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Metal-Insulator Transition in Semimagnetic Semiconductors
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A rare insulator-to-metal transition on increasing magnetic field has been observed in »-
Cdy9sMnygsSe and p-Hgpg1sMngogsTe. The two systems belong to a new universality class due to a
giant spin-splitting effect. The transition is shown to be driven by the electron-electron interactions
and the newly predicted critical behavior of the conductivity is confirmed.

PACS numbers: 71.30.+h, 71.55.Jv, 72.20.My, 72.80.Ey

Recent works on electron transport in the vicinity of
the Anderson-Mott transition!=> come up with differ-
ing conclusions on whether the scaling hypothesis of
Abrahams et al.,* with the effects of electron-electron
interactions taken into account, is actually valid®-® in
real systems or not.’ In any case it becomes clear that
the transition is quite sensitive to details of electronic
properties of the material.!~® Thus in order to tell a
particular universality class, it is essential to study sys-
tems in which all relevant interactions are well under-
stood. Here we report on the studies of the metal-
insulator transition (MIT) in two semimagnetic semi-
conductors,!® #-CdygsMngosSe and p-Hgg g1sMng ogs-
Te. There are several reasons that make these materi-
als interesting for the physics of MIT. First, a transi-
tion from the insulating to metallic phase takes place on
increasing magnetic field. This seems to be a unique
property of semiconductors which contain magnetic
ions.2 Second, results of magnetic,'!1? transport,!3-1
and spectroscopic'"!® studies of CdMnSe and

HgMnTe are accurate enough to conclude that (i) the
novel features of the MIT arise from a giant exchange
spin splitting and (ii) the corresponding universality
class is of a new type. In this universality class the
transition is driven by disorder-modified electron-
electron interactions. Thus our results provide an ex-
perimental test of the theory which has been proposed
by Finkelstein,® and then by Castellani et al.” Finally,
we note that the magnetic field makes the valence
band of HgMnTe markedly anisotropic. This then al-
lows us to compare our results with the theory of
Wélfle and co-workers® on the MIT in anisotropic sys-
tems.

Figure 1 presents electrical conductivities (inverse
resistivities) measured in various magnetic fields H as
a function of the temperature 7 down to 40 mK. The
n-Cdy 9sMng osSe sample has a net In-donor concen-
tration, Np—N4, of 4x107 cm~™® and the p-
Hgg 915Mng o35 Te sample contains 2 x 10'7 excessive ac-
ceptors per cubic centimeter. In the case of p-
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FIG. 1. Inverse resistivity o of (a) n-CdggsMngosSe and (b)-(d) p-Hggg1sMngessTe vs square root of the temperature for
various magnetic fields and magnetizations. The fitted solid lines obey Eq. (1); dashed lines are fits by the formula
o(T,H)=0(0,H)+ A(H)T"2. The Mott minimum conductivity is about 7 (Q cm) ~!
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HgMnTe the measurements were performed for the
current either perpendicular or parallel to the magnetic
field, whereas in the case of n-CdMnSe only the
transverse configuration has been used since the mag-
netoresistance of n-CdMnSe had been established!? to
be isotropic. In both systems the conductivity o is ob-
served to increase with the magnetic field. In order to
distinguish a metal from an insulator we extrapolate
the o(T,H) curves to their T=0 values. Above a
critical field H., o(0,H) is finite which indicates me-
tallic behavior. In the metallic phase the conductivity
can be described by o(T,H)=0(0,H)+ A(H) TV
The o(0,H) value increases essentially linearly with
H — H,.. A linear dependence of o on H — H, and on
V2 for H= H, in magnetic systems has already been
observed by von Molnar et al? who studied
Gd3_xvxS4.

The transition on which we report here must result
from the presence of s-d-like exchange interactions
since the nonmagnetic semiconductors may undergo
merely a metal-to-insulator transition when a strong
magnetic field is applied (as a result of shrinking of the
wave functions). There are two principal effects in
magnetic systems which can cause the insulator-to-
metal transition by an increase of the magnetic field.
The first effect is the destruction of magnetic po-
larons®!>17 resulting in an expansion of the impurity
wave functions in the magnetic field. This may cause
a continuous insulator-to-metal transition as observed
in Gd;_,v,S4.2 However, a possibility of a discontinu-
ous transition triggered by a polaron destruction has
also been considered theoretically.!® The second effect
is the occurrence of a giant spin splitting fw,; due to
the exchange interactions. In the mean-field approxi-
mation,!%-17:19 £« is proportional to the magnetization
of the Mn spins. This magnetization can be described
by the Brillouin function which is phenomenologically
modified so that it takes the Mn-Mn antiferromagnetic
interactions into account.!'''2 The splitting causes a
redistribution of carriers between the spin subbands
and pushes the Fermi level up, as shown schematically
in Fig. 2. In the materials studied here the distance
between the Fermi energy er and the bottom of the
spin-down subband is, for H > H_., about twice the
distance to the bottom of the spin-up subband. This
means that the bare diffusion coefficients at e should
be substantially different for these two subbands.
Therefore, following Fukuyama and Yoshida?® and
Shapira et al.,'* we assume that for H = H, the con-
ductivity of the majority (spin-down) carriers scales
with the size of the system to the metal, whereas that
of the minority scales to the insulator. The localiza-
tion of the minority carriers implies, in turn, the pres-
ence of a Coulomb gap®” in their density of states (see
Fig. 2). Presumably, the Coulomb gap makes the
resonant spin-flip scattering (tunneling) between the
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FIG. 2. Schematic picture of the density of states in semi-
magnetic semiconductors above the insulator-to-metal tran-
sition. The dotted region marks delocalized states. The
Coulomb anomaly at e is weak for delocalized spin-down
electrons but strong for localized spin-up electrons.

subbands of minor importance and allows us to consid-
er the subbands as being decoupled. The arguments
above suggest that the nature of the MIT is entirely
determined by electrons which reside in the one spin-
polarized subband. Electrons in the second subband
produce only an additional static random potential and
serve as an electron reservoir which is depleted when
Fwg increases. As discussed in details by Gaj, Ginter,
and Gatazka,!” the exchange splitting leaves the con-
duction band isotropic. In contrast, in the presence of
the exchange splitting, the four subbands of the I'y
valence band become strongly anisotropic and nonpar-
abolic.!® In particular, the uppermost subband has the
effective mass along the magnetic field, m,, equal to
the heavy-hole mass my,=0.5 m,. On the other
hand, the transverse mass m; depends strongly on# w;
and on the wave vector k,. For small splittings, i.e.,
when Fw; <<#%k?/2my,, we have m, = my, whereas
in the opposite limit m, =4m/3, where
my,=0.005my is the light-hole mass. The ratio
my/m (eg) is estimated to be of the order of 10 when
H=H, and N,— Np=2x10"7 cm~3. We estimate
also that for H > H, only the two uppermost subbands
are occupied by holes.!

Having specified conditions under which the MIT
occurs, we return to the description of the experimen-
tal results. By fitting 7 =0 conductivities with the for-
mula o (0,H)=0.(H/H.—1)", we obtained o, H,,
and v as given in Table I.

Two important conclusions emerge from studying
this table. First, in the strongly anisotropic p-HgMnTe
with o, /o as large as 14 we found the same values
for the critical field H, and the critical exponent v in
the transverse and longitudinal configurations (a small
difference in v, and v results from a H dependence
of the anisotropy). These findings confirm, for the
first time, the theoretical predictions of Wélfle and
co-workers® concerning the critical behavior of con-
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TABLE 1. Parameters obtained from fits of the extrapo-
lated T=0 conductivities by the formula o(H)
=g, (H/H.—1)" in nCdggsMnggsSe (o) and in p
Hgoo1sMngessTe [0y, oy, 7= (30 )"?] in the magnetic
field ranges (1.05— 1.8) H, in CdMnSe and (1.05-1.5)H, in
HgMnTe. The parameters obtained from the description of
o (T,H) are close to those displayed below and are given in
the main text.

o. [(Q cm)'] H, (kOe) v
o 0.70 £0.1 15.3 £0.3 0.85%§81
o, 81.7+2 26.6 £0.1 1.081343
oy 5.85+0.2 26.6 +0.1 0.94 %48
T 3391 26.6 £0.1 1.04+3:12
o, 249 +1 275 £0.1 1.05+343

3Sample with N, — Np=9%10'® cm~3, not shown in Fig. 1.

ductivity in anisotropic systems. Second, our deter-
mination of v was performed in weak magnetic fields,
in the sense that the magnetic length Ly = (ck/eH)"?
was much larger than the mean free path, but in strong
fields from the point of view of the condition
Ly < Lg, where Ly is a phase-breaking length.22 The
renormalization-group theories of the MIT in a system
of noninteracting electrons in a random potential
predict® v=1 in such circumstances. We conclude
that these theories are unable to describe the critical
behavior of conductivity we have observed. Turning
to the theories which do take the Coulomb interactions
among electrons into account,® we note that the case
of carriers in one spin subband has not been so far
considered in the literature. Finkelstein,?* prompted
by our experimental results, derived the renor-
malization-group equation (RGE) for the situation
under consideration. To the lowest order in G~! and
€, where G is the dimensionless conductance and 2 + €
is the space dimensionality, he has obtained (we use
notations of Ref. 6) B=dInG/dInL=€—1/G and
dInz/dInL = —1/2G, where z is the temperature re-
normalization factor.®” These equations differ by fac-
tors of 2 from those derived for the case of a spin-
degenerate band and strong spin-disorder scattering.®’
It is seen that the critical index v is expected to be 1 in
accord with the results of our measurements. This
agreement may indicate that higher-order terms in the
B function are of minor numerical importance as long
as G > G*=1/e+ 0 (€?).

An important aspect of the theories which take the
interactions into account®’ is that they provide a back-
ground for a description of the temperature depen-
dence of the conductivity. By integrating the RGE and
using the relation between the length and the tempera-
ture scales,®” one obtains o at criticality to be given as
a solution of the following equation:

o(Ty)=o,(y/y.—1)+ BT [a(Ty)]. 1)

Here y is a parameter that controls the disorder and
y=—++1/4G"* is a universal critical exponent. The
prefactor B, up to a constant of the order of 1, is given
by

B= 8”0}3\/26*(21(3}\]1)1/2(80']\/6*/1)_1/46*,

where oy = e%/2m% and N, is the thermodynamic den-
sity of states at eg for the spin-down subband. The
parameter / (assumed here to be T independent)
denotes the length at which the RGE begin to be valid.
We fitted Eq. (1) to the experimental results on
CdMnSe with y = H and treating o, H,, vy, and B as
adjustable parameters. This fitting procedure gives
o0,=0.66+0.1 (@ cm)~! and H,=133%{5 kOe.
From y and B we get G*=0.4173% and /=66 +20 A
which corresponds to kg/=1.8 +0.6.

The above description of o(7T) has neglected the
fact that H, may vary with T because of the T depen-
dence of the magnetization. In the case of CdMnSe
the corresponding corrections to o ( T') are expected to
be of minor importance as a result of the small value
of o, in this material [see Table I and Eq. (1)]. How-
ever, in the case of p-HgMnTe, o, is large, so that we
have to use the magnetization M (T,H) as a parameter
that controls the disorder. We approximate M (T,H)
by the modified Brillouin function'!*'? with the param-
eters x=0.037 and T,=9.1 K, as determined at 1.7
K.!2 We analyze 5(T) = [a2 (T)a (T) 13 since 7 is
the appropriate scaling variable in the anisotropic
case.® By fitting Eq. (1) with y =M to the results of
Fig. 1(d) we obtained o,=30+3 (Q cm)™!,
M,=106+1 emu, G*=0.34*33, and for N,
=2x10"%cm~?cm™3 meV~!, /=230 +20 A,

As shown in Figs. 1(a) and 1(d), Eq. (1) describes
experimental results on the metallic side correctly.
Furthermore, the parameter / has expected magni-
tudes. These facts provide experimental support for
the current theory®’ of the MIT. Moreover, they sub-
stantiate our assignment of a new universality class for
systems with a large spin splitting, fw; ~— €g. Indeed,
the RGE derived®’ for fw, >> kgT but, implicitly,
also for fwg << €p (‘‘magnetic field”’ case in terms of
Refs. 6,7) predict a dependence of o on T which is in
disagreement with our data as well as with those for
Gd;_,v,S,.2 Finally, the results above convince us to
attach significance to the value of G* set at 0.4%33. It
will be very interesting to know if higher-order terms
in the formula G*=1/€ + O (€?) would reduce G* to-
wards the experimental value.

In conclusion, we have observed the continuous
insulator-to-metal transition in two semimagnetic
semiconductors. Under our experimental conditions
the coherence of backscattering and the electron-
electron interactions in the Cooperon channel are
suppressed by the magnetic field. The transitions are
thus driven by the interactions in the diffusion chan-
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nel. We have presented arguments which suggest that
the transitions occur only in one spin-polarized sub-
band. The RGE for this new universality class are
found to be successful in describing the conductivity at
criticality as a function of the disorder, temperature,
and anisotropy.
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1For a review on recent experiments, see G. A. Thomas
and M. A. Paalanen, in Localization, Interaction, and Trans-
port Phenomena, edited by B. Kramer et al. (Springer, Ber-
lin, 1985), p. 77. For a review on the theory, see other pa-
pers cited therein; N. F. Mott and M. Kaveh, Adv. Phys. 34,
329 (1985); P. A. Lee and T. V. Ramakrishnan, Rev. Mod.
Phys. 57, 287 (1985).

2S. von Molnar, J. Flouquet, F. Holtzberg, and
G. Remenyi, Phys. Rev. Lett. 51, 706 (1983), and Solid
State Electron. 28, 127 (1985); see also other papers cited
therein, and S. Washburn er al., Phys. Rev. B 30, 6224
(1984).

3T. F. Rosenbaum, S. B. Field, D. A. Nelson, and P. B.
Littlewood, Phys. Rev. Lett. 54, 241 (1985).

4E. Abrahams, P. W. Anderson, D. C. Licciardello, and
T. V. Ramakrishnan, Phys. Rev. Lett. 42, 673 (1979).

SK. B. Efetov, Adv. Phys. 32, 53 (1983), and references
therein; A. Kawabata, Solid State Electron. 28, 131 (1985).

6A. M. Finkelstein, Zh. Eksp. Teor. Fiz. 84, 168 (1983),
and 86, 367 (1984) [Sov. Phys. JETP 57, 97 (1983), and 59,
212 (1984)].

C. Castellani, C. Di Castro, P. A. Lee, and M. Ma, Phys.
Rev. B 30, 527 (1984).

8P. Wélfle and R. N. Bhatt, Phys. Rev. B 30, 3542 (1984);
R. N. Bhatt, P. Wélfle, and T. V. Ramakrishnan, Phys. Rev.
B 32, 569 (1985).

9See, e.g., J. C. Phillips, Philos. Mag. B 47, 407 (1983);

2422

K. B. Efetov, Zh. Eksp. Teor. Fiz. 88, 1032 (1985) [Sov.
Phys. JETP 61, 606 (1985)].

10For a review on semimagnetics see, e.g., J. Mycielski, in
Proceedings of the Sixth International Conference on Ternary
and Multinary Compounds, edited by B. R. Pamplin et al.
(Pergamon, Oxford, 1985), p. 101; R. R. Gatgzka, J. Cryst.
Growth 72, 364 (1985); J. K. Furdyna, J. Appl. Phys. 53,
7637 (1982).

l1See, e.g., D. Heiman et al, Phys. Rev. B 29, 5634
(1984).

12W, Dobrowolski et al., in Physics of Narrow Gap Semicon-
ductors, edited by F. Gornik et al. (Springer, Berlin, 1982),
p. 302.

3T. Dietl, J. Antoszewski, and L. Swierkowski, Physica
(Amsterdam) 117-118B+C, 491 (1983); M. Sawicki et al.,
Phys. Rev. Lett. 56, 508 (1986).

14Y . Shapira et al., Solid State Commun. 54, 593 (1985).

ISA. Mycielski and J. Mycielski, J. Phys. Soc. Jpn. 49,
Suppl. A, 807 (1980); T. Wojtowicz and A. Mycielski, Physi-
ca (Amsterdam) 117-118B+C, 476 (1983); N. B. Brandt
and V. V. Moshchalkov, Adv. Phys. 33, 193 (1984); W. B.
Johnson, J. R. Anderson, and D. R. Stone, Phys. Rev. B 29,
6679 (1984).

16G. Bastard et al, Phys. Rev. B 24, 1961 (1981);
M. Dobrowolska and W. Dobrowolski, J. Phys. C 14, 5689
(1981); V. J. Goldman and H. D. Drew, Phys. Rev. B 32,
5543 (1985).

17T, Dietl and J. Spatek, Phys. Rev. B 28, 1548 (1983).

18M. H. Cohen, E. N. Economou, and C. M. Soukoulis,
Phys. Rev. Lett. 51, 1202 (1983). For a recent discussion
on the problem of continuous versus discontinuous transi-
tion see, e.g., Mott and Kaveh, Ref. 1, and Efetov, Ref. 9.

19J. A. Gaj, J. Ginter, and R. R. Gatgzka, Phys. Status Soli-
di (b) 89, 655 (1978).

20H. Fukuyama and K. Yoshida, Physica (Amsterdam)
105B+C, 132 (1981).

210bviously, the exchange-induced drop of the transverse
mass leads to an increase of the acceptor transverse Bohr ra-
dius (see Refs. 10 and 15). This, in particular, causes a de-
crease of the polaron characteristic energy €, (Ref. 17).

22In our estimates, we used (D/kgT)"? as a lower bound
for Lg; Dis the diffusion coefficient.

23A. M. Finkelstein, private communication. We are grate-
ful to Dr. Finkelstein for communicating this result to us.



