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and Evidence for a Magnetic Hard Gap in the Density of States
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A family of resistivity curves, with different carrier concentrations, is obtained in a single sample of
the dilute magnetic persistent photoconductor CdogiMnogeTe:In. These curves exhibit a crossover from
an exp(To/T)"? form for variable-range hopping with interactions to an exp(Ey/T) form, upon reduc-
ing temperature. All data scale onto a single curve. The energy Ey is associated with a hard gap in the
density of states which is magnetic in origin. The localization length is found to have the same critical
behavior as the dielectric constant, on approaching the insulator-metal transition.

PACS numbers: 71.30.+h, 72.20.Fr, 75.50.Pp

On the insulating side of the insulator-to-metal transi-
tion, the presence of electron-electron interactions is be-
lieved to give rise to a depletion of the single-particle den-
sity of states close to the Fermi energy Ef, usually re-
ferred to as the Coulomb gap [1,2]. It is called a soft gap
because, in 3D, the density of states goes smoothly to zero
with a parabolic dependence [2,3]. Attempts to stabilize
the ground state to other excitations have been made
[4-6]. The inclusion of multielectron relaxation at the
initial and final states of a hopping electron considered in
the single-particle model has been shown to put a sharper
bound on the single-particle density of states within the
Coulomb gap A. The result is a “hard gap™ where the
density of states is effectively zero over a finite range of
energy, Ey, with E4y=A/10 [5,6]. The existence of the
hard gap and its effect on dc transport is still a controver-
sial issue. One possible manifestation of a hard gap is,
upon lowering temperature, a crossover from a resistivity
of the form given by Efros and Shklovskii [2,3] for
variable-range hopping (VRH) with interactions [7],

p=poexp(To/T)'"?, To=2.8¢%/xtk , (1)

to an activated form associated with transitions across the
hard gap,

p=pyexp(Ey/T) . (2)

Here x and £ are the dielectric constant and localization
length, respectively. Experimentally, such a crossover has
been observed in few systems [8,9] and is opposite to the
most common crossover from nearest-neighbor hopping to
VRH with decreasing temperature.

The present work demonstrates the crossover from an
exp(To/T)"? to an exp(Ey/T) form in the dilute mag-
netic semiconductor CdggMnggeTe:In, as the tempera-
ture is reduced. By utilizing the persistent photoconduc-
tivity (PPC) exhibited in this material [10], a family of
resistivity curves has been obtained for various carrier
concentrations n in just one sample. Furthermore, the
divergence of the dielectric constant x with increasing n is
shown and used with 7 to determine the nature of the
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electron localization length & upon nearing the insulator-
to-metal transition (IMT).

The use of PPC to control » in one sample by ““photo-
doping” makes it possible to study the transport proper-
ties of the insulating regime [11] without the problem of
varying degrees of disorder encountered when investigat-
ing a series of discrete samples. In the present paper,
low-temperature transport measurements (77=300 mK to
30 K) were made in Cdgg;MnggeTe:In (Np=10"8 cm %)
where the persistent photocarrier concentration, generat-
ed at a temperature of 1.4 K with an infrared-light-
emitting diode (LED) (hv=1.4 eV), could be maintained
for several months at temperatures below 50 K. Details
of sample growth, preparation, and characterization are
given elsewhere [10].

The temperature dependence of the resistivity is
presented in Fig. 1 for five photogenerated carrier con-
centrations given in Table I. The logarithm of the resis-
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FIG. 1. Temperature dependence of the zero-field resistivity
for five carrier concentrations (@) given in Table I. For curve
2H (x and solid line) magnetic field was 8 T.
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TABLE 1. Carrier concentration, n, and other parameters characterizing the curves shown in Figs. 1-4.

n T Po To En 4

Curve (10" cm ~3) (K) (2 cm) A (K) (K) K (A)

1 1.7 0.077 1.14 46.7 169 3.62 16.7 166

2 4.3 0.324 0.610 14.0 63.6 4.54 18.6 395
2H 4.3 =<0.033 1.00-0.07 > 39 51+3 =<1.30 21.0 436-25

3 7.4 0.524 0.336 7.06 26.1 3.70 23.8 753

4 11.0 0.682 0.204 3.94 10.6 2.69 28.1 1570

5 14.3 0.787 0.160 2.65 5.52 2.08 33.52 2530

4Obtained from Fig. 3.

tivities is plotted as a function of inverse temperature
and, for the lowest concentration (curve 1), it is clear
that the resistivity is of a nonactivated form. However, at
the higher carrier concentrations, an exp(E/T) depen-
dence is observed for temperatures below about 2 K. If
the same data are plotted as a function of 7~ "2, a very
good description of the temperature dependence of the
resistivity of curve 1 is observed between 0.8 and 20 K.
Above 2 K, a T2 dependence is also found for the
higher carrier concentrations. The T ~'2 dependence is
indicative of the presence of variable-range hopping with
electron-electron interactions as originally proposed by
Efros and Shklovskii (ES) [2]. The Coulomb gap arising
from the interactions has a width [3], A=e3gd/?/x*?,
where go is the background density of states. Note that
without interactions, there is no soft gap, Mott VRH is
observed, and the resistivity follows exp(7/T)"*. Re-
cently, Aharony, Zhang, and Sarachik [12] have shown
that the crossover from Mott VRH to ES VRH in CdSe
follows a scaling function.

A remarkable feature of the temperature dependence
of the present resistivity data is that it is possible to de-
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FIG. 2. Variation of the scaling function F(t)=(+1)"%/1
(solid line) and the scaled resistivity data as a function of the
scaled temperature . Here A =(To/T,)"%. The inset and Fig.
1 show the same resistivity data unscaled. The scaling parame-
ters are given in Table 1.

scribe all of the curves of Fig. 1 with a single scaling
form,

p=poexplTo/T+EZ/TN' 2 =poexpld(tg)F()].  (3)

This is illustrated in Fig. 2 where all of the resistivity
data, shown in the inset, collapse to a single curve,
In(p/po)/A=F@)=@+1)"%/t for A=1{"* with t=T/
Ty, to=To/Tx, and Ey =(ToTy)'"%. Here, the fitting pa-
rameters are pg, A, and T, so that the number of vari-
ables describing the resistivity has been reduced from 4
(po,To,pt,En) to 3. The scaling parameter T charac-
terizes the temperature at which a crossover from ES
VRH to variable-range hopping in the hard-gap regime
occurs. The activation energy, Ey, and T are found to
be related, £y~ T4/, as shown in Fig. 3.

Experimentally (Fig. 3), Ey tends to zero as the dielec-
tric constant k diverges on approaching the IMT. It was
previously noted that, theoretically, the soft-gap width A
varies as k¥~ %2 and so for comparison we have plotted
(Fig. 3) Ey vs x 2, Taking the unperturbed density of
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FIG. 3. Variation of the energy Ey with (@) T, [Eq. (1)]
and (@) dielectric constant x. The value of k¥ (O) is chosen to
fit Ey~ & %2 for the measured Ey =2.06 K.

1801



VOLUME 69, NUMBER 12

PHYSICAL REVIEW LETTERS

21 SEPTEMBER 1992

states at the Fermi level, go= 10" cm "2eV 7!, from Ref.
[10] and using values of Ey from Table I, we find Ey
=A/5. This is similar to theoretical estimates of the
hard-gap width in nonmagnetic systems [6]. The rela-
tionship between Ey and x could not be determined for
the highest concentration because it became impossible to
remove the hopping contribution from the dielectric con-
stant [13]. However, an estimate of the dielectric con-
stant at the highest value of n (open circle, Fig. 3) may
be obtained by extrapolating the Ey vs x ~¥? depen-
dence.

In a large magnetic field the exp(Ey/T) form of the
resistivity is lost and an exp(To/T) ' dependence is ob-
tained over the whole temperature range (Fig. 1, curve
2H, and see Table 1). These results imply that there is a
hard gap which must be magnetic in origin. In a non-
magnetic system, the hard gap arises from the energy
change resulting from multielectron relaxation at the ini-
tial and final sites of the long-range hop [6]. In the
present case, we believe that the magnetic relaxation en-
ergy which causes the hard gap is also that causing bound
magnetic polarons [14]. The local magnetic environment
(Mn?* spins) responds to the presence of a bound elec-
tron, and reduces the total energy of the localized state
via the s-d exchange interaction [15]. The hardening of
the Coulomb gap results from the relaxation energy
gained by the formation of a bound magnetic polaron at
the final site of a long-range hop, along with the decrease
in binding energy of the initial site after the locally
aligned manganese spins thermalize.

For this scenario, the magnetic polaron relaxation time
(~300 ps [16]) must be shorter than the time between
electron hops, estimated to be 7==(1/vphonon) explAF (1
<4)12 600 ps, at the upper limit of the hard-gap region.
Also the effect of applying a high magnetic field is to pro-
duce a homogeneous alignment of the manganese mo-
ments which suppresses magnetic polaron formation and
results in a delocalization of the bound electron [14].

A scaling equation with the form G (1) =(">+1)/1,
similar to Eq. (3), may be derived from the hopping
probability (y;;) between the sites / and j separated by a
distance r;; and of energy difference &; [2],

vij =voexpl = 2r;;/& —&;/T], @

if & =uae 2/:cr,~j+E,L,. In other words, the energy differ-
ence between the two sites must be made up of the
Coulomb interaction term [2] plus the energy £y which
is independent of r;;. Although this simple derivation and
interpretation is very appealing, the form G(¢) does not
describe the data as well as F (1), Eq. (3).

The localization length & as a function of n may be cal-
culated from T and « using Eq. (1). The divergence of
x (Fig. 4) has the form

k =y +amnag(l —n/n.) "V, (5)

where xy =16 is the dielectric constant of the host, n, is
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FIG. 4. Variation of the calculated localization length (&)
(®) and the electronic part of the measured dielectric constant
(k—x.) (@) as a function of carrier concentration. The solid
line is a fit by Eq. (5) with v'=1, n,=2.3x10"" cm 73, and
=5.27%10""" cm3. The « value (0,0) is obtained from Fig.
3 (see text).

the critical carrier concentration of the IMT, and aq is
the donor polarizability. The n found in the numerator of
the second term in Eq. (5) accounts for the increase in k
solely from the increasing number of donors, observed
when n<n, [17]. The dependence of & on n is given in
Table I and in Fig. 4. It is clear that the electronic part
of x and & diverge with n in exactly the same way and
therefore show the same critical behavior on approaching
the IMT. This implies that £ has an n dependence which
is of a similar functional form to x(n) given in Eq. (5),
that is,

E=Etu+ &)U —n/n) ™Y, En)~n, 6)

with £ ~50 A and the same exponent v=1".

If the exponents v=v'=1, a fit to the experimental re-
sults is obtained with a critical concentration of n.=2.3
x10' ¢cm 73, A lower or higher value of v' can also give
a fit to the data with a correspondingly smaller or larger
value of n., but it is known from the work on a series of
doped samples [18] that the insulator-to-metal transition
in CdooMng,Te occurs for a critical concentration .
=(2-3)x10" em 73, So it may be concluded that, on
approaching the IMT, the critical behavior of x and & is
characterized by v=v' and, in addition, it may be tenta-
tively concluded that v==1 and n,=2.3x10" cm ~*.

The observation of v'=v is consistent with magnetic-
field-dependent studies of x and & in Hgo92MngogTe [19].
A similar result was inferred from an analysis of trans-
port data of n-type CdSe [20]. These results differ from
other experiments in which v'=2v has been observed
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[21].

In summary, this paper has described transport proper-
ties of the diluted magnetic persistent photoconductor
CdgoMng Te:In as a function of temperature and photo-
generated carrier density. There is strong evidence to
suggest that electrical transport occurs by variable-range
hopping in an environment where electron-electron in-
teractions give rise to a depletion of the density of local-
ized states near to the Fermi level, the Coulomb gap. A
transition from ES VRH to an activated transport pro-
cess was observed upon decreasing temperature, and the
activated resistivity may be the result of a hard gap of
width Ey=A/5 in the density of states within the
Coulomb gap (width A). It was possible to scale all the
resistivity data, obtained at different carrier concentra-
tions, onto a single curve and this was used to accurately
determine both Ty and Ey as a function of n. The hard
gap could be a consequence of the s-d exchange interac-
tion between the localized carrier and the Mn2* spins.
Specifically, it was proposed that the relaxation energy
gained by the formation of a bound magnetic polaron at
the final site of a long-range hop, along with the decrease
in binding energy of the initial site after the locally
aligned manganese spins thermalize, results in the har-
dening of the Coulomb gap. This suggests that other ex-
citations involving magnetic interactions must also be
considered when determining the form of the density of
states. Finally, it was demonstrated that both the dielec-
tric constant and the localization length exhibit the same
scaling behavior on approaching the IMT and it was
found that the relevant critical exponents are the same
v=v'". In addition, it was suggested that v=1 and n.
=23x10" cm ~°.
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