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Influence of hydrostatic pressure on the Jahn—Teller effect
in the 4T2g excited state of CrCl 2" doped Cs ,NaScClg

Oliver S. Wenger, Rafael Valiente,® and Hans U. Gldel”
Department fu Chemie und Biochemie, UniversitBern, Freiestrasse 3, CH-3000 Bern 9, Switzerland

(Received 3 May 2001; accepted 31 May 2p01

The4T29—>4A2g luminescence of a 4.1% €t doped CgNaScC}, crystal is studied as a function of
hydrostatic pressure at room temperature and 15 K. The vibrational fine structure observed in the
low-temperature variable pressure emission spectra is analyzed with a two configurational
coordinate approach, involving the totally symmetig and theey Jahn—Teller normal coordinate.
Increasing hydrostatic pressure is found to reduce the tetragonal distortion of ttfe Gn@lin the
eIectronic“Tzg state resulting from the Jahn—Teller effect. Additionally, pressure impedes expansion
along thea, 4 coordinate of the Cr@T complex uporf"Azg—>4ng photo-excitation, and thus has a
greater influence on thT,, excited state than on tH&\,, ground state. The absolute *C+Cl-

average distance reduction upon increasing pressure is estimated using a simple point charge model.
© 2001 American Institute of Physic§DOI: 10.1063/1.1387038

I. INTRODUCTION quite thoroughly investigated in various ambient pressure—

_ ) i low-temperature studies, involving materials such as
In recent years, the optical spectroscopic properties o&r(NHg)e(C|O4)2C|,14 Cr*:CsNaYCly,° as well as the title

N . :
Cr*" doped materials U“é‘f,f high pressure have been of o mpound Again, the relatively large amount of available
tinuing interest. Indeed C is probably the most thoroughly - oy perimental data has stimulated theoreticians to calculate
studied transition metal ion in the field of optical high- iha influence of the Te Jahn—Teller effect on tHeT,, po-
; g

pressure spectroscopy. So far, the rgsearch interests haye\iial surfacd’18 There are mainly two reasons why this
been mainly twofold: So-called strong-field Crdoped ma-  offect has not been studied experimentally as a function of
terials which exhibit sharp line emission from the electronlcpressure up to now: First, the occurrence of sufficiently well-
2 . . . . . 1
Eg_ state have been_ studied with respect to their pqtentlal a%solved vibrational fine structure in the 3Cr T, — A,
optical pressure calibrants. The ruby {GAI,0;) lumines-  oission, an essential prerequisite for the Jahn—Teller analy-
cence wavelength shift has become a standard method fQfs s restricted to few selected host matrices. Second, most
pressure gallbratloh‘. Ir_1 a search for alternatlvis to ruby, pressure studies done so far were performed at room tem-
the materials alexandrite (@FBeAI%O“) agd CF#* doped perature where the luminescence is broad and structureless.
YAG (Y3Als0;9) have been |nve§t|ga3té‘d. On the other \yjh cr3*:Ccs,NaScCh we have chosen a material which is
hand numerous so-called weak-field°Crdoped materials 5, efficient'T,, emitter in the whole 10-300 K temperature
were |nvest!gated with hlgh-pressure technlques. Iq such SY$ange!® allowing us to study the pressure dependent lumi-
tems '[here4 is a przessure mdu.ced crossover in the first excitgthscence properties at cryogenic and ambient temperatures.
state from'Toq t0 “Eg, and this manifests itself in a change A 15 K the luminescence exhibits vibrational fine structure,
from broad band to sharp line luminescence. Typical materiy,e influence of pressure on both tag, ande, distortions
als which exhibit this phenomenon at moderate pressures agg pe CrCE™ unit in the®T,, excited state can be analyzed

g :

H . 7 —+ . 8
flurg+r!de3 S“Ch9 as CrKZnF;" Cri:KMgF;® and  rpe pressure induced blue shift of tfig,,— *A,, emission
Cr3+:K2NaGaI%, but also some selected oxgss such asp, this chloride lattice is compared to its pressure dependence
Cri:GSGG (Gd;SGGa0;) or CrLLGG iy the fluorides and oxides, which are the materials that have

11 i
(Laglu,Ga;0,,). ™ The extensive research efforts devoted t0gq far heen most frequently investigated with high-pressure
this area have motivated theoreticians to calculate and mOd?échniques.

the effect of pressure on the electronic structure of th& Cr

ion.}? Other aspects of &f spectroscopy under high Pres- || EXPERIMENT

sure such as the effect of pressure on the exchange interac-

tion in Cr* dimers have received significantly less The crystal growth is described in Ref. 16. For all mea-

attention'® Another important aspect of &F which to our ~ surements a crystal with an effective®Cdopant concentra-

knowledge has not been investigated experimentally so far, ion of 4.1% was used. The ambient pressure 15 K absorp-

the influence of hydrostatic pressure on the Jahn—Teller etion spectrum was measured on a Carg %Varian

fect in the electronié T, state, although this effect has been spectrometer, and the sample was cooled in a He closed-
cycle cryostat(Air Products Displex The ambient pressure

dpermanent address: DCITIMAC, Facultad de Ciencias, Universidad de7, K emission spectrum was recorded using a sample with a

Cantabria, 39005 Santander, Spain. size _of about 5 mm3 mmx3 mm. Excitation occurred with
PElectronic mail: hans-ulrich.guedel@iac.unibe.ch an air-cooled Ar laser(lon Laser Technology, max. output
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FIG. 1. 15 K*Ay—*T,y, 2E4 absorption(right) and 7 K *T,—*Ay,
emission spectrurfieft) of 4.1% CP":CsNaScC} at ambient pressure.

he d . isted of /the applied pressure occurred with the ruby R-line lumines-
50 mW) at 514.5 nm. The detection system consisted of a 3%ence method.Up to 44 kbar the ruby R-line luminescence

mra?ilrr:gIéorgonﬁ)%ryggﬁt,;;ﬁgu;pﬁe& derlti?roa (ZnSC():or:)T; dblg(zae howed no significant broadening, indicating that the pres-
9 g g q g sure stayed hydrostatic. Cooling of the whole pressure cell

detector(ADC 403L) connected to a lock-in amplifiglSR qi iate h built H f Jat
830). Sample cooling was achieved with a He gas flow tupe2CCurred in an appropriate homebuilt ie gas flow cryostat.

technique. The excitatipn source and the dete_ction system for the
The pressure dependent emission spectra were obtain§gMPI€ luminescence was as described above. The ruby
from a sample with a size of about HOnX50um R-line luminescence was recorded with a RCA C31034 pho-
x50um enclosed in a homebuilt gasketed sapphire anvifomultiplier tube connected to a photon counting system
cell}® Berylco gaskets with a 30g@m diameter hole were (SR 400.
used. Due to the slightly hygroscopic nature of the  All luminescence spectra were corrected for the wave-
Cs,NaScC} material, Merck spectroscopic paraffin oil was length dependence of the sensitivity of the detection system
used as the pressure transmitting medium instead of the mosad were converted to photon counts versus energy using the
commonly used methanol—ethanol mixture. Calibration ofprocedure described by Ejd@r.

(a) experimental (b) calculated

1 bar

11 kbar

FIG. 3. () Experimental 15 K*T,;—*A,, emission
spectra of 4.1% Cf :Cs,NaScC} at various hydrostatic
pressuresb) Simulated emission band shapes based on
Egs.(6) and(7) and the parameters given in Table II.
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IIl. RESULTS TABLE I. Pressure induced band maximum energy shift rates of tfié Cr
4T ,4—*A,4 room temperature luminescence of various Eroctahedral
In the left part of Fig. 1 th 7 K ambient pressurél,, units in some selected host lattices.

—*A,y luminescence spectrum of 4.1% 3Cr doped

Shift rate M3T—X distance

CsNaScC§ is shown. Vibrational progressions in two -, .cidered species Host lattice [cm™Ykbar] A)
CrCIg’ local modes are observed, and they have previously

been identified as,, and e, normal modes? In the right Crog- GdsGa0: ig: fi-g
part of Fig. 1 the 15 K ambient pressure absorption spectrum ggfg* '\C'a;"\r:;Ls'éEf s ;2:5

of 4.1% CP":CsNaScC} in the spectral region of the
*Agg— T,y and*A,,—2Eg transitions is shown. 3From Ref. 10.
Figure 2 displays the pressure dependence of'Thg 2';“_’”1 Ref. 31.
—“A,, emission band maximum at 15 (¢ircles and 300 K his work.
(squares Upon increasing pressure the emission undergoes
an overall blue shift of 19 Cﬁ'11/kbar at 15 K and 28 The 4A29<_74T2g transition is magnetic d|p0|é\/|D) al-

cm“/kbar at 300 K, as emphasized by the solid lines in Figowed and electric dipoléED) forbidden. It has been shown
2, which are linear regression fits to the experimental data.that its main intensity derives from a vibronically induced
In Fig. 3@ the 15 K*T,;—*Ay, luminescence spectra £p-mechanism. They, andt,, normal modes of the CréT
at ambient pressure, 11, 22, and 44 kifeom top to bottom)  octahedral unit have been identified as the dominant enabling
are ShOWﬂ. Due to the Sma” Sample Size and the geometry %Odesj:e'ZA' On each Of these as We“ as on the Weaker MD-
the enclosing pressure cell used in this experiment, the deyrigin(s), vibrational progressions in the,, and e; modes
tection limit of the Sample emission was relatively h|gh andare bu||t These progressions reﬂect a distortion OfAfhﬁ_;
the monochromator slits had to be opened. Thus the resolitate along the, andQ._ nuclear coordinates relative to
tion of thesg spect.ra is |nstrumgntally limited. Neverthelessme 4A29 ground s’?ate, i.e.,ga totally symmetric and a Jahn—
Some \{|brat|onal fine structure is resolved. Note th?t UPORrg|ler distortion?® The orbital degeneracy of tﬁ‘é'zg state is
increasing pressure there are remarkable and very significagis,nsible for the occurrence of a Jahn—Teller effect in this
intensity redistributions within this luminescence band. electronic staté®2’ Previous ambient pressure studies on the
Jahn-Teller effect in the €f “T,, state in various host ma-
trices show that this is a puresie Jahn—Teller casé 162324

IV. DISCUSSION

A. The Cr3* %A, T, transitions at ambient B. Pressure effect on the *T,,—*A,, emission band
pressure maximum; Estimate of the compressibility of

3_ . . .
In the CsNaScC} elpasolite host, CF is exactly octa- the CrClg™ unit with the point charge model

hedrally coordinated by six chloride anions. Chloride is a  The 4ng—>4Azg luminescence transition involves an
weak field ligand’* and therefore, under ambient pressureelectron promotion from the strongly antibondieg-set of
conditions the“Tzg origin lies about 2400 cit below the  d-orbitals to the weaker antibondirtg,-set, and it is thus a
2Eg origin, see Fig. 1. This fact enables us to study the effecimeasure of the octahedral ligand field paramet&dLat the
of pressure on the pur"él’zg—>4A29 luminescence transition equilibrium geometry of the emitting state. Pressure de-
over a large pressure range, before the pressure inducesceases the ¥ —ClI™ distances and thus increasesDH0
crossover in the emitting excited state frd,q to °E4. It~ Consequently, théT,,—*A,, emission band maximum is
has been demonstrated for3CiICs,NaYCly that first evi-  expected to undergo a blue shift upon increasing preg&ure.
dence of this crossover occurs at pressures above 8%4barThis is exactly what we observe experimentabge Fig. 2
This is in contrast to Cf doped fluoride and oxide weak- In the 1 bar—50 kbar pressure range the emission band maxi-
field systems in which the ambient presséWQg—zEg en- mum undergoes a linear blue shift with rates of 19 and 28
ergy separation is typically on the order of a couple of huncm Ykbar at 15 K and room temperature, respectively. For
dred to about a thousand wave numbers. Even though oxidesir simple analysis we neglect the pressure dependence of
and fluorides are somewhat less compressible than the chlthe vibrational frequencies involved and assume linear cou-
rides (see Sec. IV B this typically leads to a significant pling, i.e., the same frequencies in the ground and excited
amount of2E,—“A,, luminescence already at moderately states. This has been proved reasonable for other sy$tems.
low pressures of about 20—40 kidf The linear regression fits in Fig. 2 clearly show that the
The 15 K ambient pressufe!\zg<—>4T2g absorption and pressure dependence of the emission band maximum is far
emission bands in Fig. 1 are almost mirror images. Differ-stronger at room temperature than at 15 K. First we have to
ences, in particular the better resolution of the emission speconsider the following effect: In contrast to 15 K, at 300 K
trum, are due to the splitting of the electror“ﬁlf‘,zg state inits  there is a significant population of thg, andt,, vibronic
four spinorsl’;, I'g, I'g, andIl'g, whereas théfAzg ground levels of“ng. Therefore, at 300 K, there is a contribution to
state does not splf:?*Consequently, in the 15 K absorption the observed blue shift from the pressure dependence of the
spectrum we observe a superposition of four essentially unt,, andt,, vibrational energies iﬁng. Assuming a pressure
resolved absorption bands. Iretii K emission spectrum this induced shift rate of 0.5 cit/kbar for thet,, andt, vibra-
is not the case since only the lowest of the fémgg spinors  tional energie$? and taking the 300 K Boltzmann population
has a significant population at this temperature. of theset,, andty, vibronic 4ng levels into account, we

Downloaded 13 Aug 2001 to 193.144.179.145. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



3822 J. Chem. Phys., Vol. 115, No. 8, 22 August 2001 Wenger, Valiente, and Gudel

estimate that this effect only accounts for 10% of the in-From Egs.(2) and (3) the following relation betweery and
crease in the shift rate between 15 and 300 K. Dq is obtained:

We conclude that the compressibility of the GfClinit b
. : o i q
in the electronlé‘ng state at the two temperatures is signifi- d In(—)
cantly different. Two factors determine the compressibility of x= § ) Dao @)
CrCE” in this lattice: The compressibility of the @¢aScC} 5 dap

crystal it.self, i.e., a bulk propfar.ty of the host mqterial. The 5 plot of the experimental Ig/Dq) values versus pressure
second is the local compressibility of the C%C,l“n't' BOth b (not shown and a linear regression fit to these data yields
these compressibilities decrease with decreasing temperatu[\et 9.7.10 *kbar ! for the 15 K andy=1.47-10" 3 kbar .

but not necessarily with the same rate. The decreasing congs; yhe room temperature compressibility. These values can

pressibilities are a result of the decreasing inter-ionic dis;, . be used to estimate the decrease of the CEI™ equi-

tances with decreasing temperature. And these are usualy,m distance as a function of pressure. The relative de-

attributed to anharmonicities in the inter-atomic potentials. In. o556 of metal—ligand bond length&/R is related to the
NaCl a lattice contraction of 0.1% between room tempera’compressibility by’

ture and 4.2 K has been report&d.
It is interesting to compare the pressure dependence of ﬁ_ X P ®)
the CP* *T,,—%A,, emission energy in Ct:Cs,;NaScC} R 3
with Cr*" doped oxides and fluorides. Table | shows that in,, . B B 16 .
Cr*:GdGa0,, and CP*:Nagln,LisF;, at room temperature With P=44kbar and R=25A"° we obt.am AR
. h : : =—0.036 A(15K and AR=—0.054A(300K), i.e., a re-
this emission undergoes a pressure induced blue shift of 18 ) + Z I .
1 . _ . uction of the C¥"—CI™ equilibrium distance by 0.036 A/
and 15 cm Y/kbar, respectively, compared to 28 chkbar in 0.054 A at 44 Kbar
the title compound®?! The increasing shift rate along the ™ '
series oxidefluoride<chloride reflects two facts: First, the
bulk compressibility increases along this series of materials.
This trend is continued to the heavier halides, and it is wellC. Intensity redistributions in the 4ng—>4Azg
documented for example along the series NaF, NaCl, NaBgmission band with pressure: Effect on force
Nal3? Second, the GF —X"~ distances also increase along constants and Huang—Rhys parameters

the series oxidefluoride<chloride (see Table), and this is In the previous section we have only considered the

known to increase the local compressibiftty. ___band maximum energy shift of tH& ,;— *A,4 luminescence

Based on the data in Fig. 2 we now attempt to estimatg,ang. The experimental data in FigaBshow that in addi-
the effective compressibilityy of the CrCf unit in- +ion to the blue shift of the whole emission band upon in-
CsNaScCh from the pressure dependent emission bandiyeasing pressure, there are significant intensity redistribu-
maxima. This is a commonl)é4used procedure to estiyate  {jons within this luminescence band. A profound analysis of
transition metal complexes:* For this purpose we use the the emission band shape as a function of pressure is the aim
Zradltlonal point charge modéf, and thus we neglect the f this Section. As mentioned in Sec. Ill, the resolution of the
T2y Jahn—Teller distortion for the moment. Approximating spectra in Fig. @) is instrumentally limited. This becomes
the CI" ligands as point charges, the octahedral ligand fieldy,yious after comparison of the top spectrum in Fi¢g) 3
parameteiDg can be expressed‘ds with Fig. 1. Thus, what in the pressure dependent spectra

7.62.(rh appears at first sight as a regular progressioarianormal

Dq= Lrshd (1) mode, is in reality the result of a superposition of a vibra-
6-R tional coupling of the'T,,—*A,, transition totwo normal
modes, namely, 4 andey built on several vibronic origins,
see Sec. IVA. This is why none of the spectra in Fi(p) 3
can be modeled within a harmonic single configurational co-
ordinate(SCQO picture3®

In order to quantify the simultaneowas andey distor-
tions, we use Heller's time-dependent theory of electronic
spectroscopy>*® This approach is superior to a Franck—
Condon analysis as soon as multiple distortions between two

i.e., Dqis proportional toR™°, whereR represents the metal
(Cr*h)—ligand (CI) distance. A dependence closeR® has
been obtained theoretically for GfF in fluoroelpasolites
using a Molecular Orbital descriptiohi.Since we are consid-
ering 4T29 emission we are dealing witlDqg of the relaxed
“T,4 excited state. From Eq1) it follows thatDq is propor-
tional to V™3 whereV is the volume of the octahedral

37 .
CrClg" unit, and consequently we obtin electronic states occur. It calculates the temporal evolution of
D 5 Vv the initial state eigenfunction on the final state, and this is
|n(_q> =——-In(—)+constant, (2) ~ mathematically described by the so-called autocorrelation
Ddo 3 Vo functior’®
where the zero subscript denotes ambient pressure quantities B . i@t
The definition of the compressibility is as follows®? (dld(t))=ex ; ~Se(lmexp—i o)) =
1 (dVv din(V) .
SN (el B —i-Ep-t—A2-t?}, 6
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TABLE II. Summary of the parameters used to calculate the spectra shown in(BjgVibrational energies
h-v of thea,, andey modes of the octahedral C&ZI unit and the respective force constafitsluang—Rhys
parametersS, energy of the zero-phonon transitiéfy and damping factoA [see Eq.(6)] as a function of
pressure.

P/kbar h~valg/cm’l h-veg/cm’1 fa,, INFM] - fe, [N'm] S,

oy S, Eo /emt  Alem?

0.001 298 236 185.7 116.5 1411 1.445 11974 40
11 303 241 192.0 121.5 1.345 1.353 12158 42.5
22 311 249 202.3 1295 1240 1.264 12308 45
44 322 260 216.9 1914 1.095 1.115 12745 52.5

whereS, is the Huang—Rhys parameter for the normal coor-experimental spectra, and therefore, our assumption is rea-
dinatek andE, is the energy of the zero-phonon transition. sonable. We further assume that the intensity ratios between
A is a damping factor which determines the width of thethe individual false origins and their associated vibrational

individual vibrational lines, and its physical meaning is aside bands do not change in the 1 bar—44 kbar pressure
relaxation into other modes or into the thermal B¥tithe  range. This is justified by the fact that these ratios do not

emission spectrum is the Fourier transform of the time do<hange significantly between the spectra of @T@h various

main function chloride elpasolite host lattices in which the chemical pres-
B sure on the G dopant ion is significantly differertf:16:23
l(0)=C- 03 f expli-w-t)-(p|p(1))-dt, (7) Finally, we assume that the pressure induced shift ofthe

andey vibrational energies is identical. The pressure depen-
wherel () is the intensity in photons emitted per unit time dent Raman data from &r.CsNaYCls and CP*:K,NaSck;

at frequencw' C iS a constant. We have previous|y used thispresented in Ref 42 demonstrate that this also is a reason-
approach to model the 7 K, — *A,, emission spectrum in  able assumption. o

Fig. 11° The a4 ande, progressions built on four different For the actual fit procedure we thus have five indepen-
origins were calculated: the MD allowed';(*T,,)  dent fit parametersiA,E,,S, .S, Av [where v, (P)
—>F8(4A2g) origin, and the ED vibronic origins induced by = valg'p:o+Av- P and veg(P)z veg’p:O+Av- P]. In this
thety,, ty, as well as the;, modes of the Cr@l unit. Their  section we are interested in the latter three. Since we have
relative contributions to the total emission intensity werewell defined starting values for all these parameters, i.e.,
1:8.2:9.5:5.3, respectively. The ambient pressure £r@  their ambient pressure values, such a five-parameter fit for
brationala,4 andey energies are 298 and 236 Chirespec- the 11, 22, and 44 kbar spectra in Figa)3is reasonable in
tively. Using the above ratios and vibrational energies weview of their resolved fine structure. The results of these fits
calculated emission band shapes using Egjsand (7). The  are shown in Fig. ®), and their agreement with experiment
best fit to the experimental spectrum in Fig. 1 was obtaineds generally very good. Both the energy shifts and the change
with the parametersE,=11974cm?, Salg=1.411, Seg in the intensity distribution are nicely reproduced. All fit pa-
=1.445, andA =16 cm %.1° rameters are summarized in Table II.

We used the same parameters to simulate the less well The vibrational energies of tha;; and e; modes in-
resolved ambient pressure spectrum in Fi@) 3top trace,
except forA, for which a value of 40 cm' accounts for the
instrumental broadening. Thus loses its original physical
significance here. The result of this calculation is shown in
the top trace of Fig. ®). The agreement with the experimen-
tal spectrum, in particular regarding the intensity distribu-
tion, is very good as expected.

The same set of parameters was then used as starting
values for fits with Eqs(6) and (7) to the experimental 11,

22, and 44 kbar spectra in Fig(a3. In order to avoid over-

parametrization, we made the following assumptions: First,

we neglect the vibrational side bands on fhg MD-origin

since they account for less than 5% of the total intensige

above, and secondly we assume that the energies of.the

t;u, andt;, modes have identical pressure dependences. 1'0 2'0 3'0 4'0 5'0

Pressure dependent data on vibrational energies of u-modes Pressure / kbar

are scarce. Reference 22 shows thatttheandt,, vibra-

tional energies of Cr@T in Cr3*:CszNaYCI6 increase with  FIG. 4. Pressure dependence of the yiprational energies @, thed) and

0.3 and 0.8 cY/kbar. Up to a pressure of 44 kbar this will S (£ normal modes of the Cré1 unit in CsNaScCY, These data were
= T extracted from fits with Eqs(6) and (7) to the pressure dependent 15 K

only lead to offsets of about 20 crh between individual 4T ,4—*A,q emission spectra in Fig(8. The lines are linear regression fits

false origins. This lies well within the resolution limit of our to these data with slopes of 0.55 chkbar.

1

Vibrational Energy [cm™
YW R W W
£ & © ]
T T T 2%

<
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TABLE Ill. Changes of the equilibrium geometry of the CEClunit in the 15000
4ng first excited state relative to th‘bAgg ground state as a function of

external pressureQ,, and Qeg are normal coordinateXeq, Yeq: Zeq are

Cr™—CI~ equilibrium distances in théngg excited state relative to the 14000
4Azg ground state. The pressure dependence of the Jahn—Teller éngigy
given in the last column.

1 bar 1 bar

13000+

Energy [cm!}

AQ.’:\lgeq AQegeq Axeq,Ayeq Azeq
P/kbar A) &) A) A) Ejr/cmt

0001 0095 -0108 0076  —0.024 341 12000- | |
11 0.092  —0.103 0.067  —0.022 326 N n
22 0.087 -0098 0064  —0021 315 @) I I )

44 0.080  —0.090 0.059 ~0.019 290 i t
11000~ 1 I — I T I

°Differences to the values in Ref. 16 are due to a calculation error in the -0.2 0.0 0.2 04-04 -02 0.0 0.2
respective reference. Qqy [Al Qe [A]

FIG. 5. Single configurational coordinateCQ diagrams showing thfeT2g
crease linearly up to 44 kbar with 0.55 CWkbar. This is  excited-state potentials at ambient pressure and 44 kbae)fthe a;4 and

illustrated by the linear regression fits to th§ Ve data in (b) the &4 normal coordinate. The zero poin_ts_ for the two coordinates cor-
1g° “g respond to thé‘A2g ground-state potential minimum.

Fig. 4. The increase of vibrational energies at higher pres-
sures is usually explained with the increase of the force con-
stantf of a given potential energy surface as the metal—

ligand distance gets shorter. Ouglg,veg shift rate of 0.55 stantsfal and feg can be calculated. Input data are the

_l —_— . g
cm /kbar fo[lC:rCE in CsNaScCh compares to shift rz;tzes vibrationala, 4 andey energies for the various applied pres-
of 1.1/1.2 cm “/kbar for these modes in Er.CsNaYCls. sures in Table II. At ambient pressure these force constants
The bulk compressibility of the GRaScC§ and CsNaYClg afefal —185.7 N/m and, =116.5 N/m, see Table II. Up to

) ; . o 5
materlals 'S ““"T‘OW”- Hc_>wever, since thesg are bO“lM kbar they increase by 17% and 21%, respectively, indi-
isostructural chloride materials, their compressibility is as-

. ; ) cating that theg, force constant is more susceptible to pres-
erj]rg]eei;o;)e d?;fe?eil:rz”?r: \:\rﬁ alt;rclglufotrze :Zg;?g”?[f sz'ﬁtiz sure thana,q. The absolute equilibrium displacements
P Y | AQyeq Of the electronid T, state relative tdA,, along the

3_ . . . 1
CrClg~ unit in these two host matrices. It has been demonalg ande, coordinates can now be calculated with Eg).

strated for ruby that in cases where the dopant ion is IargeAS shown in Table IIl, we obtailAQ, |..=0.095A and
’ agleq .

than the host ion it substitutes, the local compressibility aﬁA - A f bi q Kb
the impurity site is lower than in the bulk of the hd3t“For Qe,leq=0.108 A for ambient pressure, and up to 44 kbar

the other situation of a smaller dopant than host ion, wdhese values are reduced to 0.080 and 0.090 A, respectively.
therefore expect a higher local compressibility of the impu-Based on group theoretical considerations and'Thg wave

rity site than bulk compressibility. From the ionic radii of functions, it has been demonstrated that the sighQf, is

Cr** (0.615A), S¢* (0.7454), and ¥* (0.900A)* we  positive, whereas the sign afQ,_is negative:*4748 We

thus expect a higher local Crl compressibility and a

stronger pressure dependence of the vibrational energies in

Cr**:Cs,NaYCls than in CF":Cs,NaScC}. The reduction of

Sfor botha,4 andey modes with increasing pressurEable e 010
I1) is a manifestation of the fact that pressure reduces the % @
expansion of the Cr€l unit upon photo-excitation from <>{ 0.05
Az 10 4T,g, and this will now be quantified. An insight into ég
the microscopic origin of th&dependence upoR is given 0.00
in Ref. 35. « O ©
~5-0.05
N
D. The equilibrium geometry of the CrCl 3~ complex in <
the *T,, excited state as a function of hydrostatic '03"1184 ®)
pressure P> -
. . . . . S 300
In a simple linear harmonic coupling picture, the = |
Huang—Rhys parameter characterizes the relative displace- = 260
. 8 L ' L ] L I LU L l LI I I
mentAQ of two potentials 0 A " A - s
fi- AQE Pressure / kbar

8

~2-h- vy FIG. 6. (a) Equatorial Ax,Ay) and axial Az) equilibrium distortions of

. . . . the CrCE™ unit in the 4ng first excited state relative to th‘a‘\zg ground
This picture assumes harmonic initial and final state potenstate in C#*:Cs,NaScCh as a function of hydrostatic pressure at 15(K).

tials, as well as identical force constafnt®r the two poten-  Pressure-dependence of the Jahn—Teller stabilization energy in
tials. Using the FG matrix method in Ref. 46 the force con-Cr'":CsNaScCh
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summarize the effect of pressure on thg andey potentials  shows that for both tha,, andey mode the dominant pres-

in 4T29 relative to 4Azg in the simple SCC diagrams of sure effect is a vertical displacement of the excited-state po-

Fig. 5. tential to higher energy. This is with respect to the ground
For the further treatment of this Jahn—Teller problem itstate potential, the minimum of which defines the origin of

is sufficient to consider one single orbital component of thethe coordinate systems in Fig. 5 at both pressures. The main

eIectronic“ng state, i.e., for exampIéngf.14’47Although effect of pressure is thus an increase of the vertical

each of the three orbité‘trl'zg partners(¢, #, ) distorts along 4ng—4A2g energy difference, and this is why the simple

a different direction inQegg,Qege-space, this approach is analysis based on the emission maxim(®ec. |V B) repre-

feasible because these distortions are related by symmetBgnts a reasonable approximation.

and are simpIergg distortions. Thus we can convert the

AQa, e/ AQe, eqValues to internal coordinates, i.e., metal— V. CONCLUSIONS

ligand equilibrium distance changes using the following By analyzing the position and vibrational fine structure
transformation* of Cr¥* 4T,4—*A,, luminescence at 15 K as a function of
hydrostatic pressure, we have shown that the Jahn—Teller
distortion in the electroni€T,, state of Crq™ is reduced
with increasing pressure. Our study of (%CIn Cs)NaScC},
AQalg represents the first case where this has been studied experi-
— i AQegg _ (99  mentally. Further, we have demonstrated that the effect of
AQ, pressure is larger for the &r T, state than for théA,,
ge state, in particular also regarding distortions along the totally
symmetrica,q coordinate. The observation of vibrational
fine structure is imperative for the type of analysis we have
applied. In the vast majority of transition metal ion system

The AXqq=AyeqandAz, values obtained in this manner are " . . . )
listed in Table Ill. They indicate that the combined effect ofWhICh hav_e beer_l studied with hlgh-_pressure technlques_so
far, such ligand field dependent luminescence or absorption

the a;4 and ey displacements is a net equatorial expansion g ) o
and a smaller axial contraction. The pressure dependenceg nsitions as observed here did not reve_al any vibrational
these values is illustrated in Fig(s and the values are Ine structure. In these cases the analysis of the effect of

listed in Table Ill. The equatorial expansion reduces withPressure on the excited state distortions is often restricted to

2.5.10 *#A/kbar upon increasing pressure. The axial com-2 simple point charge model, which only uses the pressure

pression reduces also, but only with 110 A/kbar. Thus induced shifts of the band maxima as input data. Many of
the net effect of hydro’static pressure on the (g’r@quilib- these pressure studies involve luminescence transitions origi-

. : ) . . nating from an excited state which is Jahn—Teller suscep-
rium metry in the electronicT i r ion of .
um geometry in the electronit 2¢ State is a reduction o tible. Examples are #,% V3+ 50 P+ 2251 yp2+ 51-53

f[he tetragonal distortion, correspo_nd_lng to a partial quen0h602+,36’54and NP+ 3854550 1 study demonstrates that up to

ing of the Jahn—Telle{JT) effect. This is also reflected in the .

pressure dependent Jahn—Teller stabilization energigs pressures of 44 kbar for Crgjl n CSZNaSCCJ?’ the pressure

given in the last column of Table lll. Since we are dealingmduﬁEd changgs thﬂfrzlg getg_omet_ry relaf;uve tdllAz.g are

with a Jahn-Teller distortion exclusively along tegcoor- f:ja ‘fhmpa[]e to tha Sr? ut |§tort|ons 0 .T29 refat;]ve tp |

dinate, E ;7 can be calculated as follows: 2+ This shows that the basic assumptions of the simple
point charge model are reasonable for determining pressure-

E;jr=h- Veg'Seg- (10  induced metal-ligand distance changes. But it is clear that

the more sophisticated treatment based on the intensity dis-

Our ambient pressur&;r value here, obtained from an tripution and using two coordinates provides more funda-

analySiS of the vibrational luminescence fine structure, difmenta| and more detailed |ns|ght into the excited-state prop-
fers from theE;; value for CrCﬁ‘ in Cs,NaScC} obtained grties.

from an analysis of the Ham effect by about 13%4° Con-
sidering the fact that these are values obtained from different ck NOWLEDGMENTS
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