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The magnetic susceptibility of Cd;_,Co,S has been measured over the temperature range
40 mK = 7T'<400 K for alloy compositions 0.0016 <x <0.082. The value of the effective exchange in-
tegral was obtained from the susceptibility data using the pair-correlation approximation and the mean-
field approach, yielding J.s/kz = —22+4 K and —20%4 K, respectively. The dependence of y on T in-
dicates the presence of a small temperature-independent contribution, which has been found to be con-
sistent with the prediction of the crystal-field model for a Co?" ion in a wurtzite-structure lattice. Re-
sults of the crystal-field model, together with the pair-correlation approximation, were also successfully
applied to describe the susceptibility anisotropy observed at very low temperatures.

L. INTRODUCTION

The Cd,_,Co,S alloys are diluted magnetic semicon-
ductors (DMS’s) in which a fraction x of nonmagnetic
cations is randomly replaced by substitutional magnetic
Co?" ions. The DMS material has the same crystallo-
graphic structure as the host nonmagnetic compound.
The concentration of Co?" ions may vary from zero to
some maximum value, the maximum concentration de-
pending on the host compound.

The main purpose of this paper is to determine the
value of the exchange integral between Co?" ions for
Cd,_,Co,S, using either the pair-correlation approxima-
tion PA (also called the nearest-magnetic-neighbor pair-
correlation approximation®?) or the mean-field approxi-
mation. Differences between these two approaches will
be discussed in Sec. II. Furthermore, we wish to verify
the presence of a temperature-independent contribution
to the magnetic susceptibility that has been predicted by
the crystal-field theory>* for a single Co’* ion in a
wurtzite-structure lattice.

The Cd,_,Co,S wurtzite lattice structure is slightly
distorted along the € axis. The c /a ratio for CdS is equal®
to 1.623, i.e., it is smaller than that for the ideal hcp
structure (c/a=v'8/3=1.633). This small distortion,
however, combined with a uniaxial symmetry contribu-
tion to the crystal field originating from more distant
ions, leads to an important change of magnetic proper-
ties, namely, to a magnetic anisotropy at low tempera-
tures. In earlier magnetic studies of Cd;_,Co,S alloys,
the angular dependence of the magnetic susceptibility
was measured at a fixed temperature (7=4.2 K) and was
found to agree with a uniaxial anisotropy model.® For
x 20.03, a magnetic-susceptibility maximum was ob-
served at low temperatures and was ascribed to a transi-
tion from the paramagnetic to the spin-glass state.’
Specific heat data for Cd,_,Co,S were also reported,?
giving a precise value of the zero-field splitting parameter
D (see discussion in Sec. II).
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In this paper we report systematic magnetic-
susceptibility measurements on Cd,_,Co,S, for concen-
trations x =0.082 in the temperature range from 40 mK
to 400 K. Three types of experimental apparatus were
necessary to cover such a wide temperature range. To
cover the higher temperature range we used a vibrating-
sample magnetometer (2—300 K) and a high-field super-
conducting quantum interference device (SQUID) magne-
tometer (100-400 K). At very low temperatures (7 <4.2
K), samples were attached to a cold finger of a dilution
refrigerator and a standard ac mutual-inductance bridge
operating at 26 Hz was used.” These ac susceptibility re-
sults were calibrated by comparing them with the data
from the vibrating-sample magnetometer (VSM) in the
overlapping temperature range from 2 to 4 K. The ex-
perimental error varied from Ay/x==0.03 (for the VSM
and SQUID) ac method.

The concentration of Co?" ions (except for the sample
with x =0.0016) was determined by electron microprobe
analysis and by atomic absorption spectroscopy. We
have observed some nonsystematic discrepancies (up to
Ax /x =0.1) between the results from the two techniques.
The discrepancies are probably too large to be attributed
to measuring error alone. The value of Ax was included
in the uncertainties of the experimental results given in
Sec. II.

II. RESULTS AND ANALYSIS

The magnetic susceptibility of the Cd;_, Co,S samples
cannot be interpreted without considering the effect of
the crystal field on Co®* ions. The calculation of energy
levels of Co?" in a tetrahedral-symmetry crystal field
with a small admixture of the trigonal-symmetry poten-
tial has been thoroughly discussed by several authors.>*°
We will therefore present only the most important re-
sults, essential for the analysis of our data.
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A. Theoretical details

The ground orbital state * 4, is separated from the ex-
cited states by the energy’ of A/ky=4750 K. In the
presence of the trigonal-symmetry potential, the *4,
state divides into two Kramers doublets. The difference
in energy of these doublets is usually defined (at H =0) as
2D. The energy levels can then be described by the fol-
lowing spin Hamiltonian? for a single Co?" ion:

‘7{5 =D(S22_ %)+gl:u’BSxHx +g|{.u'BSsz

+GLH3+G”HZ2 > (1)
where
2
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2
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pp is the Bohr magneton, A is the spin-orbit coupling
constant, S, S,, H,, and H, are the components of spin
and of magnetic field, and g, and g, are g factors for HIC
and H|[C, respectively. Using the Hamiltonian given by
Eq. (1), one can calculate the magnetic susceptibility,
which is found to be anisotropic at low temperatures, and
which at high temperatures follows a Curie law with an
additional temperature-independent term® G, or G

5gup C,
Xs1= 4k, T —2G,= T +Xoy » @)
5gikE S
XSHZW—ZG”:T‘F)(OH . (5)

G, and G| are both negative. - These temperature-
independent terms can be estimated from Egs. (2) and
(3), using the published value of the zero-field splitting pa-
rameter® D /kp=0.97 K, and the g factors
(g,=2.28610.008 and g, =2.269+0.005) from electron
paramagnetic resonance measurements.!® This estimate
yields N, G,~—4.7x10"*cm’/mol and N,G,
~—4.4X10"* cm3/mol, where N , is Avogadro’s num-
ber.

B. Magnetic susceptibility at high temperatures

Figure 1 shows the temperature dependence of the in-
verse susceptibility for a Cd,_,Co,S sample with
x =0.0075, where the diamagnetic contribution of the
Cd?>* and $?” ions!! (ycgs= —0.369X107¢ cm?®/g) has
already been subtracted. The data points do not follow a
straight-line dependence predicted by a Curie-Weiss law
alone. They can, however, be fit quite well to a theoreti-
cal curve when the temperature-independent term G, is
included (solid line in Fig. 1). A discussion of this
theoretical calculation will be given below.
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FIG. 1. Inverse molar susceptibility of Cd,_,Co,S as a func-
tion of temperature for x =0.0075.

Single-crystal samples of Cd;_,Co,S with a larger
concentration of Co?% ions have also been measured and
used for determining the exchange integral. Experimen-
tal results are shown in Fig. 2 for x =0.044 and 0.082.
The solid lines in Fig. 2 represent the best fit of the pair-
correlation approximation?® to the data. This approxima-
tion is based on the assumption that, instead of taking
into account interactions between all magnetic ions, one
calculates only pairwise contributions, neglecting larger
clusters of magnetic ions and interactions between pairs.
The total magnetic susceptibility has been calculated as a
sum of contributions from pairs containing nearest neigh-
bors (NN), next-nearest neighbors (NNN), and so on,
each contribution multiplied by a probability P; of
finding a specific pair,

Pi(x)=(1—x)"""—(1—x)", (6)

=3z, hy=0, (7
v=1

where z, is the number of cation sites in the vth coordi-
nation sphere. The value of exchange integrals has been
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FIG. 2. Temperature dependence of the inverse susceptibility

of Cd,_,Co,S, x=0.044 and 0.082. Solid lines represent the

pair-correlation approximation, whereas dashed lines are ob-
tained from the mean-field approach.
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obtained from the expression
—-n
i

=L =2, @®)
R, !

Ji(R;)=J,

where J; is the exchange integral, R; is the distance be-
tween NN, NNN, etc., and »n is a parameter which deter-
mines how rapidly J; decreases as a function of R;. For
the wurtzite-structure lattice, ratios R; /R, are known
and therefore all values of J;(R;),i=1,2,. . ., can be cal-
culated as a function of only two parameters: J; and n.
The Co?t-Co?* pair Hamiltonian for the wurtzite-
structure symmetry of the crystal field may be written as
a sum of two Hamiltonians for noninteracting ions [#g,;
and ¥, given by Eq. (1)] and Heisenberg exchange term,

Fp=Fg1+Fs—2J;8:°S, 9)

=D(S}+85)—J;(25;1S,,+S+1S 515 +2)
+0.5g upH (S 1 +S,+S_+S_,)

+gupH, (S, +8,)+2G H+2G H} , (10)

where S, S—{, S4+,, S_, are spin-shift operators for
the first and second ion, respectively. Eigenvalues of the
above pair Hamiltonian have been found using a numeri-
cal diagonalization of the #p matrix. These eigenvalues
depend on the following parameters: D, J;, n, and on
the magnetic field H (both its value and its direction).
Two of these were taken from specific-heat results®
(D /kp=0.97 K, n=6) and fixed. To obtain a theoreti-
cal expression for the magnetic susceptibility, the free en-
ergy F;=F;(J;,H) for a pair of ith neighbors has been
numerically calculated as a function of H (up to the
second-order term). The pair contribution to the suscep-
tibility may then be obtained from the well-known equa-
tion

9’F;
AH?

Xi=— [ (11)

T

and the total susceptibility

N
X=x(T,J;,x)=3 tx,(T,J)P;(x)
i=1
N
1— 3 Pi(x)

i=1

+ Xs » (12)

where x is the concentration of Co®* ions. The summa-
tion in Eq. (12) runs up to N=25. Since
J26:J275+ « 3 o <<J, we have assumed that all remain-
ing ions contribute to the total susceptibility in the same
way® as noninteracting ions, designating such contribu-
tion by xg. The only two adjustable parameters in Eq.
(12) are J; and x. The latter was allowed to vary only
within the range determined by the accuracy of the com-
position analysis, e.g., x =0.08310.003. Since we intend
to compare the results of the pair-correlation approxima-
tion with the mean-field approach, which includes only
one effective exchange integral J 4, this quantity was also
calculated from'?
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For the two concentrated samples, the best fit of Eq.
(12) to the experimental data has been obtained with the
following parameters: x =0.044, J 4/kz=—20 K and
x=0.082, J/kg=—26 K. For the previously dis-
cussed dilute sample (x =0.0075), J4/kz=—20 K has
also been used. For x =0.0075 and 0.044 the theoretical
curves obtained from the PA model agree well with the
experimental data over the whole temperature range.
However, for the most concentrated sample (x =0.082) a
discrepancy has been observed for temperatures below
100 K which cannot be accounted for by an adjustment
of parameters. We ascribe this discrepancy to the pres-
ence of larger clusters of Co?" ions, the occurrence of
which becomes more probable as x increases.

An alternative theoretical approach to the description
of the magnetic interactions is the mean-field approxima-
tion.!3 This model is correct only in the high-
temperature regime, i.e., when kg7 >>J,. If the mean
field is applied to Egs. (4) or (5), then one can get the fol-
lowing expression for the inverse susceptibility'* of an in-
teracting system of Co?™ ions:

(13)

a
where

@ =8xS(S +1)J g/kp=30x] 4/kp ,
C,=(g up)xS(S+1)N ,/(3ky)=0.470xg?2 ,

x is the concentration of Co ions, and the subscript a
denotes 1 or ||. If the temperature-independent term Y,
is equal to zero, then Eq. (14) reduces to a Curie-Weiss
law. In our analysis we assume the same value of Y, as
for the PA, and then we fit Eq. (14) to the experimental
data for 7> 100 K (dashed line in Fig. 2). In this case,
the best fit has been obtained with J4/kp=—18 K,
x=0.0445 and J4/kg=—22 K, x=0.085. The above
values of J and x are quite close to those calculated
from the PA model.

The comparison of the mean-field results with the PA
approach shows that the value of J 4 obtained from PA is
systematically larger by 10-159% than that obtained
from Eq. (14). The PA method has a decided advantage
over the mean-field approximation at low temperatures,
but is limited to low concentrations of magnetic ions
(x <0.1).

C. Magnetic anisotropy in a very dilute limit

We have also measured the magnetic susceptibility of a
very dilute Cd, _,Co, S, x =0.0016, at very low tempera-
tures, starting from ~40 mK (Fig. 3). In this tempera-
ture range the susceptibility is strongly anisotropic and
the temperature dependence x(T) for H||C is also different
from that for HI€. The calculation based on the PA
method (depicted by the two solid lines in Fig. 3) agrees
well with the experimental data. Obviously, for such a
small concentration of magnetic ions, exchange interac-
tions produce only a minor correction to the crystal-field
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FIG. 3. Low-temperature anisotropic susceptibility of

Cd,_,Co,S, x =0.0016, for H|/¢ and HIC. Circles and triangles
denote data obtained from VSM and ac mutual inductance mag-
netometers, respectively.

Hamiltonian [Eq. (1)]. Below approximately 100 mK the
experimental data deviate from the theoretical curve.
This effect, however, is likely to have an instrumental
rather than a physical origin: the weak thermal contact
between the cold finger of the dilution refrigerator and
the sample (which is itself a poor thermal conductor at
low temperatures) can result in the inability to achieve
good thermal equilibrium. We will therefore not discuss
the magnetic susceptibility for 7' < 100 mK.

In addition to the rigorous numerical calculation, an
intuitive explanation of the observed behavior may be
provided. When the magnetic field H is parallel to the ¢
axis and small (i.e., g upH <<2D ), the lower pair of ener-
gy levels corresponds to states with S, ==, whereas the
higher pair corresponds to states with S, =3 [Fig. 4(a)].
At T <<2D /kp only the lower doublet is occupied and
hence Co’” ions behave like S=1 ions instead of S=3
ions. This leads to an effective reduction of the atomic
magnetic moment, and therefore to a smaller susceptibili-
ty. For HIC, on the other hand, both doublets are
represented by linear combinations of §,==+] and +3
states [Fig. 4(b)]. The magnetic moment is not reduced
even at very low temperatures and the total susceptibility
is larger than that for HjC.
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FIG. 4. Diagrams of the energy levels of a Co** ion in a
wurtzite crystal structure (a) for H||€, and (b) for HIC.

III. SUMMARY

Summarizing, we have obtained the value of the
effective exchange integral J 4/ky=—22+4 K (an aver-
age of the various compositions examined). The pair-
correlation approximation and the mean-field approach
were found to give comparable Jz for x <0.1. The
temperature-independent term of the magnetic suscepti-
bility was observed, in agreement with the crystal-field
theory. And, finally, the susceptibility at very low tem-
peratures was found to be anisotropic. The observed an-
isotropy can be readily interpreted using the energy-level
diagram obtained from the spin Hamiltonian.
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