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1 Phosphorescence microwave double resonance spectroscopy (PHDR) is a 

technique v:ltich han allowed much of the kinetic inforrr.::1tion regaJ:ding the 

populatine routes and decay channels of electronic excited state energy into 

triplet states to be obtained easily and routinely in molecular solids. It 

is a zero-field spectroscopic technique based on optically detected m~gnctic 

.resonance (ODHR) in high field 2 ' 3 which w2.s .subsequently extenued to zero-

4 field. PHim monitm~s the individual vibronic b<mds :in emission and mt~<:.suJ:eG 

the quEntitativc ~laDfCS induced in the emission by & mictcwcve field 

reDon~nt with th~ zero-field cplittiucc. Because of the sc1~itivit~ of 

photon dc;:ccU.o!·,, it is ctipaLlc of L1·2asul.·ing propC'rtic:::: on es feu as 10
11 

e>~:citecl stnt.cs t:l:~pcnd:i.nz upon the <lc:ra:i.J.s of the r<:dietive cham10ls he-tr,G 

eonf:.:on.:d. f,pplicf tiorH' of: FHDR h('.\'C bcC'n r.o extc·nsiv~ in tl~c l<.:st few: year:.: 

that to do ,iustice to the contributors would require an extensive rP.fPt:'Pnt:'l? 

list. A recent thorough revielv of this field, houever, has been written by 

5 Kwiram. 

6 Although many properties of ionic solids are different from molecular 

solids, the basic fc'atur~s of exc:i ted F centers are similar to exci tecl 

triplet states, particularly in zero-field. If one considers the F tenter 

oxygen vacancies in CaO, there is a one-to-one correlation of the individual 

spin sublevels of the F ~enter in ~erofield with 3B
1

u molecular excited 

triplet states. In D4h' the F center can be established7 as a. 3B1u (cr,cr*) 

state "Then the· X a~:is of the zero-field tensor is defined along the c,. 

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

have been unequivocally8 established.through PMDR in 3B (1T,1T*) states. We 
lu 

' · e"-"Pect therefore that the dynamics of populating and dcpo.pulating excited 



-2-

centers can be clucid~1ted in ionic solids as simply and e.:1sily as in 

triplet states iri molecular solids. Horcover, PNDR h~s bc<>n recently LTsed to 

establish coherence in excited triplet exclt:ons
9 

and spins
10 

in molecular 

solids, and one might expect· tl1e £ame could be accomplished in ionic and semi-

conducting crystals having acces~d.hle tri11lct states. 

In this paper we will (a) demonstrate zero-field P~IDR in F centers of 

CaO, (b) illustrate hm.;r the methods can be used to extract the Jahn·-Tcller
11 

splitU.ng:; frcm the zcro-phnr~on o1.·ig:i.r• in C;::'), :mcl fi113lJy, (c) dct;:;rn)_nc a 

Oil hot~ tlw CCJ~:!.erence: :i.~_; lest, c"llH1. itc rclctic;td:.ip to t.h2 dynz-:n-:ie J.::hn···T:~llc:r 

e:ffcct.11 

Teller effect in ,... '.~, -~ ..... r ..,., ............. ,...,f._,,.. 
""'_...,,...""" '"'"'J...-...'Iro.oo'-""J r t:cntc~s. 

from a Hamiltonian describing tw·o electrons in an oxygen vacancy 

for t\-;o clcctJ:c.;t;; 

correlatedalong any of the three axes, x(l 0 0), y(O 1 0) and z(O 0 1), where 

the indices (i, j, k) correspond to Hillct· indices associ2L~d Hith the CnO 

cubic structure, is simply: 

H(l 0 0) V(l 0 0, 0 1 0) V(l 0 0, 0 0 1) 

8 total = V(O 1 0, 1 0 0) H(O 1 0) V(O 1 0, 0 0 1) 

V(O 0 1, 1 0 0) V(O 0 1, 0 1 0) H(O 0 1) 

Because of cubic symmetry, the vibronic matrix elements, V(i j k, 

1' j' k'), are all equal, and all H (i j k) elements are equal. The . 

diag0 __ r:~.1 ciger,functicns of H are 
total illustrated in Ficure 1, 
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(hereafter called ~J(+ + +), tJ!{+ - +) and lj1(- + -));_and include the term, 

V(q Q ) l-.•hlch is <J.ssod.ated with Jahn-Teller induced nuclear displ.:1cc1n2nt:, , i , . 

Qi. This gives rise to a cplitting between ~(+ + +) and ~(± ~ ±) of A, 

someti-mes referred to as the tunnel splitting. It is important to note tlu•.t 

~(trr;,_;) are stCJtion:>ry solutions to the Schrodingcr equation iu the ~lb!:':encc of 

a rel.:.:·:ation Hamiltonian; hence, the states ~(tnm) can be considered coherent 

in the absence of some 1:claxation. Adcl~tionally, 

becau:;c th~ ljJ(+ - +) <11-d ~.'(- -:· -) ::.;tate~: 

iuvolve line<l): corcb:in~ttionc of the ckgc;:tc.J.:ntc ... ,.~~ct; in the tet:co::~on:-•JJy 

diffc1 <:!.J.t f:rcm ljl(t- ·!· -:). l·h:y::. j ccJ.ly ~ \,'C! c: ·p~c:.t: ti:;:t the oc:::i.ll.::tor 

stren£1:h: f (Q.mn) ~ result:i!ll:; from spir:.-c:::-bi!: co~pl:!.t.g and l"C8!-'un~iLl~;;: LOr 

3 . ' 3 . 
phosphorescence from the Vi ( + - +) and ~ (- + :-) c tatcs, Hill be the sc!w.~ in 

3 . 
firr.t onkr.·, but d:lffercrd: frc1:1 the ~(+ -:· +) state. Add:LL;;.o~1-..1ly, we c:;q><:~ct 

·the spin-orbit contributions to the zero...:field electron spin Hamiltonian for 

the c1l.pol:1r splittinr;, ... ~hich 3 :i.n off-dia~:;onal, to lw di.ffere~1t for 1/J{-:- + +) 

~ fo! th;.~.J_lalr, 3~1(+ - +) and 31/J(- + -); hence, th(! ze:r.o-fi.cld sJ?_Lf.t!~~~~ 

~' D, for the t-vm electrons in the center lvill be different for 
3~(+ + +) 

3 3 
than_for:._the 1./J(+ - +) and ljJ(- + -:-_) states. Therefore, in first order tl1e 

zero-field splitting is D(+- +) = D(- + -) ~ D(+ + +). Similar arguments 

have been applied to the zero-field splittil~gs of coherent Frenkel exciton 

9 9 
k states and used to elucidate properties of coherent wavepackets. 

11 
Coherence and the promoting mode responsible for the dynamic 

·Jahn-Tellcr effect tn F centers have been considered, and the optical detec-

12 
tion of F ceP.ter EPR in CaO in high and interr.1ccliate fields has been observed:-
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However, the observation of the dynamic Jahn-Teller effect has still eluded 

invcst.ir;ation. 

To d2monstratc the pm·ler of appl?ing zero-field Pi'~Im to ionic solids, 

Fig~rc 1 diasrammnticall.y illustrates the problem wl1ilc Figura 2 (~-1) 

presents t.li.c c.~;perine:ntal data on the F center :Ln CaO. These incluC:e: 

·the· emission (2E) 

- I 
! 
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and PNDR spectra in zero-field (2F; 2G) and 50 gauss (2H; 21) at 1.5°K 

monitoring ~:he zero-phonon 13 origin, (0,0), in addition to the omm. results 

at 0 (2A), 10 (2n), 20 (2C), and 5G (2D) causs. 

14 
CaO cryst<lls u<JC prepared by :u1c.aU.vc colon:tLcin · nnd lwei <::1 F center 

17 0 
concentration of 5 x 10 ccnters/cc. CnO was excit~J with the 3100 A reLion 

. 13 
of a 100 watt high pressure Hg-Xe lamp. The zero-phcnon origin was isolated 

by a 1 meter spectrometer. Other e~periruental details are essentially the 

same .:w repartee cRrlicr8 except th<.:t clwn::;es in J;l:Lcl:o~Jc.~vc induced pho~_, .. 

phorcnccucc ~as phase detected at 105 cps. 

1G7 r: 5 '"' · ''1 a' 1( i>r; 7 --;; .. r"' .. SI1_ cct·.J·."r.·l'\;' ·(c{'. ·J.'~.·.nur·e ('~__:·.')). ·'· n .. :-~ u.l . l;lvo J •• a,:. -'· -~ .I 4 ·'u ~- •. 

emi.ssi.on is coincicl--~nt ~,·ith the m;1~_2-~~ 5n the PI·!DR Sr.5_':.r.trum. On the other 

hand, t!te PHJiR F'p~c1:r11:u of w (:t' :j.. :!:) (2G) yields t~w pc.:J!r:~ r.;~r,:m.etd.c;,lly :.:pl:!..f: 

. -1 
from w(+ + +) by about 4.2 ± 0.2 em- • Moreover., the microwave induced 

change in phonphoJ.·cscence increases for w(+ + +) and clccrec:.ses for w{~ + '±) 

indicating the oscillator strengths f(+ + +) -:1 r(± +:).and the populations 

of the stationary Jahn-Teller states are different. In the zero-field ODHR 

spectrum (2A) the zplitting between the two cor.1ponents is 21 1-ffiz and 

. . . -1 
corresponds to 2.1 ± 0.1 em in the unresolved optical spectrum. This means 

that the Jahn-Teller splitting or "tunnel splitting" is b. = 2.1 ± 0.1 crn-l 

The fact that all three splittings are resolved in the PMDR spectrum 

(2F; 2G) means that the Jahn-Teller states are coherent in zero-field. A 

15 'min:i.mut:\ coherence time can be established from exchange theory l-7hich states 
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that intermediate exchange is given by the condition,· [w(:!:' + ±) - <.1)(+ + +) ]1 

1. The coherence time, t, in CnO is thetcforc longer than 5 x 10-B seconds. 

Tltus, coherence persists in the Jalm-Teller st.:;t:es in zero-fieltl at least 

6 x 103 time~ longer tl1L:n that associated \11th the stocl1c,s tic 11 random11 

incoherent limit, ,,,hich is given by (2l'l) -l seconds. The cohercn:.:c is 

associated w.Lth only one point in the full t:i:.::e ·correlation function~ 7 namely 

5 10-8 .. d x secon s. 

From another point of vieu) :i.f \'7C assu,'>2 that the: l:in.~wldthl:i at h:::.lf 

3 
secon~ls for the ~r(-:- + -:-) --7 3 

and 1 x l(J e:econ~::: for the ~J(+ - +) and 3 
~~ (-- -:- -) 

can be obtnincd. I~ this c~sc the ~ohcrcncn iG perniGtcn: ~t least G x 10? 

and 4 x 103 times .the stochastic limit for tl1~ 3~(+ + +) nnd 3~(± ~ ~) RtAtes . 

. -7 • 
respectively at 10 seconds in the time correlation function. Since CaO 

cont<.:ins no nt•c:lci thL~t have nucJ.c~:;: cpirw, apart from': 3c~, (0.1]/.:), it :i.i.; 

unlikely that hyperfine interactions {an inhomogeneous term) would be important. 

The coherence time could be l01i.r,er hm·;cver if. small crystccl straint: result i.n 

field, applie:J at approximately 45° tO the (1 0 0) face, tlie OD!-U\. ~pl~Clra 

appear intermediately exchanged, not at zero·-field, but at about 10 gausa (2n) 

and the microv1ave in~uced change in phosphorescence associated \-lith w(+ + +) 

changes sign completely by 20 gauss {2C). This is simply because by 20 gauss 

the Jahn-Teller states are in an exchanBe limit on a time scale faster or com­

parable to the excited state lifetinies13 (3 x 10-3) of the 3~(.£.mn) states. 
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(2E; 2F), it is qui te~~ible th:1t the coh0.rcn~:e t:in·~ could ne.r? .. ::: .. ~_aclt- Ut£. 
( 

with smal~ Zeeillan energies (0 - 20 gaus.:.). Til';~ J t.>::~o of coherence cot:]_,_. alr;o 

3 be decayin& via some other channel, ap::tl:t frorn ~;cattcr:l.nD bctuecn th2 ~J(tnJ.t) 

-states themselves. The loss of coherence via Zeeman terms, however, can be 

established. By 50 gausG the zero-~iclu deger • .:r<;.te p.:-51: o£ spin subleve-ls, 

w' and w' '~ are clc'!ad.y rc:.;olvable (2D). J.urt:h~n1ort::, tlte system is :i.n tl;e 

fast c;:chance limit ·since the line:; <.H;cociatcd \r.t.Lh w' (-;- -: -:-) an.cl (;/(i" ·"i- ~:), 

Hhich m.:e: no:1 mJ.xcd together by tlw Zc·C!P::n {:;clc:, ~:rc t::~rro'x~r·. P:ir;nJ.::~ 2·,) 

shO\iS th.::i.: W' (+ + +) and uJ' (-::: .{.. ·_::) h.:-:.vc lin(~\-.r::dtk; .::.t }![,lf hc::i[;hU: of 8 Frlz, 

Finally n rnnn o~1 u1' (+ + ·1-) Dnd tJJ' (~ ~:: ~) nt 50 gat'c.::> (/.l:> 2I) co~t.C:i.r;::. t!1;~;: 

under the influence of a small Zeeman field~ t\'hich mi xe~ thf' ze:r:-n-fir· 1 d ~nin -" --.. 

. 3 3 3 
eieenfunctions of the three states, ~1(+ + +), ~1(+ - +), and 1/J(-- + -), the 

· 1 · · · J •· ·o-3 
statc.s c..rc 110 onr,u: CO!!C:T.cnt on ~ t:n.::: sco .e ex 1. Tld.s i.s 

established by the fact that the·maximum in the PMDR (2H; 21) and the maximum 

in· the phosphorescence emission (2E) ?re coincident due; to fast exchcnr,:: 

relative to the F centers excited state lifetimc(-3 x 10-
3 

seconds) for 

both Zeeman split sites. 

In summary, we have demonstrated (a) the first PMDR in ionic sol:tds, ' 

specifically, PNDR in ·the triplet F centers of CaO; (b) obtained the Jahn-

Teller splittings for the center; (c) zhovm that the states are coherent for 

times at least 103 exceeding th~ stochastic limit, and possibly appro~ching 

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

· that the mixing of the sptn eigenfunctions of 
31/J(+ + +), 

31/J(+ - +) anrl 
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3 . . 
~(- + -) is responsible for the loss of coherence as a function of field, 

because it introduces nc-.·7 off-diagonal matrix .elen!ents in tlw zero-field basis. 
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Fj . .f!ure Captions 

Figure 1: Scher.wtfc diagram of the pdnciple:.; used to elucidate the.: dyn~lillic 

Jahn-'.l.'eller effect usinG PHDR. 

Figure 2: ODHR results (2A-2D) and I'HiJR spectra (2TI-2I) in F cente1·s of CaO. 
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PMDR IN COHERENT JAHN-TELLER SPLIT F-CENTERS 
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any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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