(+ ~ 4) and 3¢(— + =); hence, the zero-ficld splittirg

term, D, for the two electrons in the center will be different for 3I,U(+ + +)

than for the'3w(+--_+) and 3w(— -+ T) states. Therefore, in first order the

zero-fiéld splitting is D(+ - +) = D(~ + =) # D(+ + +). Similar argﬁments
have been applied:to the zero-field splittings of coherent Frenkel exciton

k statesg and used to elucidate properties of coherent wavepackets.

EN

Coherence and the promoting mode responsible for the dynamic

‘Jahn-Teller cffect in F centers have been considered, and the optical detec-
-' . 12
tion of T center EPR in Ca0 in high and intermedlate fields has been observed.

1
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' However, the observation of the dynamic Jahn—TellerAéffect has still eluded

\

investigation, .
To demonstrate the power of applying zero-field PMDR to ionic solids;
Figurc 1 diagrammatically illustrates the problem while Figure 2 (A-I)

presents the esperimental data on the F center in Ca0. - These include:

-the-gmission(ZE)




and PMDPR spectra in zéro—field (2¥; 2G) and SO‘gauss (ZH; 2I) at 1.5°K
monitoring the zcro-phonon 13origin, (0,0), in aaditionlto the ODMR results
at 0 (2A), 10 (2B), 20 (ZC),.and 50 (2D) gauss. ‘

Ca0 crystals were prepared by additivcicoloratiodlafand had an F center
concentration of 5 X 1017 centers/ce.  Ce0 was excited‘with the BlCO R region

C . 13
of a 100 watt high pressure Hg-Xe lamp. The zero-phcnon

origin was isolated
by a 1 meter speéirometer. Other experimental details are essenti&lly the
sane asAr0portea carlicr8 except that chaﬁsés in miéroﬁ#ve induced bhos~v
phorcseence was phase détéctcd at 105 cps.

The resultc frem these exporimeats can be wnderstood zs follows: Thwo -

zero-field tronsitions, hevcafter labeled w{+ + +4) and w(f ¥ f),are scen at

i e e s e T

1675.5 MUz and 1696.7 iz respectively (ef. Figure (24)). The PMDR srectium

of w(+ + +) (2F) yinlds a spectrum where the maximum in the ghosphercocence

emission is coincident with the maximum in the PMDR spectrum. On the other

hand, the PMDR spectria of w(+ T +) (2G) yields two pocks sywmetrically oplin

from w(+ + +) by about 4.2 * 0.2 cmfl. Moreover.,, the miCrowavezinduced

change in phosphorescence increases for w(+ + 4) and dccreases for w(f x f)

indicating the Qscillator strengths f£(+ 4 +) # f(f T i) and the popﬁlations
of the stationary Jahn-Teller stateé are different. In the zero-field ODMR

spectrum (2A) the splitting between the two components is 21 MHz and .

1 in the unresolved optical spectrum. - This means

that the Jahn-Teller splitting or "tunnel splitting" is A=2.1%0.1 cm-l.

corresponds to 2.1 £ 0.1 cm

The fact that all three splittings are resolved in the PMDR spectrum
(2F; 2G) means that the Jahn-Teller states are coherent 1in zero-field. A

‘minimur coherence time can be established from exchange t:heory15 vhich states
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that intermediate exchange is givcn_byhthe conditioq,~[w(f ¥ f) - o+ +)]T -~
1. The coh;réncg time, T, in Ca0 is thercfore longer thgn 5 x 10"-8 secouds,
Thus, cohgrcnce‘pefsists in éhé'Jahn~T¢ller states ih cho—field at least
6 x 103 times longer thon ﬁhat associated with the stochizstic "randow"
incoherent limit, which is giQen by (ZA)_l seconds. The coherence is
-assoéiatcd wiﬁh only opclpoint in thc'fuli timc'éorrelétion functiqn,7_namely
5 x 10_8 sccdnds;~  |

Frém aﬁoghgr point of view, if we asgsuna that the lincwidths at haif
height in the ODMR spcefrum (2A),cérre;porling to w( + +), 15.0 MHZ,.and

7

[ R . PR 1Y g PR -
w(l I ;), 10.7 Mz, axec howsogeneous, a minipin coherence tima of 7 X 10

\d

secounds for thcf3w(+ 4 +) and 1 X 10»] saeconds  for the_sw(+ - 4) and_3W(_ 4- )

, s . 2
can be obtained.. In this case the coherence Is persivtont ot least 6 x 10

and 4 X 103 times\the stochastic limit for ﬁhé 3w(+ + +) and SW(t X T) states
respectively at 10'-7 seconds in thé time correlation fﬁnction. Siﬁcc Cao
contzing mno nvclei that have nucleny gpins, apert fro@é3Ca‘(0.l3%), it is
unlikely that hyperfine interactions (an inhomogeneous term) would be iﬁportant.
The coherence timg‘could be longer however if‘small crystal strains result in

Ot lli.lll"lll1‘)5'(]1'[vlilbl";. Thoter Do nol 1l Care, siinee s one b vesdnds A noeon

field, applicd at appronimately 45° to the (1 0 0) face, tlie -ODMR spectra

appear intermediétely exchanged, not at zero-field, bu; at about iO gauss (ZﬁjA
and the microwave induced chgnge in phosphorescence assgcigted.with w(+ + +)
chaﬁges sign comﬁletely by 20 gauss’(ZC)Q Tﬁis is simplf-becéuse by Zo.gausS
.the Jahn—Teller'statgs are in an exchange'limit on a time. scale faétef or com-

parable to the excited state lifetiﬁesl3'(3 X 10‘3) of the 3¢(2mn) statés.
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Because. of the optical reso]vtlon of the PIDR up ctrunoin sero-£ield

(%E; 2F), it is quite pessible that the coherence tire could approaclr the

lifetime of the centers in zero-field and that the cohcrenca is lost rapidly

with snall Zeewan encrgies (0 - 20 gauves). . The loas of coherence coul. also
bc decaying via some other channel, apart from scettcring bctween tho 3w(£mn)
-states themgelves. The loss of cohcrence via Zecman terms, howevcr, can be
_established. Dy 50 gauss the zero—field dcgencrate pair of spin sublevols,

w' and w'', are clearly resolvable (2D). Furthermore,.the systen is in the

\ 1.

fast c: Lhan"e llmlt ‘'since the lines uase JLJdecu with w'(r - ) and Y S f),

-~

whicli ave now mixed together by the Zocm;u field, are unrrcewer, Figwn 2D

[ PR . s 7. -
shoas that w'(. 4 +) and w'(; T ') have linowidilic a2t Lalf beighte of € 1z,

'

Finally a P&l oa w' (3 + 1) and w'(i ! f) at 50 gaves (25 2L) coafirs. theo

=

n

under the influence of a small Zeeman field, which mixes fhn zero-fir1d ep
eigenfunefione of the three stetes, 3¢(+ + 4), 3l[)(+ - +); and 3W(~ + ~), the
states are no longer cohwrent on & tib:'ccale ci 10-3 secouds. Thiie ds
establisﬁed b& the fact that the 'maximum in the PMbR'(ZHg 2I) and the maximum
in the phosphorescence emission (2E) are coincident duc.te fast exchang:
reiative to the F ceeters excited state lifetime(~3 X 10-3‘scconds) for‘
both Zeeman split sites. ‘ |

In summar§, we have demonstrated (a) fhe first PMDR in ionic colids,
spec1fically, PMDR in the trlplet F centers of Ca0;- (b) obteined the Jahnf
 Te11er splittings for the center, (c) °hown that the states are coherent for
times at least 103 exceeding the stochastic limic, and,p0331bly approaching

the lifetime of the excited states in zero-field, and finally, (d) suggested

" that the mixing of the spin eigenfunctions of 3\p(+ + +), 3\p(+ - +) and
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3W(— + ~) is responsible for the loss of coherence as a function of field,

because it introduces nﬁw off-diagonal matrix.elements in the zero-field basis
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Figure Captions

Figure 1: Schematic diagram of the principles used to clucidate the dynamic
~Jahn-Teller effect using PUMDR.

Fipure 2: ODMR résults (2A-2D) and PEDR spectra (ZB-ZI) in I' centers of Ca0.
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'PMDR IN COHERENT JAHN-TELLER SPLIT F-CENTERS
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" ODMR IN F-CENTERS OF CaO
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PMDR IN F-CENTERS OF CaO
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