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Temperature dependences of elastic moduli and ultrasonic attenuation were investigated in ZnSe:V2+ and
ZnSe:Mn2+ crystals as functions of temperature in the interval of 1.4–100 K for frequencies of 52–270 MHz.
A peak in the attenuation was found in ZnSe:V2+ below 4 K for fast shear and longitudinal waves propagating
along the �110� crystallographic axis. We interpret it to be a manifestation of a relaxation process related to the
Jahn–Teller effect in the 3d electron system of the impurity. Softening of the elastic moduli C44 and C�

= �C11+C12+2C44� /2 were observed below 40 K. Temperature dependences were deduced for relaxation time
and relaxed and unrelaxed C44 and C� moduli. The temperature dependence of relaxation time shows that
ZnSe:V2+ has potential barrier V0=5.6 cm−1. Softening of the C44 modulus indicates that the local distortions
have a trigonal character. Neither attenuation anomalies nor softening of the elastic moduli was observed in
ZnSe:Mn2+, which has a singlet orbital ground state of the 3d impurity.
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I. INTRODUCTION

Possible applications in optoelectronic and spintronic de-
vices have stimulated interest in studying various properties
of semiconductors doped with transition metals �see the book
by Kikoin and Fleurov1 and references therein�.

Information about the energy states of an impurity’s 3d
electrons is very important and should be the starting point
for the interpretation of most of the observed physical phe-
nomena in these crystals. If the impurity has symmetry-
degenerate electronic states in a tetrahedral or octahedral sur-
rounding, the energy of the crystal is lowered by means of
local lattice distortions that lift the degeneracy of the states.
This phenomenon is known as the Jahn–Teller effect. In tran-
sition metal compounds, the distortions lead to a structural
transition, i.e., a cooperative Jahn–Teller effect. Dilute semi-
conductors may not exhibit a phase transition, but a tendency
toward a transition can be observed in the form of a soften-
ing of a symmetry-dependent elastic modulus. One may find
a description of the Jahn–Teller effect and a discussion of
experimental results in a review by Sturge2 and recently pub-
lished books by Lüthi3 and Bersuker.4

Conventional techniques used for studying the Jahn–
Teller effect are measurements of electron paramagnetic
resonance and optical spectra of absorption and lumines-
cence �see, for example, papers5–8 relating to II–VI:3d crys-
tals�.

The energies of the phonons generated in an ultrasonic
experiment are too small to be applied to the investigation of
excited electron states; they are studied with the techniques
mentioned above. However, ultrasonic attenuation
measurements9 in Al2O3:Ni3+ and YAlG:Mn3+ crystals,
along with the appropriate interpretation of the data, have led
to a new method for investigating the low energy levels lo-
cated near the ground state, which are formed when the de-
generacy is lifted.

The authors introduced a procedure for extracting the
temperature dependence of the relaxation time � by using

ultrasonic attenuation � measured as a function of tempera-
ture. Moreover, by fitting ��T� to a model of the relaxation
effect, it was possible to evaluate parameters of the 3d elec-
tron system such as potential barrier, deformation potential,
the Jahn–Teller splitting of energy levels, etc.2

Additional information can be obtained with the help of
measurements of the temperature dependence of the ultra-
sonic velocity v or the elastic modulus C=�v2, where � is
the density of the material. Local Jahn–Teller distortions of
the lattice are the result of changes in certain forces acting
between the surroundings and an anion when an impurity is
substituted for it. The directions of the forces determine the
character of the vibronic modes and local distortions.

In a zinc-blende crystal, the modes of interest are the � or
�2 modes. The distortions that affect these modes have te-
tragonal �2�zz−�xx−�yy� or trigonal ��xy ,�yz ,�zx� character,
respectively. On a macroscopic level, changes in the local
forces are manifested as changes in a symmetry-dependent
elastic modulus �C11−C12� /2 for the tetragonal distortions
and C44 for the trigonal ones. A detailed discussion has been
given for GaAs:Cu.10 In other words, by measuring the tem-
perature dependences of such phenomenological variables as
elastic moduli, we can determine the character of the local
distortions and the types of vibronic modes, i.e., investigate
parameters defined at the elementary cell level.

In our earlier experiments, carried out on ZnSe:Ni2+

�3T1�e4t5� ground state� and ZnSe:Cr2+ �5T2�e2t2��, we found
that �i� the C44 modulus in ZnSe:Ni2+ and the �C11−C12� /2
modulus in ZnSe:Cr2+ exhibited softening below 100 K,11,12

�ii� an attenuation peak was observed for the softening
modes, �iii� the anomalies, both in ��T� and C�T�, were due
to the 3d impurity �they were not observed in an undoped
ZnSe crystal13�, and �iv� the temperature at which the attenu-
ation peak occurred changed in accordance with the equation
which describes attenuation arising from relaxation.14

We proposed that the relaxation and softening were due to
the Jahn–Teller effect. In the framework of this proposal, the
experimental results could be interpreted as the observation

PHYSICAL REVIEW B 77, 155210 �2008�

1098-0121/2008/77�15�/155210�6� ©2008 The American Physical Society155210-1

http://dx.doi.org/10.1103/PhysRevB.77.155210


of trigonal distortions �the �2 vibronic mode� in ZnSe:Ni2+

and tetragonal ones �the � mode� in ZnSe:Cr2+. This was an
important information because the character of the distor-
tions in ZnSe:Cr2+ was not clear from emission and absorp-
tion spectra and, therefore, both trigonal and tetragonal dis-
tortions were used for the interpretation of the spectra.8 As
for ZnSe:Ni2+, we are not aware of papers on this subject.

Although our interpretation was noncontradictory, never-
theless, it was based on the hypothesis of a relaxation pro-
cess in the Jahn–Teller system. Experimental verification re-
quires data on other ZnSe:3d compounds, including crystals
which have no orbitally degenerate states, i.e., in which the
Jahn–Teller effect cannot exist.

The present paper contains the results of experiments car-
ried out on ZnSe:Mn2+ and ZnSe:V2+. Mn2+ has a singlet
ground state 6A1�e2t3�, whereas V2+ has a triply degenerate
states, 4T1�e2t1�.

II. EXPERIMENT

A. Experimental details

The specimens were cut from single crystals with dopant
concentrations of either nV=5.6�1018 cm−3 or nMn=9.4
�1020 cm−3. Concentration was measured by using the in-
ductively coupled plasma-mass spectroscopy technique by
means of a Spectromass 2000 apparatus �SpectroAnalytical
Instruments, Germany�. The specimens had the form of a
parallelepiped with distances between the parallel faces of
�V=4.76 mm and �Mn=4.99 mm.

Experiments were carried out with the use of a pulse ap-
paratus operating as a variable-frequency bridge.15 Ultra-
sonic waves were propagated along �110�. We studied all of
the normal modes: longitudinal, slow shear �polarized along
�110��, and fast shear �polarized along �100�� waves. The

phase velocities of these modes are determined by the fol-
lowing elastic moduli: C�= �C11+C12+2C44� /2 for the longi-
tudinal mode, Cst= �C11−C12� /2 for the slow shear �or trans-
verse� mode, and C44 for the fast shear mode.

The ultrasonic waves were generated and detected by
LiNbO3 piezoelectric transducers in the 52–270 MHz fre-
quency interval. The pulse duration �p was 0.7 	s. The ac-
curacy of our measurements was �0.02 dB in attenuation
and �10−6 in 
C /C0, where 
C=C�T�−C�T0� and T0 is a
reference temperature.

B. Dynamic moduli and ultrasonic attenuation

The temperature dependences of the dynamic �i.e.,
frequency-dependent� elastic moduli are given in Fig. 1. The
moduli of ZnSe:Mn2+ do not show softening and we did not
find anomalies in the attenuation for this crystal. The curves
are similar to those obtained in undoped zinc selenide.13

In the case of ZnSe:V2+, one can see that the C44 modulus
exhibits appreciable softening. The C� modulus also softens
because it contains C44 as a summand. The Cst modulus does
not show softening; therefore, the local distortions in
ZnSe:V2+ should have a trigonal character.

As for attenuation in ZnSe:V2+, the slow shear mode did
not exhibit an anomaly, which is in contrast with the fast
shear mode. Figure 2 shows an increase in � for the 52 MHz
fast shear mode at low temperatures. The attenuation was so
large that it was not possible to use higher frequencies to
investigate this anomaly. The longitudinal wave had less at-
tenuation and we managed to carry out experiments at 52,
156, and 270 MHz. �see Fig. 3 for the results�.

III. MORE GENERAL METHOD FOR EXTRACTING
RELAXATION TIME

Interpretation of the previously mentioned ultrasonic
experiments2,9,11,14 was done under the assumption that the
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FIG. 1. Temperature dependences of the elastic moduli. Curve
1: 
C44�T� /C44�T0� �open circles—ZnSe:V2+; filled—ZnSe:Mn2+,
frequency of 52 MHz for both plots�; curve 2: 
C��T� /C��T0�
�open circles—ZnSe:V2+, 52 MHz; filled—ZnSe:Mn2+, 55 MHz�;
and curve 3: 
Cst�T� /Cst�T0� �open circles—ZnSe:V2+, 52 MHz;
filled—ZnSe:Mn2+, 55 MHz�. 
Ci�T�=Ci�T�−Ci�T0�, T0=4.2 K.
The plots for ZnSe:Mn2+ were shifted to coincide with the corre-
sponding plots for ZnSe:V2+ at T=100 K.
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FIG. 2. Temperature dependences of ultrasonic attenuation for
waves propagating in ZnSe:V2+ along the �110� axis: fast shear
mode measured at 52 MHz �open circles� and slow shear mode
measured at 55 MHz �filled circles�. 
�=��T�−��T0�, T0=8 K.
The solid curve shows the dependence 
��T� ·T for the fast shear
mode at 52 MHz. Maximum of this curve corresponds to 
��=1.
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attenuation had a relaxation origin and can be described �see,
for example, Ref. 16� by

�r =
k0

2

CU − CR

C0

��

1 + ����2 , �1�

where � is the radian frequency of the ultrasonic wave, k0
=� /v0, v0=v�T0�, C0=�v0

2, and CR and CU are the relaxed
and unrelaxed moduli, respectively. However, if a system
contains at least two energy levels, resonant absorption may
occur.2,17 The equation for this kind of absorption is

�res =
k0

2

CU − CR

C0

��

1 + �
���2 , �2�

where 
�=�−�0 and ��0 is the energy separation of the
ground and nearest excited states. In our case, the excited
state is a result of tunneling splitting. One can see that the
expression given in Eq. �1� represents the limit of the expres-
sion given in Eq. �2� corresponding to �0→0 �i.e., ��0�.

In the review cited earlier,2 the parameter �CU−CR� /C0
was assumed to be proportional to 1 /T. This dependence
proved to be correct when several particular mechanisms of
ultrasonic losses in semiconductors were considered.16 We
will also use this assumption in the present paper.

One may see that a maximum of resonant attenuation
should be observed at T=0 for 
��→0. If 
���0 and �0
is a temperature-independent parameter, the function,

f1���,
��� =
��

1 + �
���2 , �3�

has a maximum at 	
�	�=1 but not at ��=1, as is the case
for the function,

f2���� =
��

1 + ����2 , �4�

which describes the relaxation attenuation given by Eq. �1�.
Note that if 	�−�0	 /��1, the peak of f1 will be located at
lower temperatures than that of f2. If 	�−�0	 /��1, the peak
will be observed at higher temperatures, but its magnitude
will be appreciably reduced due to the small value of �.
Since the attenuation maximum in ZnSe:V2+ was observed
at lower temperatures than in ZnSe:Ni2+ and ZnSe:Cr2+, we
will discuss its possible resonant origin.

It is easy to experimentally determine which of the fre-
quencies, � or �0, is smaller if � is a monotonic function of
T. Here, we will discuss the case of � decreasing with tem-
perature.

One can guess that if increasing � leads to a shift of the
attenuation peak to higher temperatures, the inequality �
��0 holds true. Note that the same shift should occur for
relaxation attenuation since it corresponds to an even stron-
ger condition, ��0. If the peak is shifted to lower tempera-
tures, the opposite inequality, ���0, should be realized.
Figure 3 shows that a frequency increase leads to the shift of
the peak to higher temperatures. Therefore, in our case, �
��0 �or even ��0�.

To generalize the method2 for extracting the relaxation
time, we should take into account both of the factors that
shift the attenuation peak away from the temperature corre-
sponding to ��=1: �i� temperature dependence of �CU

−CR� /C0�1 /T, which is important at low temperatures, and
�ii� a finite value of �0.

We will discuss the experimental procedure consisting of
measurements of �res

�1��T� and �res
�2��T� made with at least two

fixed frequencies �1 and �2, respectively. By using Eq. �2�,
written the first time for an arbitrary temperature T and the
second time for T1, and assuming �1 ,�2��0, one can derive
the following expressions:

��1 − �0���T� = F1, �5�

��2 − �0���T� = F2, �6�

where

Fi =
�1

�i�T1
�i�

�res
�i� �T�T

�
� �1
�i�T1

�i�

�res
�i� �T�T�2

− 1. �7�

In this expression, i=1,2, T1
�i� corresponds to ��i−�0��=1,

and �1
�i�=�res

�i� �T1
�i��. Here, �0 is assumed to be a temperature-

independent parameter or at least its temperature dependence
should be sufficiently less pronounced than that of the relax-
ation time. For this case, measurements done in a certain
temperature interval will give a statistical distribution char-
acterizing their accuracy.

The system of Eqs. �5� and �6� can be solved with respect
to �0 and � to obtain

�0 =
�1F2 − �2F1

F2 − F1
, �8�
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FIG. 3. Temperature dependences of ultrasonic attenuation for
longitudinal waves propagating in ZnSe:V2+ along the �110� axis
measured at 270 MHz �open circles�, 156 MHz �filled circles�, and
52 MHz �triangles�. 
�=��T�−��T0�, T0=16 K. The plot for
52 MHz is shifted downward by 0.7 dB for clarity.
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��T� =
F2 − F1

��2 − �1�
. �9�

One important detail of the experiment should be men-
tioned here. Equation �2� describes resonant �or relaxation, if
�0→0� attenuation. In our experiments, we measure total
attenuation ��T�. Therefore, the background attenuation
�b�T� should be subtracted from the measured values. In
ZnSe:V2+, the background attenuation at low temperatures
was taken to be temperature independent. Thus, �res

�i� =
��i�

=��i��T�−��i��T0�. The magnitudes of T0 can be found in the
captions of Figs. 2 and 3.

The value of �1
�i�T1

�i� can be determined from the experi-
mental data. If we multiply the left and right hand parts of
Eq. �2� by T, the right hand part will represent the function
f1��� ,
��� �see Eq. �3�� multiplied by a temperature-
independent coefficient. Obviously, the product reaches its
maximum value precisely at ��−�0��=1. Note that this pro-
cedure for determining T1 may be applied regardless of the
attenuation type; it can be either resonant or relaxation. In
the latter case, T1 defines a maximum of f2����, given by Eq.
�4�, and corresponds to the condition ��=1. Figure 3 shows
that the positions of the attenuation peaks at 156 and
270 MHz were approximately 2 and 3 K, whereas the tem-
peratures T1

�i�, corresponding to ��i−�0��=1 and determined
with the appropriate procedure, proved to be 3.55 and
3.95 K, respectively.

In some cases, this procedure can be applied even when
the maximum of 
��T� is located at such a low temperature
that is not accessible in the experiment. For example, the
lowest temperature we could reach was 1.4 K and we did not
observe the attenuation maximum for the 52 MHz fast shear
mode, but the temperatures corresponding to ��−�0��=1,
obtained with the use of the procedure described above, was
1.85 K �see Fig. 2�. Thus, we were able to determine the
relaxation time by using the data for longitudinal as well as
fast shear modes at all the measurement frequencies.

Application of Eq. �8� to the data for ZnSe:V2+ with �1
=270 MHz and �2=52 MHz resulted in a random distribu-
tion of �0 in the vicinity of zero �see Fig. 4�. Thus, we can
state that in our experiment, ��0, and we observe attenu-
ation which has its origin in relaxation. It follows that we can
use Eq. �5� with the assumption that �0=0 and solve it for
the relaxation time,

� =
1

�
� �1T1

�r�T�T
�
 �1T1

�r�T�T
�2

− 1� . �10�

This form of the expression differs from the one used in Ref.
2. We have replaced �mTm by �1T1, and T1 is found as the
temperature corresponding to the maximum of 
��T� ·T but
not of 
��T�. The difference is the result of taking into ac-
count the temperature dependence of �CU−CR� /C0.

The relaxation time obtained with such a procedure is
given in Fig. 5. It shows that ��T� does not depend on either
the frequency or the polarization of the wave. These features
match completely what should be observed for relaxation in
a Jahn–Teller system.

If one compares the relaxation time in ZnSe:V2+ �shown
in Fig. 5�, ZnSe:Cr2+ �Fig. 6, composed of data from Ref.
14�, and ZnSe:Ni2+ �Fig. 7, the data taken from Ref. 11�, one
sees that all of the ��T� curves are similar. Plotted logarith-
mically, they are represented by lines whose slopes change
�indicated with arrows� at 1 /T�0.3, 0.17, and 0.09 K−1, re-
spectively. The change of slope is interpreted2 as a change in
the relaxation mechanism: thermal activation over the poten-
tial barrier V0 at higher temperatures and tunneling through
the barrier at lower temperatures. The thermal activation
mechanism is described by the relaxation rate,

�T
−1 = 2�0e−V0/�T � 2�0e−TB/T, �11�

where � is the Boltzmann constant and �0 is a constant with
dimensions of frequency. The potential barrier can be
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FIG. 4. The parameter �0 /2� �open circles� plotted as a func-
tion of inverse temperature for a ZnSe:V2+ crystal, using data taken
at 52 and 270 MHz. The solid lines show the highest �270 MHz�
and the lowest �52 MHz� frequencies used in our experiment.

FIG. 5. Relaxation time versus inverse temperature in
ZnSe:V2+. The open circles show experimental data obtained with
fast shear waves at 52 MHz; filled circles, with longitudinal waves
at 156 MHz. The lines show �= �2�0�−1eTB/T. The solid line is for
TB=8 K and the dashed line is for TB=8�0.8 K, �0=4.8
�109 s−1.
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estimated from the slope of the high temperature part
of the curve. For ZnSe:V2+, we obtained TB=8.0�0.8 K
�V0=5.6�0.6 cm−1�; for ZnSe:Cr2+, TB=55�1 K
�38�1 cm−1�; and for ZnSe:Ni2+, TB=87�2 K
�60�1 cm−1�.

IV. UNRELAXED AND RELAXED MODULI

Whenever data on ��T� are obtained, one can use

CU − C0

C0
= 2�
v�T�

v0
+

�r�T�
k0

1

��
� �12�

and

CR − C0

C0
= 2�
v�T�

v0
−

�r�T�
k0

��� �13�

to determine the temperature dependences of the relaxed and
unrelaxed moduli. These dependences for C44 and C� are
given in Figs. 5 and 6, respectively. The principal features of
the curves are similar to those observed in Ni2+ and Cr2+

doped ZnSe crystals: �i� there is a transformation of the dy-
namic modulus from a form close to relaxed at high tempera-
tures to one close to unrelaxed at low temperatures, and �ii�
the transformation takes place in the vicinity of T=T1 �i.e.,
when ��=1�. However, the transformation occurs at lower
temperatures than in ZnSe:Ni2+ and ZnSe:Cr2+. It is seen
particularly well in Fig. 8 because the curves presented there
are for the lowest frequency used in our experiments. Figure
9 shows a more complete transformation since the frequency

FIG. 6. Relaxation time versus inverse temperature in a
ZnSe:Cr2+ crystal. The open circles show data obtained with lon-
gitudinal waves at 54.4 MHz. The lines are plots of �
= �2�0�−1eTB/T; the solid line corresponds to TB=55 K, and the dot-
ted lines to TB=55�1 K, �0=7.6�109 s−1.

FIG. 7. Relaxation time versus inverse temperature in
ZnSe:Ni2+. The open circles show data obtained with fast shear
waves at 56 MHz. The lines are plots of �= �2�0�−1eTB/T; the solid
line corresponds to TB=87 K, and the dotted lines to TB

=87�2 K, �0=11�1010 s−1.
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FIG. 8. Unrelaxed, relaxed, and dynamic moduli versus inverse
temperature in ZnSe:V2+ measured at 52 MHz. 
C44

U /C0 �open
circles�, 
C44

R /C0 �triangles�, and 
C44 /C0 �filled circles�. 
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i �T�−C44�T0�, C0=C44�T0�, T0=4.2 K.
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FIG. 9. Unrelaxed, relaxed, and dynamic moduli versus inverse
temperature in ZnSe:V2+ measured at 156 MHz. 
C�

U /C0 �open
circles�, 
C�

R /C0 �triangles�, and 
C� /C0 �filled circles�. 
C�
i

=C�
i �T�−C��T0�, C0=C��T0�, T0=4.2 K.
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is higher and the condition ��=1 takes place at a higher
temperature.

V. CONCLUSION

Investigations in a ZnSe:Mn2+ crystal proved that the
anomalies of relaxation attenuation and softening of a sym-
metry elastic modulus are not observed in a zinc-blende crys-
tal with an orbital singlet ground state of the 3d impurity.
This fact serves as a verification of the Jahn–Teller origin of
the ultrasonic anomalies previously found in ZnSe:Ni2+ and
ZnSe:Cr2+ at 13–19 K.

Anomalies in ultrasonic attenuation for the longitudinal
and fast shear modes were found below 4 K in ZnSe:V2+, as
well as softening of the C44 modulus below 40 K. The soft-
ening of C44 provided evidence that the local distortions have
a trigonal character in this crystal.

A procedure was developed for �i� estimating the energy
separation ��0 of the ground and excited states and �ii� ex-
tracting the relaxation time for the case of resonant attenua-

tion. In a ZnSe:V2+ crystal, �0 proved to be much less than
the lowest frequency used in our experiments, confirming the
relaxation origin of the attenuation peak observed.

A generalization of the methods for extracting the tem-
perature dependence of the relaxation time2 in the case of
relaxation attenuation was introduced and applied to a
ZnSe:V2+ crystal. The temperature dependence of the relax-
ation time showed that ZnSe:V2+ has the potential barrier
V0=5.6 cm−1. Its value is lower than those previously found
in ZnSe:Cr2+ and ZnSe:Ni2+ crystals. We also found the
temperature dependences of frequency-independent relaxed
and unrelaxed moduli.
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