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Dynamic susceptibility and electrical resistance of thin films of Cd12xMnxTe ~0<X<0.6! deposited on
Corning 7059 glass substrates at a 650-K substrate temperature were studied in the 20–300-K temperature
range. The existence of an interstitial MnTe phase and a low-temperature spin-glass phase forX.0.25 has
been observed. The low-temperature magnetic and resistive properties of the thin films have been correlated,
which provide some different insights in the exchange mechanisms taking place in these materials.
@S0163-1829~96!01143-5#

I. INTRODUCTION

The dilute magnetic semiconductor~DMS! encompasses
any semiconductor with a fraction of its constituent ions re-
placed substitutionally by ions bearing a net magnetic mo-
ment. The DMS family includes the II-VI, III-V, and IV-VI
compounds alloyed with the transition-metal ions, e.g.,
Mn21, Fe21, Co21, etc. DMS with Mn21 ions substituted in
various II-VI hosts1–5have been the most extensively studied
as the solubility of Mn in II-VI hosts is maximum. The DMS
are of interest for their magnetic6–9 and magneto-optical10–14

properties such as spin-glass transition, giant Faraday rota-
tion, etc. In Cd12xMnxTe ~CMT!, for example, these mag-
netic features begin to show enhanced effects with variation
in Mn concentration. The interaction between localized mag-
netic moments of Mn21 and the conduction and/or valence-
band electrons results in these unique effects. These ex-
change interactions are essentially of two types: the strong
Kondo-like sp-d exchange between spins of band electrons
and localized magnetic moments, affects the optical proper-
ties, while the weaker Heisenberg interion exchange~d-d
exchange! affects the magnetic properties. The behavior of
DMS alloys in a magnetic field is like that of the nonmag-
netic semiconductors, except that theg factor is modified by
thesp-d exchange interaction.15–17The splitting between the
↑ and↓ spin states depends on the magnetization and hence
on the temperature, composition, and magnetic field. The
d-d exchange in DMS alloys has been calculated perturba-
tively by Larson,16 who showed that it has contributions
from three classes of interactions. The two hole processes,
namely, the hybridization-induced superexchange between
the Mn 3d and Te 5p states dominate.16 One-electron and
one-hole processes, known as the Bloembergen-Rowland
~BR! mechanism, have about 5% contribution and two-
electron processes, viz., the Rudderman-Kittel-Kasuya-
Yosida~RKKY ! interaction, are negligible.18 In the wide gap
DMS alloys, the d-d interaction is primarily a nearest-
neighbor interaction. For instance, in CMT, the next-nearest-
neighbor exchange integralJ2 is typically about five to ten
times smaller than the nearest-neighbor exchange integralJ1
~J2/J1'0.1!.18 In a tetrahedral environment, the atomic

ground state of Mn21~3d5! is 6S5/2 with a negligibly small
crystal-field splitting, and hence it can be viewed as an or-
bital singlet withS55

2.
The nature and extent of these magnetic interactions can

be probed by studying the low-field susceptibility in the
DMS system in which Mn concentration (X) is varied. In
general, forX>0.005, DMS’s are paramagnetic,1 show a
magnetic phase transition18,19as defined by a cusp at a criti-
cal temperatureTg for X>0.02, and form an antiferromag-
netic phase forX.0.60.19 So, theX-Tg plot maps out a
magnetic phase diagram,20 with the low-temperature phase
representing a spin glass.21 In the paramagnetic region, the
magnetic susceptibility,x, follows Curie’s law.19 The Curie-
Weiss temperatureQ(X) obtained is negative, indicating an-
tiferromagnetic interactions between the spins.22,23 At tem-
peratures belowTg , the magnetic moments are randomly
disordered and display many of the characteristics of a spin-
glass phase, such as the specific heat which has a linear
temperature dependence and does not show any anomaly at
Tg .

24 Typically, in a DMS belowTg , different magnetic
phases~paramagnetic and spin-glass phases and antiferro-
magnetic clusters! coexist in the sample.25 The number of
different atoms in different states is a function ofX. For
example, forX50.65 in CMT, neutron-diffraction studies
show the absence of the long-range order25 and only 50% of
the magnetic atoms are ordered in clusters with antiferro-
magnetic ordering of the third type. The electron-
paramagnetic-resonance~EPR! measurements show a slow-
ing down of the spin fluctuations asTg is approached from
above.26 The spin-glass behavior is thus attributed to the
combined effects of the frustration of the antiferromagnetic
interaction on an fcc/hcp lattice and the randomness due to
dilution.27 The ground-state properties of the frustrated quan-
tum Heisenberg antiferromagnets on a cubic lattice have
been investigated theoretically for clusters containing 4–36
atoms.28 It has been found that for 0.00<(J2/J1)<0.34, the
dominant magnetic ordering is of short-range type. The op-
tical and electrical properties of two-dimensional DMS sys-
tems are very sensitive to the magnetization18,29 and hence
can be studied by the conventional techniques.29 In all the
cases, suppression of antiferromagnetic order is observed on
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the short-range cluster scale.28 It can be said that thermody-
namically, in the limit of low dimensionality and in the ab-
sence of spatially anisotropic magnetic interactions within
the plane containing the spins, magnetic ordering is not pos-
sible because of the finite-size effects, which become more
important than the magnetic ordering effects.25,28

It is clear that low-temperature behavior of the DMS al-
loys depends on the detailed topology of the Mn sublattice.
A change in nearest-neighbor environment of Mn ions alters
the nature of the short-range magnetic ordering.19 We have
investigated exchange interaction dynamics in thin CMT
films deposited by closed space sublimation both in the di-
lute and higher Mn concentration range using low-field dy-
namic susceptibility as a diagnostic tool in conjunction with
electrical resistivity measurements. The occurrence of spin-
glass phase, deviation from the Curie-Weiss law, and impor-
tance of the MnTe interstitial sublattice~different from bulk!
have been revealed from these studies. This paper presents
these results.

II. EXPERIMENTAL DETAILS

The Cd12xMnxTe films were deposited on to Corning
7059 glass substrates, maintained at 350 °C, by sublimation
from different stoichiometric alloys~with X values from 0.01
to 1.0!, and prepared by melt quenching. Details of film
deposition and compositional characterization have been re-
ported in an earlier publication.30 The studied compositions
correspond to nearlyX51.00, 0.60, 0.50, 0.40, 0.30, 0.25,
0.20 ~60.01! in the higher Mn concentration range and
X50.10, 0.06, 0.04, 0.02, 0.00~60.01! in the dilute range.
The low-temperature ac susceptibility of the films was mea-
sured in the 300–20-K temperature range using a Sumitomo
SRD-204 cryostat with facility for simultaneous measure-
ment on eight samples. A double secondary coil arrangement
with one coil wound opposite to the other was used as
pick-up coil to increase the signal-to-noise ratio. The primary
coil was excited by an amplified ac signal from a signal
generator to produce a harmonic excitation magnetic field.
The real and imaginary components of the induced signal
were measured by a lock-in amplifier interfaced with an IBM
PC. The susceptibility measurements were done on samples
both in the zero-field cooling~ZFC! and field cooling~FC!
modes31 in the presence of an external static magnetic field.
The magnitude of the static external field was always greater
than that of the dynamic excitation field. To make the data
representative of the magnetization in the films and for
proper comparison between the films of differentX values,
the data were normalized with respect to the sample volume
and the area under the curve~found by integrating the sus-
ceptibility values over the entire temperature range divided
by the calculated area!. The resistivity of the films was mea-
sured in the 300–20-K temperature range using a standard
four probe technique in the same cryostat. For the resistivity
measurements, four silver pads 250mm apart were deposited
on the film surface and contacts were taken from them.

III. RESULTS AND DISCUSSION

The divalent Mn atoms have a 3d54s2 configuration. Af-
ter contributing the two 4s electrons to the lattice, Mn21 ions

have a 3d5 configuration and a6S5/2 ground state.
32 A spheri-

cally symmetricS state cannot be affected by a crystalline
electric field. However, it is known that a crystal-field split-
ting of the ground state of Mn21 does occur.32 This is be-
cause it is not a pure6S state but consists of an admixture of
higher-lying levels.32 The effects of these admixtures are
relatively small and have been neglected here as we are con-
cerned only with the gross electronic properties like the mag-
netic susceptibility and resistivity.

The ac susceptibility of the Cd12xMnxTe films deposited
on Corning 7059 glass and Si~111! substrates were measured
in the temperature range 300–20 K at 73-Hz, 313-Hz, and
1-KHz signal frequencies. All samples show paramagnetic
behavior at higher temperatures~.50 K! and the magnitude
of susceptibility was maximum at 73 Hz and decreased with
increasing frequency. Figure 1 shows the variation of suscep-
tibility with temperature at 313-Hz and 1-KHz signal fre-
quencies for a typical film of compositionX50.25, deposited
on Corning 7059 and Si~111! substrates, in the high-
temperature~300 to 60 K! range. Susceptibility of the film on
Corning 7059 substrate was smaller in magnitude. This is
attributed to smaller grain size of the Cd0.75Mn0.25Te film on
Corning than on Si~111!.30

The real~x8! and imaginary~x9! parts of the FC normal-
ized susceptibility data for the Corning 7059 glass substrate
are shown in Fig. 2 both for the cooling and the heating cycle
in the temperature range 300–20 K. It is clear that Corning
glass is diamagnetic in the entire temperature range. The
magnitude ofx9 increases with a decrease in temperature
until it saturates in the low-temperature range. The negative
value of x9 at temperatures.250 K is an artifact of the
lock-in amplifier phase setting being.90°. Figures 3 and 4
show the real and imaginary parts of FC normalized suscep-
tibility variation over the 300–20-K temperature range for a
Cd12xMnxTe film on Corning substrate in the dilute regime
~X50.02!, both for the cooling and the heating cycle. It
shows a paramagnetic behavior without any magnetic phase
transformation since no abrupt changes inx9 values are ob-

FIG. 1. Real susceptibility versus temperature plot forX50.25
films deposited on Corning 7059 glass and Si~111! substrates.~a!
and~b! Films on Si~111! and Corning 7059 glass at 313 Hz;~c! and
~d! films on Si~111! and Corning at 1-KHz measuring frequency,
respectively.
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served~Fig. 4!. The thermal hysterisis effects are also ob-
served in the real and imaginary parts of the susceptibility in
both the cycles. In contrast, for the CMT films having a
higher Mn concentration range, the zero-field cooled samples
exhibit a broad hump in thex8 values at low temperatures
~<40 K! and thex9 data also display a cusp at temperatures
somewhat higher than that for thex8. The occurrence of the
broad hump instead of a sharp maxima in thex8 is explained
on the basis of the interactions of the magnetic sublattice
with phonons, which increase the effective relaxation time of
the magnetic spins. Figures 5 and 6 show thex8 andx9 data
for the ZFC and FC cases during the heating cycle for typical

films with X50.4 and 0.6, respectively. An occurrence of a
magnetic phase transition, typically the formation of a low-
temperature spin-glass phase in higher-X samples, is indi-
cated. The different spin-glass transition temperatures ob-
served in the higher-X films are given in Table I. Information
about the first-neighbor interaction can be obtained from the
spin-glass transition by application of a suitable model. We
have applied the scaling model23 to such a transition assum-
ing that for a continuous random distribution,XRi j

35const,
whereRi j denotes the typical distance between the magnetic
ions i and j at concentrationX. Using this expression, with a
known functional form for the radial dependence of the ex-

FIG. 2. Low-temperature susceptibility of Corning 7059 glass
for the cooling and heating cycles. The data show thermal hysteri-
sis.

FIG. 3. Real susceptibility versus temperature plot ofX50.02
films deposited on Corning 7059 glass at a 650-K substrate tem-
perature.

FIG. 4. Imaginary susceptibility versus temperature plot of
X50.02 films deposited on Corning 7059 glass at a 650-K substrate
temperature.

FIG. 5. Normalized susceptibility plots forX50.4 films depos-
ited on Corning 7059 glass at a 650-K substrate temperature for
both the field cooled and zero-field-cooled cases.
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change interaction, we get a theoretical prediction that can be
compared with the observed experimental data. The func-
tional form used by us can be represented empirically in a
simplified manner as23

kBTg'AJ1~R!S~S11!, ~1!

whereA is an arbitrary constant~A,0.5 for our case! depen-
dent on the decay of the nearest-neighbor exchange. Details
of the exact procedure for a continuous as well as discrete
distribution of magnetic ions can be found elsewhere.23 It
may be pointed out that the above equation is based on the
assumption thatTg is related to the interaction energy at an
average distance (R) between the magnetic ions and only the
first-neighbor exchange interactions dominate. The first-

neighbor exchange integral values thus obtained are also
given in Table I. Both the transition temperature and the
corresponding exchange integral have higher magnitude than
those reported for single crystals of Cd12xMnxTe.

1 We also
observe that the magnitude of the first-neighbor Mn-Mn ex-
change integral~J1! increases with increasingX values. The
spin-glass transition is observed in only the ZFC susceptibil-
ity data, whereas the FC susceptibility data show no maxima
in the x8 values, indicating that the spin-glass phase forma-
tion does not occur. This behavior can be understood in
terms of orientation of magnetic spins, as explained in the
next section. Figures 7 and 8 show ZFC and FC susceptibil-
ity data for films of CdTe~X50.0! and MnTe~X51.0!, re-
spectively. It is inferred that the CdTe films are diamagnetic
in nature, while the MnTe films are paramagnetic at higher
temperatures and show a spin-glass phase at'50 K. Corre-
spondingly, thex9 variation with temperature for MnTe
films shows a cusp at a temperature somewhat higher than
that of the maxima in thex8 data. The spin-glass phase as
observed in pure MnTe films significantly modifies the
temperature-dependent magnetic susceptibility behavior of
MnTe and CdTe alloyed Cd12xMnxTe thin films.

Temperature-dependent resistivity variation for the
Cd12xMnxTe films with variousX values was also studied.
In the dilute regime, Cd12xMnxTe films have a high resistiv-
ity ~of the order of 10-MV-m!, while the resistivity of films

FIG. 6. Low-temperature susceptibility plots forX50.6 films
deposited at 650 K on Corning 7059 glass for both the FC and ZFC
cases.

FIG. 7. Normalized susceptibility plots for the pure CdTe~X
50.0! films deposited at 650 K for both the FC and ZFC cases.

FIG. 8. Low-temperature normalized susceptibility plots for
pure MnTe~X51.0! deposited at 650 K for both the FC and ZFC
cases.

TABLE I. The spin-glass temperatures and first-neighbor ex-
change integral values observed for different composition films.

% Mn (X) Tsg ~K! J1/kB ~K!

0.4 25.12 210.71
0.5 32.96 211.31
0.6 40.98 211.71
1.0 49.54 28.49
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with higher Mn concentration~X>0.25! decreases to typi-
cally 0.5-MV-m with increasingX. Figure 9 shows the char-
acteristic dependence of the low-temperature resistivity for
pure CdTe and MnTe films. The resistivity of CdTe films
increases initially with a decrease in temperature and satu-
rates to a constant value below 250 K, a behavior typical of
a high-resistivity semiconductor. The MnTe films, on the
other hand, exhibit a broad minima at 130 K. Below 130 K,
the behavior of the film is semiconductorlike, and above it
the film behaves like a metallic film. This semiconductor-to-
metal-like transition has genesis in the magnetic properties
of the material. Figure 10 shows the normalized resistivity
versus temperature plot for the films withX in dilute range,
i.e., for X50.00, 0.02, 0.04, and 0.06. The data have been
normalized with respect to the film surface area and the area

under the curve to present the data on comparable scales. We
see that the resistivity behavior of the films having low-X
values is similar to that of the CdTe. The resistivity is con-
stant from 20 to 250 K and decreases thereafter. In the dilute
range, the CdTe films have the least resistivity which in-
creases with increase in Mn concentration. The normalized
resistivity of the higher-X films is shown in Fig. 11 for typi-
cal films havingX50.25, 0.60, and 1.00. All the films ex-
hibit a resistivity transition from a semiconductorlike to met-
allike behavior. These transitions temperatures are
significantly higher than the spin-glass transition tempera-
tures. We expect that the interaction of electron spins and the
Mn magnetic moments is responsible for it, as discussed be-
low. An estimate of the defect densities, which contribute to
the two-electron interaction via the electron-phonon medi-
tated exchange, made from the resistivity and optical-
absorption data30 gives the density to be approximately
1020/cm3 for all the higher-X films. Due to the high defect
density observed, the RKKY-like scattering interactions be-
come as important as the BR mechanism which dominates
at low defect densities in these films. Hence, the contribution
of the RKKY interactions should also be taken into account
in addition to the superexchange phenomenon and BR
mechanism.

A. Effect of Mn on magnetic susceptibility

It is evident from the experimental results that
Cd12xMnxTe films exhibit susceptibility and resistivity be-
havior which directly depends on the Mn concentration re-
gime. In the dilute range, behavior is akin to CdTe as the Mn
ions behave like Cd ions because they are isolated magneti-
cally. The effect of the magnetic moment and its interaction
with the electron spins becomes pronounced for higher Mn
concentration films~X>0.25! and different effects like spin
glass and semiconductor to metal-like resistivity transition
begin to manifest. An interesting observation is that the spin-

FIG. 9. Low-temperature resistivity plots for CdTe and MnTe
films deposited at 650 K on Corning 7059 glass.

FIG. 10. Typical low-temperature normalized resistivity plots
for Cd12xMnxTe thin films in dilute range~X,0.1!.

FIG. 11. Typical normalized resistivity versus temperature plots
for Cd12xMnxTe thin films in alloy range~0.1,X,1.0!.
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glass transition temperature is higher in the films than that in
the single crystals. Clearly, the exchange interactions due to
Mn dominate in the films. The thermal hysterisis observed in
the films ~Fig. 3! is understood on the basis of the time
dependence of the relaxation time. The relaxation time is the
temperature-dependent time in which the spins interact with
the applied field which is modified by the kinetic interactions
taking place between the magnetic ions. Since the rate of
cooling in the experiments is different from the rate of heat-
ing, the relaxation time for the above interaction will be dif-
ferent during the cooling and the heating cycles, thus giving
rise to the thermal hysterisis as observed in the films. The
nonobservation of the spin-glass phase in the FC susceptibil-
ity can be explained on the basis of the behavior of magnetic
spins in the presence of an external static magnetic field. The
magnetic spins are bound by the external static magnetic
field and thus are not able to respond to the dynamic excita-
tion field. Hence, the behavior of the susceptibility in the
field cooled mode is paramagnetic.

It is known that the dilute magnetic compounds exhibit
the antiferromagnetic III~AFM III ! ordering of the magnetic
ions.32 In the Cd12xMnxTe, the formation of the spin glass at
low temperatures is a consequence of the frustrated antifer-
romagnetic arrangement of the Mn ions, which leads to a
freezing of the spins in random directions under the influence
of a magnetic field as the transition temperature is reached.33

This freezing of spins corresponds to a cusp in the real part
of the susceptibility value for the film, while the imaginary
part shows a maxima in the vicinity of the transition tem-
perature. The real part of the susceptibility at temperatures
.100 K follows a Curie-Weiss law,x85C/[T2U(X)], C
being the Curie constant andU(X) the Curie temperature.
When the temperature is lowered below 100 K, deviations
from the linear behavior predicted by the Curie law start
appearing in thex8 behavior. This has been reported both in
the metallic and insulating spin glasses,33–35 indicating that
on a local scale, strong magnetic correlations start develop-
ing far above the freezing temperatures.34–36 The freezing
temperature of a spin glass has been shown to have a fre-
quency dependence. As the measuring signal frequency is
increased, the transition temperature increases.36 The fre-
quency dependence of susceptibility indicates that the estab-
lishment of full thermal equilibrium between the magnetic
spins in the films is a dynamic process affected by the local
relaxation times. Superexchange in these materials is an in-
direct interaction meditated by the anions. For II-VI DMS’s
with a zinc-blende structure, the Mn-Mn second-, third-, and
fourth-neighbor exchange are all meditated by two anions
and one cation36 ~sp-d exchange!. The competitive process
of the scattering of charge carriers at the spin centers in
presence of a magnetic field leads to an indirect exchange
interaction meditated through phonons, which is RKKY-like
in nature and which oscillates strongly with distanceR be-
tween the two spins. This phonon meditated exchange results
in the observation of the large transition width, as phonons
increase the relaxation time of the freezing process and do
not allow the magnetic spins to freeze on approachingTg .
The exchange interaction integralJ1(R) is written as

J1~R!5J0
cos~2kFR1w0!

~kFR!3
, R→`. ~2!

Here, J0 and w0 are constants andkF is the Fermi wave
number of the host lattice, CdTe in our case. Thus, there are
two competiting phenomena taking place within the material:
freezing of the spins and interaction of magnetic moments
with the phonons. Since the distances between the spins are
random, some of the interactions favor a parallel alignment
and others favor an antiparallel alignment. Thus no single
favorable alignment can be found, thereby freezing the mag-
netic moments in random directions on approachingTg .

37

The phonons, on the other hand, prevent this freezing, lead-
ing to the absence of a sharp transition. The real situation is
much more complex than this simple picture, and involves in
addition, the nearest-neighbor interactions between the mag-
netic spins. When we take into account these interactions,
Curie-Weiss temperature can be written empirically as

u~X!5
2S~S11!

3kB
(
R

J1~R!PX~R!. ~3!

Here,PX(R) is the probability that an atom possesses mag-
netic moment, which is just theX value,kB—the Boltzmann
constant,S—the spin quantum number~5 5

2 for Mn!, and
X—the concentration of magnetic atoms. It is assumed that
the magnetic moment of the atom is independent of concen-
tration and temperature. Equation~3! is qualitatively similar
to Eq. ~1! above. This is because the magnetic subsystem in
a DMS consists of a random array of magnetic ions statisti-
cally distributed over the cation lattice sites and coupled to
nearest and next-nearest neighbors by exchange interactions.
The Curie-Weiss temperature probes the sum of all interac-
tions, which, in our case, is antiferromagnetic. The low-
temperature spin-glass transition probes the long-ranged tail
of the interaction, which also depends on the effective mag-
netic coupling of the magnetic ions and decays asR2n,
wheren is a fitting parameter.22,33 For materials where the
spatial decay of exchange is fast~n.6 andJ2/J1,0.3!, the
only dominant interactions are the nearest-neighbor type and
the two entities qualitatively describe the same interactions.33

The calculated values of nearest-neighbor exchange inte-
gral, J1, are significantly higher in magnitude than those re-
ported for single crystals of CMT in literature1 which sug-
gests stronger Mn interaction in higher-X Cd12xMnxTe
films. Mn ions occupy the substitutional as well as interstitial
sites in the CdTe lattice at higher Mn concentrations.30 At
the substitutional site Mn forms the Cd12xMnxTe lattice,
whereas the interstitial Mn interacts with the neighboring Te
ions and forms an interstitial MnTe sublattice, having prop-
erties very similar to that of pure MnTe. The average mag-
netic properties of the Cd12xMnxTe films should thus be
determined by taking into account the contributions from this
sublattice also. We observe that our MnTe films have a
higher spin-glass transition temperature of 49.5 K as com-
pared to'42 K in the bulk. Recently, MnTe has been grown
by molecular-beam epitaxy in the zinc-blende phase which
has a transition temperature of'60 K and J1/kB'212.3
K.38 A high spin-glass transition temperature for the MnTe
films by implication should enhance the transition tempera-
tures for Cd12xMnxTe films as well, if the MnTe sublattice
contribution to the overall magnetic properties are signifi-
cant. With an increase in Mn ion concentration in the films,
a corresponding increase in the first-neighbor exchange mag-
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nitude will imply that more Mn ions are occupying the inter-
stitial sites, resulting in increased Mn ion activity in the
CdTe sublattice. If the Mn ions were to occupy only the
substitutional sites, the number of magnetic neighbors of a
magnetic ion would remain the same as the distribution of
Mn in CdTe sublattice is generally random. Consequently,
the magnitude of the exchange integral would not be much
effected.

The formation of the interstitial MnTe sublattice likewise
effects the low-temperature electrical resistivity of the
Cd12xMnxTe films. When an external magnetic field is ap-
plied at temperatures close to the spin-glass transition tem-
perature, the magnetic-field-induced tendency to align along
the magnetic-field direction is countered by the lowering
temperature-induced spin-glass random freezing. This
coupled with the fact that the susceptibility magnitude de-
pends strongly on the time constant of the relaxation process
of the magnetic sublattice makes the observed susceptibility
values dependent on the input signal frequency.33 The spin-
relaxation times have been found to increase to a very large
magnitude as the spin-glass transition temperature is
approached.39 A large magnitude of the relaxation times,
which leads to the freezing of the spins in the magnetic
sublattice, indicates that the spin-glass phase is in a nonequi-
librium state in the thermodynamic sense.39 An insight into
the dynamics of a spin-glass transition can be obtained by
measuring the real and imaginary parts~x8 and x9! of the
complex susceptibilityx~v!.40,41 If the magnetization relaxes
with a single relaxation time,t, x8, andx9 can be expressed
for the input signal frequencyv, as33

x8~v!5xS1
xT2xS

11v2t2
~4!

and

x9~v!5vt
xT2xS

11v2t2
, ~5!

wherexT is static isothermal susceptibility andxS the static
adiabatic susceptibility. The plot ofx8 versusx9 with v as a
parameter, known as the Cole-Cole plot, yields a
semicircle.33 On the other hand, if the relaxation of the mag-
netization process is governed by a distribution of relaxation
times rather than a single one, these plots are described by
arcs rather than semicircles.33 The plots for the films of typi-
cal compositionX50.00, 0.06, 0.50, 1.00, and Corning 7059
glass are shown in Fig. 12. We observe that the plot for the
CdTe ~X50.00! and MnTe~X51.0! films describes a semi-
circle, indicating that the relaxation process in both the CdTe
and MnTe is governed by a very small bandwidth of relax-
ation time. As the Mn concentration in CdTe films is in-
creased to form the Cd12xMnxTe, the semicircle turns into
arc of semicircle indicating that the magnetic relaxation is
characterized by a broad bandwidth of times. The physical
origin of the distributed magnetic relaxation is attributed to
scattering processes at the magnetic moment sites in the
semiconducting lattice.

B. Low-temperature resistive properties

Since the formation of the interstitial magnetic MnTe sub-
lattice influences the electrical resistivity, particularly at low
temperatures, this constitutes another way to study the spin-
glass phenomena.42,43 The temperature dependence of the
electrical resistivity for CdTe and MnTe thin films are shown
in Fig. 9. Figures 10 and 11 show the low-temperature resis-
tivity plots of Cd12xMnxTe films in typical dilute and alloy
ranges corresponding to different values ofX. The films in
the dilute range show constant resistivity values in the 20–
250-K temperature range, with a nominal decrease above
250 K, typical of semiconductors. The higher-X films show a
contrasting behavior. They exhibit a transition from semi-
conductorlike behavior at higher temperatures to metal-like
behavior below 100 K. In the diluteX films, the resistivity of
the films increases as the Mn concentration increases. It im-
plies that Mn incorporation enhances thep-type nature of the
as-deposited CdTe films. In the low-X limit, Mn ions substi-
tute the Cd ions in the CdTe lattice, and do not contribute
extra charge carriers for conduction processes in the semi-
conductor. However, as the Mn concentration in the films
approaches alloy range~X.0.20!, the excess Mn ions get
incorporated at the interstitial sites in addition to the substi-
tutional ones. The interstitial MnTe sublattice, thus formed,
interacts with the Cd12xMnxTe host lattice which results in
films with resistivity values much lower in magnitude than
the resistivity for pure CdTe. While the low-temperature re-
sistivity of CdTe is of the order of 10-MV-m, the resistivity
of X50.25 film is of the order of 1-MV-m. The X50.60
films have a resistivity of 0.1-MV-m and the pure MnTe
films have a 1-KV-m resistivity at low temperatures. As
shown in Fig. 11, initially the resistivity increases roughly
linearly as temperature is lowered from 300 K. It shows a
broad transition to metal-like resistivity behavior at a tem-
perature which is higher than the spin-glass transition tem-
perature. The semiconductorlike resistivity in the higher-

FIG. 12. Real versus imaginary susceptibility~Cole-Cole plots!
for some typical films of Cd12xMnxTe.
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temperature region follows theT2 behavior,44 whereas in the
metal-like region, the resistivity is proportional toT3/2.42

These temperature dependencies signify different scattering
mechanisms which affect the electron transport in
Cd12xMnxTe films at low temperatures. The electron-
phonon scattering at the boundaries exhibitsT3/2 dependence
and at the spin sites follows theT2 dependence.45 The resis-
tivity at low temperatures has been theoretically linked to the
temperature variation of the spin-glass order46 and to the
elementary excitations in the spin glasses.47–49 The resistiv-
ity maximum is a consequence of Kondo-like interactions
which take place between the magnetic moments and elec-
trons in the films and thus effect the spin-glass
properties.50–52To better understand this resistivity behavior
in these films, we now examine the temperature dependence
of the relaxation time.47

In an insulator, at temperatures above the Debye tempera-
ture, the relaxation is dominated by the phonon-phonon scat-
tering. The Umklapp process is more important than the nor-
mal process. The number of Umklapp events that occur is
proportional to the number of short-wavelength phonons
present.47 This implies that the high-temperature resistivity
of an insulator is directly proportional toT, as the number of
phonons associated with any mode in a material is propor-
tional toT. At temperatures well below the Debye tempera-
ture, the phonon-phonon relaxation time shows an exponen-
tial dependence on the temperature. As the temperature
decreases, the number of Umklapp events decreases very
quickly and the phonon-phonon relaxation time increases,
just as quickly.48 Eventually, the phonon-phonon relaxation
time becomes much larger than the relaxation time for the
defect and grain-boundary scattering and the later mecha-
nisms dominate. Thus the temperature-dependent resistivity
follows the relation48

r5
A

T3
1

B

T2
1CT, ~6!

where the first term describes the boundary scattering, the
second, dislocation scattering, and the third, point defect
scattering. FactorA depends on the sample dimensions,B is
proportional to the number of dislocations, andC is propor-
tional to the number of point defects.47,48For any material at
low temperatures, the boundary scattering dominates and the
resistivity is proportional toT3.48 In a semiconductor, if the
electron and hole concentrations are nearly independent of
temperature over a wide temperature range, the temperature
dependence of the resistivity is determined by the carrier
mobilities. However, a different temperature dependence is
observed when the relaxation times show a significant en-
ergy dependence.49 A simple model of electron-phonon scat-
tering predicts the resistivities to be proportional toT3/2, if
the bands are assumed to be parabolic and the Debye ap-
proximation is valid.49 In semiconductors, the occurrence of
several equivalent minima in the conduction and several
maxima in the valence bands50 complicates the scattering
process as scattering from one minimum to other or from one
band to other can occur.50,51Further, the bands are not para-
bolic and optical-phonon scattering at high temperatures can
also occur.52,53 As a result the temperature exponent of the

resistivity is proportionally larger than32. This effect is seen
in theT2 dependence of the resistivity observed in our films.

The charge-carrier densities observed in the higher-X
films are quite high~n'1020/cm3! ~Ref. 30! and remain con-
stant throughout the temperature range studied. The Arrehe-
nious plots for some typical films of CdTe~X50.00!,
X50.25, 0.60, and MnTe~X51.00! are shown in Fig. 13, in
the 300–20-K temperature range. We observe that the CdTe
~and the low-X! films show an invariant resistivity behavior
in the low-temperature range. Clearly, the Cd12xMnxTe
films in the dilute range have a structure similar to that of the
CdTe having a homogeneous lattice with Mn at Cd substi-
tuted sites. As the Mn concentration increases, the films be-
gin to exhibit three distinct resistivity behaviors at different
ranges for the temperatures, e.g., 300–200 K, 200–100 K,
and 100–20 K, which are characteristic of the
semiconductor- and metal-like behavior. The activation en-
ergy for these different regions was calculated by a linear fit
of the resistivity data. Figure 14 shows the calculated activa-
tion energies for the different regions in films with various
compositions with respect to the Mn concentration. We ob-
serve that while CdTe has a single positive activation energy
throughout the temperature range studied, indicating a semi-
conducting behavior, all the other films have different acti-
vation energies in the different temperature ranges. The ac-
tivation energies are much smaller than the band-gap
energies as determined from the optical measurements.
Clearly, low temperatures, the conduction in these films is
dominated by the scattering.53 Excess carriers are generated
close to the valence band by magnetic Mn ion dopings in the
films. The activation energy dependence at low temperatures
is suggestive of thes-d interaction between thes-like
conduction-band electrons andd-type transition-metal
impurities.53,54This interaction is a strongly localized pertur-
bation on the electron gas. On treating the whole effect as an
external perturbation, it gives rise to an oscillating term of
wave number 2kF ~kF being the moment at the Fermi level!,

FIG. 13. Plots of lnr versus ln~1/T! for some typical films used
for calculating the activation energy.
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falling off as 1/r 3 at large distances.54 This is the RKKY
interaction which provides a mechanism for the coupling of
two adjacent magnetic ion spins.53 The excess of down-spin
s electrons in the vicinity of an up-spin impurity, induces a
corresponding up spin on any other impurity spin in its
neighborhood. This type of interaction gives rise to complex
magnetic and thermal effects in the dilute alloys where the
Mn magnetic ions are distributed at random on the solvent
CdTe lattice.54 The spin-dependents-d interaction is also
responsible for the effects observed in the low-temperature
electrical resistivity.53 The nonvanishing residual resistivity
at zeroK caused by charged impurities is independent of
temperature.53 The probability of scattering from a charged
magnetic impurity on integration through athermal layerof
kBT thickness for an energy level («F2D) below the Fermi
level, gives the resistivity as53

r~T!5r0$122~J/N!N~«F!ln~D/kT!%, ~7!

whereN(«F) is the density of states at the Fermi level, and
N is the total number of atoms per unit volume. SinceJ1 is
essentially negative, this predicts a rapid increase in the re-
sidual resistivity as the temperature falls.53,54Thus, the resis-
tivity maximum observed in the films is indicative of the
antiferromagnetic ordering of the magnetic spins taking
place at low temperatures in the alloyed Cd12xMnxTe
films.54 This is also borne out by the density of states
calculations,30 which show a significant increase in the im-
purity density of states as the Mn concentration is increased
in the Cd12xMnxTe films. With increasing Mn concentration
the antiferromagnetic ordering temperature also increases,
which should result in higher spin-glass transition tempera-
tures, as indeed observed in the films.

The correlation between the low-temperature susceptibil-
ity and electrical resistivity of the films has been calculated
by s-d exchange model given by Sugihara55–57assuming the
localization of thed electrons. For an antiferromagnet, the
relaxation timetsd and resistivityrsd can be expressed as56

tsd5
2\

kBTv1/2 S \2

2mD 3/2S gmB

J1 /N
D 1

3x8~T!
, ~8!

r~T!5
3pm

8n\e2 S 2mp\2D 3/2S J1 /NgmB
D ~kBT!3/2„3x8~T!…, ~9!

wherev is the frequency of measurement of dynamic sus-
ceptibility, n the number of charge carriers, and 3x8(T)
5(2x'8 1x i) is the susceptibility of the film.57 Thus, from
the above two equations, we can write

lnF r~T!

x8~T!G5A1 3
2 lnT, ~10!

whereA is a constant. A plot of ln„r~T!/x8~T!… versus ln(T)
should thus give a straight line of slope32. We have plotted
Eq. ~9! in Fig. 15. We observe a deviation from linearity in
the vicinity of spin-glass transition temperature. The peak
like features observed in most cases is an artifact of the
change in phase angle of the output signal in the susceptibil-
ity measurements. The measured slope of the linear portion
is 21.43 for the CdTe and<0.5 for all the Cd12xMnxTe
films. This deviation is significant and is the same for all the
measurements, thus not caused by the experimental errors.
Clearly, the assumption that thed electrons are tightly local-
ized is not valid. The crystalline bond ionicity of MnTe is
0.38 ~Ref. 57! and that of CdTe is 0.72.58 Considerable co-
valency in the case of MnTe and hence in Cd12xMnxTe sub-
stantiates the possibility of delocalization of thed electrons
and thed-d transitions do take place. These delocalized elec-
trons contribute to the optical, electrical, and magnetic prop-
erties of Cd12xMnxTe films. The CdTe films exhibit a slope
of 1.43 in the absence ofd-electron contributions from the
MnTe sublattice and also due to high Cd-Te bond ionicity.
Although the interpretation of the resistivity data has yielded
an indirect information about the nature of spin glasses, a

FIG. 14. Activation energies in different temperature ranges as
calculated from Fig. 13.

FIG. 15. ln~r/X8! versus ln(T) plots for some typical films. The
slope of all the films differs from32.
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more comprehensive theory may be required for the study of
spin-glass dynamics. At standard magnetic transitions, the
electrical resistivity has an energylike behavior.59,60The lack
of any detectable singularity in the resistivity data of the spin
glasses shows that they are first-order transitions.60

IV. CONCLUSIONS

Thin films of Cd12xMnxTe in a wide Mn concentration
range@dilute ~X,0.1! as well as alloyed~X.0.1!# have been
prepared by sublimation on Corning 7059 glass substrates.
The dynamic susceptibility and electrical resistivity measure-
ments have been performed in a 300–20-K temperature
range. The films have been found to be paramagnetic at tem-
peratures.100 K. While the films in the dilute range exhibit
a behavior like that of the CdTe films, the higher Mn con-

centration~X.0.25! films exhibit a low-temperature phase
which has been shown to be spin glass. The spin-glass tran-
sition temperatures and consequently the first-neighbor ex-
change interaction between the Mn ions have been found to
be higher for the thin films than those reported for the single
crystals. These have been shown to be a consequence of the
interstitial MnTe sublattice formation in the high Mn con-
centration films. These Mn interstitial states have been
shown to be nonlocalized in nature due to the high covalent
nature of the Mn-Te bond.
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