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We report femtosecond time-resolved pump-probe DECP experiments using a colliding pulse mode-locked
laser performed on T3 as the sample lattice temperatufe is raised from 300 K through the “soft
transition” at 450 K to a temperature of 570 K. We have observed DECP spectra through the transition, with
oscillations in reflectivity of a few percent associated with the low frequefigymode. A thermodynamic
relation is found between the low frequengy, equilibrium displacement and the number of excited electrons
removed from the valence band. When appliedltedependent equilibrium coordinate data for,@i; ob-
tained in x-ray experiments, the theory allows a determination of the band overlap vs lattice temperature. The
band overlap al, =621 K is found to be~0.06 eV. TheA;; mode frequency,,, the electronic relaxation
rate (1), and the phonon relaxation rate ¢3§) have all been followed through the transition, decreases,
and shows a partial recovery in agreement with other Raman studies. The behavior £f ¢ah be under-
stood as due to an increase in available states for interband electron-phonon scattering as the band crossing
takes place. Applying a deformation potential model to the data fot,f efore band crossing, with the low
frequencyA,, mode as the dominant scattering mechanism, a valliB|e£ 2.0 eV is obtained for the valence
band deformation potential associated with this modergl/does not show a clearcut correlation with
bandcrossing due to greater scatter in the data. The temperature dependence is partially explained by the
two-phonon decay of the coherent phonon excited in DECP, and may also have a component due to interaction
with hot electrons as well as a dephasing contributi@0163-182@06)01625-9

I. INTRODUCTION transition with no change of symmetry, a large body of ex-
perimental work on this transition has been reported in the
We have performed temperature dependent optical pumpiterature. This includes studies of changes in lattice
probe experiments on the reflectivity of the oxide compouncbarameters! specific heat? Raman scatterint optical
Ti,03. In earlier publicationd;? we reported the observa- properties:* and transport propertiés:*’It is now generally
tion of large amplitude oscillations in the reflectivity vs time accepted that the transition is due to the crossing of bands at
from Ti,O5 at room temperature, in addition to the usualdifferent points in the Brillouin zone as the temperature is
exponentially decaying background due to the disturbance dhcreased?® with the resulting disappearance of an energy
the electron distribution. An oscillatory component has beergap. Theoretical calculations have indicated that there should
observed in a number of other materiafs® Other mecha- be no energy gap according to conventional band
nisms can produce such structure, but strédpgscillations calculations:® and that electron-electron correlation energy
are due to what we have termed displacive excitation of comust be included to explain the presence of a gap below
herent phonon$DECP).>? In this paper, we report changes ~450 K. The true nature of the phase transition is still not
in DECP as the temperature is increased through the “soft'well understood, although attempts to model it have been
phase transition of TIO; at ~450 K. made involving lattice energy, and electron-electron correla-
Since the discove that Ti,O5 undergoes a soft phase tion energy’®?!
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FIG. 1. (a) The corundum structure. The large and small circles,
respectively, represent oxygen and titanium atoms. Note that the
positions of the Ti atoms are not entirely determined by the struc- Temperature (K)
ture itself.(b) A schematic picture of the motion of Ti and O atoms
in the low frequencyA, 4 vibration.
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FIG. 2. Plots of lattice parameters and resistivity vs temperature
observed in TjO; (after Ref. 10.

Figures 1a) and 1b), respectively, show the corundum
structure of ThO3 and the nature of the low frequenéy
mode. Figure 2 presents the behavior of lattice parametei§rough the soft transition. Although other explanations and
and resistivity through the soft transition. Although the prop-interpretations of this behavior may be possible, we find that
erties of TibO3; have been extensively studied experimen-it can be understood in terms of the energy relaxation rate of
tally, many details of the band structure have not been weléxcited carriers, which increases because of increasing inter-
established quantitatively. The energy gap at 300 K has bedrand components due to an increase of available states for
reasonably well determined at0.15 eVi*?? with the gap  scattering as the bands cross.
going to zero at-450 K. X-ray studies have given accurate  1/7, shows no clear correlation with the resistivity as the
determinations of the- andc-lattice parameters of the ma- temperature is raised through the transition. However, there
terial through the transition, as well as changes in titaniunis considerable scatter in the data points. The temperature
and oxygen positions: However, many different estimates dependence can be understood as due to a combination of
of the hole and electron masses have been di“&some of  two-phonon decay of tha, 4 coherent phonon, along with a
them contradictory, and there is even uncertainty in the holgossible hot electron decay process, as well as dephasing.
and electron number densities as a function of temperdture. We also study a thermodynamic model of,Di; which

In this paper we present a study of DECP i@k as the  relates the equilibrium value of the low frequengy, coor-
temperature of the sample is increased from 300 K throughlinate g to the number of electrons in excited bands. The
the soft phase transition and up to 567 K. From a fit of themodel is based on a balance between the increase in core free
data at each temperature to an empirical description of thenergy due to an increasednand a decrease in deformation
DECP process developed in Ref. 2 we obtain values of theotential free energy of conduction electrons when carriers
parameters of the model. In particular, we obtain values ofre transferred between bands. It is shown that the model can
l/re=p and 1lk,=y (respectively, effective electron and be interpreted as also including a contribution due to carrier
phonon relaxation rat¢ss a function of the sample tempera- charge redistribution if the model parameters are interpreted
ture (see Sec. )l as effective parameters. When applied to equilibrium x-ray

It is found that 1#, follows qualitatively a temperature measurements of ion coordinates as a function of lattice tem-
dependence similar to the sample conductivity, increasing bperature, the model yields a measurement of conduction and
about a factor of 3 as the sample temperature is raisedalence band overlap as a function of temperature. The re-
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sults are also applied to a description of the DECP processoneA; mode of oscillation, then each mode will be driven to
In Sec. Il of this paper, we summarize the DECP modelthe extent that it is represented in the new equilibrium dis-
results obtained in Ref. 2. The experimental results are giveplacement of the lattice. Except in very unusual circum-
in Sec. Ill. Section IV presents the derivation of the thermo-stances, or with very intense pump pulses, modes of symme-
dynamic relationship. Sections V and VI, respectively, dis-try other thanA; or Ay will not be excited, since their
cuss theoretical descriptions of the electron and phonon resycitation would require equilibrium displacements which

laxation rates, and in Sec. VIl we consider further
implication of the DECP process.

Il. THEORY OF DECP

We will summarize briefly the results obtained in Refs. 1

would change the lattice symmetry.

The electronic excitation which causes the change in the
equilibrium A; coordinates can be described in terms of the
number of electrons per unit volume(t), which are left in
an excited band, or the change in electron temperature,

and 2 for the theory of DECP that are relevant to the study o T et), or some other measure of electronic excitation. The
Ti ,05 described in this paper. The idea is that when a pumgglectronic excitations decay exponentially with time. With

pulse of short duration~60 fs) arrives at the surface of a

the hypothesis that the change Aq equilibrium displace-

conductor or semiconductor, the electronic system is disment is proportional to some measuné(t) of electronic
turbed, but comes to equilibrium in a time short compared texcitation, the classical equations of motion of hemodes

the response time of the nuclei. Now, if the lattice allows
displacements of\; or A,y symmetry, then such displace-
ments preserve the symmetry of the unit cell. At equilibrium
before the arrival of the pump pulse, thAg nuclear displace-
ments within the unit cell are determined by the minimiza-

can be solved. Both the direct effect of the electronic exci-
tation and the secondary effect due to the cohefgnnode
oscillation produced by the electronic excitation lead to a
modulation of the dielectric response of the medium, and
hence oscillations in the reflectivity are observed.

tion of free energy. When the system is suddenly excited by The measured reflectivity signal as a function of time is

the pump pulse, new equilibriurA; nuclear displacements

the true reflectivity change convolved with the pump-probe

result. The nuclear system, attempting to return to equilibautocorrelation function. The result obtained for the frac-

rium, is therefore set into cohereAt oscillation about the
new equilibriumA; positions. If the lattice has more than
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G(t) is the pump-probe autocorrelation function. The first

term on the right-hand side represents the direct effect of the

tional change in reflectivity measured from the arrival of the
peak of the pump pulseis
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electronic excitation, and the second term the indirect effect

due to theA; equilibrium displacement produced by the

electronic excitation. The third term contains a param€ter . .
; tric constante
meant to represent the effect of the sample heating or th lectronic ex

trapping of electrons in an excited band, both of which ca
shift the baseline of the spectruny.is an effective decay
constant for the coheremt; phonon of angular frequency
wq that is excited.8 represents a decay constant for the
electronic excitation, and the angular frequeri¢yand the
effective decay constag’ are defined as

2
W~ Y
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and

B'=p—. )

The phase shiftb is given by the relation tabh=8'/(}.
The coefficientsA andB in Eq. (1) can be written as

|

1

R
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where the reflectivityR is a function of the complex dielec-
=g,+ie,. Heren* denotes some measure of
citation; and is theA,4 coordinate. In Eqs4)

Mand (5), epump IS the integrated energy per unit area in the

pump pulsep is a measure of the excitation produced at the
surface due to the pump, andis the proportionality con-
stantAq/n* produced by the electronic excitation. If there is
more than oné\; mode, there is a different for each mode
excited by the electronic disturbance. The values of the pa-
rametersA and B for Ti,O3, at room temperature are
A=2.6x10 2, B=—-5.7X10 2

We will see in Sec. Il that the experimental data over the
entire temperature range through the soft transition in
Ti,O4 are well represented by Eql) (except perhaps for
long time delays, see Sec. JWith decay constantg® and
v which vary with the TbO5 temperatureT, before the
arrival of the pump pulse. Furthermore, the changg inith
changingTl | through the transition is strongly correlated with
the collapsing energy gap,. An excellent fit of the ob-
served spectra in T4 for times up to a few picoseconds
and at all temperatures was obtained using (&g.
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ll. EXPERIMENTAL STUDIES OF DECP dependent behavior of the coherent phonon frequencies
(vpn), the effective coherent phonon relaxation rater{;y,
and the effective electron relaxation rate .y shown re-

(CPM) in a standard two-pulse pump-probe configuratbn spectively in Figs. 4, 5, and 6. The coherent phonon frequen-
_ cies agree excellently with phonon frequencies at the lattice

The CPM laser generates transform-limited pulses which arg, eraturd. measured by conventional Raman scatterin
60 fs in duration, 2 eV in photon energy, total energy per. P L y 9:

. - _The frequency of the cohereAt; mode decreases with in-
pulse of 10 pJ, and 80 MHz in repetition rate. In the pump creasingl, by ~10% through the semiconductor-metal tran-

probe experiment, the CPM output is split into pump pulses,’. . .
which optically excite the sample, and weaker variably de—s't'o.n and at hlgh(_er temperatures mpglfrequenqy Increases
gain. The effective electron relaxation rate increases from

layed probe pulses, which measure the pump—inducea 2 1 9 1 ; .
changes in the optical properties of the sample. All of thew3><101 s " t0 ~10x10%s™* as the material turns semi-

data shown in this paper monitor the transient reflectivitymeta”'c' To demonstrate the C(_)rrela_tlon. of £y with the
behavior of single-crystal 505 oriented with thec axis collapse of the energy gap, the inset in Fig. 6 shows a plot of

parallel to the direction of light propagation. Temperature€s VS Tu deduced from x-ray datesee Sec. IY.
dependent pump-probe data were obtained by mounting the
Ti,O3 crystal on a feedback-controlled resistive heating el- IV. THERMODYNAMIC RELATIONSHIPS
ement. A thermocouple was used to monitor the temperature ) . ) o o ]
of the copper block on which the sample was mounted over 0 this section we discuss the origin of the shift in equi-
the temperature range 300—570 K with an estimated error diorium value of g for the low frequencyA;q mode in
+20 K. Ti, O3 (hereafter referred to as ti#g,, mode as a function
Figure 3 shows the temperature dependent pump-prob®f lattice temperature and electronic excitation. In general,
reflectivity data for TpO3. In each case, we find that the WO possible sources of this shift seem to be likely candi-
pump initially causes a sharp decrease in the sample refledates. The first is the redistribution of chargekispace due
tivity followed by a sub-picosecond time scale recovery. Suto excitation of carriers, leading to a corresponding spatial
perimposed on this recovery is a strong oscillatory featureedistribution of charge in the crystal, and a shift in the equi-
which corresponds to the pump-induced coherent phonolibrium value ofg. This charge redistribution effect should,
modulating the index of refraction. We note that we onlyin first approximation, be proportional to the number of ex-
observe coherent phonons Af, symmetry as is expected cited carriers, but also should be affected by their distribu-
from the DECP model. tion in excited bands. A preliminary calculation of the effect
The pump-probe data have been least-squares fitted to tled charge distribution oA, equilibrium displacement for
DECP modelEqg. (1)] at each temperature to give the pa- the case of Sb was performed in collaboration with Gonze’s
rameters o=, 1l/ry="7y, andvy,= wo/2m. Because the group at the University of Louvaif?. This work was based
coherent phonon oscillations occur at a frequency not muchn first principles pseudopotential calculations of Gonze
greater than the excitation pulse bandwidth, all fits had to bet al®®
obtained by convolving the autocorrelation function of the The second mechanism for a shift in equilibrium value of
pump pulse with the DECP impulse response. Without they which we consider is based on the thermodynamic balance
convolution fit, the magnitude of the coherent phonon ampli-between the free energy rise due to core electrons whisn
tude would be severely underestimated due to the finiténcreased from its equilibrium value, and the deformation
bandwidth of the pump and probe. potential decrease of the free energy when valence electrons
The most striking features of the data are the temperaturare transferred to an excited band.

All experiments were carried out with a dispersion-
compensated colliding pulse mode-locked laser sdtirce
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FIG. 4. Plot of theA,,,, mode frequency vs
temperature measured in a DECP experiment in
Ti,O3. Open squares and triangles represent two
DECP runs. Black squares show Raman scatter-
ing results(after Ref. 13.
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We find that the application of these two mechanisms to avariables, including the normal mode coordinates of the ma-
description of the change in equilibrium Ti-Ti pair distance terial. Thus, we will argue that the static, equilibrium value
as a function of temperatufg as measured in x-ray diffrac- of €4 at a given temperature, is determined by the minimiza-
tion experiments allows a determination&fvs T, through  tion of the free energy with respect to all thermodynamic
the band crossing. We also find that the model allows a measariables including coordinates®, wherea labels the dif-
surement of the change @qproduced in pump-probe experi- ferent modes. But, as th&,4, coordinateq alone varies
ments, and provides a description of the DECP experimentsluring DECP, the energy gap is modulated according to an

The model of T,O4 that we use is based on the bandoptical mode deformation potential associated with this
crossing model of Goodenoudhand the band structure cal- A14, mode. The motion of the titanium and oxygen atoms in
culations of Ashkenazi and WegErA schematic picture of the A,4, mode is shown in Fig. (b). We take the distance
the relevant bands is shown in Fig. 7. At room temperaturebetween the Ti atoms in this mode displacement as a mea-
the valence ban) is partly filled, and the conduction band sure ofq.

(1), which is separated from bart@) by an indirect gag of According to the band structure calculations there is no
about 0.15 eV, is partly empty. According to the calculationsingle transition dominating the dielectric behavior of
of Ref. 19, band$l) and(2) would overlap if it were not for Ti,O4 at 2 eV. Furthermore, both real and imaginary parts
the electron-electron interaction. We assume that the value aff the dielectric constaft of Ti,O5 at 2 eV are small, and
gap at a given temperatufg depends on all thermodynamic show maxima at-1 eV and~4 eV. We therefore expect
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181 O
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g r FIG. 5. Plot of 1/ry, vs temperature measured
= A o - in a DECP experiment in 5005. The dashed line
€ ° e shows the result calculated for two-phonon decay

12 . alone. Black circles represent the fit to Edl7)
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that only a fraction of the excited carriers come from theonly the displacemert of the A;4, mode will be important.
vicinity of the valence ban®); and, indeed, the pump-probe e therefore write the free energy per unit volume of the
spectrum observed in 703 at room temperature Shows a gystem at temperatur€, due to the displacemer, and
fast component up to about a few ps after the pump pulsgyciuding the contribution of the carriers in bands and
and much later a relatively small slow component. Thep) ag

change in relaxation rate of the initial, fast component

roughly follows the temperature dependence of the energy FL(q):nOaL(q_q(e)q)z_nObL(q_ng)3+ ()
gap in Ti,O5 indicated by other experiment$,so we as-

sume that this portion of the spectrum relates to the relaxklere,qg, is the equilibrium value of thé,y, coordinate at
ation of the carriers associated with the fraction of the exthe temperaturel| from F, alone;n, is the number of
cited carriers in bandg1l) and (2). In the following Ti,O3 molecules per unit volume; araj represents a force
discussion we take the J©; samples to be nearly intrinsic, constant for theA,y, mode. The term proportional to, is

so that, at least at thermal equilibrium, the number of holeslue to anharmonicity. We assume for simplicity tlet,

in band(2) equals the number of electrons in bagl b, andqgq have only a weak dependence dp.

We denote the lattice coordinate of thg,, mode asg We must now consider the dependence onAqg- coor-
(essentially characterized by the Ti-Ti pair separation assadinate of the free energy per unit volume due to carriers in
ciated with theA,,,, mode; and all other modes, both optical bands(1) and(2). These bands are not well characterized,
and acoustic, by the designatigff. It will be convenientto either theoretically or experimentally. A variety of masses
consider first the effect of the thermodynamic balance on theanging from (*/m)~2 to 5 and larger have been reported
shift in equilibrium value ofy. During the DECP process, all in the literature”>* A;,, deformation potentials for the
the acoustic modes of the system will be constrained, anblands are not known, but we will assume that baigisnd

W)

€, € €,
€g """""""""""""""" EF I e ' 'Fz*’ Tt "\K"“/ Y i i
9 ¥e, FIG. 7. A schematic picture of the relevant

€ C & conduction and valence bands of,D; before

@ and after band crossing.
@
AFTER BAND CROSSING
BEFORE BAND CROSSING (T > 450K)

(T < 450K)
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(2) can be characterized by deformation potentlalsand term does not vary with temperature, we can assume that it
D,, respectively. The signs and magnitudesDof andD,  has been included in the elastic free energy, @Bg. It con-

are not known, but we will shortly see that it is reasonable taributes a temperature independent shifqgg. Equation(9)
assume that a deformation potentidd2D;—D,, which  does not include correlation energy, which is believed to be
describes the modulation ef;, is negative. This means that responsible for the presence of an energy gap below 450 K.
an increase i produces a decrease é¢g. The deformation In addition to theq dependence of the electronic free
potentials will be taken as nearly constant through the entirenergy of the system, thg dependence of the phonon free
lattice temperature range from 300 K, wherg,di; has an  energy should be included in considering the equilibrium
indirect band gap of-0.15 eV, to~600 K, where the bands value of theq coordinate. This free energy can be written
have crossed. Th&,y, optical mode deformation potentials .

D, in analogy with the usual definition of acoustic mode th:Z (kgT) fo p(hw)In[1—e BH@o+0d(hw).

deformation potentials, will be defined by the relation 7
(10
Ag
Ae= Dq_’ (7)  In Eq.(10), the sum over” represents a sum over branches
0

of the phonon spectrum, and,, is the lowest frequency
whereA € is the change in energy of the band edfjg,is the  point in the /th branch. The phonon branches do show a
change in Ti-Ti pair separation associated Wik, , and  softening of about 10—15 % through the transition, but as we
o is taken for convenience as the pair separation at roorshall see, this could be mainly due to the anharmonic term in
temperature~2.6 A . the elastic free energy of E).

The free energy of the carriers in bar{dg and(2) will be The equilibrium condition for the system free energy with
described by a statistical distribution characterized by a temrespect to changes in ti#g,, mode coordinate is
peratureT, before the arrival of a pump pulse. Although
there is experimental eviderféethat excited electrons in (dF _(dFL) (dFeI) (deh)_

! . . — ===+ == +| =] =0. (12)

pump-probe experiments cannot always be described in dq dq dq dq
terms of an electron temperature, we make the simplifying{N i i ) .
assumption that after the arrival of the pump pulse the carri?/€ first treat the case where the entire system is at equilib-
ers are characterized by an effective temperafie The UM at temperaturd, . Using partial integration of some
electron free energy expression we will use is thereford€MS, the derivative of ¢ with respect tag can be written

based on the usual thermodynamic relation dF, " de;, dNy(e)
( dq >=JO {pl(e)d—q——dq fi(e)de
F=—(kgT)>, In[1+e A~ F]+Neg, (8)
! * d€2 sz(E)
where N is the number of electrons3=1/kgT, €g is the +JO —Pz(f)d—q— —dq fo(e)de, (12)
Fermi energy, and; is the energy of théth electron state.
Applying this expression to band$) and(2), the electronic Where
free energy per unit volume at any temperature can then be Bleter—ep)p-1
written (see Fig. 7 fi(e) [1+em e F]™7,
. fole) [1+eflem )] L (13
Fe,=—(kBT)N1f0 pr(e)In[1+e Pl F]de In Eq. (12), N(€) is the integrated density of states up to
energy e. If the changes ine; and e, with q are given,
o o respectively, by the deformation potenti&ls andD,, then
_(kBT)NZJO pa(e)In[1+e Pl 2 F]de Eq. (12) can be rewritten,
—szo po(€)e—e,]de. (9) ( dq>=n(q—o [1+ 7 ]—n %)[H m,l. (14

In Eq. (9), the first term on the right is the free energy of IN Eq.(14), the additional factors;e, and#;,, come from the
electrons in bandl), and the second term is the free energycontributions ofdN;(€)/dgq anddN,(€)/dq in Eq. (12), re-

of the holes in band2). N; and N, are, respectively, the spectively. Although the contributions pf(e) andp,(€) in
number of conduction and valence bands. Both bands areq. (12) are proportional t;, and therefore independent of
characterized by density of states factp(g), but in the first  the actual distribution of carriers, thgterms in Eq.(14) are
integrale is measured up from the bottom of the band, whiledependent on the statistical distribution of carriers as well as
in the second and third integratsis measured down from carrier number. Near indirect band edges, where bands move
the top of the bande; ande, are respectively the energies of almost rigidly with g, we expectdN(e)/dq to be small.

the conduction and valence band edggsis taken positive  Hence, thep’s should be small at equilibrium for small band
when the bands are not crossed. The third term on the righaverlap.

in Eqg. (9) is the contribution of the filled ban¢?) to the It is difficult to evaluate how large an effect tlgedepen-
electronic free energy of the system, introduced when thelence of the phonon free energy, Efj0), has on the equi-
free energy of holes in bar(@) was separated off. Since this librium shift of g with temperature. The decrease observed in
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Raman frequencies through the soft phase transition is 10— , 1
15 %, and, as we will see, this could be due to the change in  Aqg,=
n through the transition. In any case, the change seems to be

at least roughly proportional ta, and so we will assume
that, if not negligible, it can be lumped into E@L4) in the

H. J. ZEIGERet al.

woM l)(nEl) ( 2)(nh2)
0 do/\ o/ " L ag/ | ng)
(22)

Equation(21) is a term proportional to the number of elec-

form of possible corrections to the deformation potentialstrons transferred from ban(®) to band (1), and Eq.(22)
D, andD,. From Eg.(14), we then have the equilibrium represents a correction due to the distribution of carriers in

condition,

0 0,2, P
2Nn0a; (94— 0eg) —3Nob (04— ey “+n

1
a [1+ 77e1]

5
—n|=2|[1+ 7,.]=0. (15)
do 2

Neglecting first the anharmonic term in Ed5), the result-
ing shift in equilibrium value ofj is

“no/la/ ng/\ag) 7o
+ E)(E , (16)
No/\ do

wherenznel=nh2, and ZD_EDl—Dz.
a, can be eliminated from Edq16) if we write the equa-

_ 1
AQeq=2—al_

h,

tion of motion for theA;y, mode in terms of the reduced

massu,

. oF .
Mnoq:_%=_za|_no(q_qeq)- (17

The angular frequency, of the A;,, mode is then given by
the relation

wip=2a, . (18)
Substitution in Eq(16) yields
S REC N
ea™ woM No/\ do No/\ do !
hy| [ D2
— = 19
no)(Qo Tz 19

We can now rewrite the total free energys=F +Fg, in
terms of the new equilibrium position

Geq=eqt Adeq

by replacing q—qgo) in the free energy by
(—0eqt Ad g and expanding in powers dfqe,, keeping
terms up to second order inq(—qéo). We find

3b, n n’ ’\2
F=noa_ 1_a_L{Aqeq+Aqeq} (q_qeq) ) (20

where

AQh = — 1 [2D)[n 21
qeq_ wSM o ”o' ( )

these bands. These two terms produce a shift in Raman fre-
quency through the presence of anharmonicity, as well as a
shift in equilibrium value ofg.

We now consider the effect of charge redistribution on the
shift in equilibrium value of thé\,,, coordinateq. As noted
earlier, in the first approximation we expect the shift to be
proportional to the number of carriers transferred, but also to
depend somewhat on how the carriers are distributed in the
bands. But these effects can be included by interpreting the
parameter®;, D,, and e , 7, in Adeq given in Eq.(16)
as effectiveparameters. In that case, Eq$9)—(22) can be
interpreted as describing the effect of both charge redistribu-
tion and thermodynamic balance.

Equation(20) could explain the decrease in Raman fre-
quency of~10% observed in all modes of JO5 in the
vicinity of 450 K. As the temperature is raised through the

soft transition Aqg, anqu”e'q increase in magnitude in pro-
portion to the change in number of carriers at equilibrium.
Consequently, through anharmonicity all the Raman modes
show a decrease in frequency near the transition which ap-
proximately mirrors the change in carrier concentration.
During the course of thé,y, vibration, the energy gap
will be modulated according to the deformation potential
2D. Before band crossing, the electron distribution between
bands(1) and(2) is not likely to adjust to the time-varying
equilibrium requirements, since the relaxation time for
equilibration between band4) and(2) should be long com-
pared to a vibration period. However, at a temperaflire
greater than 450 K, when the bands have crossed, it is pos-
sible that the interband relaxation timg could become
comparable to or shorter than a vibration period. This would
imply a spatial redistribution of charge, corresponding to the

charge redistribution itk space, at terahertz frequencies. In
DECP, the large amplitude oscillating charge produced could
generate radiation in a material with Ap mode, which does
not have a center of inversion symmetry.

The attempt of the population of band carriers to follow
the modulation of the energy gap can produce both an
Aqq, frequency shift and a contribution a4, damping.
This problem has been considered by Cerdeira and
Cardon&® If 7, (referred to ass by Cerdeira and Cardoha
is the carrier number relaxation time for interband transi-
tions, then the result is a correction to the frequency given by

el 21122,

wo 2 [1+(wor)?] Nowgk qo deg q

and a contribution to thé,y, phonon damping in the form
of a relaxation rate

11 wom ( 1 )(2D>2(dn)

wopn 2 [1+ (o)l nowiu/ | do/ \deg/
eq
(24)
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In Egs.(23) and(24) we have introduced conduction and valence bands amd are given, and the
_ value of €4 is known, thenn can be calculated from the
dn} (2D} dn (25 condition that at equilibrium, the number of electrons in in-
dq o lao deg o trinsic Ti,O3 equals the number of holes. This condition is
eq eq
It is important to note that the result in E(R3) is always =N ” de
. . . - . — n 1 pl(e) B(5+51—5F)+1
negative, and in Eq24) is always positive, sincB appears 0 €

squared, anddn/d 69)ng is negative.

The value ofr, as a function of temperature is not known = sz po(€) %ﬁsgﬂ- (26)
in Ti,O3. However, in studies of the magneto-electro- 0 €
acoustic effect in Bi,r, which was shown to be dominated |n Eq. (26), €= €1~ €2, While N; andN, are the number of
by phonon-assisted hole-electron interband scatteringsonduction and valence band edges, respectively, in the Bril-
dropped sharply as the temperature of the sample was raiseguin zone. Band structure calculations indicate tNat=3

decreasing to- 10~ s at~100 K. This suggests thatin and N,=21° The density of state factors in the effective
Ti O3 above 450 K, where the bands have crossed, the renass approximation are given by

laxation rater; could be short enough so that E¢83) and
(24) could give non-negligible contributions. However, a re- p(e)=Ce™? (27)
lationship we derive in Sec. V between ¢1) and an inter-

h
band contribution to (14,) after band crossing suggests that ere
woT In Ti,O5 is ~4-6, making the contributions of Egs. 82
(23) and(24) small. C= (m*)%2, (28)

3
Even though the exact mechanism of phase transition in h
Ti,O3 is not established, the condition for equilibrium, Eq. When Eq.(26) is applied to the valence band of ;0 5, we
(11), should still hold true. Therefore, neglecting the smallcan write the expression far, the number of holes per unit
corrections due to the's, the relation betweedgeq andn volume in the valence band as
in Eqg. (19) can be treated as an empirical one. An empirical

estimate ofAqe, for the A, mode as a function of | can _ o . _3 m; 32 T | ¥

be obtained for TjO5 from the changes observed in Ti-Ti n=2.84x10% cm °x mo) \Tat

pair distance as the temperatufg is raised. This distance

has been carefully measured in x-ray diffraction studies = xMdx

through the transitioht The measurements indicate that the x szo e~ )41 @9

Ti-Ti pair coordinates and the surrounding oxygen coordi-
nates change in a manner qualitatively consistent with th&vhere n,=er /kgT_, Xx=€/kgT,, and e, is the Fermi
behavior expected of th&,,, coordinateq [see Fig. 1)].  level measured down from the top of the valence bése
An approximate decomposition of the changes in coordinatebig. 7). Equation (26) for given values ofT,, €4, and
through the transition can be made inteaxis strain and (N;/N,)(mj/m;)*? allow a determination of botle: and
displacementq by comparing the fractional change in n.
c-axis coordinate to the fractional change in Ti-Ti pair spac- To make use of the x-ray data in testing H@9), we
ing. The latter change is about twice the former, suggestingvaluate the quantities
that half the Ti-Ti displacement is due to the change in
Ay, coordinateq. (Adeq)t =[(d eq)7, ~ (deg)z00kl (30
To compare the measurette, as a function off | with
Eq. (19), values of D and ofn as a function off . must be
obtained. Unfortunately, the value ofb2=D;—D, is not L ,
known, although we obtain a value fb,|=2.0 eV from ©Of the Ti-Ti pair spacing from x-ray measurementsTat
comparison of a theoretical calculation ofl/at room tem-  Assuming the effects of., andz;,, are small at equilibrium,
perature with the measured val(see Sec. Y. Furthermore, We then obtain from Eq(19),
values ofn are found experimentally to be roughly in the
range of ~3.9 to 5.9<10'° cm~3 at 300 K!' but values 1
have not been reported at all at higher temperatures. To cal- (Aqe")TL_ B w%,u
culaten from a band model, the effective spherical constant o
energy surface band masses}(m,) and (m3/mg) of the ~ where @n)r =[(n)7 —(n)s00«]. While D may change by
conduction and valence bands must be known, as well as 15% or so as the temperature rises through the soft transi-
€4 at each temperaturg_. A measurement of the effective tion, as do elastic constants,will change by over an order
mass for the valence bandn}/mg)=5, has been obtained of magnitude. For simplicity, we will then tre& as a con-
from early measurements of thermoelectric poWeand in  stant.
fact this mass is used in Sec. V in determining the value of The strategy for testing the reasonableness of(E9). is
|D,|. to take (m3/mgy) as 5(the value used in Sec. V to obtain
To test Eq(19), we must first obtain results fon(ny) as  |D,|), N,=2, N;=3, and then to choose a value pf?
a function of temperature. If values ah{) and (m}) for the  defined as

at the temperatures at which the x-ray data were takés.
discussed above, we identifyqe(o)TL as approximately half

2D_> (An)TL

o No

, (31)
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TABLE I. Model band parameters deduced from x-ray data oyOTi, using (m3/my)=>5 and values op®?=(N,/N,)(mj/mj)3?

shown. Values of, at T=300 and at 450 K are, respectively, takenegs-0.15 eV ande,=0. Results fom(390 K), n(490 K), and

n(565 K) have also been calculated, but are not included for lack of space. Negative vakjgsoofespond to overlapping bands.

P €4(390 K) €4(490 K) €4(565 K) €4(621 K) n(300 K) n(450 K) n(621 K) (2D) €r,(621 K)
eV ev eV eV X107 ¥em™3 x10¥em™® x10¥cm™3  ev eV
1 0.095 -0.034 -0.054 -0.061 2.76 79.06 199.8 -6.50 0.030
1.5 0.098 -0.034 -0.055 -0.062 3.36 144.60 363.4 -3.50 0.046
2 0.100 -0.035 -0.056 -0.063 3.90 221.21 563.1 -2.28 0.057
25 0.101 -0.035 -0.056 -0.064 4.42 305.98 788.0 -1.64 0.065
3 0.102 -0.036 -0.057 -0.065 4.76 398.69 1006.3 -1.26 0.073
4 0.104 -0.036 -0.058 -0.066 5.48 608.25 1567.2 -0.82 0.084
5 0.105 -0.037 -0.059 -0.067 6.24 828.02 2085.7 -0.60 0.093
p32=(Ny/N,)(m}/m%)32, (320  might be included in explaining the experimental results of

_ _ _ Ageq With T, the value of D obtained in Table | fop®?
With these choicesy can be obtained af, =300 K (where  ahout equal to 2 is quite reasonably interpreted as a defor-
€,=0.15 eV} and atT =450 K (where ¢,=0). Applying  mation potential.

Eq. (31) for T =450 K, with the valuessy=233 cm ' in Having considered the case of equilibrium at a tempera-
wave number unitsy~24 (the Ti,O3 reduced mass in mo- ture T, (that is, for both lattice and electron system at tem-
lecular weight units go=2.6 A , and 1h,=51.8 A %, we  peratureT, ), we now consider the changes introduced by the
then obtain a value for Q. Next, applying Eq(31) to the incidence of the pump pulse. Assuming most of the DECP
x-ray data at other temperaturél§y , we can calculate signal observed is due to transfer of electrons out of the
(An)TL from the ratio valence band?2) and into some excited bands labeled by
(i), we write from Eq.(19) the change injqe, produced by

(An), (AQegT, the pump,
= : 33
(An)gsok  (Aleq)asok 33 sa = 1 5n)<D2—Di) (5n)(Di>
Finally, e, at the temperaturel, is determined from Aed™ wou || no Qo No/\ Qo e
(An)T_L' n+én\ (D, on\ (D,
This procedure was followed for a number of values of —Agn, | — | | 7|,
p*? using tables of Fermi integrafé. The results obtained Mo /19 Mo/ 1 Go/ 2

for (2D), and forn and ey at a number of temperaturds (34
are shown in Table I. Negative valuesegyfrefer to values of

band crossing. We see that reasonable results are obtain@(f€re 6n is the number of electrons transferréd, is an
for (1) (300 k) @nd for (23_) for values ofp¥? of ~1.5-3. The effective deformation potential for the excited band, (

choice of (%/m)=5 was made somewhat arbitrarily in 7 represents the correction due to the distribution of elec-

order to have only one variable to consider. This mass is n§fons in the bandsij, 7, is the value ofy,, before the
better established than other parameters pORi. Transport pump pulse, and 7h,=(7h,~ 77h(20)) is the change produced

measurements and band structure calculations suggest th@; the pump pulse. Before band overldp, €450 K), the
(m’l‘/m_;) should be greater than 1. It should be noted thanly rapidly varying quantitieson a time scale of-1 p9
changing (3 /my) changesr and 2D, which scale, respec- are 7e, andA 7y, These two parameters can change rapidly

tively, as (m3/mo)*? and (m3/mo) 3~ ‘But the choice of e to the cooling of the excited electron distribution through
(m3/mo) does not affect, values, which depend only on the mechanism of the electron-phonon interactisee Sec.
p*?. Remarkably, the values af; at different temperatures v/). sn will change much more slowly by interband recom-
vary only slightly with p32 in the range studied, and all of pination processes. In addition, the effectdemay change
these values lead to an overlap of the valence and conductiglowly as the electrons transfer between higher-lying bands.
band after the soft transition of about 0.06 eV. A rough valueafter band crossing T, >450 K), there will be a rapidly
of the pOSition of the Fermi level in the valence band atchanging interband contribution meq produced by the de-
T =621 K for p¥*~2 is ez,~0.06 eV. The values of; at  cay of 6n due to interband recombinatidsee Sec. Y.
several temperatures obtained by this method for We will estimate the size of the displacemefy of the
(m3/mg) =5 andp®?=2 are plotted vd_ as an inset in Fig. A;4, mode produced by the pump pulse in our DECP ex-
6. periments in TyO5, by establishing a rough calibrating re-
As pointed out earlier, we have extended the interpretalationship between measured valuesAdR/R and the dis-
tion of Egs.(19—(22) to include both the effects of charge placements producing them. This can be done in an
redistribution and thermodynamic balance between core erapproximate manner by comparing the change in reflectivity
ergy and deformation potential energy. It should be notedn raising the sample temperature from 300 K to 450 K, to
that, although some contribution of charge redistributionthe corresponding change in equilibrium Ti-Ti pair spading.



54 FEMTOSECOND STUDIES OF THE PHASE TRANSITION IN JO4 115

FIG. 8. A schematic picture of the electron
intraband and interband scattering diagram with
emission of phonons in 303.

INTRABAND SCATTERING

INTERBAND SCATTERING

The reflectivity is found to decrease by10% during this our present experiments removes electrons from the valence
increase in temperature, while the Ti-Ti pair spacing in-band at a depth of a fraction of a volt, adding considerable
creases by about 0408 . We assume that{R/R), produced energy, but changing the number of carriers by only a small
by changes in Ti-Ti pair spacing, is roughly proportional toamount. The decay of this excess energy is mainly due to
those changes, whether produced by changesairis strain  carrier scattering, with the emission or absorption of
or by changes iMA;,, coordinate. If this proportionality phonons. Before band crossing, the relaxation rate, 1/
holds approximately whether or not the pair spacing changesiould be mainly due to an intraband contribution

have their equilibrium values, then we can establish our cali-

bration. The result is
1 1

P (39
ﬁ) A=— 0_44 A_F?) A (35) Tel  Telintra

0.04

=010

R

It should be noted that this calibration applies only to thatAﬁer band crossing, however, there would be an interband

portion of AR/R which is due to changes in displacement of contribution as well, so that,

the A4, coordinate, and thus does not apply to fterm in

Eq. (D). 1 1 1
To apply Eq.(35) to Ti,O5 at room temperature, we note P + P

that B, which is equal to—5.7x1072, is the value of el Telinta el inter

AR/R due todgeqatt=0". This yields

(40)

Both of these components would depend on the energy gap
80eft=0")=0.023 A. (36) €4 (which varies with lattice temperatuflg ), as well as the
o . , . effective electron temperatuii,.
The total swing m&q in the first cycle of.V|brat|on is thus Questions have been rai€éaoncerning the correctness
80=0.046 A . This is to be compared with the value of the ot gescribing excited electron distributions in optical pump-

zero point r.m.s. amplitude of th&4, phonon, probe experiments in terms of an effective electron tempera-
ture T. However, it is difficult to attempt any analysis on a
_ h 3.98 ; ; ; ;
q= _ A, 37 more general basis, and theoretical calculations based on this
2uwg  [w(MW)XX~Hem 172 7 model yield results which are reasonably consistent with the

observation of relaxation rates in J3; over a range of
lattice temperature§, .
Allen®® has presented a theoretical description of the cool-
G=0.053 A . (39) ing _o_f a hea_ted electron gas r_aised to a temperdirey an

exciting optical pulse, and this theory has proven to be par-
ticularly useful in describing femtosecond pump-probe ex-

V. ELECTRON RELAXATION periments in metals. We will adapt his treatment to the more

general case of a material that does not have a sharply de-

fined Fermi surface, as in the case of,®i; at room tem-

in convenient units. Taking ~ 24 in molecular weight units,
and theA,,, mode frequency as 233 cm, we find

As shown in Fig. 6, the behavior of the effective relax-
ation rate 14, with sample temperature indicates a strong
correlation with the disappearance of the energy gap. Wh”gerature:. . . . . .
there may be other ways of understanding this result, the Allen’s discussion begins with an expression for the rate
behavior strongly suggests that the background decay fo(?f energy loss due to EXChapge Of energy between two
times less than a few ps is associated in some way wit§roups of electrons, labeled by andk’ which have been
carrier distributions in band€l) and (2). Our model of the heated by a pump puldsee Fig. 8 Allen’s original treat-
pump excitation process in JO5 will assume that the spec- Ment deals with these heated electrons in the same band, but
tra produced in the first few picoseconds after the arrival ofwve will generalize the result to the case whkrandk’ may
the pulse are due mainly to the excitation of carriers from thenot be in the same band. Transitions occur between these two
valence band?2), leaving the valence band electrons, aftergroups by phonon emission and absorption processes, with
rapid equilibration, at a temperatufg,. The pump pulse in the phonon population at equilibrium at a temperatiye
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For the set of electrong andk’ heated to a common tem- Proportionality of the density of states to the sample volume.
peratureT,,, the rate of energy loss can be written The factor of 1/2 in Eq(45) comes from electron spin con-
servation during scatterind?(e,e’) represents an average

JE 2 ) over the two constant energy surfaces of the energy loss rate,
Ezzk,k’,Q 7 IMi e [“(Rog)[ (fir —fi)ng(TL)
2
. R 1y — - , 2 2 _
_fk(l_fk’)]é(ek_ ekr—ﬁwQ)ﬁ(k—k'—Q). P(G!E ) << A )2Q|Mk,k | (ﬁwQ) [nQ(Tel) nQ(TL)]

(41)

Here,k labels an initial electron state of energy; k' labels
a final electron state of energy,; Q labels a phonon of

wave vectorQ, and energyiwg . My s is a matrix element As we will see in a momenp;(€’) in Eq. (45) may refer

for the scattering from the staketo k’ with the emission or to a different band, implying interband scattering, but only if

absorption of a phonorf, andf,, are the Fermi distribution the distributions in the two bands are characterized by a

functions for excited electrons at temperatufg; and commonT . For the moment we consider intraband scat-

no(T.) is the Bose distribution function for phonons at tem- tering only. For energy loss bgcousticphonons, not every

peratureT_, point on the surface with energy/ may be accessible to a
given point on the surface with energyby a phonon process

No(Ty)=[e"we’eT—1]"", (42)  consistent with the two delta functions in E@6). For en-

ergy loss due toptical phonons we can describe the phonon

In general, Ty will decrease andr, will increase as a py an average flat spectrum of angular frequengy inde-
function of time after the pump pulse. We assume that the endent of®, so that all points on the energy surfageat
change inT, is small and can be neglected. Thdunctions P ' P 9y

) ._energye+#w are accessible to the scattering process. For an
in Eq. (41) guarantee energy and wave vector conservation tical phonon, neglecting th® dependence of the matrix
in the phonon emission and absorption processes. It shoufc)1D P » Neg 9 P

be noted that if there are several electronic bands involved iff er:lehnt, calling F;ﬁ(é):tp (6)t" and r§pla<;ng&15(e ) bg
the electron cooling, there may be intraband and interbanﬂ(ff w)d_tp(e')’ld € integration ovee’ in Eq. (45) can be
contributions to Eq(41) from each band, and if a number of periormed fo yie
phonon modes are involved, there will be a contribution JE o
from each one. == %vz(—)|M|2<ﬁwo>2[n<Teo—n(TL>]

Equation(41) can be simplified somewhat by using the at h

y f of 2
—</lple)]"de

fact that the rate of loss of electron energy vanishes if the
phonon system is at the electron temperaflife Equation
(41) can then be written
) We have introduced the bracKelr  as a reminder that the
My *(fiwq) (fio = filNg(Te) integral in Eq.(47) is taken withf(€) evaluated af =Ty,.
o From Eq.(47), we can define approximately a relaxation

—No(TL)]6(ex— € —hwg) (k=K' —Q), (43  rate (1kginna), Which describes the initial rate of decay of
energy of the excited electron gas after the pump pulse by
the relation

X 8(e— € —hwo) S(k—K —Q) ) . (46)

av

(47)

Tel

JE T
P

where ng(T.) and ng(T) are the phonon populations at
temperature§ | and T, respectively.

For simplicity, we next make the assumption that the rel- 1 1 9E
evant values ofiwg in Eq. (43) are less than the excited (—3) ="XE (48
electron energy=kgT, SO that it is reasonable to expand Telintr
fw as In using this definition of X, we are assuming that the
disturbance in carrier energyE is the measure of the elec-
fo=fit| | (—hwg). (44)  tronic excitationsn* in Eq. (4). Combining Eqgs(47) and
Jel (48), we have
This is roughly the case for FO; even if the major phonon 1 1(2x7 ,
involved is, as we will argue, thé,y, optical phonon at a _ a)= E(T)V“\A|intra(hw0)2[n(T9|)_n(TL)]
frequency of~233 cm 1. Using Eq.(44), and changing Telintr,
from summation to integration in E¢43), we can write of )
“ (—5)[/3(@] de
JE 12 ) of o Te
-2V f f Pe.e)| — = |pa(e’)de pa(€)de, X T T
(45) fef(e)p(e)dé ] - fef(e)p(e)de .
where p,(€) and p,(€’) are, respectively, the densities of ° (L49)

states in energy on the constant energy surfaces containing
the statek andk’ (see Fig. 8 The factorv? comes fromthe whereAE is V times the denominator in E¢49).
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Because theA;y, mode in TibO3 appears to strongly n(T.)=(kgTe/fiwy). The last, dimensionless, temperature-
modulate the energy gap, and therefore appears to hgependent statistical fact@® depends on the value of the
strongly coupled to the valence bart@) and conduction parameters ex(Te)/kgTe and ex(T.)/kgT.. The term
band (1), we focus our attention on this mode as the one[jgde]Tel in S was obtained by partial integration of

dominating the relaxation in Ed47). It should be kept in oy . . i
mind that this is an approximation, and that some contribu—UO( af/aX)XdX]Tel' Rewriting Eq.(51) in terms of param

tion from other vibrational modes could be significant. €t€rs expressed in convenient units, we find

X

Acoustic mode intraband scattering is likely to be small,
since acoustic mode scattering is proportional |@|2,3* — 04531012 s!
which should be small for scattering near a band edge. On \ rial S
the other hand, for interband scattering across the Brillouin 3 5
zone, both optical and acoustic modes have been found to be Dz(eVZ)(m—) y ( vud A )) 1 }
important, dependlng on sample temperaﬁﬁ%.The appli- _ Mo qé(A 2) | w(MW)
cation of Eq.(47) to interband scattering would be appropri-
ate only if the carrier distribution in both initial and final XPXS. (59
bands were characterized by a common temperéfre ) )

Assuming that the matrix element describing the electronIn EQ. (55), the reduced masg is expressed in molecular
phonon coupling to thé,, mode can be expressed in terms weight units. It should be noted that the dependence of

of a deformation potentia|M|2,, can be writteff (U7 ejinra) ON the dominant optical phonon is represented
only in the values oD, qg, the appropriate value qf, and
2 Uyc|—y{ dU 2 in the factorP. Equation(55) should apply to the case of
IM|intra= V2 aq) B0 T ,05, at least in the temperature range from 300 K to

o ~450 K, where (144 inwe) Should be negligible.
In Eq. (50), (au/aq) represents .the modulation in energy of  To apply Eq.(55) to Ti,O3, we must then evaluate the
the band edge witid,y, mode displacemert}, v =1/ngis  pracketed, temperature independent factor, along with the
the volume of the unit cell, and is the zero-point root mean factors P and S, which depend ofly, T., and the ratio
square displacement of the phonon, given by @B3). €r,/kgT at these temperatures. We have evaludednd

x| D? XPXS, (51

Equation (50) can be written in terms of a deformation s and their product for many combinations of parameters,
potentialD as defined in Eq(7). We take] p(€)] as a spheri-  gyer a range of values df, from 300 K to~450 K, where
to write the integrals in Eq49) in dimensionless units, and to several hundred K. Over this range of parameter value
to regroup the terms. combinations, the produ@S was nearly constant at a value
3i2 least partly understood by noting that tR& product is pro-
1 _ (mo) portional to ~(1/AE)X[n(Tg)—n(T.)]. An increase in
Telintra,
3 increase i N(Tg)—n(T.)]. The constancy of the product
m* Uye| 1 P Simplies that 14, should be nearly constant with increas-
Mo do ) w . ; . O : :
crossing begins. This prediction is consistent with observa-
where tion.
PE( ﬁ“’o) ( [ _ n(TL)} (52) Ti,O3 at 300 K, using the valué?S=0.5. The effective
o n(Te) ]’ massu of the vibrating atoms in thé;,, mode of T,O3 is
[JofdX]r, pair, u=24; the unit cell volumey is 51.8 A 3; andq,
= ' taken as the distance between Ti atoms in a vibrating pair, is
—(TL/Te,)5’2[f fx32dx
0

( TRT) 1/2
Te [ f : fx32dx

0

cal band density of states given by Ef7). It is convenient  the band gap vanishes and for valuesTgf- T, from 50 K
We then have of ~0.5 = 15%. The reason for this constancy can be at
V2712 (kg Try) Y2 Te thus increasedAE, but also produces a compensating
ing T, as the temperature approaches 450 K, where band
We can apply Eq(55) to the relaxation rate observed in
approximately the reduced mass of the vibrating Ti atom
2.6 A . The carrier effective mass ratio for the valence band

T T is not conclusively known, but one value quoted in the
(53) literaturé”® is (m*/my) =5. The remaining unknown param-
eter isD,, for the valence band, but this can be determined by
equating the Ocigseri/ed relaxation rate at room temperature
[ a(x—ep IKT) -1 (U/74=3.3X10" s~ 1) to Eq. (55). The result is|D,|=2.0
fx=le i ®4 eV. It should be kept in mind that the value of
In Eq. (51), the first bracketed factor contains parametergm;/mg)=5 is not well established. Thus, the value of
which are independent of temperature and matekjdlzris  |Do| determined from our experiment will scale as
the value ofksT at room temperatureTgr=300 K. The  (my/mg) 34
second bracketed factor contains material-dependent but We now turn our attention to the consideration o1/
temperature independent parameters. The ®iima dimen-  after the bands cross. Equati@®b) can still be used to de-
sionless phonon occupation factor which is usually of thescribe the electronintraband relaxation rate, after band
order of unity for iwg/kgTe)<<1, since in that limit crossing, and we first ask what combinatiorepf and T, is

el

and the Fermi functiori(x) is of the form
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Case(a): Carriers in both band€) and (1) are raised to
temperature~ T, by the pump pulse.

Case(b): Only the carriers in valence bartd) are heated
by the pump pulse to temperatufg,, while carriers in con-
duction band1) remain at essentially, .

For case(a), Eq. (43) applies, which means that the final
result for (1/¢ ine 2 iS Of the same form as E49), except
that the integral in the numerator involves the joint density of
statespq(€)p,(€) for the two bands, and the denominator
has a contribution tAAE from both bands. However, the
result will be proportional to an interband matrix element
IM|2,., which should in general be different frofM|2,,.

FIG. 9. A schematic diagram showing the electron populationsThe density of states factor in the numerator of E4p)

representing (T re)p (to the lefy and 14, in Ti,O (see text, would increase, but this would be largely compensated by an

Sec. \J. The figures show Fermi distributions as a function of en-increase iNAE. Therefore, except in the unlikely case that

ergy. For (1# o me)s the Fermi levels nearly coincide, but the tem- |M |56 IM|%va: (1/7el ineda Cannot explain the large in-

peratureT, in band(2) is greater tha_ in band(1). For 1/, the  crease in (1) after band crossing.
Fermi levels are shifted, and the temperaturgsn both bands are To evaluate the result for cagk), we generalize Allen’s
the same. expressiofr for the rate of energy loss of two groups of
electrons labeled bﬁ andk’and interacting by the emission
S ) . and absorption of phononE.IabeIs the electrons in barig)
required in order to explain the measured value of relaxatlor(]:lt temperaturd ., while K’ labels the electrons in bar(d)
rate atT, =600 K on the basis of intraband relaxation alone. P el

We noted in Sec. IV that based on the thermodynamic modéft lemperaturd, . Since the electrons in the wo band; are
considered, the equilibrium value bﬂfg| atT, = 621 K was not at the same temperature, we cannot apply(£3).to this

about 0.06 eV, and the value ef, was roughly the same. case(s_ee Fig. 9. In the_simplest situation_, Fig. 9 corresponds
We find that values o&q, much larger than 0.06 eWvhich 0 €ooling by exchanging hot electrons in ba@ifor cooler
would have to be produced by the pump pulseust be electrons in bandl) by scattering via phonon emission and
assumed to give relaxation ratesTat= 600 K that are three a@bsorption. Of course, if the difference in temperature be-
times those at 300 K. The number of carriersequired to  tween the electrons in these two bands vanishes, then the
produce this large shift i, is found to be over an order of large contribution from caséb) vanishes, and we are left
magnitude larger than the total value &f produced by the ~With the smaller contribution from cade).
pump pulse. Thus, an increase in intraband scattering after The general expression for (4/ ine)p Can be written
the bands cross can only be a small part of the explanation
for the factor of 3 increase observed in £}y.

To compute thenterbandcontribution to 14, when the
bands have crossed, we return to Allen’s treatment of the twr 1 VNiN,C1Col 1 1,

12w
s . 2
sets of electrons labeled yandk’, which are interacting ):5(7) M e ke Trr) 23X N,C,AE’ ,

by the emission and absorption of phonons of angular fre- Tel inter -

guencywq. We will assume that the labél refers to elec-

trons in band2) andk’ to electrons in bandl). We consider
two possibilities. where

eqtho
fog O{nfz(e)[l—fl(e—ﬁwo)]—(m— Dfy(e—hawo)[1—Fa(€) ]} X (€)€V2X (| eyl — e+ Tiwg) Ve

3

i foeg_hwo{(n-l- Dfy(e)X[1—fi(et+hiwo)]—nfyethwg)[1—fo(e)]} X () eV |eg| — e—Timg) de|,  (57)

and

AE 1 5/2 0 0
AE :NzCz(kBTRT)5’2:(kBTRT) HL [1—f2(e)](e)el/2de} —HO [1—f2(e)](6)61/2d6] 1 (58)
T T

el L
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In Eq. (56), C; andC, are, respectively, the density of states other lattice temperatures by the condition thdt is con-
factors given by Eq(28) for the bands(1) and (2). I ¢ ~ stant. We have calculated_ 7 at the three lattice tempera-

andAE’ are dimensionless quantitigsis the phonon popu- tures assuming a value fdr, at T, =565 K. Matching the
lation factor at temperaturg, . The energy in the integrals is measured value of (1) at 565 K to the expression
measured down from the top of baf@). The Fermi func- 1 1

—|= +KI ,

( ) ( Tel intra) TerTu

tions in Eq.(57) are given by
(59) yields predicted values of (44) at the temperatures
T_ =490 and 450 K. Such calculations have been performed
for Ty=665 and 765 K afT, =565 K, giving values of
_ AE’'=1.68 and AE’'=3.40, respectively. For the case
fl( E) - e(*er EFZ)/kTL+ 1 ! (60) AE' = 168, we Obtain[ITelyTL]565 K= 0558, [ITeI’TL]490 K

wheree, is the Fermi level in both bands &t , ander._ is =0.323, and It 1 Jasox=0.052. ForAE’=3.40, we find

the Fermi level in band2) at electron temperaturB,. Al- 17 .1 Jses k=103, g 7, Jaso K._0'56.4' angl
though the schematic in Fig. 9 does not show a difference,! 7o T J450=0-081. These calculations yield the points
the Fermi |e\,e|,5|':2 is not exactly the same as: ; €|'=2 is  shown in Fig. 6. The results for the two choicesTef are
calculated at temperaturd@s, by the condition that the num- only slightly different, and match the observed data reason-

ber of carriers is approximately the same as at temperatur%ny well

L From Ref. 2, we can calculate the total energy per unit
T, before the pulse. In Eq$58), f2(e) is given by EQ'(SQ) volume delivered by the pump pulse at the sample surface
in the first integral, and is the same fage), Eq. (60) in the ; .
; for 2 eV photons with the relation,
second integral.

We will apply Eq.(56) to the case of TiO5 after band AE(eV cm 3)=2.0x10%n,(1-R) cm 3Xx2 eV,
crossing. To do the calculation realistically, we keep the de- (62
pendence ot wy, which means that there will be a contri-
bution to interband scattering with the absorption of a pho
non even when a gap;<fiw, exists between valence and

conduction band. We have performed the numerical integraﬁzo 127 This yieldsAE,,=7.2X 10?° eV cm~3. Compar-
=0.1. =T .

tionofIr v, attemperature$, =565, 490, and 450 KUSING i+ the energyAE,,, delivered to the sample by the pump
values of the gap given in Table | for the cgs¥=2. With  pyise with AE corresponding toT,=665 and 765 K at
the assumption that the energ§ given to the valence band T =565 K, we findAE is, respectively, 3.7% and 7.5% of
by the pump pulse is nearly constant at all temperatures, thg E,y for the two cases.

denominator in Eq(56)_is constant and all of the dependence We will compare (1# i) at 565 K given by Eq(56),

of (1/7¢l inedp ON Ty is contained inly_ 1 . For a given  ith (1/7 .. at 300 K from Eq(49). From the definitions
value of T, at T, =565 K the values oT, are determined at of P andS in Egs.(52) and(53), we can rewrite Eq(49) as

Tel
1
fZ(E): 'e(—e+eFé)/kTe|+ 1 '

wheren, is the imaginary part of the index of refraction and
R is the material reflectivity, both evaluated at the pump
frequency. For TjO5; at room temperaturen,=2 and

i B s M2 VX Calfiwo) X PS. 62
=5\ % | Mlinwa KaTr) ™2 (62)

Telintr

SincePS~0.5 at 300 K, we find

[(1/Tel inter)b]565K: |M |ﬁ1ter (&) (m_I) 32
[(UreiingaJsook  IM[ZGa 2\ N2/ |\ m3

(kgTgr7) ITeI T

(hhwo)0.5 AE' (63

If we attribute the difference betweenrl/at 565 and 300 K to transfer of energy between the valence bé¥dat tem-

to (7 intenn » then the ratio in Eq63) must be~2 and we  peratureT and conduction bangl) at temperaturd . This
find for both the casd =665 and 765 K afl, =565 K,  kind of increase in effective relaxation rate with band cross-
IM|2,/IM|2.~ 1. While this result is probably fortuitously ing is consistent with the observations of Schoential,®
close to 1, since approximations have been made in obtairnn their study of the effect of overlapping bands in the GaAs-
ing Eq. (63), these calculations suggest tHan|ﬁma and  GaAlAs alloys. The difference is that in their experiments
|M|ﬁ1ter are roughly the same. electrons pumped into the conduction band transfer into a

The energy relaxation rate of E6) for band(2) is due  subsidiary band which is empty.
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In recent high power DECP experiments in 8ht has  dominates at temperatures 6f100 K and higher. For high
been observed that (44) probably increases with pump- temperatures, at which it is appropriate to trkat, as small
pulse power, although this interpretation of the data is comeompared tkgT, their result can be written, in our notation,
plicated by the observation that ¢}f) also appears to in- in the form
crease with power. One contribution to the increase of

(1/7g) with pump power could be an increaseeip2 at high 1 1(27 |M|2 VX NLC V214 p
powers due to pumping of electrons out of bdBg(see Fig. 2 inter 1C1(€rs [1+p ]
9), leading to more hole states available in b&Rdfor scat-
tering of cool electrons from bangl), and resulting in a X[2n(Ty)+1]. (67)
faster relaxation rate. _ _ The ratio of 14, t0 (1/7¢ ine) IS thus

It is also interesting to consider the result obtained for
(1/7¢ inedp 1N the limiting case of sharply defined Fermi 1, [1+p7 Y]

levels in bandg(1) and (2), and to compare this with the (68)
expression for (1) obtained in Refs. 30 and 31. For this
calculation, we will assume tha@tw,<<kT_ ,kTg. The as-
sumption of sharply defined Fermi surfaces means ébat
andeg, are both large compared kaTe andkgT, . We also with sharply defined Fermi levels:; andeg, in both bands
assume that the number of electrons removed from §2nd . 1 F2 '
by the pump pulse is small compared to the number of holegn;j (\letthh it(BETe' 66;3nq k?hTL greal';[gfr tthha?:i“’?'dlt ShQUId be :
present before the pulse, so that the Fermi level is not shifte oted that Eq(68) is the result | ne heated carriers are in
e valence ban@®). If heated carriers are instead electrons

appreciably. Both the numerator and denominator in(&6). in band (1), then the labelg1) and (2) in Eq. (67) are re-

must be evaluated by expansion about the Fermi energy, as . .
both consist of the difference between nearly equal larg versed. If the relation Eq68) holds roughly for T;O, after

i /2
terms, and the residual differences come mainly from contri‘-%and crossing, and we take 2 to 3 as suggested by

butions near the Fermi energsee Fig. 9. If we assume that Table 1in Sec. IV, then we find the ratio in E(G8) to be

(L7g inter)b_ [1-3p] ,

and Eq.(66) can be used to replageby (egs/€gq).
Equation (68) holds for the case of overlapping bands

hwolkTy andfwy /KT, are both small compared to 1, then Ur
fhwgy can be neglected in E¢G7). Expanding the energy and ! ~351t05. (69)
density of states factors in E¢6) about the Fermi energy (Uel inted

€, in the valence band, and using the condition, E§),
that the number of holes in bar@) equals the number of
electrons in bandl) leads to the relation

If we further assume that (44 ine)p iS 2/3 the electron re-
laxation rate after band crossing then we fingl, ~4 to 6.
This would imply that the charge oscillating between bands

«3/2_3/2_ x3/2_3/2 (1) and (2) during anA,4, oscillation cycle is very small,
Namy™er =Nom; ™ er, 64 2nd the contribution to Eq$23) and(24) is negligible.p®?
and Eq.(56) becomes would have to be as large as 4.68, fog7, to be ~1.
1 127w 2 12 VI. PHONON RELAXATION
) =5\ 7 IM[ieV X N1C1(€F1) _ _ _
Tel inter] As for the case of spin resonance damping, the relaxation
N rate for theA,;, mode excited by DECP consists of two
X[1—=3p][2n(Ty)+1], (65 arts:
p
where 1 ( 1 . 1 ) 7
_<&) m( ﬂ) _(E) (66) GG
P Nz m; €E1 )

where 7, is analogous to the spin energy relaxation time

Equation(65) can be compared with the interband numbergl and Tphzbl's the analcf)gue of ﬂ:ﬁ s_plnl detphfr113|ng tEﬁp
relaxation rate 1 (discussed in Sec. ¥ when the valence ne pOS,S' € §ource 0 (ﬂf’/h)ils € |r?e astic three-phonon
and conduction bands are both at temperafjre but the ~ Process in which the cohere@t=0 optical phonon of angu-
Fermi levels between carriers in the two bands have beelgr frequencyw, excited in DECP loses energy by the emis-
displaced by a deformation of the lattice occurring during aSion of two acoustic pt\onons of angular frequeagy2 and
lattice vibration(see Fig. 9. This case has been consideredof equal and opposit€ vectors. For a description of this
by LopeZ' and Lopez and Koenidin their discussion of the mechanism, the wave function of th,, coherent state
acoustoelectric effect in Bi. They calculater}/(equivalent ~ excited by the pump pulse can be written
to our 1/7)) for the case of sharply defined Fermi levels in
both conduction and valence bands, but they do not make the S
simplifying assumption that w, is much less tharkgT. ¢(q’t):2 c Oy (exd —i(/+12)wet], (71)
They obtain an excellent fit to their measurements ofgl/
over the entire temperature range fromt K to ~100 K.  where/ is a harmonic oscillator quantum number for the
The fit they obtain requires the presence of both acoustic anél;4 phonon mode and is the A, displacement coordinate.
optical mode contributions, but the optical mode contributionThe coefficients,(0) immediately after the pump pulse are
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those of the well-known solutidh of the problem of the which then scatters with the emission of an incoherent opti-
diSpIaced harmonic oscillator wave paCket. The CoefﬁCient%aj phonon OQ_);/:O and near|y the same energy. Energy and

c,(0) are given by’ momentum would be conserved in the electron scattering.
, Since this process is first order in the incoherent optical pho-

c/(O)ze’kz)\/ 3 /+, (72) non, we expect the difference be_:tween the emission and re-

/N verse absorption process to be independent of the scattered

phonon population. On the other hand, the damping rate due
to this process should depend on the availability of electron
Aq, states for scattering, approximately in the same way as
A= — (73 (1/7¢) depends on the availability of such states. We there-
\/Eq fore expect this two-phonon contribution to ¢}), to be of
the form

where

(Agey is the displacement of the equilibrium value qf
after the pump pulse, arglis the root mean squared value of
the displacement in thA,;,, mode ground state before the
arrival of the pump pulse, given by E7).

The oscillations in amplitude of the reflectivity are pro- , ,
duced by the oscillations in the displacement of the center of/N€ré K is a constant and therefore to depend on lattice
the oscillator wave packet during DECP. The reflectivity is€MPeraturd’, . In Fig. 5 we show a plot of an attempt to fit
modified by changes in dielectric behavior produced by band€ data with an expression of the form
edge motion due to thé,,, vibration through the mecha- 1
nism of the deformation potential. An expression for the de- _) =K
cay rate of the amplitude of oscillations of the wave packet Tph/ 4
due to two-phonon emission, immediately after the arrival of ) ,
the pump pulse, can be obtained by the use of the equation Afthough the fit of the data is better than that shown for

motion of the wave packet density matrix in the relaxation{1/7spn), alone, the result is unconvincing, given the scatter
approximation. The result obtained is of the data points. In any case, the proportions in which two-

and three-phonon energy loss and dephasing contribute to

1

T2ph

1
%) s
1

Tel

1

T 3ph

1
N

Tel

+K
1

, 2 hwg wy o the effective phonon relaxation rate is not clear.
(@y=- 7“\/' %p T) {nQ ?) +1} [ nQ(7 +1 It should be noted that a contribution of the form of Eq.
(76) could contribute to an increase in ¢1}) observed in
wq wg 3 high power DECP experiments performed in%8b.
Ard S 3] 2 "

In Eq.(74), {q) is the mean amplitude of the displaced wave Vil DISCUSSION

packet, andp(7wy/2) is the density of states in energy of  Equation(68) relating (1/,) and (1f ¢ inedp. although

the phonon spectrum at frequeney /2 available for scat- only a rough approximation at 300 K, should apply to other
tering. [M|? is the matrix element squared for the two pho- materials such as Bi and Sb, both of which have been studied
non decay process. The first term in brackets is a two-phonoin optical pump-probe experimerft§1/7 ) for Bi and Sb at
emission term for phonons at frequensy/2 and wave vec- room temperature were found to be0.1x10% s~ and

tors Q and —Q. The second term is due to two-phonon 0.6x10'? s, respectively, although the former number
absorption, andng(w/2)=n_g(we/2) is the phonon Wwas not determined very accurately because the decay was

population factor at temperatufg . slow and the signal relatively weak. .
Equation(74) leads to an expression for the three-phonon  (1/7,) has only been measured for Bi up To-50 K3
contribution to (1#,y); of the form Extrapolating Lopez’s excellent theoretical fit of his data to

T=300 K yields (1f,)=2.6x10' s~ for Bi. From tabu-
lated values of g,/ ego) for Bi (Ref. 38 we findp=0.42 or
p=2.4, depending, respectively, on whether valence band
carriers or conduction band carriers are heated by the pump
If the change inp(fiwy/2) andn(wy/2) due to the band pulse[see discussion after E(8)]. These values o, in-
crossing is neglected, then all of the temperature dependenggrted into Eq(68) and combined with the extrapolated val-
of this contribution to (1#,), is given by the change in yes of (1#,), lead to predicted rates @ ine)p Of
temperatureT, and its effect om(w,/2). Superposed on (0.66x10'% s~ or 0.34< 10" s~ ¢, depending respectively
the experimental data for 44, in Fig. 5 we show a dashed on whether valence band or conduction band carriers are
line plot of the temperature dependence of &), scaled to  heated. These numbers are to be compared with the mea-
fit the experimental data at room temperature. We see thafyred value of (1,)=0.1x 10" s~1. Considering the un-
the three-phonon contribution to @), is capable of ex- certainty in the experimental value as well as the calculated
plaining about 2/3 of the rise in (4, observed between result, the agreement is reasonable, and suggests that con-
T_.=300 K andT_ =600 K. duction band heating might be dominant in Bi.

There is another possible source of damping of the coher- The measured value of 0x8L0'2 s~! for the value of
ent phonon excited in DECP in which energy is taken from(1/z,) in Sb is much more accurate than the value obtained
the coherenf\;y,,Q=0 optical phonon state by an electron for Bi. If we take ~2/3 of this value(as for the case of

1 3
(_) =TI M2p(hwel2)[2n(w/2)+1].  (75)
T3ph/ ¢ h
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Ti,0O3) as a rough estimate for (& ine)p. then we can use A vibratipn _about the new equilibrium displapement. Si_mi-
tabulated band structure parameters for Sb to estijaaad 1211y, excitation of the vacuum by the creation of a high
thus use Eq(69) to predict (1#,). We find p=0.65 or  €Nergy plasma of particles should shift the quasiequilibrium
p=1.53, respectively, for valence band or conduction band1199s field displacement toward the vacuum of unbroken
carrier heating. Equatiof68) then yields (1#)=1.3x 10?2 symmetry. If enough energy has been added to the vacuum
s~ or 2.8<10" 51, depending, respectively, on whether in a short enough time, it should, @n princ!ple, be plossiblle to
valence band carriers or conduction band carriers werEXClte poherent “phonons” associated with the Higgs field.
heated in the optical pump-probe experiments on Sb. Theda heating of the vacuum back to a free quark-gluon plasma
predicted values of (%) for Sb seem to be in a reasonable State has been suggested as a possibility in high energy

range, compared with the extrapolated experimental valuge.avy lon-ion coII|§|9n§. However, the initial rise in excr-
for Bi of (1/7)=2.6x 102 s~ 1 at T=300 K tation in such collisions would have to be extraordinarily

rapid to produce a DECP-like excitation. If, for example, the
mass of the boson associated with the Higgs field were
greater than 41 Ge¥f the excitation of the vacuum would
have to take place in a times 10~ 2° s. For comparison, the

There is an interesting analogy between Ahe‘displace-
ment field” in a solid, which lowers the symmetry of a crys-
tal, and the Higgs field which is associated with the symme
try breaking of the vacuum. This analogy is particularly . S : 162 .
striking in the case of the Bi structure, where thg, dis- time forfﬁ relativistic particle to_travel cm1s
placement lowers the symmetry from cubic to trigonal. In thetw3>< 107%s.
related Geg_,Pb,Te structure, the phase transition from
trigonal back to cubic can be followed by increasing the
temperature. In both the crystal and vacuum cases, the final We are grateful to Dr. Alan Strauss of Lincoln Laboratory
equilibrium “displacement” is determined by the minimiza- for his continuing interest in this work. We thank Dr. Alan
tion of the free energy at ambient temperature. In a DECF5trauss and Robert Fahey for providing the @i samples
experiment in a crystal, electronic excitation changes thend for advice in the handling of these materials. Discussions
quasiequilibriumA; displacement, tending to restore the of the Higgs field with Professors Francis Low and Patrick
higher symmetry state. If the excitation occurs in a time shortee are gratefully acknowledged. We acknowledge NSF
compared to arA; vibration period, the lattice is set into Grant No. DMR-95-10093 for support of this work.
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