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Urbach tail for ferroelectric materials with an order-disorder-type phase transition
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We present a model describing the Urbach tail of exciton absorption spectra in ferroelectric materials with
order-disorder-type phase transition. In addition to the thermal effect of exciton-lattice interactions, the internal
Stark effect by the local electric field due to the displacement of protons is taken into account. The random
distribution of the direction of local electric field induces a random polarization of the lowest exciton state.
This results in an additional randomness of the exciton band in the disordered phase. The anomalous tempera-
ture dependence of the steepness parameter for the Urbach tail observed in,PFsHB@roduced by a
numerical simulation within the present mode$0163-18299)03128-§

In many insulators, the low-energy tail of fundamental materials**~*®The steepness of the exponential tail is essen-
absorption edge depends exponentially on the energy of phaially independent of temperatures in this case. It can be said,
tons. Since the first report by Urbathhis rule has been therefore, that we detect various kinds of randomness of
widely observed in many kinds of materials. The tail of thecrystals through the measurement of the Urbach tail.
spectra called the Urbach tail is empirically given as a func- PbHPQ is a ferroelectric material containing hydrogen

tion of photon energ, bonds. The ferroelectric transition occursTat 310 K. This
transition is a second-order one, and the spontaneous polar-

E,—E ization Py slowly rises belowT..2"~*°It is known that the
F(E)=Aexp< o kaT ) @ one-dimensional ordering of protons between the two stable

configurations of ©-H—O bonds is a primary cause of this

where the convergence enerBy and the steepness param- phase transitio®® Although displacements of heavy ions are
etero are almost constant at sufficiently high temperatdres.also observed, its temperature dependence is not directly cor-

In order to explain the origin of the Urbach tail, a numberrelated with that ofP. Recently, Kidaet al?° studied ex-
of theoretical studies have been carried Bdf. Among perimentally the optical-absorption spectra of PbHPThe
them, two types of theories seem to be worth mentioning afirst exciton peak has been assigned as due to the cationic
present. One is the theory based on the model of the intern&citation of &—6p in PE** ions. They found that the Ur-
Stark effect” ! In this theory, it is asserted that the Franz- bach tail of the absorption spectra exhibits an anomalous
Keldysh effect by the microfield due to lattice vibrations is temperature dependence. It was pointed out that, as the tem-
responsible for the appearance of the exponential tail in thperature is lowered belowW., the steepness parameter
absorption edge. Dow and Redfitichave made a compre- increases from the value aboWe, and this increment be-
hensive survey of Urbach’s rule from the viewpoint of this haves similarly tdPs as a function of temperature. This result
microfield model. On the other hand, Toyozawa andstrongly suggests that the ordering of protons has a close
co-worker§®-1 developed a theory of Urbach’s rule on the relation with the anomalous behavior of
basis of the model of short-range interaction of phonons with In the present study, we propose a simple model for the
the center-of-mass motion of excitons. According to theUrbach tail of exciton absorption in ferroelectric materials
theory of Sumi and Toyozawhthermal fluctuations of lat-  with order-disorder-type phase transition. Our theory is es-
tice systems result in an adiabatic modulation of site enersentially based on the model of the internal Stark effect. It is
gies, which can be described by a Gaussian distribution ofjuite natural to expect that strong electric fields are acting on
random potentials. It was shown that the optical transitionghe internal motion of excitons in ferroelectric materials.
to the exciton state momentarily trapped by this local potenGenerally it is difficult to make a precise evaluation of the
tial gives rise to the exponential tail at the absorption edgestrength of microscopic fields in crystals. As a very rough
By applying Einstein’s relation to the absorption and emis-estimation for PbHPQ we take the electric fielE=2.4
sion spectra, they succeeded in deriving a criterion described 10° V cm™ ! at low temperatures, which is calculated from
in terms of the steepness parameter which determines the saturated value d¥,=2.1 uCcm 2.1’ This is an order
whether the exciton is self-trapped or not. Furthermore, nuef magnitude larger than those estimated in Ref. 11 for the
merical simulations by Schreiber and ToyozaWdave field strength induced by the LO phonons in alkali halides at
clearly demonstrated that the model of momentarily trappedoom temperature. Such an electric field will strongly polar-
exciton reproduces well the line shape given by 8g, in-  ize the excitons as shown in Ref. 11. It should be noted,
cluding its temperature dependence. At least for insulatindgnowever, that the conventional microfield model of the Ur-
materials with relatively strong electron-phonon coupling,bach tail will lead to the prediction that the steepness param-
this model gives the most reasonable explanation of the Ureter ¢ becomessmaller below T, since the effective-field
bach tail. It should be noted that the Urbach tail is widelystrength increases beldly. This is in contradiction with the
observed also in the absorption spectra of amorphousxperimental observation, in whieh becomedarger below
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T.. We would like to point out that it is not the change of At temperatureT, the amplitude of the lattice distortiay)
averaged field strength but the change of degree of randonat thejth unit cell has the thermal distribution given by the
ness in the local field that is the main cause of the anomaly iprobability

g.

We assume there is a microscopic polarization accompa- P " _ qj'z
nied with the displacement of protons for each unit cell; This (g;) ex 2kgT*
polarization itself will be simply called “proton” hereafter.
It is assumed that a proton has two degrees of freegpoat HereT* is the effective temperature, which incorporates the
thejth unit cell,p;=+1 and—1, corresponding to its stable €ffect of zero-point vibration of phonons and is given by
positions. In completely ordered phage,takes an identical
value +1 or —1 at every unit cell; while in completel 1 ho

; y , pletely keT* =5 hwcoth ——], (5)
disordered phasg, takes the values-1 and—1 randomly 2 2kgT

with the expectation value of 0. In order to explicitly de- \yherew is the effective energy of phonons. It has been

scribe the Stark effect of excitons, we consider the internaghown both analyticalﬁ/and numericallﬂﬁ that this Gauss-
degrees of freedom of the exciton, namely sastate and ®  jan distribution of the local potential gives rise to the expo-
state of the relative motion. The electric field associated W'ﬂhential tail of the absorption edge. Mﬁhpointed out that

the proton displacement will mix these two states. This is,y taking into account the zero-point vibratian,in the for-
nthm'g but the fleld-mduced. polanzatlon of eXC|tons. Themula(l) is written as
point is that the phase a&fp mixing depends on the sign of
pj. Therefore, in the disordered phase, the lowest exciton 2kgT how
state has a random orientation of polarization at each unit T tanl‘(m) 00,
cell. Then, the exciton must travel the crystal with a random
flip-flop motion of its polarization orientation. It should be whereoy is a constant that agrees withat high tempera-
noted that, if we adopt the tight-binding picture, the transferture. Usually, experimental data of the temperature depen-
integral of the exciton depends on the relative phase betweetence of the Urbach tail are fitted well by this equation. It is
the state vectors of the nearest-neighbor cells. Therefore, th&own thato is related with the dimensionless coupling
randomness of the orientation of polarization will affect theconstantg through the steepness indexas oo=s/g,’*3
effective transfer integrals, and the exciton motion will bewhereg is given byg=c?/2vt in which v is the configura-
modulated randomly. tion number.
The Hamiltonian is given by We do not go into details of the theoretical treatment of
order-disorder transition in the proton systérere. In the
_ present study, we fix the expectation va{ye) proportional
H= ; (eslsj)(sjl +eplP)(PiD) to the observed value ¢t(T) as a functioll:?of temperature.
The random variablep;(= +1) are generated numerically
under the conditio{p;)=P4T)/P40), where P(0) is the
saturated value. This procedure entirely neglects the cluster-
ing effect and probably overestimates the disordered nature
+2 A;(|pj>(5j|+|sj><pj|) nearT.. However, it will be sufficient for our purpose here.
i Actual calculations of the absorption spectra have been
done for a simple cubic lattice system with>221Xx 21 lat-
- CE a;([sp)(sj|+1p){pj]), (2)  tice points. The absorption spectra have been calculated as an
I average over 20000 samplings of the two types of random
B variables{q;} and{p;}. Since little is known about the pa-
Aj=Ap;. 3) rameter values of excitons in PbHRQve have tentatively

Herels;) and|p;) represent the andp states of the exciton chosens,—¢,=0.1 eV,A=0.5 eV with the bandwidth of
with the energye, and s, at thejth unit cell. The transfer (he exciton ¢12) 1 eV. These values correspond to a
integral between nearest-neighbor unit cells is denotet by Strong hybridization between theand p states. From the

A represents the intensity of the hybridization of the excitorf!ting of the experimental data below 180 K, we gab
states caused by the local electric field. The last term in Eq=11-3 meV andro=0.79"" The steepness indeswas de-

(2) represents the thermal effect of lattice vibrations, whicht€rmined to be 1.10 by our separate calculation of the Urbach
has been introduced in the theory of momentarily trappeda" for the same Iattlce_ system. Th|s_ value is a little smaller
excitons>%43 |t is assumed that the local potentials by lat- than the value determined by Schreiber and Toyozawa.

tice distortion act on the center-of-mass motion of the exci- N order to display the effect of disorder in the proton

ton with the coupling constamt The transition dipole opera- System, we show in Fig. 1 the absorption spectra calculated
tor M is simply given by for two fictitious cases wherg) the proton system is fixed

to be completely ordered ari@®) completely disordered, ir-
respective of temperatures. The temperature effect is only
M :Z (Isp{al+lg)(siD, (4) included in thermal fluctuations of the lattice distortiqp.
. In Fig. 1(a), p; is fixed to be+ 1 for every unit cell. Because
aside from constant factors, wheg is the ground state of of the Stark shift, the absorption edge is lowered from the
the crystal. band edge € — 0.5 eV) of the system without protons. It can

(6)

—t(iED (Isp)(sil +Is)(si| + [pp{pil + pi){pi)
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FIG. 1. Calculated absorption spectra in the low-energy tail@rcompletely ordered proton systep;)=1.0 and(b) completely
disordered proton syster(y;)=0.0, irrespective of temperatures. The effect of temperature is included only in the lattice vibration through
exciton-lattice interaction.

be easily shown that the absorption spectra in this case In order to analyze the experimental data of PbHP@e
should be identical with those given by the model byhave carried out numerical calculations by taking into ac-
Schreiber and ToyozaWwiexcept for the Stark shift &. In count the temperature dependence ofis mentioned earlier,
fact, our numerical results agree well with those given injn addition to the Gaussian randomnessgpf The absorp-
Ref. 13. The fitting by the straight lines in logarithmic plot is tion spectra were plotted in a logarithmic scale, and the
good, but the low-energy part of the spectra deviates fromyteepness parameterwas determined as a function of tem-
the straight line and shows a concave shape at low temperggrature. In Fig. 2, the obtained temperature dependence of
tures. This tendepcy has .already b_een pointed out in Ref. 1 is shown by the open diamonds connected by the solid
In the calculation of Fig. M), p; is assumed to take the ;o \ye have also plotted the values @ffor the case in

V"?‘tlﬁet§+1 andt ftllnran;jomly_lgrezpect|:]/el:) of ter:?frritl:rr]es which the proton system is in completely ordered state by
Wi € expectation va Ugp;) = ). S can be seen 1o € solid circles and in completely disordered state by solid
figure, the absorption spectra still exhibit exponential decays

but the steepness is obviously diminished as compared WitﬁqluareS.flnftheP;)njgt OfRF'?- 22 the ei(perlkr?ental:i/ obtagned
the spectra at the same temperatures in K@. This means values ol for Q (Ref. 20 are also shown. It can be

that the additional randomness in the proton system workseen from the figure that, if one chooses this set of parameter

cooperatively with the Gaussian randomness of the local pc)\galues, the theoretical result reproduces the characteristic

tential by the lattice distortion. We have also calculated thdeatures of the observed data fairly well. Thus, the anoma-
absorption spectra in the case where only the interaction witlpus increase ob- below T can be explained in this model
protons exists. In this case, the absorption spectra exhibit @ @ result of decrease of randomness due to ordering of
broadening, but the tail part cannot be fitted by exponentiaProtons. Experimentally, it has been observed that the con-
functions. vergence energk, shifts to the low-energy side as the tem-
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excitons will affect the estimations of the parameter values.

v order Secondly, the temperature dependencerah the case of

@ L . disorder 4 exciton-lattice interaction alone does not exactly agree with

—— order-disorder . the formula(6). At low temperatures, it is difficult to fit the

log plot of calculated results definitely by straight lines be-

cause of the concave nature of the calculated spectra, which

T T T T T

S . - 1 becomes salient in the low-temperature limit. Even at high
. " temperatures, the calculated valuemfincreases gradually
. T T with temperature instead of approaching a constant value, as
© < | * shown in Fig. 2. This is not in agreement with the experi-
o

mental data obtained in many materials. We have confirmed
that this discrepancy is not resolved by increasing the system
size. This indicates some refinement is needed in the theory
of the Urbach tail by the model of momentarily trapped ex-
citon.

In conclusion, we would like to point out the possibility to
use the exciton absorption or emission spectra as a probe of
ferroelectric phase transitions. AboVg, the internal field-
induced polarization of exciton is smeared out because of
randomization. Belowl ., however, it is expected that a net

FIG. 2. The temperature dependence of the steepness parameR@larization appears, implying that the inversion symmetry
o for the completely ordered proton systésolid circleg and the ~ Of the exciton is broken. This may be confirmed by some
completely disordered proton systésolid squaresand the realis- nonlinear optical techniqués. The coupling constang is
tic system wherep;) is assumed to vary in accordance with the estimated ag=1.4 for PbHPQ. This value indicates that
temperature dependence B (solid line). The inset shows the ex- the self-trapped state is stabilized for the excitons in this
perimental data for PbHPQwhich is reproduced from Ref. 20. material. Bausaet al. observed a broad luminescence band
around 450 nm under band-to-band excitafibiRecently,
Ohno investigated this luminescence spectrum in detail and
assigned it to the transition from the self-trapped exciton
?tate?5 This is in agreement with the above estimation. The
ainvestigation of the effect of interaction of self-trapped exci-
ons with the surrounding proton system at arolipds also
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perature is lowered acrods.?° This is also consistent with
our model as shown in Figs(d) and Xb).

Although the present model can explain the experiment
tendency qualitatively, there still remain some problems. |
order to describe the internal Stark effect of excitons, we_ " . .

S . —an interesting subject.
have adopted a two-level model. This is a crude approxima-
tion of real systems because, for Wannier excitons, there is a We would like to thank Professor N. Ohno and N. Kida
guasicontinuous spectrum of excited states abgwetate. A for helpful discussions and for sharing the experimental data

more realistic treatment of the internal degrees of freedom oefore publication.
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