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Temperature dependence of phonon-assisted excitation probability in GdTiMo0O )5:
Evidence for a change in electron-lattice coupling near a structural phase transition

P. Raveendran
Department of Chemistry and Regional Sophisticated Instrumentation Centre, Indian Institute of Technology, Madras 600 036, India

N. Sukumar
Theorie International, 175 Lloyds Road, Gopalapuram, Madras 600 036, India

T. K. K. Srinivasar
Department of Chemistry and Regional Sophisticated Instrumentation Centre, Indian Institute of Technology, Madras 600 036, India
(Received 11 July 1996; revised manuscript received 4 October) 1996

Temperature dependence of the intensity of the phonon-assisted excitation prolfabiétjunction of the
intensity of the luminescence bands corresponding tGEhe—F; transitions of Tb®" ion in GATHM00O,);
(GTMO), above and below the ferroelectric phase transition temperaligeig investigated in the present
work. The experiments reveal a sharp change in the intensity ieafFhis change is attributed to a sharp
change in the electron-phonon coupling n€ar A phenomenological model is proposed to fit the experimen-
tal data, in broad accordance with the Ginzburg-Landau equations for critical behavior. The investigations also
clearly indicate that phonon-assisted excitation probability can be used to probe structural phase transitions.
[S0163-182697)05108-4

I. INTRODUCTION tions of the TB" ion in GdTHMoO,); (GTMO) matrix,
which undergoes a ferroelectric-paraelectric structural phase
Phonon-assisted electronic excitation is associated with tansition at around 433 Kn the low-temperature phase,
shift in the equilibrium position of the lattice coordinatés far from phase transition, the temperature dependence of the
and a positive value for the Pekar-Huang-RIi8iR) cou-  intensity is in accordance with the behavior expected of the
pling constanté. The intensity of phonon-assisted lumines- simple Miyakawa-Dexter theoy® However, close to phase
cence is proportional to the probability of the phonon-transition, the theory with a single, invariant electron-phonon
assisted excitation, which in turn depends not only on theoupling parameter no longer suffices to explain the ob-
population of the phonon states, but also on the strength aferved behavior, and the effects of structural phase transition
the electron-phonon coupling present in the given solid-statalso need to be explicitly included.
matrix (the luminescence intensity also depends upon other
factors such as the nonradiative decay and the interion en-
ergy transfer?® Thus phonon-assisted luminescence inten-
sity can be used as a probe to investigate the difference in The ground-state electronic configuration of theé*'Tbn
electron-phonon coupling behavior in different solid-statehas eight 4 electrons outside the closed orbitals. In this
matrices. Auzel reported the phonon-assisted luminescenamnfiguration, the grountlS term is the rather isolatetF,
spectra of rare-earttEr’™ and HG™") ions doped in LX;  which further splits into seven nondegenerate levels due to
matrices(X denotes the halogen atofiv Rare-earth ions are  spin-orbit coupling. The lowest level of the next tef,
distinct for their characteristic weak electron-phononacts as the upper fluorescence level in thé Ton. The
coupling® Also, a change in electron-lattice coupling during selection rules for the transitions have been developed by
a structural phase transition can be reflected in the intensityudd®® and Ofelt?® For the electric dipol¢ED) transitions,
of the phonon-assisted luminescence bands. The nonradiatiassuming a static model and pure electronic transitions, the
decay and interion energy transfer also depend on theelection rules arda S=0, AL<6, andAJ=<6. However, in-
strength of electron-lattice couplifign the lattice. However, termediate coupling removésandS as good quantum num-
Auzel’ has indicated that the san® value may not hold bers. In most cased mixing is negligibly small. The selec-
good for both the phonon-assisted excitation and the nonrdion rules for magnetic dipole transitions afe]=0, +1
diative decay as he has established that different phononghere G-0 transitions are forbidden. In structures where the
could be responsible for these processes. Thus the tempefBb>" ion occupies a low symmetry site, as in the case of
ture dependence of the phonon-assisted luminescence inteBTMO where it occupies & site, transitions between the
sity in the vicinity of a structural phase transition is ex-°D, and all levels of the’F; multiplet are possible. The
tremely interesting. However, to the best of our knowledgeexcitation maximum for thé F—°D, transition is at 487
no such work has been reported to date. nm (~20534 cm'b).
In the present work, we investigate the temperature de- The term “anti-Stokes excitation” generally refers to the
pendence of the intensity of the phonon-assisted anti-Stokesxcitation of electrons from a state of higher energy than the
luminescence bands corresponding to tBg— 'F; transi-  ground electronic state of the ion. In phonon-assisted anti-
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and nonadiabatic interaction terms are weak compared with
that through the electron-lattice interaction, so that the wave
functions ¥;,(r,Q) serve as good zero-order functions. A
D, general linear interactior-2V¢(r)Qs is assumedthe sum
being over all lattice modes) and the wave functions
®;(r,Q) and adiabatic potentiald;(Q) are expanded pertu-
batively. The lattice potential in the ground electronic state is
diagonalized by the use of the lattice normal mo@es
Using the Kubo-Toyozawa-Lax generating function
method!® the following expression was derivetbr the op-
tical absorption constart(v) in a crystal containing\ ions:
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wherec is the velocity of light,u is the refractive index of
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FIG. 1. A schematic representation of the phonon-assisted anti- U'U, . . .
Stokes excitation and the luminescence emissions of Tn. Here is the spectral function for the interactiovi; f andi label

AE is the energy gap spanned by electron-phonon coughhgs  the final (kv’) and initial (jv) states.W; is the Boltzmann

the order of the multiphonon process anglis the frequency of the ~ distribution for the initial phonon states in thermal equilib-
phonon coupling with the electrons rium with the surroundings at temperatdreThe operatoM

for the case of optical absorption, is the dipole moment op-

Stokes excitation, the energy of the exciting radiation is lesgrator. The spectral functidfy (E) is expressed in terms of
than the energy gap between the ground and the excited eleie generating functiofy,(t), defined as the Laplace trans-
tronic states and the additional energyH) is supplemented form of F\,(E):

at the cost of the vibrational energy of the system, through At

electron-phonon coupling. A schematic representation of T B —lAe€

such an anti-Stokes excitation and the corresponding emis-f'\"(t)_ f,mFM(E)e dE—exp{ f _f dewD(w)
sions of TH™" ion is shown in Fig. 1. HerdE=N#Aw,, N

being the order of the multi-phonon process | the .

frequency of the phonon coupling with thgng(alectron. ><[2nw(c03wt—1)+exp(—|wt)—1]], ®)
Throughout this paper, we use the term “phonon-assisted )
luminescence” to describe the emission resulting from2€ being the energy gap between the two levels.
phonon-assisted anti-Stokes excitation, to differentiate it

from the one corresponding to the normal electronic excita- D(w)=z
tion from the electronic ground state. s 2h

Miyakawa and Dextér outlined a common theoretical . . . .
y is the spectral density of the electron-phonon coupling which

treatment for all three phonon-assisted processes, viz., . S
phonon-assisted electronic excitation, nonradiative deca becifies the _stre.ngth and spect.ral d'Str'bUt'Qn of electron-
! ‘Bhonon coupling in the given solid state matrix.

and interion energy transfer. Using the adiabatic or Born

OppenheimerBO) approximation® 22 in dealing with the _ A

lattice vibrati . : As=Qs(k)—Qs(]) )

attice vibrations, one solves for the eigenvalues and eigen-

functions of electrons for fixed lattice coordina@s(where is the shift in the equilibrium position of the lattice normal

r and Q denote the coordinates of electrons and the latticegoordinates, and

respectively. The Q-dependent electronic energy eigen-

value E;(Q) is then used as the state-dependent effective

potential for the lattice vibrations. The total wave function

W¥;,(r,Q) is then written as a product of the electronic wave

function ®;(r,Q) and the lattice wave functioX;,(Q). An ion in a crystal undergoing phonon-assisted excitation

These are not strictly stationary states of the system, becausé the laser frequency’ can decay radiatively by the emis-

of the Q dependence of the electronic wave functionssion of a photon, can decay nonradiatively as a result of the

®;(r,Q). The terms left out of the BO approximation con- nonadiabatic coupling terms, or can transfer the excitation to

stitute the Born coupling term$;***which cause nonradi- an adjacent ground state ion through interion interaction. The

ative transitions between the electronic levels. Similarly, ion-nonradiative decay and interion energy transfer mechanisms

ion interactions also cause energy transfer between states @fe common to both the normal and phonon-assisted pro-

the systenf:’® cesses. To explain the experimental temperature-dependence
The adiabatic approximation is applicabté®? for sys- of the phonon-assisted luminescence, AidZelsing the

tems where coupling through electron-radiation, interionmodified “Pekarian” form, derived the following expression

wsAgﬁ(w— ws)

4

n,(T)= Fra_q (6)
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for the probability of phonon-assisted anti-Stokes excitation:
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HereN=AE/h w, is the order of the multiphonon excita-
tion processw, being the frequency of the phonon coupling
with the electrongenerally we consider the phonon with the
highest energyand | (v) is the intensity of the incident ra-
diation of frequencyv. In the present experiment, for the
phonon-assisted excitation of the *fbion in GTMO using
514.5-nm excitation, the energy gap to be spanned by pho-
non coupling is 1098 cm" (20 534—19 436 cm'). Hence

the order of the phonon process in the present cabkesis. 0 1 1 !
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IIl. EXPERIMENT

The ferroelectric to paraelectric, first-order phase transi- Or'r:elg‘bfﬁéﬁ)];ggal 'E?'nee;‘izsesr;gﬁs‘?;ﬁ_r&%fgiggur%r‘?xscgté“ct't‘r’ﬂ‘m
tions in Gd(MoQO,); (GMO) and Th(MoO4); (TMO) have . 4= L ;
been exte%sively4 studied using v%rious tgchniques. In botfpClid curve of GTMO for 542-nm emission and the absorption
these systems, the phase transitions occur at around 4§§ewum(d°tt6d curve
K.816-21GTMO is isostructural with GMO and undergoes a
first-order structural phase transition froRba2 (z=4) to ~ Raman spectrometer, the positions of the luminescence
P42,m (z=2) at around 433 K. The low-temperature phaseba”ds are given in terms of the Raman shift with respect to
is an improper ferroelectric and the high-temperature phas&® €xcitation line and the actual energy corresponding to the
is paraelectric. As our studies reveal, this phase transitioparticular elect_ron_|c transition is given by the dlffe_rence be-
modifies the electron-phonon coupling behavior in the lattic§Ween the excitation energy and the corresponding Raman
and produces drastic changes in the intensity pattern of thehift. The fine structure associated with these bands results
phonon-assisted luminescence bands corresponding to tf@m the crystal field effects. The strongest band at 1010
5D,—F, transitions of the T ion in GTMO. This is the ¢M ~ (actual energy 19 436-10208 426 cm’) and the
focus of our experimental investigations presented in the foln€ at 1185 cm (actua7l energy-18 251 cm ) n Fig. 3@
lowing sections. correspond to théD ,— 'F transition of the TB" ion. The

Melt-grown (Czochralski methorl polished, single crys- bands at around 2332 crh(actual energy 17 104 cm) and
tals of GTMO of size 5%3x2 mm are used for investiga- 2934 ¢cm (actual energy 16 902 cm) in Fig. 3(b) corre-
tions. The normal luminescence spectra are recorded usingSR2Nd t0 the’D,— 'F, emission and the one around 3282
Hitachi-F-4500 fluorescence spectrometer. Phonon-assistéd’ (Sactual7 energy 16 154 cm) in Fig. 3(c) corresponds
luminescence spectra are recorded using a Dilor Z24 singl® the°D4— ‘F3 emission. The broad, weak band at around
channel spectrometer equipped with the 514.5-nm excitatioq 1050 cm ~ (anti-Stokes region of the Rarr;an spectjum
of an argon-ion laser. The temperature at the sample is cof=9- Xd) corresponds to the anti-Stokég) ,— 'F emission.

trolled to an accuracy of-2. The 800-1300-cit region of the Raman spectra at dif-
ferent temperatures below and abdve(433 K) is given in
IV. RESULTS AND DISCUSSION Fig. 4. The bands appearing at 942 and 958 toorrespond

to the stretching vibrations of the molybdate gréuphile

The normal luminescence spectrum of GTMO recordedhose at 101Qactual energy 18426 cm) and 1185 crn'
using 487-nm excitation is presented in Figa)2 The dou-  (actual energy 18 251 cm) are the luminescence bands cor-
blet appearing at around 542 nm corresponds to theesponding to théD,— F transition of the TB" ion. The
°D,—Fg emission of the Td" ion while the weak bands temperature dependence of the intensity of phonon-assisted
around 582 and 619 nm correspond to fiiz,—‘F, and  anti-Stokes luminescence bands is clearly seen in Fig. 4. The
°D,— 'F4 transitions, respectively. The absorption spectrumintensity approaches zero at 80 K. Above room temperature,
(solid curve and the excitation spectrum for 542-nm emis- the intensity increases with temperature upltg but then
sion (dotted curve of GTMO are shown in Fig. @). The decreases rather sharply. A plot of the intensity of the
absorption and excitation spectra are almost identical with010-cmi'* band against temperature is given in Figa)5
their maxima at around 487 nm but for a weak side band a¥Vhile the temperature dependence is in good accordance
467 nm in the excitation spectrum. with Eq. (7) up to temperatures close T, it is quite evi-

The different regions of the Raman spectrum of GTMOdent that the Miyakawa-Dexter thedrwith an invariantS
recorded using the 514.5-nth9 436 cm?) excitation line of  breaks down near the phase transition. Thus we write a phe-
the argon ion laser are given in Fig. 3. The bands below 97@omenological equation to fit the observed intensity data.
cm 1in Fig. 3@ (743, 802, 820, 825, 848, 853, 942, and TakingN~1, Eq.(7) can be rewritten in the form
958 cm Y correspond to the internal vibrational motfesf
the molybdate group. The other bands correspond to the
phonon-assisted luminescence bands corresponding to the [iee Q(T) ®)
°D,— 'F, transitions. Since the spectra are recorded using a AST B 7
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FIG. 4. The 800-1300-cht region of the Raman spectra of
, | . | | GTMO at different temperatures recorded using 514.5-nm excita-
1300 1100 300 700 tion. The bands at 1010 and 1185 thtorrespond to the phonon-

Raman shifts (em ) assisted luminescend®D ,— 'F5 emissions The phase transition
occurs at 433 K.
FIG. 3. Different regions of the Raman spectrum of GTMO

recorded using 5r#4.5-nm excitation. Theélumin7escence bands at

1010 and 1185 cm in (a) correspond to théD,— ‘F< emission, . .

regions in(b), (c), and(d)( correspoF:1d to thED4j7F4, gD4H7I:3, perature dependence given by E®—(10) is in broad ac-

and®D,— 'F, emissions, respectively. cordance W_lt_h that expected from the Glnzbl_,l_rg-Landau
theory for critical phenomena; the value of the critical expo-
nent being unity and the value & going to a minimum at
Te. _

where we have retained the, factor from Eq.(7); | 5 is the The temperatur_e dependencg of the' nqrmal Iumlne_scence

intensity of phonon-assisted luminescence. According to th@ands corresponding to te,— Fs emission(542 nm is

Miyakawa-Dexter theonf)(T) should not have any further also _mvestlgated_ anpl a plot of the intensity against tempera-

temperature dependence. The experimentally observed intefiire iS provided in Fig. &). The temperature dependence is

sity pattern suggests a linear dependence of the PHR cot]! 900d accordance with the Boltzmann factas the rates of

pling parametess on the absolute value off- T,): nonradiative decay and interion energy transfer increase with
increase in temperature, the luminescence intensity decreases
Q(T)xS(T)e SN, 9) with temperaturgand there is no observable change in this
behavior neafl;. This is surprising at first sight, as the rates
S(T)~C|T—T|+Co, (100  of nonradiative decay and interion energy transfer also de-

L . pend on the electron-phonon coupling parameter in a similar
w||th d:ferent vr?lues .OCI 1;pr T<hTC andT>Tc. Ilz!gure 5a)d manner. However, this can be explained on the basis of the
also shows a theoretical fit to the expeﬂmenta mE%nsny ataéxperimental observations of AuZelvho pointed out that
based on Egs.8)—(10) with Cror=1.95<10"" and the phonons responsible for phonon-assisted excitation are
Cro7,=2.6X107* K™ often different from the ones responsible for nonradiative
Thus we see clear evidence for a change in the electrordecay and interion energy transfer. In view of this we feel
phonon coupling behavior in the vicinity of.. The tem- that we should consider two differeBtvalues for these pro-
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Pressure-induced phase transitions can also modify the
intensity pattern of the phonon-assisted luminescence bands.
(@) This effect is contained in the high-pressure Raman studies
of TMO reported by Kourouklis, Ves, and Christofifdss-
ing the 514.5-nm excitation line, which reveal a pressure-
induced phase transition occurring at around 2 GPa. The
spectrum recorded at 1.4 GPa clearly shows the presence of
the phonon-assisted luminescence bands at 1010 and 1185
cm ™ (corresponding to theD ,— "F transition while these
bands are almost absent in the spectrum at 2.7 GPa. The
sudden change in the intensity of these bands can be attrib-
uted to the drastic change in the electron-phonon coupling as
a result of the phase transition at 2 GPa. The authsw-
ever, describe these bands just as normal photoluminescence
bands. The results clearly indicate that pressure-induced
structural phase transitions also modify the electron-phonon
coupling behavior in the lattice.

The exact mechanism of the microscopic process conduc-

\ ing to the observed behavior is yet to be investigated. How-
0 100 200 300 400 s00  ever, it seems quite possible that the coupling between the
Temperature (K) electrons and the molybdate stretching modehich pre-

FIG. 5. (a) Plot of Intensity vs temperature for the 1010-cim  sumably couple with the electrongoes down as a result of
(phonon-assisted luminescehdeand in the Raman spectrum of the reorientation of the molybdate tetrahedra, during the
GTMO. The solid circles indicate the experimental data while thephase transitiof.
solid curve corresponds to the theoretical fit based on equations
(8)—(10). (b) Plot of intensity vs temperature for the normal lumi-
nescence corresponding to tH2,— 'Fs emission of the TH" ion
in GTMO. The phase transition occurs at 433 K.
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