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Relaxation of thermal-remanent magnetization and isothermal remanent magnetization of spin glass
in Cd& „Mn„Te diluted magnetic semiconductors have been studied at different conditions. Magnetiza-
tion relaxation can be described by a power-law decay, M(t) =Mpt (f & to and to=2 s) with small
values of a or a logarithmic decay M(t}=MD(1—a lnt) (t & to and to=2 s). Temperature and applied
magnetic-field dependencies of the decay parameter a have been measured. The above-band-gap pho-
toexcitation has been used to generate free carriers (electrons and holes) in the sample and their effects
on the spin-spin interaction of Mn ions have been studied. The dependence of the power-law decay pa-
rameter a on excitation light intensity has also been measured. It is found that a is proportional to the
photogenerated carrier concentration. Furthermore, aging effects in the spin-glass state have also been
studied by varying the time duration of the applied magnetic field. The transient responses of magneti-
zation in the spin-glass state upon applying a magnetic field in the dark and under illumination have
been measured and are found to follow a power-law time dependence, M (t) =MD+ M l

t~. Temperature
and the applied magnetic-field dependencies of the transient parameter P have been measured. A mecha-

nism, involving an increased spin domain size under light illumination via free-carrier-Mn spin interac-
tion, can explain our results very well.

I. INTRODUCTIQN

Diluted magnetic semiconductors (DMS's) have been a
group of materials attracting a great deal of attention for
many years because of their unique properties for under-
standing much fundamental physics as well as promising
practical applications. ' DMS's are semiconductors
formed by replacing a fraction of the cations in a range of
compound semiconductors with transition-metal ions.
Some examples of the DMS are Cd& „Mn„Te,
Pb& „Mn„Te, and Zn& „Fe„Se. These can be expressed
generally as A

& „M„B. Here x indicates the fraction of
the nonmagnetic cations (A) of the compound semicon-
ductors (AB) which is randomly replaced by magnetic 3d
or 4f iona (M). Formation of the DMS can also be de-
scribed as alloying an ordinary semiconductor AB with a
magnetic semiconductor MB in the desired proportion.
The magnetic behavior of different kinds of DMS shows
many common characteristics, which can be understood
on the basis of a random array of localized magnetic mo-
ments coupled by isotropic antiferromagnetic interac-
tion. Many aspects of this interaction between magnetic
ions are still under investigation.

DMS's also have many potential applications including
infrared detectors, ' electroluminescent devices, and
tunable Raman spin-Rip lasers. Their fundamental semi-
conducting properties such as the energy band gap, car-
rier effective mass, mobility, etc. can be varied under con-
trol of the molar composition as in nonmagnetic semicon-
ductor alloys. DMS device possibihties can be grouped
into three classes. The first depends only on the semi-
conductor band gap or other composition-dependent
properties. The second class of device utilizes optical
transitions of the Mn + ion, such as electroluminescent
devices. The third class of device is based on the sp-d ex-

change interaction.
One of the interesting and important subjects in the

DMS is the spin-glass (SG) state at low temperatures. It
is well established in DMS's that there exists a paramag-
netic SG transition at low temperatures due to the ran-
domness of the magnetic ion distribution and spin-spin
interactions. The transition temperature or freezing tem-
perature T depends on magnetic ion composition, '
magnetic field, and the history of the system. T'f has
been calculated by a short-range mechanism, the main
contribution of which comes from the antiferromagnetic
interaction between nearest neighbors' or second or
third neighbors, ' which is consistent with experimental
results. Although some work previously has been devot-
ed to study SG dynamics in the DMS, ' ' the under-
standing of the dynamic process of SG formation and
transformation, as well as the relaxation in the SG state,
are still far from complete.

In this paper, we report studies of the relaxation and
transient response of thermal-remanent magnetization
(TRM) and isothermal remanent magnetization (IRM) of
Cd& „Mn„Te in the SG state at different temperatures
and magnetic fields, and under light illumination with
different excitation light intensities. Here relaxation
refers to a process in which the magnetization decays
slowly with time after the removal or reduction of an ap-
plied magnetic field. The transient response refers to the
slow increasing of the magnetization upon applying a
magnetic field. Both relaxation and transient responses
can be observed in the SG state. Relaxation of magneti-
zation is commonly studied to determine the magnetic
properties of DMS's, while the transient response of mag-
netization is much less frequently studied in magnetic
materials. However, the transient response is a very im-
portant technique in semiconductor research for study-
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ing, for example, carrier excitation or conductivity under
light excitation.

A power-law time dependence of TRM and IRM relax-
ation and transient response has been observed, and the
decay parameter at different conditions has been deter-
mined. For relaxation, the decay parameters are very
small and the kinetics can be described equally well by a
logarithmic decay. The transient response and relaxation
of magnetization are found to be correlated. The main
results reported in this paper are investigations of the
spin-spin interaction of magnetic ions in the SG state
afFected by photogenerated electrons and holes. We have
measured TRM and IRM under light illumination at
different conditions, and the results have been compared
to those obtained in the dark. Comparison experiments
on relaxation and transient responses of magnetization in
the dark and under illumination have also been per-
formed. The data have been analyzed in terms of a re-
cently proposed percolation model for magnetic relaxa-
tion in random systems.

H. EXPERIMENT

The samples used for this study were Cd& „Mn„Te
single crystals provided by Cleveland Crystal, Inc. Two
different samples with Mn composition x =0.26 and 0.5
have been studied here. They were grown by the temper-
ature gradient technique and are nominally undoped.
However, photoluminescence measurements of a bound
exciton transition indicated a low concentration of im-
purities in the samples. Results obtained for these two
compositions (x =0.26 and 0.5) should represent general
properties of the relaxation of spin-glass magnetization in
Cd& „Mn„Te with difFerent compositions. By compar-
ing the results obtained for x =0.26 to those of x =0.5
samples, we can also learn the trend of the Mn composi-
tion dependence of the magnetization relaxation. The
size of the samples was a few cubic millimeters. The
magnetization was measured by a superconducting quan-
tum interference device (SQUID) magnetometer (Quan-
tum Design MPMS5). In order to study the effects of
photoexcitation to the transient response and relaxation
of TRM and IRM, a specially designed quartz optic fiber
probe was used with the SQUID. The fiber optic probe
was made of an optic fiber bundle with a diameter of
about 2 mm. One end of the optic fiber probe was in the
sample chamber with a distance of a few mm away from
the sample, and the other end was outside the SQUID be-
ing used for light illumination. DifFerent light sources
have been used for light excitation, including a white
desk lamp, Hg lamp, halogen lamp with filters, and He-
Ne laser. Light intensity was controlled by a set of neu-
tral density filters. The best response was obtained for
the Hg lamp. Results reported here were obtained by us-
ing the Hg lamp as an excitation source except where in-
dicated.

III. RESULTS AND DISCUSSIONS

A. Relaxation-in the dark

We have measured the susceptibility of samples under
field-cooled (FC) and zero-field-cooled (ZFC) conditions
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FIG. 1. The zero-field-cooled (ZFC and SS) and field-
cooled (FC o o and CIG) magnetic susceptibility of
Cd& „Mn„Te measured at a magnetic field of 100 Oe for two
samples, x =0.26 (0 and ) and 0.5 (0 and 0). The magnetic
field applied during FC is 1 T for both samples. For each mea-
surement, the system was always cooled down from room tem-
perature to the lowest temperature, and the measurements were
then started from the lowest temperature. The freezing temper-
ature Tf obtained is Tf =4.2+0.2 and 19+1 K for x =0.26 and
0.5, respectively.

to determine the freezing temperatures T& of the SG
state. For FC, the applied magnetic field during the cool-
ing down was set at B=1 T. For each measurement, the
system was always cooled down from room temperature
to avoid hysteresis effects. For both FC and ZFC condi-
tions, the susceptibility as a function of temperature was
measured at a magnetic field of 100 Oe, starting from the
lowest temperature. The data for two samples
[Cdo 74Mno 26Te (circles) and Cdo 5Mnc 5Te (squares)] are
displayed in Fig. 1, which shows that Tf is about 4.2+0.2
K for Cdo 74Mno 26Te, and 19+1 K for Cdo 5Mno 5Te. In
this paper, except in Fig. 2, we plot susceptibility M/B
instead of magnetization M, since M depends linearly on
8 in the region of the measuring field. The reason for
measuring the magnetization at a low field of 100 Oe in-
stead of zero field is that experimentally we can obtain a
better signal-to-noise ratio at a finite field. Figure 1

shows only experimental data in the region from 1.7 to 30
K for a clear presentation. These results are consistent
with previous measurements. ' ""' In this paper, we
report only relaxation and transient responses of TRM
and IRM in the SG state, or at temperatures below Tf.
We did not observe any remanent magnetization or slow
transient behavior for magnetization above Tf.

Figure 2 shows the comparison result of relaxation of
TRM and IRM of Cdo 74Mno 26Te at T=2.5 K obtained
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FIG. 2. Relaxation of TRM and IRM of a Cdp74Mnp26Te
sample measured at zero magnetic field at 2.5 K. The applied
magnetic field prior to the relaxation measurements was 1 T.
The fitted values of the power-law decay parameter a are
7.76 X 10 and 11.13X 10, for TRM and IRM, respectively.
The dotted lines are the least-squares fit of the power-law decay
of Eq. (1), and the solid lines are the least-squares fitting of the
logarithmic decay of Eq. (2).

FIG. 3. Temperature dependence of the decay parameter a
of TRM ( ) and IRM (0 0 0) in the dark for a
Cdo, Mno, Te sample. The applied magnetic field was 1 T, and
the relaxation data were measured at a reduced magnetic field

(8= 100 Oe) for both cases. The freezing temperature Tf extra-
polated from the data is Tf =19 K for both TRM and IRM.
The solid line for TRM indicates the linear relation between a
and Tfrom T=O up to 0.6Tf.

at zero magnetic field. The magnetic field applied prior
to the relaxation measurements for both cases is 1 T. For
IRM, the time duration for 1-T magnetic field applica-
tion, tb, is about 5 min. The dotted lines are the least-
squares fit of data to a power-law decay,

M(t)=M, t (t&t, , t, -2s),
where a is the decay parameter which is directly correlat-
ed with the decay rate. The fitted values are
Mp =2. 12X 10 a=7.76 X 10 and Mp = 1 ~ 55
X10,a=11.13X 10 for TRM and IRM, respective-
ly. Thus both TRM and IRM relaxations can be de-
scribed here quite well by the power-law decay.

It has been indicated previously that a power-law de-
cay with a small decay parameter a can be fitted reason-
ably well with a limited time interval by a logarithmic de-
cay 16

M(t}=M&(1—a lnt) (t ) tc), (2)

which can be obtained from Eq. (1) for small a, i.e.,
t =e '"'=1—aint. The solid lines in Fig. 2 are the
least-squares fit of data to Eq. (2) with to=2 s. We see
that the logarithmic decay of Eq. (2) fits data equally well
as the power-law decay of Eq. (1).

Figure 3 shows the temperature dependence of the de-
cay parameter a of TRM () and IRM (0} for a
Cdp 5Mnp 5Te sample in the dark. Since we have shown

in Fig. 2 that both power-law and logarithmic decay
forms fit data equally well, we present only results ob-
tained from the power-law decay fitting. In the case here,
for each temperature, the field applied prior to the relaxa-
tion measurements was 1 T for a time duration of about 5
min and the relaxation was measured at a reduced mag-
netic field (B = 100 Oe). Experimental results are
different for different time durations of the magnetic-field
application, which will be discussed in Fig. 5. For both
TRM and IRM, the behaviors are similar. At low tem-
peratures, the power-law decay parameter a increases
with increasing temperature, and it depends on tempera-
ture almost linearly for TRM up to 0.6Tf, as indicated by
a straight line in Fig. 3, which can be written as a=aT.
The proportionality constant a obtained from Fig. 3 is
3.1X10 /K. This result is consistent with computer
simulation results for SCr (Ref. 17) and experimental re-
sults for insulating SG.' For IRM, we do not have
enough data points in the low-temperature region to
reach a similar conclusion; however, we expect similar re-
sults for IRM in this region. The decay parameter a in-
creases with increasing temperature, and reaches a max-
imum value of about 0.36 at 10 K for IRM and 12 K for
TRM, and then decreases upon further increase of tern-
perature. It approaches zero at a temperature close to
the freezing temperature Tf, as we expected. The
behavior of a in the high-temperature region for
Cdp 5Mnp 5Te is very similar to that of Cdp74Mnp 26Te
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cay of Eq. (1). The fitted values of a for different applied
magnetic fields are plotted in Fig. 4. There we see that a
increases from zero at 8 =0, which is what we expected
because remanent magnetization is induced by applying a
nonzero magnetic field. The decay parameter a increases
rapidly with increasing applied magnetic field in the
small field region, and then slowly saturates at a field near
2 T. This behavior is similar to the behavior of the
remanent magnetization in insulating SG, ' and is also in
agreement with a Monte Carlo simulation result. ' Com-
paring with IRM, a is larger at low magnetic fields for
TRM, which probably indicates that its initial state is far-
ther away from the equilibrium. For the case of TRM,
the field was on during the cooling down from room tem-
perature. For IRM, on the other hand, the magnetic field
was applied at 10 K only for 5 min and so its initial state
would be relatively closer to the equilibrium. At higher
applied magnetic fields, a becomes larger for IRM, which
implies that the situation has been reversed compared to
the case at low magnetic fields. This is probably due to
the fact that for TRM, the same applied magnetic field
affects the system less now because of thermal fluctuation
during the cooling down process.

We have also studied how the time duration of an ap-
plied magnetic field will affect the relaxation behavior of
magnetization. Figure 5 plots the decay parameter a as a
function of magnetic field, applying time tz at two
different temperatures, T=5 ( 0 ) and 10 K (~) for a

(see Fig. 8), i.e., a approaches to zero at Tf.
The important result from Fig. 3 is that there mill be

no relaxation of magnetization either at T~O or T ~ Tf.
We would like to emphasize a few points here. First, al-
though a~0 at either T~O or T & T&, the physical ori-
gins behind this are very different. At T Tf, there is no
remanent magnetization, and the system responds to the
applied magnetic field instantaneously. However, at
T~O, for the case of TRM, the system is in the SG state
initially and is not in the equilibrium state after the remo-
val or reduction of the magnetic field. The results in Fig.
3 then indicate that there will be no relaxation of magne-
tization at T=O, and the system wi11 remain in some ex-
cited nonequilibrium state, which depends on the history
of the system. This result is consistent with our under-
standing of the SG state. During the relaxation process,
the system has to overcome many potential barriers in or-
der to approach the equilibrium state. The existence of
these potential barriers is also the reason for the nonex-
ponential decay of the magnetization. In each stage of
decay, the system has to overcome potential barriers with
different heights by thermal fluctuations. At absolute
zero temperature, no potential barriers can be overcome
by the system and therefore no decay could be observed.

We have also studied relaxation of TRM and IRM at
different magnetic fields. The results for IRM in Fig. 4
were obtained by applying a specific magnetic field for S
min after the temperature had reached 10 K, then
measuring magnetization as a function of time at a re-
duced field (8=100 Oe). The experimental results at
different conditions were then fitted by the power-law de-
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magnetic-field applying time ts for a Cdo ~Mao ~Te sample in
the dark at two different temperatures T=5 (OOO) and 10 K(:::).The applied and measuring magnetic Selds are 1 T and
100 Oe, respectively. The solid lines are the least-squares fit of
data using Eq. (3). The fitted values are ao=l. lX10
a, =2.0X10, and r=2.8X10 s, and ao=2.3X10
a, = 1.5X10 ~, and x=2.4X10 s, for 5 and 10 K, respectively.
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FIG. 4. Applied magnetic-Seld dependence of the decay pa-
rameter a of TRM (: ) and IRM (O O O) for a
Cds 5Mno &Te sample in the dark at T=10 K. The time dura-
tion for the magnetic-Seld application was 5 min. Relaxation
data were measured at a reduced Geld of 100 Oe.
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Lights on

B=100 Ge
T=1.7 K

Cdo,4Mno „Te

Cdp 5Mnp 5Te sample. The applied magnetic field is 1 T,
and the measuring field is 100 Oe. There are similarities
between the results shown in Figs. 5 and 4, which indi-
cate that applying a higher magnetic field has the same
effect on the SG state as applying a lower field for a
longer time duration. As we can see from Fig. 5, the de-
cay parameter a increases with increased time duration
tz initially, and then saturates at about 1000 s. The vari-
ation of a with tz is weakly temperature dependent, since
the dependence of a on tz obtained at two different tem-
peratures is almost the same. The solid lines are the
least-squares fit of data to the equation,

a(tz ) =ao+a, [1 ex—p( ttt I—r) ],
where ap, a&, and v are fitting parameters. The fitted
values are ap= 1.1 X 10 and 2.3 X 10, and

a& =2.0X 10, and 1.5 X 10, ~=2.8 X 10 s, and
2.4X 102 s for temperatures 7=5 and 10 K, respectively.

The results of Fig. 5 show the aging effect. It is expect-
ed that for a shorter time duration of a magnetic-field ap-
plication, the system should be closer to the state before
the magnetic-field application due to the freezing proper-
ties of SG. So after we have reduced the magnetic field
from 1 T to 100 Oe, the magnetization should decay more
slowly (small a} because the initial state of the system is
closer to the corresponding equilibrium state at 100 Oe.
This is exactly what we observed here. The results in Fig.
5 indicate that after turning on the magnetic field, the

system moves away linearly from the initial state in the
phase space. It then approaches a certain region which is
relatively fixed in distance from the initial state in the
phase space. This process takes for about 1000 s at 1 T.

B. Relaxation under illumination

Figure 6 is the plot of the relaxation of the magnetiza-
tion for a Cdp 74Mnp 26Te sample at T =1.7 K, and mea-
sured at B=100 Oe in the dark and under illumination.
Shown in Fig. 6 is an initial decay measured in the dark
for about 300 s, and a subsequent decay measured after
the moment the light excitation was turned on, as indi-
cated by an arrow in the figure. As we can see from Fig.
6, the decay of the susceptibility under illumination
proceeds faster compared to that in the dark.

Figure 7 shows the results of relaxation of magnetiza-
tion measured at 100 Oe in the dark (0) and under il-
lumination (0}at T= 1.7 K for a Cdo 74Mno 26Te sample
together with a power-law decay fitting (solid lines). The
experimental results can be described very well by a
power law or logarithmic decay both in the dark and un-
der illumination. The fitted values in Fig. 7 are
a=2.6X10 and 5.4X10, and Mp=9. 9X10 and
9.4X10 " for the conditions in the dark and under il-
lumination, respectively, which indicates that the decay
rate is about a factor of 2 larger under illumination than
that in the dark.

Relaxation of the magnetization in Cd, „Mn„Te in
the SG state has been studied previously. The power-law
or logarithmic decay has previously been used to fit ex-

Cdo.74Mno. 2sT& 7= 1.7 K
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FIG. 6. Decay of magnetic susceptibility of TRM of a
Cdo 74Mno MTe sample in the dark and under illumination in the
spin glass state at T=1.7 K measured at a magnetic field of
8=100 Oe. The light excitation source is 100-% white desk

lamp with filters. Excitation intensity was about 0.2 W/crn .
The arrow indicates the moment the light illumination was
turned on. The applied magnetic field during the cooling down
was 1 T.
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FIG. 7. Decay of magnetic susceptibihty of TRM of a
Cdo 74Mno 26Te sample in the dark (: ) and under illumina-
tion (o o o ) at T=1.7 K measured at a magnetic field of
B=100 Oe. The solid lines are the least-squares fit by the power
decay of Eq. (l).
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perimental data, "' which is consistent with our obser-
vation here. However, other forms of relaxation, includ-
ing the stretched exponential decay, have also been used
to fit SG experimental data. We think that all these
forms, including the power-law decay, may just be ap-
proximations for the actual decay form under- different
conditions, which is still not clear at the present. The
successful approach for the decay of the remanent mag-
netization in metallic SG provided a perfect example. '

We have also used a stretched-exponential function to fit
the decay data and found that the fitting quality is com-
parable to the power-law decay fitting. However, in per-
forming the temperature and magnetic-field dependencies
of magnetization measurements, the fitted decay parame-
ters obtained from the stretched-exponential function
scattered, which suggests that the power-law or logarith-
mic fit is more meaningful. Similar treatments and argu-
ments have been applied previously to the relaxation of
persistent photoconductivity in artificially constructed
layered materials at low temperatures.

Figure 8 plots decay parameter a as a function of tem-
perature in the dark (0) and under illumination (0) for
Cdo 74Mno 2&Te. The decay parameter a decreases linear-
ly with increasing of temperature for both cases. At all
temperatures, the magnetization relaxes faster under il-
lumination than in the dark. The difference between a
under illumination and in the dark becomes smaller as

0.06
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0.02

0.00
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FIG. 8. The decay parameter a as a function of temperature

in the dark (ooo) and under illumination (:::)for a
Cdp 74Mnp &6Te sample. The experimental conditions are the
same as those in Fig. 7. The solid lines are the least-squares St
using a=a —bT, where a is 3.8X 10 and 8.7X 10,and b is
9.0X10 and 1.9X10, in the dark and under illumination,
respectively. Extrapolate these two lines to a =0 gives
Tf =4.2+0.2 and 4.5+0.2 K for the dark and under illumina-
tion.

temperature approaches Tf. Eventually, a approaches
zero at the freezing temperature Tf. The dependence of
a on temperature T can be described by a linear relation:

a=a bT—(T& T ) .f (4)

Equation (4) has been used to fit the experimental results
as straight lines shown in Fig. 8. The fitted values are
a=3.8X10 and 8.7X10, and b=9.0X10 and
1.9X10 for conditions in the dark and under illumina-
tion, respectively. From the fitted values, we find that the
temperatures Tf extrapolated from a =0 are 4.2+0.2 and
4.5+0.2 K in the dark and under illumination, respec-
tively, which represent the freezing temperatures. The
experimental uncertainty prevents us from concluding
whether or not Tf has been changed under illumination.

We have also measured the magnetization of ZFC
versus temperature under illumination and in the dark,
and still cannot determine whether or not Tf has been
changed under illumination, because the difference be-
tween the values of Tf in the dark and under illumination
is again within experimental uncertainty. However, the
values of Tf extrapolated from a=0 in Fig. 8 are con-
sistent with the freezing temperature T& ( =4.2+0.2 K)
obtained from Fig. 1 within the experimental uncertainty.
This is what we expected since there will be no remanent
magnetization at temperatures above the transition tem-
perature Tf, which is true for cases both in the dark and
under illumination. The results in Fig. 8 tell us that we
can also determine the freezing temperature Tf of the SG
state by measuring the temperature dependence of the re-
laxation parameters of the magnetization.

In order to see the effects of light excitation on the re-
laxation of magnetization, or, equivalently, the effects of
photogenerated free electrons and holes on the magnetic
ion-ion spin interactions in the DMS, we have measured
the decay parameter a of TRM at a fixed temperature
(T=2 K) under photoexcitation with diff'erent light in-
tensities for a Cd074Mn026Te sample. Figure 9 shows a
plot of a versus the square root of excitation light intensi-
ty, I'~ . In the case here, the magnetic field for the mea-
surements was 100 Oe, and the field applied during the
cooling down was 1 T. As we expected, the exponent a
increases as light intensity increases. Relaxation of the
magnetization obtained under illumination with different
light intensities can be described quite well by the power-
law or logarithmic decay. The inset of Fig. 9 shows a
versus light intensity I. The unit of the light intensity I
in the inset is 0.25 W/cm, and that of the square root of
intensity I' in the main figure is 0.05 W' /cm. The
scales of a are the same for both the main figure and the
inset. We see that a increases linearly with the square
root of light intensity, a ~I'

One obvious possibility which may be responsible for
the observed light intensity dependence of a is the heat-
ing effect under light excitation. However, the systematic
dependence of a on the excitation intensity cannot be ex-
plained by considering the heating efFects. Furthermore,
from Fig. 8 we see that the decay parameter a for
Cdo 74Mno z6Te decreases as the temperature increases in
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the temperature region investigated. If the changes of a
under light excitation were due to heating, we should ex-
pect that a decreases as the light intensity increases,
which has never been observed. We have also investigat-
ed the intensity dependence of a of TRM and IRM for
the Cdo 5Mno 5Te sample at T & 12 K, and a similar
behavior is observed. From Fig. 3, for Cdo 5Mno 5Te at
T) 12 K, we see again that a should decrease with in-
creasing intensity if the change is due to a heating effect.
These observations preclude the possibility of heating
effects. Therefore, we can conclude that the decay rate
observed to increase under light excitation is due to pho-
toexcited carriers. It is clear from our experimental re-
sults that the mechanism responsible for manganese-ion
coupling in the DMS is carrier concentration sensitive.

Under photoexcitation, free or localized carriers (elec-
trons and holes} are generated and subsequently recom-
bine radiatively or nonradiatively to emit photons. Pho-
toluminescence due to carrier recombination in DMS's
has been observed in many experiments. ' The elec-
tron concentration under illumination can be written as

0.06 I I I

Cd0 74M 0.26Te

0.05

0.04

0.8
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4 6 8

(vr /c~)
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12 14

FIG. 9. The dependence of the decay parameter a of TRM
on the square root of excitation intensity I' for a
Cdp 74Mnp $6Te sample at T=2 K. Here I=0 corresponds to
the dark. The solid line in the figure is the linear fit of a with
I' according to Eq. (8} with fitted values of Bo= 1.57 X 10
and B

&
=3.68 X 10 . The inset is the plot of a vs light intensity

I. The unit of the light intensity I in the inset is 0.25 W/cm,
and that of I' in the main figure is 0.05 W' /cm. The scales
of a are the same for both the main figure and the inset.

dn/dt =G Cnp/—r,
where ~ is the carrier recombination lifetime, n and p the
electron and hole concentrations, and C a proportionality
constant in unit of cm . Here 6 is the carrier generation
rate written as

6=a,gI/~, (6)

with Ace being the excitation photon energy, I the light
intensity in units of W/cm, a, the absorption coefficient,
and g the quantum eSciency —number of electrons gen-
erated per each absorbed photon. Under continuous and
constant intensity illumination, the photogenerated elec-
trons and holes will be under equilibrium and so we have
dn/dt=O. We should also have the condition n=p,
since our samples are undoped. Then, from Eq. (5), we
have

n =(Gr/C)' =(~a, r)/Chico)' I' (7)

From the fact that the relaxation of the magnetization
proceeds faster under illumination, we can assume that
the relaxation rate of the magnetization is linear in the
carrier concentration through the carrier-manganese-ion
interactions a ~ n Fro. m Eq. (7), we have

~=a +s I'",0 1 (8)

where Bc is the decay parameter a in the dark (I=0). In
Fig. 9, we have plotted the least-squares fit of data to Eq.
(8) as a solid line. The fitted values of Bc and B, obtained
from Fig. 9 are 1.57 X 10 and 3.68 X 10,respectively.

C. Transient response

We have also measured the transient response of mag-
netization at different temperatures. Figure 10 shows the
susceptibility of Cdo 5Mno 5Te as a function of time after
a 1-T magnetic field was turned on at T=6 K (0), 10 K
(CI}, and 14 K (0}. The transient response is a reverse of
the relaxation process or remanent magnetization. For
relaxation, it takes times for the system to relax from one
state to the other. For a transient response, it also takes
time for the system to respond to an applied magnetic
field. The results shown in Fig. 10 were obtained under
the ZFC condition. Here t=0 corresponds to the mo-
ment the magnetic field was turned on. We did not ob-
serve this slow transient response behavior above Tf.
Above Tf, susceptibility saturates instantaneously as
soon as the magnetic field is turned on and is a constant
independent of magnetic-field applying time. From Fig.
10, we see that below Tf the susceptibility increases with
the increase of the magnetic-field applying time. For a
clear presentation, the experimental data of Fig. 10 have
been subtracted from the susceptibility at t =0,
s(t)=S(t)—S(0), where S(0) is the susceptibility at
t =0. So Fig. 10 really shows the change of susceptibility
as a function of the magnetic-field applying time.

The solid lines in Fig. 10 are the least-squares fit of
data with a power-law time dependence,

s(r)=s, ts (t &O,p&0),
where s, is a prefactor, and P the transient parameter.
We can see that experimental data can be fitted by Eq. (9)
very well. We have also tried to use the logarithmic time
dependence to describe the transient response. However,
the fit is much poorer than those obtained from Eq. (9).
This shows that both the transient response and the re-



49 RELAXATION OF SPIN-GLASS MAGNETIZATION IN. . . 4521

0.020

QQ

0.015

Q
C)

I

CO

0.010

~ H

8 0 005—
0
N

N

-O.4
ooopo

Gb
--0.2

Q.O
10 15

IRM
B=1 T

~ T=6 K
~ T=10 K

T=14 K

0.01 0

tg
0.008

Q
I

0.006

~ W

0.004

Q
V

0.002

Cd Mn Te

0.000::
0 1000

I

2000

t (s)
3000 4000

0 000"
0 500 1000 1500 2000

FIG. 10. Transient response of IRM of a Cdo 5Mno &Te sam-

ple at three different temperatures T=6 K (::),10 K
(CIOQ), and 14 K (00 0), measured at a 1-T applied magnetic
field. The solid lines are the least-squares fit of data with a
power-law time dependence of Eq. (9). The inset shows the tem-

perature dependence of a transient parameter p.

FIG. 11. Transient response of IRM for a Cdo, Mno 5Te sam-

ple at T=10 K under photoexcitation for three different light
intensities, I=IO (o o o), 0 63IO (V.VV'), and 0 (:::),where
Io=0.25 W/cm . The applied magnetic field is 1 T. The solid
lines are the least-squares fit using Fq. (9) with fitted values of
si=2. 16X10, 1.28X10 ~, and 7.43X10 ~, and P=0.50,
0.55, and 0.60, for I=Io, 0.63Io, and 0, respectively.

laxation of the magnetization can be described by power-
law time dependence. Since the transient response is the
reverse of the relaxation process, we would expect that
they are strongly correlated.

The inset of Fig. 10 shows the transient parameter p as
a function of temperature measured at 8 =1 T. We see
that P depends on temperature very weakly in this region.
However, the prefactor s, depends strongly on tempera-
tures. The values obtained for s

&
are 6.25 X 10

6.78X10 ', 7.35X10 ', 4.63X10 ', and 4.63X10
for T=6, 8, 10, 12, and 14 K, respectively.

We have also investigated how the transient response
of susceptibility was afFected by photoexcitation. Figure
11 shows the susceptibility of Cdc 5Mno 5Te as a function
of time after a 1-T magnetic field was turned on at 10 K
under photoexcitation for three difFerent light intensities
I=Io (O), 0.63IO (V), and 0 (0), where Io is 0.25 W/cm .
The other conditions are the same as those of Fig. 10.
Under continuous illumination, the susceptibility in-
creases more quickly at higher excitation intensities. The
solid lines in Fig. 11 are the least-squares fitting using Eq.
(9). The data obtained at difFerent intensities can be fitted
very well by the power-law time dependence of Eq. (9).
This indicates that photogenerated carriers play only a
role in changing the relaxation rate of the system from
one state to the other, but not the form of the process.
The fitted values for s, and P are s, =2.16X10 ' and
P=0.50, s, =1.28 X 10 ' and P=0.55, and
s, =7.43X10 " and P=0.60 for I=Io, 0.63IO, and 0,
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FIG. 12. Applied magnetic-field dependence of p of IRM for
a ~ 5Mno ~Te sample at T= 10 K in the dark.
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respectively. The parameter s, (P) decreases (increases)
monotonically with decreasing light intensity I. The in-
crease of P under illumination can be understood in terms
of the system becoming relatively easier to change from
one state to the other under the presence of photogen-
erated carriers, similar to the decay process of magnetiza-
tion. The dependence of s, on light intensity I is not
clear at this stage.

We have also measured the transient response of mag-
netization under different magnetic fields. Experimental
data at different magnetic fields can be fitted very well by
Eq. (9). Figure 12 shows the fitted values of P as a func-
tion of applied magnetic field for IRM at T=10 K for
Cdo 5Mno 5Te. Within three orders of magnetic field, P is
almost a constant independent of magnetic field. The pa-
rameter P- —,

' shown in both Figs. 12 and 10 may have
some significance. It may be correlated with the percola-
tion mechanism of domains in the SG state responding to
the applied magnetic field.

D. Discussions

In the following, the mechanisms for the magnetization
relaxation at different conditions will be discussed. First,
we shall address the aspect of the relaxation rate increas-
ing under light illumination. There are several possible
mechanisms which may be responsible for such an effect:
(1) the increase of free-carrier and localized magnetic mo-
ment interactions due to either superexchange or
Ruderman-Kittle-Kasuya- Yosida (RKKY) interac-
tion; (2) light-induced bound magnetic polarons
(BMP); and (3) modification of spin domains in SG un-
der illumination. RKKY interaction is most important
for SG with noble metals (Au, Ag, Cu, Pt) weakly diluted
with transition-metal ions, such as Fe or Mn. In these
systems, the free-carrier concentration is usually on the
order of 10 'icm . In our case for Cd, „Mn„Te, the
dark carrier concentration is very low since the samples
being undoped and the photoexcited carrier concentra-
tion is estimated to be on the order of 10' icm . Thus we
do not expect a significant change of magnetization relax-
ation due to RKKY interaction at such a low carrier con-
centration. Also, we did not observe the oscillating char-
acter of RKKY interaction while varying the carrier con-
centration. On the other hand, an increase of magnetic
ion-ion spin interaction under illumination cannot ex-
plain our results either. The ratio of photogenerated car-
rier to Mn ions in the sample is less than 1 ppm. Thus
the average spin-spin interaction will only be changed by
about 10, which is not enough to account for the
amount of the decay parameter change observed. Light-
induced BMP show the influence of the impurity bound
carrier on magnetic properties of a system. However, our
samples are undoped. Furthermore, photoluminescence
data also indicate that the impurity concentration is very
low. Therefore, we believe that what we observed is due
either to the presence of free carriers or carriers localized
by alloy disorder.

Following the above discussion, we think that the most
likely mechanism which can account for the experimental
results is the modification of domains in SG under il-

where C is a parameter which describes the relative com-
petition between the average interaction between spins
and thermal fluctuation kT, and 8' is the relaxation
rate for the largest finite domain. The net relaxation
from the percolation model described by Eq. (10) can be
derived by assuming (a) relaxation of the magnetization
has a linear response among different domains; (b) a given
spin is correlated with at least one of its neighbors with
probability p, which is determined by the percolation
theory; and (c) the relaxation rate is thermally activated
with temperature T. Equation (10) becomes a simple
power law for CS' t »1, where the power law-decay
parameter a depends on C and 8' . In this model,
smaller domains have larger energy-level spacing, and re-
lax more slowly than larger ones.

We used Eq. (10) to fit the data for magnetization re-
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FIG. 13. Relaxation of the magnetic susceptibility of a
Cdo 7&Mno 26Te sample under illumination for two representa-
tive light intensities I=0.21IO (0 0 o) and 0.1IO (HUG). Exper-
imental data have been used to St the power-law decay parame-
ter a as shown in Fig. 9. The solid lines are the least-squares 5t
of data using Eq. (10).

lumination. Photogenerated carriers can link di8'erent
domains via carrier-magnetic ion spin interactions, which
will change the domain size distribution and thus the re-
laxation rate. Recently, Chamberling and Haines ' pro-
posed a percolation model for magnetic relaxation in ran-
dom systems. The model used the activated relaxation of
dispersive excitation on a percolation distribution of
finite-sized domains, and agreed very well with experi-
mental results. Under this model, the relaxation of mag-
netization becomes

M(t)=M; J x' exp( —x )exp( tW—e ")dx,
0

(10)



49 RELAXATION OF SPIN-GLASS MAGNETIZATION IN. . . 4523

laxation under different conditions. We found that Eq.
(10) describes the relaxation in DMS's very well. The ex-
perimental results obtained under illumination for two
representative excitation intensities for Cdo ~4Mno 26Te
are shown in Fig. 13. The solid lines are the least-squares
fit using Eq. (10). There are only two adjustable parame-
ters W and C for the least-squares fitting. M; has been
fixed from the initial response, ' M;=(1/3. 518)M(0).
The fitted values of W and C as functions of the square
root of the light intensity, I', are plotted in Fig. 14,
where the unit of I' is the same as that of Fig. 9. We
can see that C depends weakly on the light intensity,
which is consistent with our claim that the increase of the
relaxation rate is due neither to heating nor enhancement
of the average spin-spin interactions. However, 8' in-
creases exponentially with I' or carrier concentration
n, as shown as a straight line in Fig. 14(a). Since $V is
determined by the largest finite domain in this model,
which indicates that photogenerated carriers play the
role in affecting the domain size distribution. A natural
explanation is that these carriers link different domains
which were separated in the dark, resulting in an increase
of the domain size. As the photoexcited carrier concen-
tration increases, the largest finite domain size, as well as

, increases. The weak dependence on light intensity
of C as shown in Fig. 14(b) indicates that the average in-
teraction did not change too much under light illumina-
tion.

We have also analyzed experimental data for the aging
effects and applied field dependence of the magnetization
relaxation by the same model of Eq. (10), which also
fitted the data very well. Figure 15 plots fitted values of
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FIG. 16. Plots of fitted values of (a) W and (b) C as func-
tions of the magnetic-field applying time t. The data are the
same as those being used to fit the power-law decay parameter a
as shown in Fig. 5.
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(a) W and (b) C as functions of applied magnetic field 8.
Experimental data used here are the same as those which
were used to obtain the power-law decay parameter a of
Eq. (1) shown in Fig. 4. From Fig. 15, both C and W
decrease as the applied magnetic field increases. This can
be understood by recognizing that the spin-spin interac-
tion of Mn ions in DMS's is antiferromagnetic. When an
external magnetic field is applied, the number of spins
aligned parallel to the direction of the magnetic field in-
creases. As a consequence, the nearest-neighbor spins of
Mn ions which paired or clustered with antiparallel align-
ment will decrease as the applied magnetic field increases.
This will reduce the average spin-spin interaction as well
as the constant C. This field effect can result in a reduc-
tion of the domain size, which shows up as a decrease in
8'

Figure 16 plots (a) W and (b) C as functions of the
magnetic-field applying time t~. The data used here are
the same as those which were used to fit the power-law
decay parameters a shown in Fig. 5. Similarly, as t~ in-

creases, more spins will be aligned in the field direction.
This will decrease the average spin-spin interaction. The
same reasoning can be applied to the decrease of C as t~
increases. Since the power-law decay parameter a is in-
versely proportional to C (under the condition of
CW t »1), ' the results shown in Figs. 15 and 16 are
consistent with those shown in Figs. 4 and 5. Equation
(10) can be applied to both samples for cases either in the
dark or under illumination. We show only the results for
one of the samples (x =0.25) under illumination as
representative, similar behaviors have been observed for
x =0.5. Similarly, the representative results of the aging

effects and the applied field dependence is reported only
for x =0.5 sample. Thus the percolation model provides
a reasonable explanation for our experimental results re-
ported here.

IV. CONCLUSIONS

In conclusion, we have studied the relaxation and tran-
sient response of TRM and IRM of SG in Cd& „Mn„Te
DMS's. Effects of carriers, which are generated by pho-
toexcitation, on the relaxation of TRM and IRM have
been studied. A power-law or logarithmic decay for both
TRM and IRM, in the dark and under illumination, has
been observed. The decay parameter has been measured
at difFerent conditions, including temperature, applied
magnetic field, and under different intensities of light il-
lumination. We found that the freezing temperature Tf
of the SG state can be extrapolated from the temperature
dependence of the decay parameter, and that the decay
parameter under illumination increases linearly with the
photogenerated carrier concentration. The aging effects
of TRM and IRM have also been studied. A percolation
model, involving an increased spin domain size under il-
lumination due to free-carrier-magnetic ion spin interac-
tion, is used to explain our results.
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