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Transport phenomena in the Co-based zero-gap semimagnetic semiconductor: Hg& „Co„Se
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Transport experiments are performed on semiconducting compound Hg& Co Se with 0(x ~0.0087.
Two kinds of phenomena are observed: an enhancement of the mobility p( T) when x increases up to
0.0045, followed by a decrease of p for x between 0.0045 and 0.0087. This behavior, previously seen in

Hgl Fe Se, could be explained by the energy position of the uppermost occupied cobalt d level in the
conduction band. This leads to a resonance effect and a damping of the conduction electrons via the hy-

bridization of the d level with the s conduction band, and which changes mobility. Near the solubility

limit (x =0.01), a dip in the mobility curve appears between 10 and 80 K, corresponding to two phase
transitions. The dip is probably due to the presence of macroscopic clusters of a cobalt compound,
which undergo magnetic phase transitions at these temperatures.

I. INTRODUCTION

Diluted magnetic semiconductors (DMS's) are com-
pound materials in which a fraction of the cations are
magnetic. For many purposes one may regard a DMS as
being composed of two subsystems. The magnetic sub-
system consists of 3d magnetic ions and the electronic
subsystem consists of the s-like electrons and p-like holes.
The most striking phenomena arise from the interactions
between these two subsystems. ' The infIuence of mag-
netic ions on the transport properties is related to the en-

ergy position of the open d-like shell relative to the Fermi
level and the band edges. These transport effects, known
for a long time, allow for a wide range of possibilities.
Using different hosts one observes that the distances be-
tween the energy levels of a transition metal remain ap-
proximately the same. In Cd& Mn Se the uppermost
occupied one-electron level, with Mn in the 2+ charge
state, occurs in the valence-band continuum. The most
studied DMS's contain Mn + ions, each with a spin
S =

—,'. In many respects Fe-based compounds exhibit en-

tirely different properties than materials containing Mn.
This is due to the fact that Fe + contains one more elec-
tron in the 3d shell than the half-filled 3d shell of Mn +.
If an even number of d electrons are involved, Kramer's
theorem cannot be applied and the ground state of the
Fe + ion is a magnetic singlet. In addition, the relatively
high energy of the uppermost occupied level of the Fe +

ion is in most cases above the top of the valence band. ' '

Therefore in the case of symmetry-induced zero-gap ma-
terials, such as HgSe, the uppermost occupied 3d level is
degenerate with the conduction band. The case of HgTe
is an exception, for which the uppermost 3d level is es-
timated to occur approximately 170 meV below the
valence-band edge.

The Co + free ion has a 3d electronic configuration,
which leads to a F9/2 ground level. The value J=—,

' is
determined by the spin-orbit interaction. In a crystal, the
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FIG. 1. Schematic energy diagram showing how the Fe-

derived DOS is formed from the atomic orbitals in Cd& „Fe„Se
(from Refs. 7 and 8).

magnetic ion is subjected to a crystal field, which is
stronger than the spin-orbit interaction. Accordingly,
the energy levels in the crystal are obtained by starting
from the F level and applying the crystal-field perturba-
tion first, followed by the spin-orbit interaction. The
theory indicates that in the zinc-blende structure the
ground level is fourfold degenerate and it is well separat-
ed from the first excited level (by about 3500 cm '). The
ground level can be described then by an effective spin
S =

—,'. The g factor of this ground level is typically 15%
larger than the spin-only value g =2.0. However, in
transport as well as in photoemission experiments it is
very important to know the contribution of the Co 3d
electrons to the I 8 band structure. The inhuence of d
electrons on the valence-band density of states (DOS) has
been investigated in the case of Mn-based compounds
and Fe-based compounds by photoemission, and treated
theoretically. In the case of Fe the proposed diagram
is shown in Fig. 1. The degenerate Fe 3d levels are split
into a spin-up (3d ) and a spin-down manifold 3d' due to
intrashell exchange interaction. In the tetrahedral crystal
field the 3d f and 3d'l states are further split into t2s l'
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(3d ), ezra (3d ), t~s$ (3d ), and e 1 (3d') states. As a
result of different degrees of the wave-function overlap
there is no strong Se 4p —Fe 3d (p-d ) hybridization for
the Fe esp and eel states. The Fe t2el and t2 $ states
hybridize significantly with the Se 4p states ( T and l ) and
add the Fe 3d character to the top 6 eV region of the
valence bands. Coupling between the spin-up (spin-
down) state produces a bonding B ( 1' ) [B( $ )] and an an-
tibonding AB( 1 ) [AB( 4)] level. The schematic diagram
in Fig. 1 enables one to interpret all the photoemission
spectra of Cd& „Fe Se. In the case of Hg& Fe Se the
only difference is the gap (which is zero), which means
that the level es1 is in the conduction band. This result
is in agreement with the transport measurements on
Hg, Fe Se.' The photoemission spectra obtained on
Cd, „Fe„Se and Cd& Co Se are very similar. " Al-
though the band structure as well as configuration-
interaction calculations are necessary, it is reasonable to
assume that the situation in Hg& Co„Se is very similar
to that in Hg& Fe„Se. The e J, level lies in the conduc-
tion band. The difference between Fe and Co is the num-
ber of electrons: In Fe, e '

J, and in Co, e

II. EXPERIMENTAL RESUI.TS
AND INTERPRETATION

The crystals were synthesized by the Bridg man
method. The cobalt concentration x was in the range
0—0.0087. The shape of each sample was a paral-
lelepiped with its long dimension in the (110) plane. Fig-
ure 2 gives the Hall mobilities of Hg& Co„Se samples as
a function of T for four values of x (0.0045, 0.0057,
0.0065, and 0.0087). These values have been deduced
from the resistivity and the Hall-effect measurements, as-
suming one-type carriers. Thus we have n =1/eRH and

Here m is the molar mass,

m(x)=(1 —x)mH +xmc, +ms, ,

Xz is the Avogadro number, Bs is the Brillouin function,
T,ff is the effective temperature, pz is the Bohr magne-
ton, S=—,

' is the effective spin for Co +, and g is the
effective Lande factor. We have determined the effective
Lande factor by electron spin resonance (ESR) and found
g =2.3, in agreement with Ref 13. The effective tempera-
ture T,ff may be written as

T~ff T + To (3)

where To is a phenomenological parameter, which ac-
counts for the interactions between the magnetic ions.
Because of the very low Co + concentration, x & 1%, we
consider only the contribution of isolated ions to the
magnetization. The cobalt concentration x and the phe-
nomenological temperature To were taken as fitting pa-
rameters (Table I). Positive To values (T,s greater than
the real temperature) imply an antiferromagnetic interac-
tion at 4.2 K. The magnetization data yield a more pre-
cise value of x than microprobe analysis for our very low
Co concentrations. The magnetization data were ob-
tained with a superconducting quantum interference de-

p=RH/p, where RH is the Hall coefficient and p is the
resistivity. The four samples have similar carrier concen-
trations, (1.2 —1.4) X 10' cm at 4.2 K, and they are al-
most constant with T. The cobalt concentration x has
been deduced from the magnetization curves at 4.2 K.
The magnetization data are shown in Fig. 3. They were
fitted to the modified Brillouin function, '

gp~SxNq gp~SB
M(B)= B~

m x kII T~s
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FIG. 2. Hall mobility of Hg& Co Se and HgSe (Ref. 14)
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TABLE I. Numerical values of mole fraction x of Co, experi-
mental mobilities p at 4.2 K, and phenomenological parameter
To for Hg& Co Se samples.

Sample

1

2
3

Symbol

0.0045
0.0057
0.0065
0.0087

p (cm /Vs)

6.29 X 10
6.91 X 10
5.34X 10
3.98 X 10

T (K)

2
2.5
2.8
3.8

vice (SQUID) system. The magnetic-moment resolution
of this SQUID system changes from 10 to 10 emu in
the magnetic-field range 5 Oe —70 kOe and the tempera-
ture range 1.5 —400 K. It is therefore easy to measure
magnetic moments of 10 emu with a sensitivity
b,M/M= 10 —10 . In Fig. 2 the temperature depen-
dence of the mobility of a HgSe sample (without cobalt)
has been added (cf. Ref. 14). This HgSe sample had a
carrier concentration close to that of the samples ana-
lyzed here. One should notice that the carrier concentra-
tions are almost constant with T. This means that the
samples are degenerate and the Fermi level EI; is located
in the conduction band. Using the band parameters of
HgSe (since x is very small) we calculated E'. Figure 4
shows the dependence of the Fermi level on carrier con-
centration in the case of the zero-gap HgSe. The Kane
equation' has been solved, taking into account the
change of the I 6-I 8 negative optical gap with T. ' The
Ez value calculated for our Hg, Co Se samples is 110
meV. The mobility curves of the first three samples are
higher than that of the HgSe sample in Fig. 2. On the
other hand, the fourth sample follows the HgSe curve
rather closely, except in the range 10—80 K. In this
range the mobility suddenly falls from 3.9 X 10 to
1.6X 10 cm /Vs at 10 K, and then maintains this low
value until 80 K, where it suddenly returns to the HgSe

10
14

NF (cm )Fe
1019 1020 1021

curve. As a result, there are two different behaviors to
explain. The first is the enhancement of the mobility
with the Co concentration and the second is the dip in
the mobility when the first effect has disappeared.

The first eff'ect (mobility enhancement) could be ex-
plained in terms of the Mycielski model' introduced for
the case of Hg, „Fe„Se, which is very similar to
Hg, Co Se. Figure 5 illustrates the electron concentra-
tion and mobility versus Fe concentration in

Hg& Fe Se, from Ref. 19. The electron concentrations
of the Hg, ,Co Se samples, (deduced from Hall data)
and the Hall mobilities at 4.2 K are plotted versus Co
concentration in Fig. 6. In the 10 —10 mole fraction
range of Co the same behavior is observed as in the case
of Hg &

Fe Se. Following Mycielski, this behavior
could be due to the presence of a mixed-valence regime.
The e 1 (3d ) lies in the conduction band and then Co+
acts as a double donor. Our experiments on Hg & „Co Se
were carried out in the region where n is rather indepen-
dent ofx. On theotherhand, for Hg, „Fe Se(Fig. 5),
one can see that n increases with x, for x &2X10
reAecting the donor characteristic of Fe. The fact that n
is almost constant for x higher than 4.7X 10 indicates
a pinning of the Fermi level by the d states and conse-
quently enables one to determine the position of the reso-
nant state with respect to the conduction-band edge that
leads, for e 1 (3d ) Co level, to 110 meV above the bot-
tom of the conduction band. In the mixed-valence region
a strong suppression of the mobility is expected. This
suppression is not only due to the scattering by ionized
Co atoms, but also to an ef5cient scattering when FF
coincides with the Co level. Except for sample 4, where a
drop of p could be seen between 10 and 80 K, the mobili-
ty data of samples 1 —3 do not follow this prediction. The

E 4.5
Q

C0~ S.5

T=4.2 I
/Hg. ; -.Fe Se
' EF=0.21eV

12—
E

10—

8—

g1x x

T = 4.2K

i ~ ~ l1

Q

3.5
0$
Q

Q 1.5

0.50.000

I
I
I
l
I
I
I

I
t
I
I

I

I
I

I
I

I
I
I
I

I

HgCOSe
P

I

EF = 0.11 eV

I I I

O.ioo 0.800 0.800

0

00

2—
C

a
~ a

a
5

10

0 «I I i I ll

10

0

10

I Il & I, &I

10

Fermi. level (eV)
FIG. 4. Calculated Fermi-level position vs carrier concentra-
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mobility curves indicate that p increases with respect to
that in HgSe by a factor of 4.4 at about the same carrier
concentration. This high mobility shows that the scatter-
ing rate of conduction electrons at low temperatures is
greatly suppressed in the mixed-valence region.

Mycielski' interpreted the observed reduction in
scattering. He proposed that a "superlattice" of ionized
donors is formed as a result of the Coulomb repulsion be-
tween their charges. In such a system of ordered charges
there is less scattering of the conduction electrons than
by randomly distributed ionized donors. Another conse-
quence of the Coulomb interdonor interaction is the ap-
pearance of the Coulomb gap in the one-electron density
of impurity states. ' ' ' The existence of the Coulomb
gap is thought to be responsible for the absence of reso-
nant scattering. In spite of its interesting features this
model is not without drawbacks. If one looks carefully at
the experimental data, it appears that the temperatures at
which the high-mobility anomalies disappear (T) 100 K
for Hg, Fe Se or T )200 K for Hg, „Co„Se)are too
high for the ion magnetic ordering temperature. A crude
estimate of the mean distance between charged donors is
comparable to the screening radius. This screening
reduces the Coulomb interaction between ionized mag-
netic ions. Tsidil'kovskii has shown that it is difficult to
expect that a strictly regular lattice will be formed. Fi-
nally, it is difficult to imagine Wigner-type crystallization
in the region where all Co ions are ionized, because of the
random distribution of magnetic ions (see Fig. 6).

Kuleev et al. have proposed an alternative explana-
tion of the mobility enhancement in Hg& Fe Se, related
to the hybridization of s and d electrons and background
scattering. The authors consider the Anderson Hamil-
tonian for a systems of electrons interacting with chaot-
ically distributed d impurities and a random scattering
field. The d states of the iron impurity can be occupied
by one (Fe +) or two (Fe +) d electrons, and the transi-

Mole fractio n of Co X

FIG. 6. Electron concentration n and Hall mobility p vs Co
concentration in Hg, Co Se. Our results are used for
Hg, Co Se; those of Ref. 14 are used for HgSe.
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FICx. 7. Theoretical temperature dependence of conduction-
electron mobilities. (1) 1Vd=4X10'8 cm ', (2) 5X10"cm '; (3)
8X10' cm; (4) 2X10' cm; (5) 5X10' cm . Data from
Ref. 25.

tion d'~~d determines the energy of the d resonance. In
order to calculate both the renormalized energy spectrum
and the damping one has to go to the third-order terms in
the s-d hybridization constant. It has been found that
the introduction of d impurities results in a radical recon-
struction of the electronic spectrum: these appear as two
branches characterized by their own dampings. The
spectrum changes are substantial in the vicinity of the
resonance level. As for the damping, there is no reso-
nance peak in the neighborhood of the d level. Far from
the resonance, the electronic states possess an s-like char-
acter and their damping is I, 2(ek)-y& for both
branches. However, in the vicinity of the resonance,
E =0, the electronic states posses a d-like character be-
cause of the s-d hybridization and their damping dimin-
ishes to the width of the d level: yd. In order to calcu-
late the electronic relaxation time r(E), the relation
fi/r(E) = I (E) has been used, in which I (E) is the imagi-
nary part of the self energy. It has been shown that, if
yd (y&, the collision-broadening I (E) has a minimum at
the resonance, which corresponds to the maximum of the
relaxation time, i.e., to a maximum of mobility. As a
consequence, Kuleev et al. have shown that, both as a
function of the iron density Nd and the temperature, the
mobility can have a maximum as a result of interplay be-
tween the background scattering and the resonant
scattering. Figure 7 shows their results for the depen-
dence of conduction electron m.obility on temperature for
various Xd. From curves 1 —3, it follows qualitatively
that when Xd increases the whole curve of p( T) shifts to-
ward higher values. However, a further increase of Xd
(curve 4) shifts mobility toward lower values. The sam-
ples used in our work displayed the same general
behavior, with the highest p corresponding to
xc, =0.0057 (cf. Fig. 2).

The second effect, i.e., the drop of mobility for sample
4, occurs for x =0.0087 at T =10 K. The mobility re-
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turns to the value for HgSe at about 80 K. Outside the
range 10 K & T & 80 K, the p(T) curve follows rather
well the curve for HgSe with the same carrier concentra-
tion. The behavior of p(T) for HgSe is understood in
terms of scattering by charged centers and by optical
phonons. The acoustic phonons do not play an impor-
tant role at temperatures below 300 K (see, for example,
Ref. 14). This drop of p(T) between 10 and 80 K for the
highest Co concentration seems strange. The first idea is
to attribute the drop of p to a classical resonant level
with an efficient resonant scattering mechanism. It is
well known that such a resonance decreases the mobility,
but it has never been observed to lead to an abrupt
change of p. To resolve this puzzle additional experi-
ments were performed. The same experiments were per-
formed several months later. The amplitude of the dip in

p was found to be smaller. Moreover, the anomaly in p
disappeared when the magnetic field increased from zero
to 8 =1 T. Using these results one can imagine that the
dip in p is caused by metastable macroscopic inclusions
containing large concentration of Co ions. These in-
clusions appear when the Co concentration increases un-
til it is near the solubility limit. Investigating
Hg & „Eu„Se with x =10, Krylov et al. observed a
sharp increase of p(T) at T =4.5 K. Their carrier con-
centration was constant with T. They suggest the ex-
istence of EuSe clusters. Although not indicated by the
authors, that explanation is strongly supported by the
magnetic phase diagram of EuSe, where the tempera-
ture of the anomaly on p is exactly the same as that of the
magnetic phase transition of EuSe.

In order to support the assumption of clusters in our
samples of Hg& Co Se with large Co concentration, we
have performed a Co profile by energy dispersion spec-
trometry (EDS). It is confirmed that there exist random-
ly distributed regions where the Co concentration is high
with respect to the background. Alloys of Co with Se
could be CoSe, Co2Se3, or Co8Se9. Unfortunately, the
magnetic phase diagram of such alloys were unknown un-
til the present. One can imagine the following sequence
of transitions for the clusters as T increases: antiferro-
magnetic or spin glass to ferromagnetic near 10 K, and
then ferromagnetic to paramagnetic at 80 K. The mag-
netic moments in the clusters are then zero below 10 K,
finite between 10 and 80 K, and zero above 80 K. In the
antiferromagnetic or spin-glass phase the magnetic mo-
ments of randomly distributed clusters are zero and thus
have no inhuence on the spin scattering. In the fer-
romagnetic phase the charge carriers are scattered by the
magnetic moments of the randomly distributed clusters.
Once they reach the paramagnetic region the additional
scattering processes due to the magnetic moment of the
clusters disappear and the mobility has a normal behav-
ior. Obviously, this phenomenon becomes large when x
approaches the limit of solubility, about 1%. However,
as a result, when one looks carefully at the other curves
(Fig. 2) the pit effect can be observed, but in a smaller
capacity.

The existence of the clusters also afFects the magnetiza-
tion. In order to support the assumption of a ferromag-
netic phase of Co selenide clusters between 10 and 80 K,
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used to explain the pit mobility, we have performed for
sample 4 magnetization at 21.7 K (inside the temperature
range of the pit); see Fig. 8. M(8) follows roughly a
linear dependence except at low fields. The linear depen-
dence at higher fields is well fitted with the x value deter-
mined at 4.2 K and To characteristic of an antiferromag-
netic interaction. The low-field part is given in Fig. 9 on
an enlarged scale. It can be seen very clearly that M(B)
is the sum of two contributions (curves 1 and 2). Curve 1
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corresponds to the antiferromagnetic contribution de-
duced at high field. Curve 2 is characteristic of ferromag-
netic interactions. Because the saturation is very quickly
reached we can deduce easily from the saturation limit
the values of x and To which enable one to fit curve 2:
x =4.2X10 and To= —21.6 K. x represents the con-
centration of Co + included in the clusters and To shows
clearly the existence of the ferromagnetic phase of the
cluster.

conduction band. Such a situation could be explained by
the effect of d resonance on the spectrum and the
conduction-electron damping.

In addition, at x =0.0087 a dip in p(T) appears be-
tween 10 and 80 K, attributed to the existence of cobalt
selenide clusters. This mobility reduction is correlated to
the magnetic phase diagram of the randomly distributed
cobalt selenide clusters.
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the same carrier concentration for x =0.0087. This
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the uppermost occupied level of Co, degenerate in the
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