PHYSICAL REVIEW B VOLUME 58, NUMBER 15 15 OCTOBER 1998-I

Metallic conductivity near the metal-insulator transition in Cd ;_,Mn,Te
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The low-temperature transport properties of the diluted magnetic semicondugtofMGg Te:In (or In, Al)
have been studied on the metallic side of the metal-insulator tranghitin). The critical region near the MIT
has been probed by utilizing the persistent photoconductivity effect displayed by this material. This has
allowed us to study the MIT in a single sample of this magnetic semiconductor in zero magnetic field. The
critical behavior is consistent with the predictions of the scaling theory of electron localization with a conduc-
tivity critical exponent close to 1.0. The critical carrier density is determined to be 08 cm™2 for x
=0.08. The temperature dependence of the metallic conductivity in the critical réggtow 1 K) is well
described by a theory that takes into account the effects €™ interactions and weak localization. The
transport properties of Gd,Mn,Te:In and Cd_,Mn,Te:In, Al have been studied in the weakly localized
regime. At low temperatures the samples with low Mn contes:Q.06) display a rapid decrease of the
conductivity below a certain temperature. This eff@ehich has previously been observed in,CgMn,Se) is
due to the scattering of electrons by bound magnetic polafBMP’s) formed on quasilocalized spins.
However, in samples with highetr we observe no evidence for this form of scattering. We propose that such
an effect is only observable in the paramagnetic phase, whereas, in the presence of spin-glass order, the
temperature dependence of the BMP scattering process is weak enough to be masked by other electron
scattering mechanismgS0163-182€08)00439-1

I. INTRODUCTION example, in Si:P this has been achieved by the application of
stres$ resulting again in an exponent of 0.5. Another
In recent years, experimental studies of the metalmethod of fine tuning the MIT is to use the persistent pho-
insulator transition(MIT) have attempted to elucidate the toconductivity(PPQ effect exhibited by certain semiconduc-
behavior of the conductivity in the critical region, in order to tors. Here the conductivity and carrier density show an in-
test the newly developed scaling theory of electroncrease on illumination, which persists after the illumination
localization! The scaling theory, which was born from the ceases. The MIT has been studied in this fashion inDiXe
Anderson localization conceptpredicts that the MIT is a centef persistent photoconductor /&g _,As:Si° where
continuous phase transition with the conductivity of dopedan exponent of 1.0 was deduced, both in zero magnetic field

semiconductors having the following critical form: and in an applied field of 4 T. It should be noted that one of
the major advantages of fine-tuning techniques such as the
o(T=0,n)=0p(n/n,—1)", (1) use of PPC, is that measurements can be made very close to
criticality.
wheren is the carrier densityn,. is the critical value of the The MIT has also been studied in magndand diluted

carrier density, an@ is the conductivity critical exponent. magneti¢ semiconductors. In materials such as
Materials such as Si:PSi:As’ and Ge:As(Ref. 5 have  Gd;_,v,S,,*! Cd;_,Mn,Se, and Hg_,Mn,Te (Ref. 12
been studied by growing sets of samples with various doparagnetic field can be used to fine-tune the transition. In each
densities and measuring the temperature dependence of théthese cases, the conductivity exponent was found to be
conductivity at very low temperature. This allows an ex-close to 1.0, in agreement with the scaling theory with inter-
trapolation to absolute zero and a test of E. In general, actions. It should be noted that the application of magnetic
experiments on uncompensated semiconductors seem to ffield can complicate the situation somewhat in that it is pos-
sult in an exponent close to 0.5, while compensated semicorsible that the fields required to induce a transition will result
ductors display ~1.08 A conductivity exponent of 1.0 is in in a crossover to a high-field or spin-polarizédniversality
agreement with scaling theory with -e~ interactions taken class. In this paper, we present the results of a study of the
into account, whereas the exponent close to 0.5 found in ReMIT in a diluted magnetic semiconductor using the PPC
3, for example, is difficult to reconcile with theoretical technique. This provides a unique opportunity to study the
predictions’ MIT critical region in zero magnetic field in a magnetic sys-
Although measurements such as these have resulted in them. The PPC effect in Gd ,Mn,Te:In (which is due to the
determination of the conductivity exponent in a wide varietyformation ofDX centersis discussed in detail elsewhére:*
of systems, it is advantageous to be able to continuously As well as a study of the MIT in Cd ,Mn,Te:ln, this
“fine-tune” the transition via a controllable parameter. For paper also reports measurements on the temperature depen-
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TABLE I. Summary of the transport data for the sample used in this study. The Mn concentration,
conductivity at 300 K, conductivity at 4.2 K, carrier density at 300 K, mobility at 300 K, proximity to the
MIT, and dopants are shown.

(300 K) a(4.2 K) n(300 K) ©(300 K) Proximity
Sample X [(Qcm™] [(Q@cm™] (@07 em™®)  (emPV™isl) toMIT  Dopant
Al 4.7+0.2 21.74 9.71 3.0 453 WLR In
A2 6.1+0.2 19.23 7.94 2.3 523 WLR In
A5 8.1+0.3 6.45 0.19 2.0 202 tunable In
C5 8.1+0.2 6.45 0.21 2.0 202 tunable In
INAL4 18.1+0.3 4.10 0.37 3.98 85.2 critical In, Al

dence of the conductivity in the weakly localized regime dependence of the metallic conductivity negris examined
(WLR) at low temperatures. Previous measurements of thquantitatively. Sec. IV contains the results of the experi-
transport properties of GdgMng gsSe:In in this region have ments on the WLR of Cd ,Mn,Te, where the BMP scatter-
indicated that the magnetic properties of the system have iag is observed in some samples. A summary of the work
large effect on the conductivity. Specifically, the ferromag- and a set of conclusions is presented in Sec. V.
netics-d exchange interaction leads to the formation of mag-
netic excitations known as bqund magnetic _polarons Il. SAMPLES AND EXPERIMENT
(BMP’s). Here, thes-d exchange interaction polarizes the
S=2 Mn spins within the Bohr radius of a donor electron.  The bulk samples of Gd ,Mn,Te that were used in this
This results in a ferromagnetic cloud of aligned Mn spins,study were grown by the vertical Bridgman technique. Dop-
which has a very large low-field magnetic susceptibility. Ining is with indium or both indium and aluminum. In the
the WLR in Cd gsMng psSe:In the conductivity is seen to samples of Cgd ,Mn,Te:In, the doping level is typically in
exhibit a rapid and unexpected drop below about 0.5 K. Thighe 13°-10"° cm 2 range, which results in all of the
was interpreted by Dietét all® in terms of polaron forma- samples being type. Heavy compensation occurs due to the
tion on quasilocalized spins, which have been postulated to existence of Cd vacancies introduced during the growth, al-
exist in the WLR. The polarons result in an added contributhough post-growth annealing in Cd vapor can produce
tion to the spin-disorder scattering rate, which leads to asamples with free electron densities large enough to study
rapid drop in the conductivity upon reducing the temperaturghe MIT. Despite this, it is very difficult to find samples in
below the point at which the-d exchange interaction domi- which it is possible to illuminate from the insulating to me-
nates over thermal fluctuations. This hypothesis was backeigllic phase. The composition of the samples is determined
up by the results of a calculation in which the effect of tem-quite accurately by energy dispersive analysis of x-Rays
perature on the Bohr radius of the polaron was used to modéEDAX). This information is shown in Table | along with a
the temperature dependence of the conductivity. In additiosummary of the transport data for these samples.
to this, a direct calculation of the spin-disorder scattering rate Before preparation for the electrical measurements the
due to the polaron formation was found to be in excellentsamples were checked for compositional homogeneity by in-
agreement with the experimental data. spection with an infrared microscope. Some samples were
BMP formation is also seen to dominate the transporalso examined in a scanning electron microscope where the
properties of Cgd_,Mn,Te:ln on the insulating side of the spatial variations in composition can be analyzed quantita-
transition®® In particular, polaron formation can lead to a tively using the EDAX technique. The compositional fluc-
magnetic hard gap in the density of stat® this situation tuations were found to be rather smdliSamples are pre-
an activated form for the conductivity, dxp(E,/ksT)],  pared for the electrical measurements by first polishing to a
where E, is the hard-gap width, is observed in zero mag-finish of about 1um, and then etching in a 3% Br in GAH
netic field. When a magnetic field 8 T is applied the acti- solution for periods of about 1 min. Ohmic electrical con-
vated form for the conductivity is lost and the temperaturetacts are made by immediately soldering m@-diameter Au
dependence is consistent with the Efros-Shklovskii form forwires to the perimeter of the surface of the sample in a van
variable range hoppingvRH) with e”-e~ interactions in- der Pauw configuration. Clean, high puri99.9999% in-
cluded. This is due to the fact that the binding energy of thedium is used as a contact material.
BMP's is reduced to zero by the application of a magnetic The transport measurements #te temperatures and
field, as the difference in magnetization between the backabove were performed using standard dc techniques, with the
ground Mn spins and the polarons is zero when the backsample well thermally anchored in a continuous flow cry-
ground spins are aligned with the field. Finally, it is worth ostat that was situated between the pole pieces of an electro-
noting that the BMP formation also dominates themagnet capable of 0.75 T. The sample temperature can be
magnetotransport and (persistent photomagnetizatiof in accurately measured and controligd <0.1 K) from 360 K
these materials. down to 3.9 K. The low-temperature measurements were
This paper is organized as follows. Sec. Il describes thg@erformed in a sorption pumpéite system, down te=300
samples used in this study along with the experimental armK. The temperature of the sample in this system is mea-
rangement and techniques. In Sec. Il the results of the PP6ured using a RhFe sensor above 1.4 K and a Speer resistor
fine-tuning experiment are presented, and the temperatulzelow 1.4 K. Great care is taken to ensure that the samples,
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FIG. 1. Resistivity against carrier density at 300 K for several FIG. 2. Temperature dependence of the conductivity of
samples of Cd ,Mn,Te. The critical carrier density of CdTe is Cd, o Mng osTe:In from 2 K down to 335 mK. Five photogenerated
shown to give an indication of where the MIT occurs. carfier dénsities are shown: 2.17, 2.33, 2.61, 2.69, and 2.77

_ _ x 10" cm™3, The solid lines are fits to E¢3) with the parameters
which are mounted on sapphire wafers and attached to thg Taple 1. The inset shows the calibration curve of resistivity
3He pot with high thermal conductivity varnish, remain in against carrier density at 10.0 K. Here the solid line is a guide to the
good thermal contact with the thermometer and pot. Ampleye.
time is allowed for equilibration at each temperature, while
regular checks for sample self-heating are carried out byrements in the insulating phase by Teetyal. suggesh,
measuringV-1 curves at low temperatures. The effect of <5 3% 1017 cm3 for x=0.0916
self-heating is reduced to a negligible level by the use of The |ow-temperature conductivity of a sample of
currents down to 100 nA, which result in dissipated powercq, ,.Mn, ,sTe:In, which can be illuminated from the insu-
levels of 10 w.. _ _ lating to metallic phasésampleC5), is shown in Fig. 2.

The sample illumination in all cases is provided by agach curve in this figure corresponds to a different photoge-
Kodenshi ALGa, _,As infrared light emitting dioddLED),  nerated carrier density in the range 2470 to 2.77
with a peak emission intensity at 940 nm. This LED is wired s 1017 o3, These values of the carrier density are deter-
in series with a 1 R resistor to allow the current in the mined from the resistivity at 10 K using the calibration curve
circuit (and hence the emission intensitg be controlled by  ghown in the inset of this figure. These data are obtained by
varying the applied voltage. Ate temperatures the illumi- - jjyminating the sample in stages, removing the illumination,

nation can be pulsed to avoid heating effects. and measuring the Hall coefficient and resistivity at a fixed
temperature of 10.0 K. It should be noted that more curves
lNl. THE MITIN Cd ;_,Mn,Te:ln were measured, but only five are presented for the purposes
L . . . of clarity.
A plot of the 300 K resistivity against carrier densigs The data of Fig. 2 clearly indicate that we are observing a

determined by Hall measuremehis shown in Fig. 1, for a T in this system: the low-carrier density curves result in a
number of samples of Gd,Mn,Te, with various composi-  zerg value for the conductivity at absolute zero, whereas the
tions. As expected, the resistivity shows a rapid decreasgigher-carrier density curves would appear to indicate a finite
with increasing carrier density. The critical carrier density ofygue of the conductivity extrapolated to absolute zero. Fur-
CdTe is shown to give an indication of where the MIT oc- ther evidence for this conclusion is provided by the fact that
curs. As noted in a previous papérthe value ofn. in the form of the temperature dependence of the conductivity
Cd,—«Mn,Te is dependent on the value gf as the Bohr s quantitatively different for the low- and high-carrier den-
radius of the donors changes with composition. The criticagity curves. The lowest-carrier density curve (2.17
density can be estimated from the Mott criterfdn, X 10t cm3) actually displays a temperature dependence of
the conductivity, which is consistent with Efros-Shklovskii
@ VRH,?! indicating that this curve corresponds to insulating
conduction. The higher-carrier density curves can be fitted
with a form for the temperature dependence of the conduc-
whereay is the effective Bohr radius of the donor. For CdTe tivity, which includes corrections to the finife=0 conduc-
this results inn.~1.1x10Y cm™3. In Cd,_,Mn,Te:In, the tivity due toe -e~ interactions, and weak localization. This
value ofay is expected to decrease with increasiigading  model (which results in the fits shown by the solid lines in
to an increase in the critical density. Unfortunately, the val-Fig. 2) is described in detail below.
ues of the static dielectric constant and the effective mass The behavior of the conductivity in the critical region of
required to calculatay , and thereforen., are unknown for the MIT is shown in Fig. 3, where the low-temperature con-
zinc-blende MnTe. Experimentally, has been estimated to ductivity is plotted as a function of the Hall carrier density.
be ~2x 10 cm 2 for x=0.05%° In addition to this, mea- This plot is used as an approximation to the behavior of the

0.26)3

n.=
c ay
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FIG. 3. Critical b_ehgwo_r of t_he Iow-tem[:_)erature cor}ductlwty. 1511 6 This Work - CdMaTedn .
T=335mK. The solid line is a fit to the scaling for(t), with the e Various Systems StP
parameters shown in the figure. '
zero-temperature conductivity, as an extrapolation to abso- _ 10
lute zero from 300 mK can lead to ambiguous results. It b’é
should be noted that this procedure has been used success~_ Ge:Ga *Si:B
fully in the past Although thermal rounding effects are ° S e Gesb
present it seems clear that we are observing a continuous AlGaAs:Si -

MIT in this system. Moreover, beyond the thermally rounded *
region then dependence of the low-temperature conductivity .
is consistent with the scaling-theory prediction for the criti- 0 o
cal behavior. The solid line is a fit to Eql) with o 0 5 10 s 2 25

=3.57+0.35 (Q cm) 1=0.71oincare)y Ne=(2.34+0.25)

X107 cm ™3, andv=1.02")12. An exponent close to 1.0is  (p)

in agreement with past work on magnetic semiconductors in

finite magnetic fields, as well as the scaling theory with FIG. 4. Plot ofo /o, againstoy,, for various materials. The

e -e” interactions included. It should also be noted that, aglashed line is a guide to the eye.

mentioned earlier, the vast majority of compensated semi-

conductors exhibit =~ 1.0 and this material is indeed heaVily seems clear thaﬁ-O/Umin is a materiaj_dependent quantity_

compensatedwe estimate 0.#K<0.97, where K is the An interesting trend is observed, with the largest ratios of the

compensation ratjo The value of the critical carrier density conductivity prefactor to the minimum metallic conductivity

ne of 2.34x10' cm2 would appear to be in reasonable occurring for materials with large values of the minimum

agreement with the work of Shapied al. on the magnetore- metallic conductivity, and hence small values of the Bohr

sistance in Cgd  Mn,Te:ln (n;~2.0x10 cm 2 for x  radius.

=0.05) (Ref. 20 and Terryet al. (n;~2.3x 10" cm™2 for The temperature dependence of the conductivity in the

x=0.09)'° metallic phasesee Fig. 2 can be adequately described by
The value of the conductivity prefacter, is also of some  the following expressioR?

interest. Work on Si:B,as well as many other materials,

results in a value fowr, that is well in excess of the esti- o(n,T)=0ao+m(n)TY2+B(n)TP2, 3)

mated minimum metallic conductivity, whereas this work

suggests that the conductivity prefactor for,CgMn,Te:In  \hich has been applied to doped semiconductors béfdfe.
is less than the value O, The value ofopn, can be  Here, the first term is the conductivity @=0, the second
calculated from the Mott expressiof o m,=Ce¥%a, where  term is a correction due to the effectsef-e~ interactions,
C~0.03 anda is the mean distance between electrons. Ofand the third term is a correction for the effects of weak
course, the value of, for Cd;_Mn,Te:ln is bigger than  |ocalization. Dealing with then T2 term first we hav&
the value for CdTe due to the reduction in the sizev.ofhis
reduction ina from x=0 to x=0.08 can be estimated from
the measured value of, at x=0.08 and the value of 1.1 m= «
X 10 ecm™3 at x=0.0. This calculation leads t@r(x
=0.08)=6.4 (2 cm)™ %, giving o= 0.560",.

To investigate the question regarding the relative size o
the conductivity prefactor and the minimum metallic conduc-
L ) . eZ 1.3 k 1/2
tivity further, the values foro, and o, for a variety of _<

. . . a= 2 . (5)

systems are plotted in Fig. 4 agy/op,, againsto . It h \4nw)\2AD

[ (Qcm)']

G .
min

4 (3
5—(5 J’FUH, (4)

Yvhere
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TABLE II. The fitting parameters deduced from conductivity data and (Bg.The data are listed for
sampleC5 (data in Fig. 2 and another samplé5. The two values oB quoted are the experimentally
determined value and the value calculated from ®y.

m Bexpt. Btheory
Sample n/n, [(© cm KY3)™4 YFo [(QcmK)™Y [(QcmK)™Y
C5 1.183 —-1.90 1.148 3.08 1.74
C5 1.149 —-1.85 1.138 2.66 1.73
C5 1.115 —-1.65 1.108 2.49 1.70
A5 1.309 —-2.57 1.167 2.73 2.08
A5 1.233 —-2.20 1.123 2.30 2.06
A5 1.177 —-1.41 1.037 1.61 2.05

In these expression8 is the diffusion coefficient angF,  pendence of the conductivity in the metallic phase near the
is the Coulomb interaction parameter wherés a constant MIT can be described by this model, with parameters that are
that can be calculated from the band structure. The quantitin reasonable agreement with theoretical predictions.
F. is then related to the Fermi-liquid parameterby One final point to be made about the behavior of the con-
ductivity in the critical region of the transition is concerned
F\ 32 with the importance oé™-e™ interactions. In the insulating
1_5 phase Efros-Shklovskii VRH is observed, suggesting that
these interactions are significant. Even as the MIT is ap-
Now, considering the second term in E§), we haver,*  proached from the insulating phase the temperature depen-
=cTP, where 74 is the relaxation time of the dominant dence of the conductivity is still consistent with this form of
dephasing mechanisro,is a constant, and the expongnis  VRH.?! In the metallic phase the interactions are seen to be
a constant that depends on the details of the dephasirighportant again, while in the critical region the exponent is
mechanism. Foe™-e~ scattering in the clean limit as the consistent with the scaling theory with interactions included.
dominant mechanism theory predigts 2,2 whenceB(n) is Al in all, e”-e~ interactions would appear to play an im-
given by portant role in determining the behavior of the conductivity
of Cd;_,Mn,Te:In near the MIT.
So7 (3

2 \D

F-1

3F
FU:(—32/3)[1—T—

e2 1/2
B(n)= ﬁ ) (6)

IV. THE WEAKLY LOCALIZED REGIME  (WLR)
where 7 is the valley degeneracy arfg) is a constant that The low-temperature transport properties of, CgMn, Te
can be calculated from the effective-mass anisotropy and thﬁave been studied in the WLR. up #02.50.. As we shall
value of . Note that the situation for CdTe is simplified by . g X . /LR, Up 10293 . A

_ see in this section, interesting effects occur in some of the
the fact thatSyn=1.0.

Preliminary fits 10 the data of Fig. 2 established immect- 2R M ER A (SORIEL S = 0 L o
ately that good agreement can only be obtained whés 9 '

close to 2.0. The value qf was therefore set at 2.0 and the The higher-temperature electrlca_ll measurements also show
- A - - features that are not observed in less conductive samples.
fitting procedure repeated witm, B, ando(n,T=0) as fit-

ting parameters. As can be seen from the figure, this results

in good agreement below 1 K, with the parameters shown in 2 - o,

Table II. The determined values ai(n) were used to cal- Sample Al ” )

culate the quantityF , as shown in the table. The values of ot

the diffusion coefficient required to do this are calculated X

from the transport data using the Einstein relations. A trend

of increasingyF, with increasingn is observed, as was the g

case in Si:B* However, unlike the data for Si:B, the values &

of yF, are rather close to 1.0. Combining this with the fact ? - -

that yF, shows a tendency to saturate mds increased, == T | iminated 10 saturstion

suggests that the constaptis close to unity. It should be 10 . llumination Level 1

noted that the determined valuesrofare of the same order o Dark Data

of magnitude as found in a variety of systefrfs:*
Following Thomaset al,?® it is possible to calculate the 0 5 1 15 20

theoretical predictions for the parame®m). These values

are also shown in Table Il, along with the values deduced T2 [Kl/z]

from the fits to the experimental data. Although the agree-

ment is not exact, the values agree to within a factor of 2. F|G. 5. Temperature dependence of the conductivity from 300

Again, the values oB are of the same order of magnitude asK down to 4.2 K for sampleAl. The dark level and three illumi-

found in other system&:?4In summary, the temperature de- nation levels are shown.

15
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FIG. 6. Temperature dependence of the apparent Hall carrier
density of sampleé&\1l andA2. The inset shows the nonlinear Hall
effect observed in sampl&2 at 100.1 K.

FIG. 7. Temperature dependence of the conductivity of sample
A1l from 10 K down to 0.3 K. The dark level and saturation illu-
mination curves are shown. The dotted and solid lines are fits to the

Typical behavior is shown in Figs. 5 and 6, where sandgle ~ Model described in the text.

is used as an example. Figure 5 shows the temperature de-

pendence of the conductivity from 300 K down to 4.2 K, for istence ofDX centers, which form deep levels that are highly
the dark-level and three-photogenerated carrier concentrdocalized? Naively one might expect that PPC would then be
tions. As expected for ax=0.047 sample withn~3.0 impossible in the metallic phase where the conduction pro-
x 10t cm™3, the conductivity is consistent with metallic ceeds via extended electronic states. However, it seems clear
conduction, i.e., the temperature dependence is weak artPm the fact that we observe a crossover from activated
o(T—0)>0. The temperature dependence of the Hall carfonduction(from theDX deep levelsto metallic conduction

rier density for this sample along with that of samgi2 is N an impurity band that the MIT occurs in the impurity
shown in Fig. 6. Typical behavior is observed with the ex-band, while the localized states are confined tolixedeep
ception of the “dip” in the apparent carrier density around levels. Hence, the existence of PPC in the metallic phase is

70-100 K. At lower temperaturés<60 K), the carrier den- t0 be expected.
sity of sampleA2 reaches a temperature-independent value, The conductivity of the two samplesl andA2 has been
as expected for metallic conduction. It should also be notedn€asured down to 335 mK. Figure 7 displays the conductiv-
that the Hall effect exhibits nonlinearity in this temperatureity of sampleAl, while Fig. 8 shows similar data for sample
region, whereas at higher and lower temperatures it is lineafA2. The striking feature observed in both of these measure-
The data for sampl&2 at 100.1 K are shown in the inset of Ments is the rapid ldecrease in the conductivity bglpw atem-
Fig. 6. This effect is not observed in other less conductive?€rature of approximately 1.5-2.0 K. Although this is imme-
sample*™ of Cd,_,Mn,Te:ln. This suggests that the dlately- remlmscent of the data of Dlth .al.. on BMP
anomaly we observe here could be due to the high dopin§cattering in the WLR of Cd ,Mn,Se:In, it is important to
levels required to achieve metallic conduction in sample€stablish that the decrease in conductivity cannot be ex-
such as these. Specifically, we propose that the anomaly in
the Hall data is due to a crossover from activated conduction 12 Sample A2
from the shallow level to the conduction band at high tem-
peratures(>>100 K) to metallic conduction in the shallow T
impurity band at lower temperatures. In such a situation one
would naturally expect nonlinearity in the Hall voltage in the - 9
crossover region. The carrier density of samilewould be
expected to decrease upon further cooling, eventually reach-
ing a constant value at low temperatures. Unfortunately, it is
very difficult to measure the Hall coefficient at lower tem- 6 Model with b = 0.79
peratures than these due to the fact that the positive magne- kAl 067
toresistance effett becomes increasingly large, while the 5 Full llumination
Hall coefficient is relatively small. It should also be noted
that the crossover in conduction mechanism occurs at 3
slightly different temperatures for the two samples. This is
easily explained in terms of the lower In shallow level acti- TIK]
vation energy for the sample with lower Mn fractithal-
though other quantities such as the mobilities in the two FIG. 8. Temperature dependence of the conductivity of sample
bands will have an effect. A2 from 10 K down to 0.3 K. The dark level and saturation illu-
The fact that we observe PPC in the metallic phase isnination curves are shown. The dotted and solid lines are fits to the
worthy of some comment. The PPC effect is due to the exmodel described in the text.

]

o [(Q@em)
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plained naturally by the quantum corrections to the finitefrom the conductivity data are also reasonable. For example,
zero temperature conductivity. For both samp@l@ and for the dark data of sampl&l the polaron radius is roughly
sampleA2 only a poor fit can be obtained with E@), while  constant at 10 nm down to 2 K. Below this the radius de-
the fitting parameters are clearly unphysical. For examplegreases rapidly to 9.2 nm at 335 mK. Although these values
for sampleAl, the fit is restricted td<0.7 K, with values  are large in comparison to the hydrogenic value expected in
such asB=40, m= —30, and values op of around 0.15. It the insulating phasé nm), this might be expected for the
seems clear that the temperature dependence of the condygrse where the polaron forms on a quasilocaligegin on
tivity in the WLR is expected to be much weaker than ob-the metallic side of the MIT.
served here, and that the model that takes into account |t should be noted that this model calculates the effect of
e -e” interactions and weak localization cannot explainthe reduction in polaron radiusnd hence increase in bind-
these data. ing energy on the zero-temperature conductivity. This be-
This leads us to the natural conclusion that we are indeefavior will approximate to the actual low-temperature con-
observing a rapid decrease in the conductivity due to an inductivity reasonably well as long asis close ton., and the
creased spin-disorder scattering caused by the formation @mperature is low enough to approximate the conductivity
BMP’s on quasilocalizeds spins. This hypothesis can be to the conductivity at absolute zero. It is worth mentioning
supported by the results of a simple modeling of the effecthere that the temperature dependence of the spin-disorder
FO”OWiI’]g Sawickiet aI.25 it is possible to model this effect scattering rate due to quas“oca"zed;pinsy which do not
by calculating the effective Bohr radius of the electronform BMP’s, is weakly temperature dependent as it is pro-
around which the pOlarOn fOfmS, from the eXpreSSion for th%ortiona| tOX(T)T This means that the temperature depen-
free energy of the BMP? Knowing the Bohr radius one can dence of the conductivity is expected to be weak when BMP
estimate the value ofi; from the Mott criterion(2) and  formation does not occur. Despite the fact that the model is
therefore calculate the zero-temperature conductivity frongrude, the agreement between theory and experiment is fur-
the scaling relatior(1). The expression for thezero field  ther evidence for our interpretation of the conductivity data

free energy of the polaron as given by Dtéik in terms of spin-disorder scattering from BMP’s.
) 5 One final point to be made about the data of Figs. 7 and 8
E = h _ & } E(T) @) is that the polaron scattering begins to dominate the tempera-
P2mg azB goag 2 ™7 ture dependence of the conductivity at a higher temperature

) ) ) than observed in GdgMng g5Se (~0.5 K). This temperature
whereag is the Bohr radius of the polaron aiigh(T) is the s the point at which the spin-disorder scattering rate due to
characteristic energy of the magnetic polaron, givenERy  the BMP’s begins to dominate over the regular spin-disorder
= a?x(T)/32mg? nfag, wherea is thes-d exchange energy scattering rate due to single Mn ions. This regular spin-
(0.22 eV for Cd_,Mn,Te) and x(T) is the macroscopic disorder scattering rate in the WLRas given by Dietl
susceptibility of the system. To obtain the stable Bohr radiugt al)!® can be estimated to be a factor of 2.58 smaller for
of the polaron we minimize Ed7) with respect taag. This  Cd,_,Mn,Te (with these carrier densitips than
leads to Cd;,_,Mn,Se, meaning that the BMP scattering term will

dominate at a higher temperature. It should be noted that the

®) differing scattering rates are simply due to the different ma-
' terial parameters involved, along with the lower-carrier den-

sities in Cd_,Mn,Te.

wherea, =e%2%/e?m? is the hydrogenic-theory value for the In summary, it seems that samphel (x=0.047) and
Bohr radius. At high temperatures where the paramagnetisampleA2 (x=0.061) display BMP scattering in the WLR,
susceptibility is low, the second term in the square bracketghile sampleC5 (x=0.081), which is the sample that can
in Eq. (8) is small and the polaron radius tends to the hydrobe used to fine-tune the MIT, shows no such behavior. In
genic valuea,; . However, at low temperatures the paramag-fact, the transport propertie@lown to 300 mK of this
netic susceptibility can be very large meaning that the secongample show no indication of scattering by bound magnetic
term dominates, and the polaron radius shrinks rapidly, whilgyolarons. In addition to this, there is also the point that the
the binding energy increases. This leads to the efficient spirdata on the insulating=0.09 sample studied by Terst al.
disorder scattering of the carriers. Using the Mott criterionindicated that magnetic polaron formation leads to a mag-
(20 and the scaling equation(l) leads to o(T) netic hard gap in the density of stat8sAlthough this situ-
= ao(agn/0.0176— 1), wheren is the carrier density and we ation would appear to be rather complex, there is a consistent
takev =1.0. This equation allows a calculation ofT) in pattern of behavior, the vital point being the paramagnetic to
conjunction with Eq(8). The temperature dependence of thespin-glass transition that is known to occur in these
susceptibility at low temperatures has been found to fit thenaterials’>’ We postulate that the polaron scatterifag ob-
form y=T~°, whereb is a constant of the order of 0.7 for served in samplefA1 and A2 and the CglgMngosSe:in
Cdy oMngoSe:in atn/n,~2.71 The solid lines in Figs. 7 samples of Dietet al. in Ref. 15 is only observable in the
and 8 are fits to this model withas a free parameter. As can paramagnetic phase. The spin-glass freezing temperature
be clearly seen from the figures, the agreement between th{g;) is known to increase rapidly witk?’ meaning that only
simple model and experiment is good. Moreover, the exthe samples with low values are likely to be in the para-
tracted values of the parameteare rather close to the value magnetic phase at the temperatures studied here, while
of 0.7 extracted from an actual measurementy¢®) in  samples with highex values will show spin-glass ordering.
Cd,_,Mn,Se. The values of the polaron radius estimatedRecent theoretical work has proposed that BMP formation is

ay e 1/2
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profoundly affected by the presence of spin-glass offler. 0.6
Specifically it has been shown that the binding energy of the *
magnetic polaron tends to a temperature-independent valut .
below the spin-glass freezing temperature. This means that il T~2-3K .
a sample that has already formed a spin-glass is cooled tc— 0.4 f .
low temperatures, no rapid drop in the conductivity will be & .
observed around 1.5 K. The polaron radius and binding en- g"’/ -’
ergy are temperature independent. Note thatdGibal?® I’y .
have also observed a weakening in the low-temperature elec 02 4 INAL4
trical conductivity of metallic samples of ¢d,Mn,Se:In / x=0.18
and Cd_,Mn,TeSe:In. The authors interpret their data as
resulting from the scattering of electrons by bound magnetic
polarons, but with a weakened temperature dependence aris % 1 2 3 4
ing from the form of the magnetic susceptibility of the ma-
terials in question in the spin-glass phase. T2 K"

The existing data on thedependence of; (Refs. 27 and
30) can be used to estlm_ate the Spln-glass freezing tempera- FIG. 9. Temperature dependence of the conductivity of sample
ture of the sample studied here. We fifig~=150 mK for  \\aL4 from 10 K down to 0.3 K. The solid line is a fit to the

sampleAl, suggesting that this sample is in the paramagiqy.-temperature data using EB) with the parameters shown in
netic phase down to 300 mK. This is consistent with theye text.
observation of the onset of BMP scattering in this sample.
For sampleA2, T;~300 mK, suggesting that spin-glass or- to the large deep-level activation enelylowering the den-
dering will only occur at the lowest temperatures studiedsity of free carriers. However, doping €dMn,Te with In
Again, this is consistent with the observed BMP scatteringand Al results in persistent photoconductors with large car-
In addition to this, it also explains the weakening of therier densities, even at high (15-20 %. This is possible
temperature dependence of the conductivity below about 40Because although Al forms@X center in this material, the
mK for sampleA2. This is due to the onset of spin-glass deep level is not in the forbidden gdpt least not at these
ordering in this sample. It should be noted that this effect isMn concentrations®! meaning that all of the Al-dopant at-
also visible in the data of Die#t al1® on CdygMngoSe:ln oms result in shallown-type doping. Figure 9 shows the
at a temperature of around 110 mK. The temperature depetemperature dependence of the conductivity of a sample of
dence of the susceptibility of this sample was measured i€d, gMng 1gTe:ln, Al with a carrier density of 3.98
this temperature region and showed a paramagnetic to spin<10t’ cm™2 at 300 K. A sample with thix value would be
glass transition at 95 mK, suggesting that these data are expected to undergo a transition from the paramagnetic
agreement with our model. phase to the spin-glass phase Tat-2—3 K. As can be
Evidence for the theoretical prediction that the bindingclearly seen from Fig. 9, the temperature dependence of the
energy of the magnetic polaron is weakly temperature deperconductivity differs from that seen in samplag andAz2 in
dent in the spin-glass phase is given by the transport data dfiat no dramatic decrease in the conductivity occurs. This
Terry et alX® on the insulating sample of GgMng gsTe:IN. provides further support for the hypothesis that the binding
As mentioned earlier this sample exhibits a crossover fronenergy of the magnetic polaron is weakly temperature depen-
Efros-Shklovskii VRH to a temperature dependence of thedent in the spin-glass phase.
resistivity of the form exdf, /kgT) as the carrier density is Another interesting point can be made about the data of
increased. This was interpreted in terms of the existence of &Big. 9, in that the temperature dependence of the conductiv-
hard gap in the density of states due to BMP formation ority is quantitatively different to that observed in the sample
shallow In donors. The important point here is that the dataised to tune the MIT. Examination of the figure shows that
of Ref. 16 are very linear in |- againsiT ! suggesting that the low-temperature conductivity would appear to be linear
the hard-gap energy,, (and therefore the binding enedgg  in T2, suggesting thae™-e~ interactions alone dominate
temperature independent. This is consistent with the lack athe conductivity. A fit to the data with Eq3) is shown by
temperature dependence of the BMP binding energy. Ththe dotted line in Fig. 9. This fit results in the value§T
behavior of sampleéC5 can also be understood within this =0)=0.015 @ cm) !, m=0.281 Q cmKY) "1, and B
model. AlthoughT;~0.6 K the VRH conduction near the =—0.025 () cm K)". The remarkable point about these
MIT shows no evidence for the formation of BMP’s due to parameters is that the magnitudeBois close to zero: itis in
the fact that the hard gap in the density of states is likely tcfact over 18 times smaller than the largest value Bfre-
form at lower temperatures than those used in this studycorded for the other samples. This would certainly seem to
This is a consequence of the higher-carrier densities in thisuggest that the weak localization effect is not present in this
sample, which will result in BMP’s with a large radius and a sample. We suggest that this is due to the increased density
small binding energy, which will have no effect on the con-of magnetic ions in this samplex€0.18 compared to
duction in this sample. =0.08 for the other sampleThe weak localization effect
One final test of our model would be to measure the temeomes about due to interference of coherent electronic wave
perature dependence of the conductivity of a sample with dunctions that leads to an effective localization of the
large x value at low temperatures. This is normally impos- electrons’? This wave-function coherence is lost in the pres-
sible as the highxsamples are generally very insulating dueence of magnetic atoms or when a weak magnetic field is
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applied, leading to the characteristic negative magnetoresiggreement with the scaling theory with interactions included
tance observed in this regim@lt therefore seems reason- as well as a large body of experimental evidence on compen-
able to expect that scattering off magnetic ions such as Mn igated semiconductors. The temperature dependence of the
Cd,_,Mn,Te may lead to a suppression of the weak local-metallic conductivity in the vicinity of the transition has been
ization effect. Thus, we propose that the absence of weakatisfactorily explained by a model that takes into account
localization effects in the=0.18 sample may be due to this e~-e~ interactions and weak localization. The importance of
suppression of weak localization because of the increasegt_e- interactions near the MIT have been stressed. In the
density of magnetic ions. It should be noted that the observegeakly |ocalized regime the temperature dependence of the
value of m for this sample is consistent with the data on ¢,nqyctivity of some samples shows a dramatic decrease in
doped Si* where m(n) undergoes a change in sign very o conductivity when the temperature is low enough for the
close.to the MIT, as well as be?m.gloof the same order %%.d exchange interaction to dominate. This exchange inter-
magnitude as found in 468 _xAS:Si. action leads to the formation of bound magnetic polarons,
which result in efficient spin-disorder scattering at low tem-
peratures. Other samples with higher Mn content do not

This paper has presented comprehensive data on the teghow this effect. We interpret this situation as evidence for
perature dependence of the conductivity in the metallic phasthe recent theoretical speculation that the binding energy of
of Cd,_,Mn,Te near the MIT. We have studied the critical the magnetic polaron is weakly temperature dependent in the
region of the MIT using the persistent photoconductivity ef-spin-glass phase. This leads us to suggest that electron scat-
fect displayed by this diluted magnetic semiconductor. Thigering by bound magnetic polarons can only be unambigu-
has allowed us to fine-tune the MIT by illumination in zero ously observed in the paramagnetic phase of dilute magnetic
magnetic field, and has led to the first determination of thesemiconductors. Hence low samples with low spin-glass
critical exponent of the transition in a magnetic system infreezing temperatures should exhibit a strongly temperature-
zero magnetic field. In fact, to our knowledge, persistenidependent electrical conductivity describable by bound
photoconductivity has only been used once previously tanagnetic-polaron scattering far=T;. However, samples
study the MIT®® We obtain n,=2.34x10" cm 3, o,  with higherx values enter the spin-glass ordered phase at a
=3.57 (@ cm)™ !, andv~1.0, forx=0.08. The critical car- temperature where no dramatic decreases in the conductivity
rier density is in agreement with past work in the insulatingarising from BMP scattering can be observed. This model
phase, while the exponent is the same as that determined $atisfactorily explains all of the available data, including that
other magnetic semiconductors. An exponent of 1 is also ion Cd _,Mn,Sel®
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