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A comparative study of magnetotransport in a series of annealed and unannealed zero-band-gap

Hg, ,Mn„Te samples reveals the influence of a resonant acceptor state. In this system, the low-

temperature transport properties result from the resonant nature of the acceptor level. We show

that low-temperature negative magnetoresistance originates from an increase in the hole density
within the resonant acceptor state rather than an increase in the hole mobility as proposed by oth-
ers. Also, we have observed an unusual increase in the low-temperature electron mobility with de-

creasing temperature which we attribute to spatial ordering of the ionized acceptors within the reso-
nant acceptor state.

INTRODUCTION

The disordered ternary alloy Hg, „Mn„Te (HMT)
combines the electrical properties of a narrow-band-gap
semiconductor such as Hg, ,Cd„Te (HCT) with the

magnetic properties of a system of interacting spins. This
conAuence of magnetism and semiconductor physics
yields new phenomena such as magnetic-field-dependent
band gaps, ' field-induced conduction-band —valence-band
overlap, giant negative magnetoresistance, and non-
monotonic variations in the Shubnikov —de Haas oscilla-
tion (ShdH) amplitudes.

The HMT system is based on the semimetal HgTe
which possesses a band structure that is inverted with
respect to InSb. Random replacement of the Hg atoms in
the HgTe system with Mn, as in HMT, or Cd, as in HCT
tends to increase the band gap Eo, Eo ——Ez —Ez . The
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band gap as a function of the x value increases approxi-
mately twice as fast in the HMT system as in the HCT
system. Thus, the semimetal to semiconductor transition
occurs at x =0.07 for HMT (Ref. 5) and x =0.165 for
HCT (Ref. 6) at T =4.2 K. Generally, it is assumed that
the nonmagnetic properties of these two systems are the
same for equal band gaps, however even the HCT system
is not well understood for x values other than x =0.2.

Although the extrinsic properties of a normal semicon-
ductor are determined by impurity levels that lie in the
band gap, the lack of a gap in zero-band-gap or semime-
tallic systems forces these levels to be resonant with the
conduction or valence bands according to the theory of
Gelrnont and Dyakonov. Therefore, semimetallic sys-
tems show unusual characteristics such as lack of corn-
pensation and anomalous temperature dependence of the
mobility and the Hall coefficient compared to ordinary
semiconductors.

Experimental work on zero-band-gap HCT has sug-
gested the presence of up to three resonant acceptor lev-
els denoted A 0, A, , and A 2. It has been shown, howev-

er, that experimental observations attributed to the pres-
ence of the A2 level can also be explained by an unrelated
intrinsic mechanism, interband scattering by
longitudinal-optic (LO) phonons. Thus, the presence of
the A2 level is still controversial in the HCT system. The
study of acceptor levels has also been complicated by ex-
perimental observation of a gap-dependent ionization en-

ergy in some cases while other studies show that the ion-
ization energy does not depend on the gap. ' These ob-
servations have been reconciled by suggesting that reso-
nant acceptor states due to substitutional impurities tend
to be tied to the I 8 valence band so that their ionization
energy is gap independent while the ionization energy of
resonant states which originate from Hg vacancies would
tend to vary with the gap. " The magnetooptical results
of Bastard et al. ' have provided evidence for possible
existence of a resonant acceptor state even in the
semimagnetic HMT system.

Magnetotransport measurements in zero-band-gap
HCT have also indicated multiband conduction with
electrons dominating at low fields and p-type behavior at
high fields. As the overlap between the conduction and
valence bands is negligible at zero field and the applica-
tion of a field induces a gap in this non-magnetic system,
the observation of hole transport at the lowest tempera-
tures has been attributed to conduction within the reso-
nant acceptor state. '

Our experimental investigation of the semimetallic
HMT system through ShdH and magnetotransport rnea-
surements also reveals the presence of a resonant accep-
tor state at low temperatures. We show that the low-
ternperature transport properties result from the resonant
nature of the acceptor level. Specifically, the negative
magnetoresistance that is observed in our zero-band-gap
samples for T (60 K originates from an increase in the
hole concentration in the resonant acceptor state rather
than an increase in the hole mobility as suggested by oth-
ers. ' ' Also, our observation of an increase in the elec-
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tron mobility with decreasing temperature is due to spa-
tial ordering of the ionized acceptors within the partially
filled resonant acceptor state.

4 5
Sample- B

EXPERIMENT

The HMT crystals used in our study were grown by
the Bridgman technique. Parallelepiped samples were
cut from 1-cm-diam wafers and etched prior to applica-
tion of contacts. The sample x values were determined
by correlating density, microprobe, magnetization, and
x-ray fluorescence measurements.

ShdH and magnetotransport measurements were made
in a superconducting solenoid to 40 kOe at temperatures
down to 1.5 K. Standard field-modulation techniques
were used to enhance the ShdH oscillations. The data
were collected for both field directions and combined
with the aid of a computer to eliminate any mixing of the
Hall and magnetoresistance signals.
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DATA AND DISCUSSION

In this discussion, we shall present the transport results
of two samples which illustrate the transport behavior
observed in a series of six p-type zero-band-gap HMT
samples. The samples, labeled A (unannealed) and B (an-
nealed in Hg vapor) had an x value, x =0.06, which cor-
responds to Eo =Ez -Ez -=50 rneV at 4.2 K.
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In order to point out the general features of transport
in this diluted magnetic zero-band-gap semiconductor,
we have shown in Fig. 1 the resistance and the Hall volt-
age as a function of the magnetic field over the tempera-
ture range 4.2& T &180 K for the annealed sample B.
Several details can be observed in this figure: First, nega-
tive magnetoresistance is seen at high fields for T & 60 K.
Second, at low fields the resistance increases, sharply at
low temperatures and more gradually as the temperature
is raised. Third, Shubnikov —de Haas oscillations are ob-
servable in the 4.2-K plots. Finally, the Hall voltage
changes sign from negative to positive with increasing
field up to 40 kOe for temperatures less than 60 K and
the sign change in the Hall voltage correlates with the
onset of negative magnetoresistance. We associate the
negative magnetoresistance with the exchange interaction
between the magnetic moments of the Mn + ions and the
carriers since this effect is not observed in the nonmag-
netic HCT system. '

An issue of interest in this sample is the observed sign
change in the Hall voltage for temperatures T &60 K.
The sign change indicates rnultiband conduction and
raises the question about which bands are responsible for
this behavior. For zero-band-gap HCT, theory (see Fig.
2) indicates that donor levels are ionized while the accep-
tor levels are superimposed upon the conduction band
with an ionization energy E„with respect to the heavy-
hold bapd. Thus, for large enough temperatures
(EF Iks T & l ), and a conduction-band electron concen-
tration n, such that the Fermi energy lies in the acceptor
band, it is possible to have conduction take place simul-
taneously within the acceptor band, the conduction band,
and the heavy-hole valence band. The n-type behavior is
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FIG. 1. The magnetoresistance VR and the Hall voltage, VH

are shown as a function of the magnetic field over the tempera-
ture range 4.2& T &180 K for the annealed Hgl Mn„Te
(x =0.06) sample B. In the inset, we have plotted the field-

dependent activation energy over the temperature range
20& T &60 K.
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FIG. 2. Figure illustrates possible band structure for zero-
band-gap Hg, „Mn Te. We suggest that the Fermi energy is
pinned by the resonant acceptor band at low temperatures in
our samples.

due to conduction-band electrons while the p-type behav-
ior could be due to holes in the valence band or the ac-
ceptor band.

The magnetooptical results of Bastard et al. ' ' would
suggest the exchange contribution to the Hamiltonian
causes the heavy-hole band to cross the conduction band
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at a certain value of the magnetic field and the hole con-
ductivity occurs because the Fermi energy is pinned by
the high density of states in the heavy-hole valence band.
However, this model fails to explain similar multiband
conduction observed at the lowest temperatures in the
nonmagnetic zero-band-gap HCT system' where it is
well known that the magnetic field opens a gap between
the conduction and valence bands. Thus, we assume the
p-type behavior is due to conduction within a resonant
acceptor band and show that it produces a self-consistent
description of our experimental results. We point out
that band overlaps proposed by Bastard et al. to explain
their magnetooptical results for low-x (x &0.02) HMT
are obtained only for certain values of the exchange pa-
rameters.

In the regime where conduction is dominated by holes
in the acceptor band, the negative magnetoresistance
could be due to either an increase in the mobility of the
holes or an increase in the hole density. The temperature
dependence of the negative magnetoresistance suggests a
magnetic-field-dependent activation energy; we have mea-
sured this quantity for 20 & T & 60 K assuming
temperature-independent parameters and plotted the re-
sults in the inset of Fig. 1. The figure indicates that the
activation energy decreases with the magnetic field. This
result, when correlated with low-temperature data, sug-
gests that the hole density increases with the field and is
the cause of negative magnetoresistance. Although the
measured acceptor activation energy is reasonable for

E„—Ez, we would not expect the zero-field activation
energy to equal the true acceptor ionization energy at a
fixed temperature, which we have estimated for T & 6 K
from the ShdH frequency, since the gap and related pa-
rameters vary with the temperature.

Further evidence for attributing hole conduction to
conduction within a resonant acceptor band is found by
comparing the low-temperature (T &4.2 K) magneto-
transport data of our samples A and 8 which originated
from the same wafer and thus had the same residual
donor density but different annealing histories. The an-
nealing reduces the number of Hg vacancies that serve as
both acceptor sites and scattering centers which reduce
the conduction-electron mobility. By comparing samples
with different annealing histories, we emphasize in each
sample the contribution of a different band to the conduc-
tivity. At the lowest magnetic fields, the annealed sample
B emphasizes the high-mobility electrons of the conduc-
tion band, while A emphasizes hole conduction within
the acceptor band because of the reduced conduction-
electron mobility in samples with a large defect (vacancy)
concentration. This will be denoted as 0, &go, for 8 and
cr; &cr, for A where 0., is the conductivity of the conduc-
tion band and o; is the conductivity of the acceptor band.

Shown in Figs. 3 and 4 are the measurements on sam-
ples B and A, respectively. The illustrated quantities are
Vz, V» cr„„,and 0„~. Here, V~ is proportional to the
resistance, VH is the Hall voltage, and O„„and o„„are
the diagonal and the off-diagonal components of the con-
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FIG. 3. From the top left, counterclockwise, are the resistance {A), Vz, the Hall voltage (B), VH, the conductivity tensor com-
ponents o„~ (C), and o.„„(D)for the annealed sample B. The curves correspond to measurements made at the following tempera-
tures: T =4.2, 3.0, 2.4, 2.1, 1.8, and 1.6 K.
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FIG. 4. From the top left counterclockwise are (a) the resistance V~, (b) the Hall voltage V&,' (c) and (d) the conductivity tensor
components 0„~ and cr„„,respectively, for the unannealed sample A. The curves correspond to measurements made at the following
temperatures: T =4.2, 3.0, 2.4, 2.1, 1.8, and 1.6 K.

ductivity tensor which are defined as follows:

o„=p/[p +(RzH) j

= g [&;q;u;/[I+(J, H)'jI (2)

cr
y R~H/[p +(R~H) j

= g In, q, p, H/[I+(p, H) ]I .

(3)

(4)

The measured quantities have been converted to o. „and
o.„because the contributions of different bands are addi-
tive in these quantities. We point out that although the
magnitudes of o.„and o„are sensitive to the geornetri-
cal factors involved in the process of inverting p and R~,
the general shapes of these curves as a function of the
magnetic field remains the same.

In examining the data of sample 8 (0, & cr; ) for
T &4.2 K, we observe an initial positive magnetoresis-
tance upon which ShdH oscillations are superimposed.
At fields above about 5 kOe, the oscillations disappear be-
fore the onset of negative magnetoresistance. At T =1.6
K, the resistance decreases by a factor of 2.5 over the
field range 5 &H &40 kOe. The Hall voltage is linear in
the magnetic field at extremely low fields and indicates
electron conduction. For fields greater than 5 kOe, the
sample becomes p type and the Hall voltage eventually
saturates. Notice that with decreasing temperature the
Hall voltage changes sign at lower fields and the slope of

the Vz-versus-H curve at this sign change increases. The
ShdH oscillations apparent in these curves were observed
down to 500 Oe (i.e., seven cycles) using field-modulation
techniques and the ShdH frequency (F =3.4 kOe~n,
= 1.1 X 10' cm ) is independent of temperature over
the range 1.5& T &4.2 K within the resolution of our
measurement (-2%%uo). As some studies in zero-gap-band
HCT have indicated a temperature-dependent ShdH fre-
quency even over this temperature range' due to the
T temperature dependence of the carrier density in
zero-band-gap systems, we suggest that the temperature
independence of the carrier density in this sample is also
consistent with our assumption that the Fermi energy is
pinned in the resonant acceptor band.

At low magnetic fields, the transport behavior is very
different in sample A (o, ~o, ). The resistance does not
show a pronounced rise and ShdH oscillations are miss-
ing. However, the decrease in the magnetoresistance at
T =1.6 K is still roughly a factor of 2.5 over the field
range 5 —40 kOe. Also, the Hall voltage indicates that
the sample is p type over all fields and tends to approach
a temperature-independent value at high fields.

As sample B shows multiband conduction, evidenced
by the sign change in the Hall voltage, we associate the
initial positive magnetoresistance with a shift in the con-
duction from the high-mobility electrons which are re-
sponsible for the ShdH oscillations to the low-mobility
holes in the acceptor band as the magnetic field decreases
the contribution of the high-mobility carriers. Although
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we have not been able to determine the electron mobility
in the unannealed sample ( A ) because the holes dominate
even at very low fields, we believe the absence of similar
positive magnetoresistance in this sample is due to lower
electron mobility resulting from scattering at vacancies.

The sharp rise in o. subsequent to the last ShdH os-
ci11ation in the annealed sample is an especially important
clue to understanding transport behavior in zero-band-
gap HMT since the classical multiband model with field-
independent parameters predicts that o. „ is a monotoni-
cally decreasing function of the magnetic field. The non-
monotonic behavior in v and the correlation of this
effect with the last ShdH oscillation suggests that the car-
riers are being transferred out of the conduction band.
Usually, in a simple semiconductor all the electrons are
in the N =0, spin-up Landau level after the last ShdH os-
cillation and the Fermi energy rises with the Landau lev-
el. However, if the Landau level crossed a highly degen-
erate resonant acceptor state at a certain value of the
field, then it would be energetically favorable for the elec-
trons to abandon the Landau level in favor of the reso-
nant acceptor state. The sudden increase of the carrier
density in the acceptor band would be manifested as an
increase in O.„since the lower mobility of the carriers
within this band makes it less likely to satisfy the freeze-
out condition, p, H ~ 1, compared to the conduction elec-
trons at the same magnetic field. We point out that al-
though there is an increase in 0, , it still remains below
the zero-field value. This sharply rising feature of the
data also implies that it is incorrect to assume field-
independent electron and hole densities as is usually done
when modeling this system. '

At magnetic fields above 5 kOe, both samples show
negative magnetoresistance for T &4.2 K that is once
again associated with p-type conduction as in the higher-
temperature regime discussed previously. In this high-
field limit, we assume transport is due to carriers in the
acceptor band, the high-mobility electrons having been
emptied out of the conduction band by the magnetic field.
Then, assuming p, H «1,

n, =o„„Hlo„~q,
and

l 5.3

0
O

l5.2—

l5. I—

l5.0—

14.9—

l4.8—

l4.7—

l4.6—

5000—
T=2l K

nant acceptor state which pins the Fermi energy.
The figure also shows that in the region of negative

magnetoresistance, the carrier concentration within the
acceptor band increases and the mobility decreases with
increasing magnetic field. This behavior contradicts the
model originally proposed by Davydov et al. ' for nega-
tive magnetoresistance in semimetallic HMT. They had
suggested that negative magnetoresistance originates
from an increase in the hole mobility due to reduced
scattering from the Mn + spins as they are ordered by
the magnetic field. Here we have shown that negative
magnetoresistance originates from an increase in the hole
density within the acceptor band. This behavior is also
consistent with the measured reduction in the activation
energy with field at higher temperatures.

The reduction in the activation energy and the corre-
sponding increase in the hole density can be understood
by contrasting the effect of the magnetic field on an ordi-
nary zero-band-gap semiconductor such as HCT with
that on a diluted-magnetic zero-band-gap semiconductor
like HMT. In zero-band-gap HCT, Landau quantization
due to application of a magnetic field induces a gap be-
tween the lowest conduction-band Landau level and the
highest heavy-hole valence-band Landau level. The

Pa +xy ~+xx (6)

For samples 8 and A, log, on, and p, are plotted as a
function of the magnetic field in Fig. 5. The low-field
part of these curves, i.e., where the curves turn over,
should be neglected because the single-band approxima-
tion is invalid in this region. Also, the hole mobilities of
the two samples are the same within experimental error
since geometrical factors are known only to about 10%%uo.

We note that the hole density in the annealed sample at
fields immediately after the sharply rising feature in cr

is approximately 1)& 10' cm and equals the low-field
electron density obtained from the ShdH effect thus sug-
gesting that holes result from transfer of conduction-band
carriers into the resonant acceptor band. It also supports
our interpretation that the sharp rise in O.„ is a signature
of charge transfer from the conduction band to the reso-
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FIG. 5. The field dependence of the acceptor hole density
(top) and the hole mobility (bottom) for the annealed and unan-
nealed samples are shown for T=2. 1 K. Here, we have as-
sumed one-band conduction to obtain this plot from the trans-
port data of Figs. 2 and 3.
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field-induced gap would vary monotonically though not
linearly due to nonparabolic effects. The effect of the
magnetic field in the HMT system is complicated by the
exchange interaction, due to the presence of the magnetic
Mn + ions, which is incorporated into the Pidgeon-
Brown Hamiltonian in the mean-field, virtual-crystal ap-
proximation. It is believed to prove nonmonotonic vari-
ations in the field-induced gap and possibly even overlaps
between the lowest conduction band and the highest
heavy-hole Landau levels. ' Here, we suggest that the
observed reduction in the activation energy is a conse-
quence of the highest heavy-hole Landau level approach-
ing the acceptor state as was shown for open gap HMT
(Ref. 19) and the observed increase in the hole density
with field may be due to the activation of carriers from
the heavy-hole valence band into the acceptor state. This
model explains the general trend observed in the temper-
ature dependence of the magnetoresistance. The negative
magnetoresistance becomes more pronounced at lower
temperatures since the exchange interaction is propor-
tional to the magnetization which increases with decreas-
ing temperature. We should point out that impurity
band conduction is not well understood partly because
the sign of the carriers cannot be related to band curva-
ture as in standard e8'ective-mass theory.

We have also observed an unusual temperature depen-
dence in the zero-field resistance, see Fig. 6, at low tem-
peratures, T g 10 K, in the annealed sample B which fur-
ther supports our assumption that the Fermi energy is
pinned in the resonant acceptor band. In the inset of Fig.
6, we have sketched the temperature dependence of the
resistance for both the annealed and unannealed samples.
From the figure, we observe qualitatively different behav-
ior in the zero-field, low-temperature resistance of sample

8 (o, & cr, ) where the conduction electrons dominate the
conductivity, in comparison with sample A (o;&o, ),
where conduction within the impurity band is dominant.
That is, the resistance increases with temperature in B
while in A the behavior is just the opposite.

As ShdH measurements indicate a temperature-
independent electron concentration at low temperatures
and also because the transport properties at the lowest
fields are controlled by the high-mobility carriers, the in-
crease in resistance with increasing temperature in B im-
plies a decrease in the electron mobility with increasing
temperature. This behavior is confirmed by a plot of the
temperature dependence of the mobility, see Fig. 7, for
the annealed sample B for T & 10 K. For charged center
scattering, we would expect the mobility to increase with
increasing temperature at low temperatures in contradic-
tion to these experimental results. Similar behavior has
also been observed by others in the HMT system" as well
as in the nonmagnetic HCT system ' though it is not well
understood.

The resonant nature of the partially filled acceptor
state allows for virtual transitions between the conduc-
tion band and the resonant acceptor state which limits
the lifetime of a particular ionized acceptor. Although
the acceptors (vacancies) are randomly distributed at
fixed sites throughout the lattice, only a fraction are ion-
ized, N~ &&n, +N„=ND+, since the Fermi energy is
pinned in the resonant acceptor band (see Fig. 2). Here,
N„ is the total acceptor density, N„ is the density of ion-
ized acceptors, and ND+ is the donor density. Thus, there
are a large number of possible occupational
configurations for the ionized acceptors on the lattice.
The resonant nature of the acceptor band and the pinned
Fermi energy allow the ionized acceptors to continuously
change their configuration on the lattice due to thermal
fluctuations. As the temperature is lowered and the
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FIG. 6. The temperature dependence of the resistance for the
annealed sample B. Note the anomalous behavior for T & 10 K.
The insets illustrate the different temperature dependence of the
resistance observed for the annealed (bottom) and unannealed
(top) samples. Here, o., is the conduction-band conductivity
and o., is the conductivity for the resonant acceptor band.
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FIG. 7. The temperature dependence of the electron mobility
for the annealed sample B. Notice the increase in the mobility
with decreasing temperature for T & 10 K.
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FIG. 8. A plot of the low-temperature (T & 10 K) zero-field
resistance for the annealed san&pie shows activated behavior in-

dicating possible ordering of charged acceptors.

thermal fluctuations are reduced, the system of ionized
acceptors tends to minimize the total Coulomb energy of
the system by condensing into a partially ordered super-
lattice of ionized acceptors. The ordering would be more
complete when the ionized acceptor density is only a
fraction of the total acceptor density. The increased or-
dering of the ionized acceptors with decreasing tempera-
ture would enhance the electron mobility since ordering
suppresses scattering. ' This idea was originally pro-
posed to explain the decrease in scattering that is ob-
served in the Hg, „Fe„Sesystem. In that semiconduct-
ing system, it is believed that the resonant donor level
due to the Fe serves to pin the Fermi energy and aids in
forming an ordered substructure of charged centers. This
model, when applied to the semimetallic HMT system,
would also suggest an activated temperature dependence
of the tnobility over the range of temperatures ( T & 10 K)
where this unusual behavior is observed. In Fig. 8, we
have plotted 1n(R) versus 1/T to determine an activation
energy. The plot indicates that the zero-field resistance

does follow activated behavior with an activation energy
of -0. 1 meV. We believe this value probably represents
the mean Coulomb energy among ionized acceptors.

In conclusion, negative magnetoresistance and the as-
sociated p-type conduction in semimetallic Hg, „Mn Te
occur due to an increase in the carrier concentration,
rather than an increase in the mobility, within a resonant
acceptor band. The features in our data that can be ex-
plained with a model that includes a resonant acceptor
state are the following. First, the temperature indepen-
dence of the ShdH frequency in this zero-band-gap sys-
tem which possibly indicates a pinned Fermi energy.
Second, the sudden n ~p transition observed in sample
B, the corresponding sharp rise in the o „curve and the
correlation of the hole density after the sharp rise in 0.„
with the low-field electron density. We have attributed
this behavior to charge transfer from the conduction
band to the resonant acceptor state. Third, observation
of multiband conduction at the lowest temperatures in
both the annealed and unannealed sample and the simi-
larity to the nonmagnetic HCT system. Fourth, the de-
crease in the hole mobility over the range of magnetic
fields where negative magnetoresistance is observed
which contradicts predictions of other models for nega-
tive magnetoresistance in zero-band-gap HMT. Fifth,
the correlation between the contribution of hole conduc-
tivity to the total conductivity and presence of Hg vacan-
cies obtained from a comparison of annealed and unan-
nealed samples. Thus, the resonant acceptor state is due
to the presence of Hg vacancies which acts as acceptors.
Finally, the unusual low-temperature behavior of the
electron mobility which occurs due to the spatial order-
ing of the charged centers in the resonant acceptor state
and the resulting decrease in the scattering.
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