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The specific heat and low-field susceptibility of the diluted magnetic semiconductor Zn,_,Fe,S
(x <0.26) have been measured for temperatures below 20 K and magnetic field up to 2.75 T. The
specific-heat data for low Fe concentrations (x <0.03) are well described in a simple crystal-field model
taking into account isotropic Heisenberg-type antiferromagnetic interaction between Fe ions. Based on
this model, the lower limit for nearest-neighbor (NN) antiferromagnetic exchange interaction is estimat-

ed as |Jyn| > 22 K.

I. INTRODUCTION

Diluted magnetic semiconductors (DMS’s) or semi-
magnetic semiconductors are materials based on II-VI,
II-V, or IV-VI compounds in which controlled amounts
of nonmagnetic cations have been replaced by magnetic
ions of transition metals or rare-earth metals.! From a
magnetic point of view, these materials represent systems
of localized magnetic moments, randomly distributed in a
nonmagnetic array and coupled by long-range interac-
tion.

Most of the research performed on DMS’s so far has
been devoted to Mn-based DMS’s (such as Cd,_,Mn, Te
or Zn;_,Mn,Se). In these crystals substitutional Mn2"
has a d° electronic configuration, resulting in a degen-
erate 4, spin-only ground state. Mn DMS’s therefore
represent a rather simple case of a system of permanent
magnetic moments (so called Brillouin-type paramagne-
tism).!

In contrast, substitutional Fe?' (d®) can serve as much
more general case, since it possesses both spin (S =2) and
orbital (L =2) momenta. This situation leads to an essen-
tially different energy scheme of Fe?™ with respect to
Mn. The free-Fe-ion ground term °D is split by a
tetrahedral crystal field into an orbital doublet °E and an
orbital triplet >T,, separated by an energy gap of order of
4000 K. These terms are split furthermore by spin-orbit
interaction. In particular, the °E term, which determines
the magnetic properties of the ion, is split into a singlet
Ay, a triplet T a doublet E a triplet T,, and a singlet
A,, all of them separated by energy gaps of the order of
20 K.%3 Since the ground state of the Fe?* ion is a sing-
let 4, there is no permanent magnetic moment associat-
ed with the Fe ion. Magnetic moments of Fe*" jons can
be only induced by an external magnetic field, leading to
typical Van Vleck-type paramagnetism. Because of this
interesting magnetic situation, Fe-based DMS’s have
been intensively investigated during recent years.*> Ex-
perimental data reported for Zn-Fe-Se,® % Cd-Fe-Se,” ™ !!
Cd-Fe-Te,!? and Hg-Fe-Se (Refs. 9 and 10) seem to corro-
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borate the simple model of Fe DMS’s resulting from
crystal-field and spin-orbit splittings, augmented by iso-
tropic Heisenberg-type exchange interaction between Fe
ions.!* In general, the magnetic properties of all the Fe
DMS selenides studied so far show common behavior
typical for the singlet ground state, irrespective of the
very different band structure of the host crystals. Still,
some controversy exists concerning the validity of the
crystal-field model and its applicability for the actual
crystals.!°

The present paper deals with the magnetic properties
of recently grown Zn-Fe-S. This material was chosen not
only to complete the data for the Fe DMS family, but pri-
marily because the heat capacity of Zn-S is the smallest
of the whole II-VI group, which should provide the most
accurate and reliable determination of the magnetic
specific heat. Moreover, additional contributions like the
Jahn-Teller effect should influence the ’E term only
slightly for Zn-S. Both these facts should provide an op-
timum situation for checking our crystal-field model.
Moreover, it was anticipated that the exchange coupling
between the Fe ions would be stronger than for the other
Fe DMS’s.

II. EXPERIMENT

The Zn-Fe-S crystals were grown from powders of Zn-
S and Fe (spec pure) by the modified Bridgman technique
under the pressure of a neutral gas. The crystalline struc-
ture of the obtained crystals was cubic (zinc blende) in
the whole range studied (x =0.017, 0.024, 0.033, 0.084,
and 0.26). The concentration and homogeneity of the
crystals were checked by microprobe analysis. It was
found that x can vary along the ingots up to 15% of its
actual value.

A. Specific heat

The heat capacity (C,) was measured by a standard
heat-pulse method in the temperature range 1.44-20 K
and magnetic field up to B=2.75 T.
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The magnetic contribution (C,,) to the specific heat is
usually obtained by subtraction of the heat capacity of
the nonmagnetic lattice (C,,,) from the total heat capaci-
ty of the crystal (C,):

C,,=C,(Zn,_,Fe,S)—Cy - %)

As we discussed recently,!” in the case of Zn-Fe-S, with
the relatively small mass difference between Zn and Fe,
the approximation of Cy,,, by the specific heat of pure
Zn-S, Cyy, =C,(Zn-8), should be adequate.

In Fig. 1 we show the specific heat of Zn, ¢33Feg o178
and pure Zn-S and the resulting magnetic contribution
C,.- We note that at low temperatures (7" <10 K) the
specific heat is dominated by the magnetic contribution.
The data for different Fe concentrations are presented in
Fig. 2, where we plotted the magnetic specific heat per Fe
ion (C,,/x). These data display the following general
features, also observed in the other Fe-based
DMS’S.7'10'14

(1) At low temperatures (T'<5 K), C,, increases ex-
ponentially with increasing temperature, which is typical
for a Schottky-type anomaly (i.e., ground state separated
from the excited states by an energy gap).

(2) C,, is practically magnetic field independent (Fig.
3), suggesting a singlet ground state of the Fe ions.

The observations are in agreement with the energy lev-
el scheme of the Fe ion discussed in the Introduction and
could be expected for very diluted systems (x <0.01)
where the major contribution originates from isolated
(noninteracting) Fe ions.

(3) Moreover, the magnetic specific heat per Fe ion
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FIG. 1. Specific heat of Zn o53Feg o;7S, pure Zn-S, and their
difference, i.e., the magnetic contribution to the specific heat
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FIG. 2. Magnetic specific heat of Zn,_,Fe,S at B =0. The
lines represent calculations as described in the text for x =0.017
and 0.024 (Dg =315.75 cm™!, A=—94.75 cm™!; solid lines:
Jnn = —25 K; dashed line: Jyn=0).
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(C,, /x) decreases with increasing Fe concentration x,
which indicates an interaction between Fe ions (other-
wise, C,, should scale with x).

B. Susceptibility

Low-field (B=0.0001 T) ac susceptibility was mea-
sured by a mutual inductance method. The results for
several different concentrations are shown in Fig. 4. We
note that the susceptibility per Fe ion decreases with in-
creasing x, which indicates an antiferromagnetic interac-
tion between the Fe ions. In distinction to the crystals
doped with Fe,!> we observe no temperature-independent
susceptibility at low temperatures (7' <4-5 K), which
should be characteristic for Van Vleck—type paramagne-
tism and is predicted by the crystal-field model.!* In-
stead, for Fe concentrations x <0.1, the susceptibility
gradually increases with decreasing 7. For high Fe con-
centration (x >0.15), the susceptibility shows a non-
monotonic behavior (Fig. 5). A similar behavior of the
susceptibility was also found for all other Fe DMS’s stud-
ied so far.””16!7 The low-temperature increase of sus-
ceptibility was attributed to the presence of permanent
magnetic moments (PMM’s) in the considered crys-
tals.!”1® There are several possibilities to create PMM’s
in our crystals (see Appendix), but whatever the source of
the PMM, they should produce an excess susceptibility,
which could be dominant at low temperatures and could
completely mask the temperature-independent suscepti-
bility of the regular Fe?" ions.!

The nonmonotonic behavior of the susceptibility (i.e.,
the decrease below a certain temperature T, (Fig. 5 and
Refs. 9, 7, and 16) for the crystals with the highest con-
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FIG. 4. Magnetic susceptibility per Fe ion of Zn,_,Fe,S.
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FIG. 5. Magnetic susceptibility per Fe ion of Zn g ;,Feq 6S.
The arrow marks the freezing temperature 7.

centration (x > 0. 15) may be related to the formation of a
spin-glass phase.>’ The available data of T, versus Fe
concentration are collected in Fig. 6. In contrast to Mn
DMS’s,'® no universal behavior of T, versus x seems to
be observed. However, since there are only a limited
number of data points, we think no pertinent conclusions
can be drawn about a spin-glass transition at the present
stage.
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FIG. 6. Freezing temperature T, (see text) vs Fe concentra-
tion x for Zn-Fe-S, Zn-Fe-Se (Ref. 7), Cd-Fe-Se (Ref. 9), and
Hg-Fe-Se (Refs. 9 and 16). The lines are to guide the eye only.
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There is no reason to assume that PMM’s are not
present at the crystals with x > 0. 15, but apparently they
do not manifest themselves in the susceptibility. Possi-
bly, the PMM'’s are frozen or blocked because of the in-
teraction with Fe ions. In that case this PMM freezing
should occur simultaneously with the freezing of the Fe-
ion system, i.e., at temperatures close to T.

III. DISCUSSION

The results for Zn-Fe-S presented above complete the
data for the available Fe DMS’s. Inspection of the data
for Zn-S, Zn-Se, Cd-Se, and Hg-Se shows a similar mag-
netic behavior, dominated by the singlet ground state of
Fe ions (isolated as well as coupled in the clusters). This
observation is in agreement with the crystal-field model
developed for the description of the magnetic properties
of Fe DMS’s."

We briefly recall that in this model the system of Fe
ions is factorized into isolated ions and nearest neighbor
(NN) pairs of the ions coupled by exchange interac-
tion.!>1%1° The key problem is therefore the Fe-Fe pair
description. The most important terms in the Hamiltoni-
an are the crystal field (cubic or hexagonal?>2!) spin-orbit
interaction, magnetic field (Zeeman term), and isotropic
Heisenberg-type coupling between ions. For details we
refer to Refs. 13 and 21.

We should comment here on another term in the Ham-
iltonian which was often mentioned as potentially impor-
tant, namely, the term describing the Jahn-Teller JT) in-
teraction with vibrational modes of the lattice.?? Recently
the influence of this interaction was discussed for the en-
ergy spectrum of the 5E term.?* It was found that, al-
though the energy spectrum can be strongly modified by
the JT effect (especially if there are low-energy lattice vi-
brational modes), magnetic properties such as the specific
heat or magnetization are practically unchanged (at least
for the phonon energies reported for II-VI compounds).
In view of that, the exceptionally large values of the
specific heat of Cd-Fe-Se (Ref. 10) are probably rather
due to local phonons associated with the Fe ions in this
material, rather than to the JT coupling.?* On the other
hand, Zn-S, with its rather high-energy phonons, should
be very weakly affected by the JT coupling, and the effect
on specific heat or magnetization is expected to be negli-
gible.

One of the conclusions of the crystal-field model!'®1°
was that, although single-ion and Fe-Fe pair energy
structures are relatively complicated, the specific heat
(calculated on the basis of these energy structures) is
dominated by the two different energy gaps of the isolat-
ed ions and pairs (whose contributions are weighted by
the number of isolated ions and pairs). We recall that for
a simple Schottky-type anomaly (i.e., singlet ground state
separated by energy gap A from the excited multiplet,
with g-folded degeneracy), at low temperatures, C,, can
be written as

C,.(T)=xgN 4kp(A/kpT ) exp(—A/kpT) . )

Therefore, by plotting In(C,,T%/x) versus 1/T, one
should obtain a straight line with the slope —A/kgz. A
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similar linear behavior is found for C,, calculated on the
base of the full (five-level) single-Fe-ion energy-level
scheme (Fig. 12 in Ref. 10). The isolated ion energy gap
(A;—T,), inserted in the model, is recovered with accu-
racy better than 3%. Moreover, including pairs into cal-
culations,'® one finds another linear part of the plot at
very low temperatures,'® which corresponds to the pair
energy gap. Since this gap is much smaller than the
single-ion gap,'* it dominates the low-temperature
specific heat.

In Fig. 7 the specific heat of Zng ¢g3Fej ;7S is plotted
as In(C,, T?/x ) versus 1/T. The contribution of isolated
ions and pairs can be clearly distinguished by a change of
slope. Similar plots for other Fe DMS’s are collected in
Fig. 8. The experimental data for various compounds
indeed show a linear part at temperatures 7 < 10 K (Figs.
7 and 8), yielding the single-ion energy gaps which com-
pare very well with the values obtained from FIR (far-
infrared) spectroscopy (Table I).

The pair contribution is dominant for 7'<2.5 K. Al-
though the experimental temperature range is too limited
to observe a distinct linear part of the plot, one can esti-
mate upper limits for the pair energy gaps, which are also
given in Table I. For comparison we also inserted the
pair energy gap calculated using the exchange integral
Jnn estimated from the high-temperature expansion
(HTE) of the susceptibility (Table I).® We note a strong
reduction of the pair energy gap with respect to the iso-
lated Fe ion, as expected, although the value obtained for
Cd-Fe-Se from specific heat is somewhat smaller than the
value resulting from HTE. Data for lower temperature
(T <1.5 K) are necessary to draw pertinent conclusions.

1In (C,T2/x)

0.0 0.1 0.2 0.3 0.4 05 0.6 0.7
™ K

FIG. 7. Magnetic specific heat of Zng ¢33Feg ;7S plotted as
In(C,, T?/x) vs 1/T, indicating the contribution of isolated ions
and pairs.
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TABLE 1. Energy gap A (in K) for the isolated ion and Fe-Fe pair as well as nearest-neighbor in-

teraction for Fe-Fe and Mn-Mn pairs.

Material Zn-Fe-S Zn-Fe-Se Cd-Fe-Se Hg-Fe-Se
A, isolated Fe ion C, 20 21 19 16
FIR 21® 23° 19¢
A, Fe-Fe pair C, <9.5 <13 <9 <10
HTE! 10.5 13 8.6

Fe pair >23 22¢ 19f 18f

|| . 168 138 8.7t 11
Mn pair 79 6

2Reference 24.
YReference 25.
°Reference 20 and 26.
dReference 27.
*Reference 8.
fReference 10.

It is worthwhile to mention that this analysis of the
specific heat provides the first experimental evidence of
the reduction of the pair energy gap (no FIR spectrosco-
py data for the Fe-Fe pair were reported so far). It seems
that the low-temperature specific heat in this particular
case may serve as a useful tool for the energy-structure
determination (even in the case that FIR spectroscopy
cannot be used because of selection rules). We should
also note that no information about material parameters
(such as the crystal-field parameter Dqg or the spin-orbit
constant A) is necessary for the estimation of the single-
ion or pair energy gap.
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FIG. 8. Specific heat of Zn-Fe-S (x =0.017), Zn-Fe-Se
(x =0.015), Cd-Fe-Se (x =0.008), and Hg-Fe-Se (x =0.015)
plotted as In(C,, T2 /x) vs 1/T (plots are shifted in vertical scale
over 5 units for Zn-Fe-Se, 10 units for Cd-Fe-Se, and 15 units
for Hg-Fe-Se).

8Reference 28.
hReference 29.
iReference 30.
iReference 31.
kReference 32.

However, for a detailed calculation of the magnetic
properties, estimates of the values of these parameters are
necessary. The crystal-field parameter Dg and spin-orbit
constant A, which determine the single-ion energy struc-
ture, can be evaluated from the spectroscopic data. FIR
transitions within the °E term; 4, — T, [transition energy
14.6 cm ™! (Ref. 24)] and 4, — T, [transition energy 45.1
cm™! (Ref. 24)], as well as IR transition E —°T, [so-
called zero phonon line with transition energy 2947 cm ™!
(Ref. 33)], were used for adjusting Dg and A. The best fit
was found for Dg=315.75 cm~! and A=—94.75 cm ™!
(calculated energies are 14.2, 45.6, and 2947.5 cm™ !, re-
spectively).

For the pair calculations the value of the NN interac-
tion constant (Jyy) is necessary. This value was not eval-
uated so far in contrast to the other Fe DMS’s.%1° The
estimation of the upper limit of the pair energy gap
(Table I) can be used for this. In Fig. 9 we show the vari-
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FIG. 9. Calculated Fe-Fe pair energy gap (Refs. 7 and 13) as
a function of the NN exchange interaction integral Jyn
(Dg=315.75 cm™!, A=—94.75 cm™~!). The arrow indicates the
lower limit for —Jyn.
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ation of the pair energy gap with Jyy for the Zn-S host
lattice and the parameter values quoted above. We note
that |Jyy| must be larger than 22 K to produce an ener-
gy gap smaller than 9.5 K as observed (Table I). Al-
though this value is only a lower bound for |Jyy |, we can
conclude that the interaction between Fe ions in Zn-Fe-S
is stronger than for the other Fe DMS’s (Table I). This is
in agreement with the general trend observed for ex-
change interactions of Mn-based DMS’s. ">

For the calculations we have adopted the value
Jnn = —25 K.3* The results for the specific heat are plot-
ted in Fig. 2 for x =0.017 and 0.024 and show a reason-
able agreement with the experimental data. In particular,
the maximum value of C,, is well recovered. For higher
Fe concentrations our basic assumption that the ion sys-
tem can be factorized solely into isolated ions and pairs is
no longer valid.!>!?

IV. CONCLUSIONS

The data for Zn-Fe-S are compatible with the reported
magnetic properties of the other Fe-based DMS’s, and
therefore we may state that all the Fe DMS’s known up
to now show the same magnetic behavior. This fact im-
plies the same physical mechanism behind this behavior,
and consequently the same model should describe mag-
netic properties of these crystals. It seems that the basic
features of the specific heat are described reasonably well
by our simple crystal-field model.

We have shown that the low-temperature specific heat
provides experimental evidence of the reduction of the
energy gap between the ground and excited states due to
the exchange interaction between Fe ions. Moreover, the
Fe-Fe pair energy gap can be determined from the
specific-heat data obtained in the temperature range
1<T<2K.

Although the basic magnetic properties of the
paramagnetic phase of Fe DMS’s are understood, some
problems still exist. The possible existence of the spin-
glass phase, as suggested by low-temperature susceptibili-
ty, should be checked by studying crystals with a broader
Fe concentration range. This, however, depends on the
progress in technology of these compounds. Thin layers
of Fe DMS’s can be helpful in this respect. Another
problem concerns the origin of the permanent magnetic
moments discussed above and in the Appendix. It ap-
pears that a precise electron paramagnetic (EPR) study
would be very helpful in solving this problem.
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APPENDIX

In this appendix we discuss the amount and possible
origin of the permanent magnetic moments (PMM’s) in
our crystals.

Assuming that PMM’s reveal a Curie-type susceptibili-
ty and that the Fe?' contribution to the susceptibility is
constant at sufficiently low temperatures [we assumed
that for T'<3 K (Ref. 15)], one can estimate the concen-
tration of PMM’s. We have done this for Zn-S, Zn-Se,
Cd-Se and Hg-Se. The results are tabulated in Table II.
We note that for x <0.1 the PMM concentration in-
creases with increasing Fe?™ content and amounts rough-
ly to 1-2 % of the actual x. Only for Hg-Fe-Se the PMM
concentration is rather constant (accuracy is of the order
of 50-100 % in this case) and corresponds to the concen-
tration N=2X10'® cm ™3,

The PMM’s present in our crystals should contribute
to the specific heat at nonzero magnetic field. In fact, the
low-temperature increase of C,, observed for
Zn, ¢33F€( 017S (not resolved in Fig. 3) can be accounted
for the presence of PMM’s in this sample. For
Zn, 1.Feg 565, C,, slightly decreases with magnetic field at
the lowest temperatures, which is compatible with the ob-
served susceptibility of this sample (Fig. 6).

Hypothetical PMM’s in our crystals could originate
from (1) residual paramagnetic impurities (such as Mn,
Co) or could be an inherent property of Fe DMS crystals
and results from (2) Fe** (d°) ions which, from magnetic
point of view, are equivalent to Mn2™, (3) Fe?™ ions at in-
terstitial, octahedrally coordinated sites, which have a
magnetically active ground state,’® or (4) large clusters

TABLE II. Estimated concentration of permanent magnetic
moments (PMM’s). PMM’s are assumed to contribute to the
susceptibility in Curie-type way: Y=(x/m)(gup)2S(S+1)/
(3k3T), where we have chosen S=%. For x >0.1 no excess
susceptibility at low temperatures was observed.

Material x xpmm (1079 Xmn (EPR) (1074
Zn-S 0.017 0.9 0.3
0.033 4 0.1
0.08 16 <0.01
0.26
Zn-Se? 0.014 1.4
0.04 3.2
0.06 13.6
0.16
0.22
Cd-Se® 0.011 1.4
0.038 3.2
0.049 6.3
0.15
Hg-Se° 0.003 1.2
0.01 1.4
0.02 1.4
0.05 0.8
0.1

2Reference 17.
bReference 35.
°Reference 16.
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formed of Fe?" ions. Clusters larger than Fe-Fe pairs
were not investigated so far,!>> and in principle one can-
not exclude the possibility that there could exist clusters
with the multiplet ground state. However, by extrapolat-
ing the results obtained for pairs,'> such a situation would
be rather unlikely. Finally, they could originate from (5)
exchange-interaction-induced magnetic moments associ-
ated with magnetic polarons.?¢

To check for the impurities in our crystals, we per-
formed EPR experiments and found indeed some isolated
Mn?* (Table I). However, the concentration of these
ions is too small to recover the entire low-temperature in-
crease of susceptibility. On the other hand, the concen-
tration of PMM'’s estimated for Hg-Fe-Se compares
favorably with the concentration of Fe3t (N =4X 108, x
independent for x > 0.005) always present in this material
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as a result of selfionization of Fe?*.* This fact strongly
suggests that large Fe clusters contribute negligibly to the
low-temperature susceptibility; otherwise, the PMM con-
centration for Hg-Fe-Se should be much larger and
should increase with increasing x (reflecting the increas-
ing number of large clusters). This conclusion can be ex-
tended for other Fe DMS’s since there is no reason for
different Fe-ion statistics in these crystals.

Although we believe we can rule out large clusters for
all the crystals, we are not able to conclude about the ori-
gin of PMM’s. Therefore, the existence of PMM'’s is still
hypothetic, except for the Hg-Fe-Se case. An open ques-
tion still remains why Hg-Fe-Se differs so much from
wide-gap materials (Cd-Fe-Se, Zn-Fe-Se, and Zn-Fe-S) in
this respect.

*Permanent address: Institute of Experimental Physics, War-
saw University, 00681 Warsaw, Poland.
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