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Relaxation in ZnSe: Cr?* investigated with longitudinal ultrasonic waves
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Temperature dependences of phase velocity and absorption of ultrasound were investigated in ZnSe crystal
doped with Cr?* ions at the frequencies 32—158 MHz. Absorption peak and variation of phase velocity found
in the temperature interval 10—20 K were interpreted as manifestation of the Jahn-Teller effect. Temperature
dependences of relaxation time, relaxed, and unrelaxed moduli C =%(C 11+C1n+2Cyy) were restored. The
dependences were compared with the results of such investigations in ZnSe:Ni’** and analyzed regarding
lattice stability of the crystals. Fitting of the temperature dependence of the relaxation time was done with
account of thermal activation over the potential barrier, quantum tunnelling with phonon emission, and two
phonon process analogous to Raman scattering. Thermal activation proved to be the dominant mechanism of
relaxation above 6 K and quantum tunnelling—below this temperature.
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I. INTRODUCTION

The physical properties of binary zinc-blende semicon-
ductors conditioned by their electronic band structure are in-
vestigated by many authors (see, for example, Refs. 1 and 2,
and references therein). Particular attention was paid to the
crystals with 3d impurities®™ because of their possible appli-
cation in spintronic devices® and optoelectronics.’

Our former study of a representative of such materials has
been initiated by anomalies in heat conductivity found in
ZnSe crystals doped with iron® and nickel.® We have inves-
tigated ZnSe:Ni>* crystal with the use of neutron diffraction
and ultrasonic method.'® The concentration of the dopand
has been =~10?° cm™. Distortion of the (400) Bragg reflex
shape observed at the temperature 7=13 and 4.2 K with re-
spect to the Gaussian form at 60 K has been interpreted as
the result of phase transition. Ultrasonic absorption « and
phase velocity v have been measured with the use of longi-
tudinal waves generated at 52 and 154 MHz and propagated
along the (110) crystallographic axis. The experiments have
revealed softening of the effective elastic modulus below
50 K and peak of absorption at =15 K. Such anomalies have
not been observed in a pure ZnSe crystal and have been
interpreted as ones caused by the dopand. Further ultrasonic
investigations'! carried out with the use of transverse ultra-
sonic waves propagating along the (110) axis have proved
that the peak of absorption and sufficient softening of the
appropriate modulus were observed only for the mode, po-
larized along (100). Data on phase velocities of all the modes
made it possible to restore all the elastic moduli of a cubic
crystal, C,;, C}5, and Cy4.'? It has been proved that only the
modulus Cyy exhibited the softening. This fact has indicated
the type of deformations coupled with the order parameter
(namely, &,). Similar character of softening has been re-
ported in Yb,As; (Ref. 13) and conclusion has been done
about trigonal symmetry of the low temperature phase. Fol-
lowing this approach we can state that the low temperature
structure of ZnSe:Ni** also could be a trigonal one. The
Jahn-Teller effect has been proposed as a possible reason of
the phase transition since (i) this effect has been observed in
such crystal before,'* (ii) similar peak of ultrasonic absorp-
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tion, interpreted as due this effect, has been found in
AL, O5:Ni** (see, review!®), and (iii) this effect manifests it-
self as at least local deformations of the crystal near the
impurity and result in lattice instability. In our case the in-
stability has the form of softening the elastic modulus Cyy. If
to do some assumptions, the temperature dependence of ul-
trasonic absorption can be described in analytical form and
appropriate fitting may give useful information about the
physical parameters of the investigated crystal, particularly,
about its dopand’s electron system. Namely, the relaxation
time 7, the energy of the lowest state splitting, the height of
the barrier between potential minima, corresponding to dif-
ferent directions of distortion, and some other. Notice that
the dependence 7(T) can point out the mechanism of relax-
ation and, as well, can be used to restore the temperature
dependences of the elastic molduli: unrelaxed (adiabatic) CY
and relaxed (isothermal) CX. When experimental results are
compared with theoretical calculations, these moduli may be
even more important than the dynamic ones C (i.e., mea-
sured in an experiment at a certain frequency w), because it
is the isothermal or adiabatic moduli that enter in the expres-
sions for free energy and other thermodynamic potentials.
The procedure of CY(T) and CR(T) restoring has been devel-
oped and applied for ZnSe:Ni.!¢ Different temperature de-
pendences have been revealed: softening of both CY(T) and
CY(T) below 50 K and temperature independence of CY(T)
below =10 K. In addition, a linear part of both the curves
has been noticed in the interval 9 <7<21 K. Change in the
character of the curves at 7=21 K has been suggested as
indication of the phase transition point.

Notice that the developed procedure is quite new. It re-
quires quantitative data on both «(T) and v(T). Moreover,
the frequency of ultrasonic wave should be high enough to
provide the condition w7(T)=1 in the region of available
temperatures.

In the experiments reported here we have tried to apply
this new procedure to another object—zinc selenide doped
with Cr. The Jahn-Teller effect in ZnSe: Cr?>* has been found
in spin resonance experiment!’ and investigated in emission
and absorption spectra.'® As well as in ZnSe:Ni**, heat con-
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FIG. 1. Temperature dependences of [f(T)—f(4.2)]/f(4.2) (open
circles) and attenuation of ultrasound (filled circles), respectively,

the level at 7=4.2 K measured at 54.4 MHz. Ultrasound passage
€=0.717 cm.

ductivity have shown deep minimum in temperature depen-
dence at low temperature in this crystal.'” The ground term
of Cr** in tetrahedral coordination is T, instead of 3T1 for

Ni?*. Thus, we expected to find even more pronounced
anomalies in a(7) and v(7).

II. EXPERIMENT
A. Experimental details and initial data

Two specimens were cut of the single crystal with con-
centration of the dopand N=10?" cm™. The concentration
was measured with the use of optical emission spectroscopy
of inductively coupled plasma. The specimens had the form
of a cylinder with distances between the parallel faces L,
=2.39 and L,=4.95 mm.

Ultrasonic investigations were carried out using a pulse
setup operating as a variable-frequency bridge (see pp.
25-30 in Ref. 20). Longitudinal waves propagated along the
(110) crystallographic axis. They were generated and regis-
tered by LiNbO; piezoelectric transducers in the frequency
interval 32—-158 MHz. Radio-pulse duration 7, was about
1 us and was less than the double passage time of ultrasound
from one face of the specimen to another. In this technique

the relative change of the frequency f, corresponding to the
bridge balances obtained at 7 and T, is determined by phase
velocity of ultrasonic mode and the distance of the wave
passage ¢ as follows:

Af Av A¢
_‘f=___, (1)
fo vo 4

where fo=£(T)), vo=v(Ty), and €y=4€(T,), Af=F(T)~f,, Av
=v(T)-vy, Al=4€(T)—-{,. Temperature variation of the speci-
men dimension was neglected and, therefore, we omitted the
last term in Eq. (1) in processing of the experimental results.

The data obtained at the frequency 54.4 MHz and
€=3L, are given in Fig. 1. If we take into consideration the
accuracy of our measurements (=10 in Af/f and
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~().02 dB in attenuation A), one can notice that variations of
the measured parameters are very large.

B. Ultrasonic absorption and dispersion

Effective dynamic modulus C determines the phase veloc-
ity of a certain normal mode propagating along a certain
crystallographic direction as follows:

C=pv?, ()

where p is the material’s density. The term “effective” means
that it is a linear combination of the moduli defined in the
coordinate system of the principal axes of a cubic crystal and
“dynamic” means that it is frequency dependent. In our ex-
periment we used a longitudinal wave propagating along
[110]. Omitting (only in the following expression) the super-
scripts U or R, we remind the form of the discussed effective
moduli (dynamic, unrelaxed, and relaxed):

C= %(Cll +Cp+2Cy). (3)

We will use the time and spatial dependences of the vari-
ables as exp[i(wt—Kr)]. Attenuation of the wave can be de-
scribed with the help of the imaginary part of the frequency
or of the wave number. We will choose the last variant. In
this case a well-known definition written for real numbers
k=w/v=w/C/p is replaced with k=(w/v)—ia=w/\C/p in
which k and C are defined as complex numbers. If attenua-
tion a<<w/v (it is the definition of a weakly damping wave)
and Av=v(T)-vy<<v, we have

1 ImC Av 1 ReAC
a=-Rek———, —=-— 4)

2 "ReC(T,) vy 2ReC(Ty)’

Remind, in this expression and in all others below we accept
k and C as complex variables. The expression for k shows
that « characterizes the attenuation of amplitude, not energy.
It is useful to present the data on absorption and dispersion
of a wave in the form of Re k and Im k. In this case they have
common units (cm™') and it is possible to show the depen-
dences in the same coordinates.

The data presented in this form as a function of inverse
temperature are given in Fig. 2. The reason for this presen-
tation is the dependences as functions of inverse temperature
will be clear when we discuss the temperature dependence of
the relaxation time. The values Re[k(7T!'—)] and
Im[k(T~' —o2)] were taken as extrapolation of the curves
Re[k(T)] and Im[k(T)] to T=0 K. Thus, in our further con-
sideration 7,=0 K. Remind, —Im Ak, measured in cm™! is
the equivalent of Aa, measured in nepers/cm. Therefore, the
vertical axis shows negative values to present peak of ab-
sorption as maximum of the curve.

Notice a remarkable feature of the curves: maximum of
—Im Ak corresponds to the temperature, at which —Re Ak
reaches a half of its maximum value. It is typical for a phe-

nomenon of relaxation nature.
C. Relaxation time and elastic moduli

A description of a relaxation-origin phenomenon in an
ultrasonic wave propagation can be done with the use of the
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FIG. 2. Real (filled circles) and imaginary (open circles) com-
ponents of the complex wave number versus inverse temperature
obtained at 54.4 MHz. Ak=k(T~")—k().

Zener equation. Following the approach given in Ref. 21 we
will write this equation in the form

de o 7 do

e+T— ="+, 5
d  Ccr cYdr )

where ¢ is elastic strain, o is stress, and 7 is relaxation time.

We will assume small difference between relaxed and unre-

laxed compliance, 1/CR—1/CY<1/CR,1/CY. In this case

solution of Eq. (5) gives an expression for dynamic modulus,
cY-ck cv-ct

- m(l 7_2(00 7 +iwT).

* 1+ a?
(6)

It is clear, that CY and CR represent the limits of C as func-
tion of wr: CY=C() and CX¥=C(0). If there would be no
other mechanisms of energy loss, the moduli would be adia-
batic C5 and isothermal C” ones, respectively.
The expression for ultrasonic absorption, deduced from
Egs. (4) and (6), has the form
1cV-c® o't 1

- T 0T Rek
YT ReC 1+027 2

c=cY

—iw7r) =CF

CV-CR w7 )
ReC 1+ &*7

Notice that Eq. (7) represents the relaxation-origin contribu-
tion to the total absorption. At low temperatures this mecha-
nism can be the principal one. Thus, it is possible to assume
a(0)=0, C(0)=Re C(0)=C,, k(0)=Rek(0)=ky, and the
temperature variations of Re C and Im C are small, respec-
tively, Cy. In view of these assumptions we can simplify the
form of Eq. (7) and present it as

ko CU-CR w1
=t (8)
2 Cy 1+o*7

Now we must do some propositions about mechanism of
relaxation. Ultrasonic wave produces the elastic distortions
of the crystalline lattice. These distortions change slightly the
system of energy levels of the impurity 3d electrons. The

o
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new system is time dependent and characteristic time of its
alternation is the wave’s period 27/ w. Perturbation of the
initial temperature-equilibrium system leads to a nonequilib-
rium distribution of the electrons. This distribution should
relax with a characteristic time 7. The energy of the elec-
tronic system is transmitted during the relaxation process
into the thermal energy of the lattice leading to absorption of
the wave.

We propose that we observe relaxation in the 3d electron
system formed with account of Jahn-Teller coupling and fol-
low the approach'> used for processing the data of ultrasonic
experiment in Al,O:Ni**. It is a cubic crystal with the Jahn-
Teller ion in octahedral crystal field. The ion’s ground state is
triply degenerate. The energy minima corresponding to dif-
ferent direction of the lattice distortion are separated by the
potential barrier V). Quantum tunnelling leads to splitting the
ground state into a doublet (E state) and a singlet (A state). It
was proposed that the crystal has inevitable random strains
those lower one energy levels with respect to the others and
relaxation occur in the system of these new energy levels
distorted by the ultrasonic wave.

In our experiment the matrix (see band structure of ZnSe
in Ref. 22) and the impurity are not identical to those dis-
cussed above. The principal difference is that the impurity
has tetrahedral coordination in ZnSe and, as a result, another
set of vibronic normal modes. However, (i) the ion’s ground
state is triply degenerate as well, (ii) according to Ref. 15,
the Jahn-Teller coupling to € distortions in tetrahedral com-
plex is, in principle, identical to that of &, distortions of
octahedron, and (iii) although the coupling to 7, distortions is
more complicated in ZnSe: Cr®*, qualitatively it is the same.

Thus, we use the following expression for the relaxation
rate:

VL g 9)

where T}l describes thermal activation over the barrier, 7;_1,
tunnelling accompanied by phonon emission; and Tl}l, two
phonon process analogous to Raman scattering. They are
given by

7 = 2w T (10)

1 61"2B2 ﬂ 24+ e_u()/KT
" aphtug kT (1 = e /<7y’

(1

L IPBRD)?

TR = (12)

mp*h vy
where « is Boltzmann constant, v, is vibrational frequency in
a potential well, 3I" is energy separation between the Jahn-
Teller A and E states, 38 is splitting of the states per unit
strain (appropriate component of deformation potential ten-
sor), and 1 is the averaged energy, characterizing local mini-
mum of the Jahn-Teller states caused by random strains in
the crystal. Contribution of the two-phonon process was con-
sidered in Ref. 15 as negligible but it was mentioned that in
crystals with lower Debye temperature it might be important.
The Debye temperature of Al,O5 is 1048 K while in ZnSe it
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FIG. 3. Relaxation time versus inverse temperature. Circles rep-
resent experimental data obtained at fixed frequency w/2w
=54.4 MHz and processed with Eq. (16), triangles represent the
maxima of absorption obtained at 32.5 and 157 MHz, solid curve
represents the result of fitting done on the basis of Egs. (9)—(12).

is 279 K. Thus, we will account for all the terms presented in
Eq. (9).
The expression for ultrasonic absorption is given by

2N (uo) T
=k — |, 13
“ OCQKTf kT )1+ 0*7 (13)

where f(uy/ kT) is a smooth function with the limit f(0)=1.
Using this limit we can write

=TT+ 22
where
2 T
E=M’ (15)

w

is the constant with dimension of energy, «,, is the maximum
value of absorption and 7, is the temperature, at which it is
observed. Notice that all the parameters on the right-hand
part of Eq. (14), except 7, are temperature independent.

In fact we replaced (CY=CF)/C, in Eq. (13) by a function
o1/T. Thus, the method described below can be applied not
only to the Jahn-Teller effect but to all the phenomena of
relaxation nature, those permit such substitution.

Equation (14) makes it possible to express 7 as function of
T, @, and w. Moreover, taking in account that maximum a(7)
is achieved at w7=1, we can write the expression in terms of
the parameters measured in the experiment,

2 2
1 (ame + ame )

(16)

T=— +\ 5 -1

o\ aT a?T?
Solutions correct from a physical point of view are provided
by sign “+” before the square root at 7<<T,, and sign “—" at
T>T,,. The result of application for this equation to our data
at 54.4 MHz is presented in Fig. 3. Remind, the curve was
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FIG. 4. Temperature dependences of ultrasonic absorption. Tri-
angles represent dependence measured at 32.5 MHz, solid curve
represents dependence calculated for 32.5 MHz using the data on
7(T) and € obtained at 54.4 MHz.

obtained using the major assumption of (CY—=CR)/Cyoc T

Free of this assumption the method is based on the con-
dition that the absorption maximum occurs at w7(T) = 1. Ex-
periments carried out at a number of frequencies are required
in this case. To check the mentioned assumption at least in a
restricted interval of 7, we have measured the dependence
a(T) at 32.5 and 157 MHz. The results of these measure-
ments are also shown in Fig. 3. One can see that both the
methods give similar magnitudes of 7.

To decide, whether the Eq. (9) describes the measured
dependence 7(T) correctly or not, we completed fitting and
presented its result with a solid line in Fig. 3. The parameters
used in the fitting were B=10*cm™!, I'=0.019 cm™,
1=6.5GHz, uy=0.1cm™, Vy=38cm™,  Cy=pv,
p=5.42 g/cm?, and v(y=4.22X 10° cm/s.

Verifying the validity of our approach we simulated the
curve «(T) for 32.5 MHz using the data on the relaxation
time measured at another frequency. We substituted «(7) in
Eq. (14) by the data obtained at 54.4 MHz. The constant €
was calculated with the values of «,,, and 7,, also measured
at 54.4 MHz. The parameters related to 32.5 MHz were k
and w itself. Figure 4 shows the result of this procedure. One
can see that we achieved good quantitative agreement with
the experimental results below 20 K. Obviously, at higher
temperatures at least one more mechanism of ultrasonic ab-
sorption has contribution comparable with that discussed
above.

After obtaining the dependence 7(T) we focused attention
on the unrelaxed and relaxed moduli. Using Egs. (6) and (7)
we can derive the following expressions:

U a ReC
C"=Re C+2—— ,
Rek wt
R @
C*"=ReC-2——Re Cwr, (17)
Re k

or accounting small variations of the dynamic modulus,
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FIG. 5. Temperature dependence of elastic moduli. Filled circles
for dynamic modulus [Re C(T)-C,]/Cy, open circles for relaxed
modulus [ CR(T) - C,]/ C,, and open triangles for unrelaxed modulus
[CY(T)-C,]/ C, obtained at 54.4 MHz. Filled triangles for dynamic
modulus obtained at 43 MHz. The inset shows the curves in the
dashed square.

cV-Cc, ReAC a1

— =42,
C() C() ko wT

CR-Cy ReAC _«

— = -2—owr. (18)
Co Co ko

Substituting the appropriate variables in Eq. (18) by the ex-
perimental data on Re AC/Cy=2Af/f,, 7, and & we obtained
the results shown in Fig. 5 along with the temperature de-
pendences of the dynamic modulus measured at 54.4 and
43 MHz. The reason to present the curves obtained at two
frequencies was one more chance to check our proposition
about relaxation nature of the anomalies. The curves should
confirm the following: (i) low temperature and high tempera-
ture limits of the dynamic moduli are frequency independent
since they represent the unrelaxed and relaxed moduli, re-
spectively, and (ii) transformation from isothermal form of
propagation to adiabatic form occurs at lower temperature
when the frequency is reduced. These statements do corre-
spond completely to the curves given in Fig. 5.

II1. DISCUSSION

The dependences presented in Fig. 5 evidence that the
dynamic modulus approximately equals the relaxed one at
high temperatures and it becomes close to the unrelaxed
modulus below 10 K. At first glance we observe a contradic-
tion: it is well known that the typical process of an acoustic
wave propagation has adiabatic form while in our experi-
ment the adiabatic form is established only below 10 K. To
understand the reason for this contradiction we should re-
mind that the elastic modulus C in our case may be intro-
duced as the sum of two components, Cp and C,7. The first
one represents the main (background) part while the second
represents the contribution of the Jahn-Teller effect. The
Jahn-Teller contribution is too small to change the total form

PHYSICAL REVIEW B 73, 035213 (2006)

0.00 -

-0.06 - _

0.0 I 0.1 0.2
1T (K"

FIG. 6. Elastic moduli versus inverse temperature obtained for
54.4 MHz. Filled circles represent the dynamic modulus Re AC/C,
open circles represent the relaxed modulus (CR—Cy)/Cy, and open
triangles represent the unrelaxed modulus (CY-C,)/C,,.

of the wave propagation, which should be close to the adia-
batic one at all the temperatures since absorption is small. At
the same time, discussing the elastic properties of the Jahn-
Teller subsystem we can state that above 20 K its relaxation
time is small enough and at the frequencies used in our ex-
periment the isothermal regime is established (fast energy
exchange with the lattice). At low temperatures the isother-
mal modulus usually has the temperature dependence as 1/7.
In our experiment this fact manifests itself in a certain soft-
ening of the dynamic modulus until 7=~ 18K and a pro-
nounced softening of the relaxed modulus at 7< 70 when the
temperature is reduced. To check the 1/7 dependence of the
unrelaxed modulus, in Fig. 6 we presented the data as func-
tions of inverse temperature and noticed a well-defined
straight line for the plot of (Cx—Cy)/Cy at TS60K. At T
= 70K we observed hardening (also when the temperature is
reduced) of the dynamic modulus typical for the temperature

T (K)

FIG. 7. Relaxation rate and its summands versus temperature
calculated with the use of Eqgs. (9)—(12). Solid curve for 7!, dashed
curve for T}l, dashed-dotted curve for 7';1, and dashed-dotted-dotted
curve for 7.
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dependence of the second-order elastic constants in cubic
materials.?

Another useful information, which helps to understand the
temperature dependence of the relaxation time, can be ob-
tained if we draw the dependences of different contributions
given by Egs. (10)—(12). The result is shown in Fig. 7. It
becomes clear that the dominant mechanism of relaxation
above 6 K is thermal activation over the potential barrier. At
T<6K tunnelling accompanied by phonon emission be-
comes the dominant process of relaxation. The two-phonon
process is small enough in comparison with other mecha-
nisms at all investigated temperatures.

If we compare the dependence Re AC/C,, with one ob-
tained in ZnSe:Ni?*, we should outline that the ZnSe:Cr**
crystal does not show such lattice instability. The reason for
this fact we see in the difference of the ground terms of the
impurities and, as a result, in different sets of the nonvanish-
ing components of the deformation potential. We will discuss
this problem in another paper since experiments done with
the use of shear waves are required.
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IV. CONCLUSION

Manifestation of the Jahn-Teller effect in ultrasonic ex-
periment was discovered in one more crystal, namely,
ZnSe:Cr**. The temperature dependence of the relaxation
time was restored. Fitting of the dependence was done by
means of three mechanisms of relaxation: thermal activation
over the potential barrier, quantum tunnelling accompanying
phonon emission, and two-phonon process. Data on the re-
laxation time made it possible to restore temperature depen-
dences of the relaxed and unrelaxed moduli, to compare the
results with ones obtained in ZnSe:Ni** and analyze them
regarding the lattice stability of the crystals.

Finally, it should be noted that in our paper it was shown
that ultrasonic experiment reveals specific features of the
lowest energy states that cannot be investigated by means of
optic experiment.
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