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The exchange parameter Jyy for nearest-neighbor (NN) Co>™ ions in a new II-VI diluted magnet-
ic semiconductor system Zn,_, Co, S has been directly determined using inelastic-neutron-scattering
techniques. The Co?" ions in the system have a magnetic ground state with quenched orbital mo-
ment, so that the Co-Co interaction can be described, to a very good approximation, as a Heisen-
berg exchange between two .S :% spins. Inelastic-scattering spectra obtained from polycrystalline
samples with x =0.01-0.06 reveal distinct maxima corresponding to transitions between the energy
levels of isolated NN Co-Co pairs. The energy of the first excited level E =2Jyy has been found to
be E =8.19%0.05 meV, which yields Jyn /kz=47.5£0.6 K, in good agreement with the result ob-
tained from recent magnetic-susceptibility studies. The observed sequence of the excitation energies
shows a slight deviation from the Landé interval rule, indicating biquadratic effects in the Co-Co ex-

change.

I. INTRODUCTION

We report the first direct measurements of the antifer-
romagnetic (AF) exchange constant Jyy between the
nearest-neighbor (NN) Co ions in Zn;_,Co,S using
inelastic-neutron-scattering methods. Zn;_,Co,S be-
longs to the family of diluted magnetic semiconductors
(DMS), or semimagnetic semiconductors (SMSC), i.e.,
semiconducting alloys whose lattice is made up in part of
substitutional magnetic ions (for reviews on DMS, see,
e.g., Refs. 1 and 2). The investigation of basic magnetic
exchange interactions in this novel class of materials con-
tinues to receive a great deal of attention of both experi-
mentalists and theorists. In the last few years, a number
of studies dedicated to this problem have been done on
various II-VI, II-V, and IV-VI DMS alloys containing
transition-metal ions® > (mainly Mn) as well as rare-earth
ions® (Gd and Eu). By far, the most extensively investi-
gated group of such systems has been the 41" Mn B"!
alloy series (where A"=7Zn, Cd, or Hg, and BVI=S, Se,
or Te). Experimental measurements of the exchange pa-
rameters in these materials have been made using a wide
variety of experimental techniques,’ and the Jyy values
have been already determined for all members of the
group which can be obtained in stable tetrahedral crystal-
lographic forms.”

A remarkable achievement in the recent past has been
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the work of Larson et al.,* who formulated an ab initio
theory providing a comprehensive description of the elec-
tronic band structure and the Mn-Mn exchange in the
AL _Mn,B"! alloy series. Their results made it possible
to determine the hierarchy of the mechanisms constitut-
ing this interaction, and to prove that the overwhelming
contribution arises from two-hole processes (i.e., from su-
perexchange effects mediated by the anions), contrary to
many previous opinions that the dominant role was
played by one-hole-one-electron processes (i.e., the
Bloembergen-Rowland exchange mechanism). Also, the
theory of Larson et al. explains the chemical trends in
the interaction within this alloy group.

In constrast to our present understanding of the
AL _Mn,_ B"!' compounds, very little is still known about
the exchange phenomena in II-VI DMS alloys containing
transition-metal atoms other than Mn. One general con-
clusion® which can be drawn from the calculations of
Larson et al. is that the short-range AF superexchange
mechanism is likely to be dominant in all 41 T, B! al-
loys with 3d transition-metal elements 7, so that no
dramatic qualitative changes (e.g., a transition to fer-
romagnetism) can be expected in the case of such sys-
tems. On the other hand, the replacement of Mn?t by
ions with different electronic configurations may lead to
significant changes in the interaction strength, or in the
chemical trends within a given alloy family based on the
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same magnetic ion. However, there is a lack of measured
data from non-Mn-based systems which might shed light
on these questions. Progress in the experimental studies
of these materials has been limited primarily due to the
lack of good quality crystals with sufficiently high con-
centration of the magnetic component. The incorpora-
tion of most transition elements into the II-VI lattices ap-
peared to be a difficult problem that could not be readily
solved by adapting the techniques used for the growth of
A Mn, BV! systems. It should be noted that the solu-
bility of Mn in II-VI compounds is exceptionally high, up
to 50-75 %. In recent years, the only success in this field
has been the preparation of several new Fe-based II-VI
DMS alloys.” Unfortunately, experimental study of the
Fe-Fe exchange in these compounds is particularly
difficult because of the spin-orbit coupling effects on the
Fe’* ion which greatly complicate the interpretation of
measured data. Although much effort has been recently
made to extract the Fe-Fe interaction parameters from
magnetization and specific-heat data for Zn,_,Fe, Se,
Cd,_,Fe,Se, and Cd,_,Fe,Te by comparing those
characteristics with numerically calculated theoretical
curves'? (taking into account all relevant effects), the Jyy
values obtained by this method are not sufficiently accu-
rate for a detailed quantitative analysis.

One of the latest achievements in the technology of II-
VI DMS materials has been the preparation of an entirely
new line of alloys based on cobalt. These systems offer
excellent opportunities for broadening our insight into
the magnetic exchange phenomena in this class of com-
pounds. Because the orbital moment of Co®* in II-VI
lattices is quenched by the crystal field, the ions are
effectively in S states, thus enabling the study of Co-Co
exchange in a relatively straightforward way. The first
information about this interaction has been obtained
from magnetization and magnetoreflectivity studies of ep-
itaxially grown Zn,_, Co, Se films,'"® and more recently,
from Raman scattering studies of Cd,_,Co,Se,''® and
from magnetic-susceptibility studies of Zn;_,Co,S and
Zn,_,Co,Se."”> The measurements have revealed that
the strength of the AF interactions in these systems is
several times larger than in their Mn-based counterparts.
More surprisingly, the data reported in Ref. 12 indicate
stronger interactions in Zn,_ ,Co, Se than in Zn,_,Co,S.
Such behavior is in striking contrast to the regularity ob-
served in the 41 Mn, B! alloys, in which the interac-
tion strength always decreases with increasing atomic
number of the B! anion.

The findings of magnetic-susceptibility studies have to
be confirmed by more direct measurements of the ex-
change parameters. The results of experiments on
Zn,_,Co,S which we report in this paper show that in-
elastic neutron scattering offers an excellent tool for this
purpose. The measurements have made it possible to es-
tablish that the nearest-neighbor exchange parameter in
the system Jyy /kp =(47.51+0.6) K, which is, indeed, al-
most three times higher than for Zn,_ Mn,S."* It
should be noted that the accuracy of this determination
(AJ /J) is decidedly better than in any previous measure-
ment of Jyy in DMS materials.

II. THEORETICAL BACKGROUND

A. Excitation spectrum of Co-Co pairs in Zn, _,Co, S

Zn,;_,Co,S crystallizes in the zinc-blende (cubic)
structure, which is one of the two commonly occurring
crystallographic phases of pure ZnS (the other being the
hexagonal wurtzite phase). In both structures the cations
occupy positions inside tetrahedra formed by four
nearest-neighbor anions. A free Co’' ion (3d’
configuration) has a spin number S=3 and orbital
momentum L =3. In a tetrahedral crystal field, the
ground state of the free ion (*F) is split into an orbital
singlet (*A4,) and two higher-lying orbital triplets [*T,
and *T, see Fig. 1(a)]. The transition energies between
the *4, and the *T, and *T, states are ~2750 cm !
(~5400 K), and ~6750 cm ! (~9700 K), respectively,
as found from infrared absorption studies'* in Co-doped
ZnS. The measurements have been done only for crystals
of the wurtzite type; however, taking into consideration
that the tetrahedral bond lengths and the nearest-
neighbor configuration around a given Co’>" ion are al-
most identical in both structural forms of ZnS (the only
difference is a slight trigonal distortion occurring in the
wurtzite phase, which leads to an additional splitting of
the *T, and *T, states), one can expect that there is no
significant change in these values in the case of the zinc-
blende crystals.

Because the ground state * 4, is an orbital singlet, the
interaction between two NN Co ions can be treated, in
the first approximation, as a Heisenberg-type exchange
for a pair of §;=S; =3 spins described by the following
Hamiltonian:
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FIG. 1. (a) Energy-level diagram for a Co’" ion in a
tetrahedral crystal field (after Ref. 14). (b) Energy levels for a
pair of S= 3 spins; Sy is the total spin, and E is the energy of a
given state. The arrows show the allowed transitions (AS ==+1)
in inelastic-neutron-scattering processes.
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WZZJNNS,'SJ' . (1)

The eigenstates of Eq. (1) can be described in terms of the
total spin S;=S8,+8 , where Sy can take the values
Sr=0, 1, 2, and 3. The energies of these states follow a
Landé interval rule and are given by

E(Sp)=InISr(Sr+1D)—=5,(S,+1)=5;(5,+1].

Taking E(S;=0) as 0, the energies of the three excited
states for a Co*"-Co?* pair can be written simply as
2Juns 6Jnn» and 12Jyy. Experimental measurements of
these energies thus provide a straightforward way of
determining the Jyy value.

In fact, the measured value'® of the Landé g factor for
Co’™" in ZnS appears to be considerably higher than the
value expected for a spin-only state (2.248, as opposed to
2.002), which indicates that there is a certain amount of
admixture from higher-lying states with L0 into the
ground state, in spite of the large crystal-field splitting.
Such mixing of states is a well-known effect in the theory
of transition-metal ions in ligand fields and can be ex-
plained as a second-order perturbation process.'®!” The
spin-orbit coupling AL -S that is introduced in this way
may lead to a single-ion anisotropy, and to an anisotropy
in the ion-ion exchange even in cases of ions with orbital
singlet ground states. We would therefore consider to
what extent this mechanism may affect the Co-Co excita-
tion spectrum in the case presently investigated. For-
tunately, the interaction between two magnetic ions in
the presence of spin-orbit coupling has been widely dis-
cussed in the literature in the context of electron-
paramagnetic-resonance (EPR) studies. Excitation spec-
tra of pairs of ions with singlet and orbitally degenerate
magnetic ground states have been also discussed in some
recent neutron scattering works.!®!?

Following Kanamori,'® and Owen and Harris,? if the
two ions have orbital singlet ground states, the anisotrop-
ic part of the interaction can be introduced into the spin
Hamiltonian # in the form of two additional terms, so
that

#=2JS,-S;+2D (35,5, —S,"S,)+2E(S,S;,, —S

iz™ jz

ix*] inJy) ’
(3)

where the subscripts x,y,z denote the Cartesian com-
ponents of the spin vectors, with the z axis directed along
the line joining the ions. The second term in the equation

represents the so-called pseudodipolar exchange. The
magnitude of the D coefficient is of order
D SJA*/A%, 4

where A is the crystal-field splitting; the fact that A and A
appear in Eq. (4) as squares can be understood if we keep
in mind that the anisotropy arises as a second-order per-
turbation effect. The last term in Eq. (3) has to be added
if the symmetry is lower than axial (which is the case in
Zn,_,Co,S, where the NN pairs lie along [110]-type
axes). Usually, E is of comparable magnitude or lower
than D. If J>>D, E, the system can still be described in
terms of the total spin S;=S§,+S§;, with

S7=0,1,...,8;+S;, and the energies of these spin multi-
plets E(S;) follow the Landé interval rule. Equation (3)
can then be expressed as

H=E(Sy)+Ds[S2—1S(Sp+D]+Es(SI=S2), (5

which describes the splitting of the states within a given
S multiplet (the connection between D, E, and Dy, E
coefficients is given in Ref. 21).

Although data for D and E are not available for
Zn,_,Co,S, considering that the crystal-field splitting is
A=3750 cm ™!, and the spin-orbit coupling coefficient for
Co?*" is A=178 cm ™! (after Ref. 14), one can estimate
that in this material D =J /400. This shows that the ex-
citation spectrum of a Co-Co pair is indeed correctly
given by Eq. (2), except for a weak splitting of the levels.
Such a splitting might perhaps be detected by EPR mea-
surements. However, taking into account that the value
of Jyn in Zn,_,Co,S is about 4 meV, and the typical
resolution of neutron spectrometers in the relevant ener-
gy range is about 1 meV, one can expect that the splitting
may manifest itself only as a slight broadening of the
inelastic-neutron-scattering lines.

Considering that the crystal-field splitting A of Co**
states in other tetrahedral II-VI compounds'*?? is of the
same order of magnitude as in ZnS, one can expect that a
simple isotropic Heisenberg model with § =3 should pro-
vide a good description of the Co-Co interaction in all
DMS systems from the A1 Co, BY! family. It should
be kept in mind, however, that the interaction between
Co’™ ions may be far more complicated in systems with
crystal-field symmetry other than tetrahedral (e.g., in
KCo, Mg, F;, see Ref. 19, or in Co,Mg,_,O, see Ref.
23).

B. Neutron scattering from isolated pairs of magnetic ions

While there exist several ways to obtain the energies of
excited pair states from various macroscopic measure-
ments (e.g., from specific heat,?* or from the step-like be-
havior of high-field magnetization curves®’), the most
straightforward method of investigating these levels is
neutron scattering. In inelastic-scattering processes, the
neutron energy loss or gain is equal to the difference be-
tween two neighboring levels (the selection rules for neu-
tron scattering permit AS;=0, 1, see Ref. 26), thus pro-
viding a direct and accurate measure of J. This technique
has been successfully used for studying the interactions
in many diluted antiferromagnets?”?® (including some of
the 411 Mn, B! alloys'*?), as well as in organic mole-
cules containing transition-metal ion complexes.’® The
theoretical background of the neutron scattering method
is presented in detail in a review article by Furrer and
Gudel.?®

In zinc-blende DMS alloys, the magnetic ions are ran-
domly distributed over a fcc cation sublattice. The prob-
ability that a given ion belongs to a particular cluster
type®! is P, =(1—x)"? for singlets, P,=12x(1—x)'® for
NN pairs, and so on. For example, in a system with
x =0.05, 54% of ions are singlets, 24% are members of
NN pairs, 4% belong to triads, and the remainder to
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larger clusters like quartets, quintets, etc. Because single
Co** ions in II-VI compounds do not have excited levels
with transition energies in the relevant range, and there-
fore do not contribute to inelastic magnetic neutron
scattering, the pair scattering is the dominant magnetic
inelastic effect in this alloy composition region. Nonethe-
less, the intensity of this scattering is still relatively weak,
because the pairs constitute only a small fraction of the
total number of atoms in the sample. The origin of the
inelastic lines observed in the experiments should there-
fore be carefully investigated in order to avoid possible
misinterpretations (e.g., phonon scattering may produce
peaks of comparable intensity). Some of the experimental
procedures that can be used for this purpose are briefly
discussed below.

The simplest method of identifying the pair scattering
maxima is based on the fact that the neutron energy
change in this process does not depend on momentum
transfer. In contrast, phonon scattering usually exhibits
a pronounced dispersive behavior, so that the two effects
can be easily distinguished by measuring the inelastic-
scattering spectra at various Q-space points. The disper-
sionless character of pair scattering also presents an ad-
vantage in that the experiments can be done on polycrys-
talline or powder samples; single-crystal specimens are
necessary only in the case of some special measurements,
e.g., in studies of anisotropic exchange effects.

Another signature of magnetic pair scattering is its
temperature behavior. Because in most magnetic solids
the exchange parameters show no significant dependence
on T, the temperature shift of the inelastic peak positions
is usually negligibly small. However, there is a very
characteristic temperature dependence in the scattering
intensity: At low temperature (7 <<J) practically all
pairs are in the lowest energy state |0), so that only the
|0)—|1) transition is possible, and one observes a single
maximum at E =2J [see Fig. 1(b)]. As the temperature is
raised, the population of the excited levels gradually in-
creases, giving rise to a |1) —|2) peak at 4J, and other
possible transition peaks at higher energies. At the same
time, the first maximum decreases in intensity. This
latter effect is again in sharp contrast to the behavior of
phonon lines, the intensity of which normally increases
with increasing T.

Although, as noted, the energy transfer in scattering
from pairs is Q independent, the peak intensity does vary
with Q due to an interference term in the scattering cross
section. If we consider only the Q-dependent terms, the
cross section for a process involving a |S;)—|S7) tran-
sition in a single crystal can be written as?®

d’o
dQdE

o« %fZ(Q)exp[—2W(Q)]

X 3 (1+(= 17 Teos[Q-(R,~R )]} , (6)

i

where k and k'’ are the wave numbers of the incident and
scattered neutrons, respectively, f(Q) is the magnetic
form factor, W is the Debye-Waller factor, R; and R ; are
the positions of the ions comprising the pair, and the sum
runs over all pairs in the crystal. Due to the oscillating

term
cos[Q:(R;—R;)]

in the cross section, measurements of the scattering in-
tensity versus Q yield direct information about the radius
vector R;; between the magnetic ions, thus enabling a
precise identification of the cluster type. It should be
noted that in many fcc antiferromagnets the dominant
exchange interaction is between the next-nearest neigh-
bors, and such pairs may also give rise to inelastic peaks.
For powders or polycrystalline materials, Eq. (6) has to
be averaged in Q space, which leads to

< d’c
dQdE

>Q o %fz(Q)exp[—ZW(Q)]

s;—S7 sin(QR)
OR

where R =|R; —R;[. Although the oscillating character
of the Q dependence for polycrystalline specimens is less
pronounced than in the case of single crystals, it is
sufficient to enable an identification of pair spectra in a
fcc lattice.

Finally, a simple test of the pair scattering results can
be done by comparing the intensity data from samples
with different magnetic ion concentrations x. For in-
stance, the number of NN pairs per unit volume in fcc al-
loys is proportional to xP, =12x%(1—x)'®, and the ratio
of scattering intensities for two alloys with concentra-
tions x’' and x"’ normalized to the sample volume will
vary as

X |1+(—1) (7)

18

. ’ "2 !
z(x)_(x)[lx @)

l'(x") - (xu)z

l_xu

III. EXPERIMENT

A. Samples

Neutron scattering experiments have been done on
three Zn,_,Co,S samples with nominal Co concentra-
tions x =0.06, 0.05, and 0.01 (labeled, respectively, as
Samples 1, 2, and 3). Sample 1 was grown by using a
high-pressure inert gas furnace and consisted of two
separate ingots with volumes approximately 4 cm®. As
indicated by the appearance of the cleaved surfaces and
by neutron-diffraction tests, both ingots consisted of
many randomly oriented single-crystal grains with sizes
1-5 mm. Because of the relatively weak scattering inten-
sity for magnetic pairs, sample volumes as large as possi-
ble are desired. Thus we did not attempt to cut out
single-crystal specimens, but used the ingots in their ex-
isting form and treated them as “rough polycrystals.”
The phase homogeneity of the material was checked by
carrying out measurements on a powder neutron
diffractometer, with the sample rotating during the mea-
surement. As found from the diffraction patterns, the
content of the wurtzite phase in the samples was lower
than 0.5%. Samples 2 and 3, with volumes 5 and 3 cm?,
respectively, were prepared using ceramic techniques
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from mixed ZnS and CoS fine powders. The mixture was
pressed into pellets and sintered for 10 d at 1000°C. The
pellets were then ground and the procedure repeated.
After 20 d of sintering, the material showed no observ-
able CoS diffraction peaks, but the wurtzite phase content
in the sintered samples was much higher (up to 5%) than
in those obtained by the high-temperature method. How-
ever, such contamination is not particularly harmful in
Jnn measurements because the parameter values in the
two structures of Zn,_,Co,S are expected to be very
similar (due to almost identical anion-cation tetrahedral
bond lengths in both crystallographic phases). Neverthe-
less, even in the case of a larger difference, a scattering
component with 5% of the intensity of the main spectral
peak will result in only a negligibly small shift of the line
position.

B. Instruments

Inelastic-neutron-scattering measurements were car-
ried out at the 20 MW research reactor at the National
Institute of Standards and Technology (NIST) using two
types of instruments: (i) a triple-axis crystal spectrometer
(TAS), and (ii) a time-of-flight (TOF) spectrometer.

The TAS measurements were made using a (002) pyro-
lytic graphite (PG) monochromator and analyzer, and 40’
angular collimation throughout the instrument. The
spectrometer was operated in a constant-Q mode, with
the final energy fixed at 14.8 meV. A 2-in. PG filter was
placed in front of the analyzer in order to eliminate the
A /2 component in the incident beam.

The TOF measurements were carried out on a spec-
trometer installed on the cold neutron source of the
NIST reactor. A pulsed monochromatic incident neu-
tron beam with E;=13.8 meV was produced using a
double PG monochromator, a PG filter, and a curved-
blade Fermi chopper. The pulse length was approximate-
ly 7 pus. The sample was placed in the center of a wide
circular counter bank (with radius 228 cm) consisting of
98 independent *He detectors, covering a scattering angle
range from 260=6° to 116°. The time-of-flight spectrum
registered by each detector was stored in a separate
memory location.

Unlike crystal spectrometers, TOF instruments cannot
be operated in a constant-Q mode. A TOF measurement
carried out with a single thin counter at angle 26 corre-
sponds to a curved scanning trajectory in Q, E space, and
with a wide circular counter the effect observed for a
given E-transfer corresponds to a broad Q-transfer range.
Hence, the method is best suited for studying dispersion-
less phenomena. Multidetector banks offer certain ad-
vantages in this type of measurement, making it possible,
in principle, to calculate the spectrum shape for a given
constant value of Q,. However, due to the low counting
statistics in our measurements, we could only partially
take advantage of that capability of the instrument: By
summing the counts from various detector groups, we
were able to obtain spectra corresponding to ‘“low-,”
“intermediate-,” or “high-Q” ranges.

C. Experimental results

The principal feature of the inelastic-scattering spectra
obtained from all TAS and TOF measurements on Sam-
ples 1 and 2 at low temperatures is a strong maximum
corresponding to neutron energy loss ~8.2 meV. Exam-
ples of the TAS data from Sample 2 obtained for several
different momentum-transfer values Q are displayed in
Fig. 2. As illustrated by the figure, the positions of the
inelastic peaks show no shift within the whole Q range in-
vestigated, within the experimental error of £0.0.4 meV.
The integrated intensities of the maxima in Fig. 2 are
plotted versus Q in Fig. 3, together with similar data for
Sample 1. The solid curves in this figure are the theoreti-
cal dependences of the scattering intensity from nearest-
neighbor (NN) and next-nearest-neighbor (NNN) pairs in
polycrystalline Zn,_,Co,S calculated using Eq. (7) and
published f(Q) data for the Co?" ion.’> The absence of
any detectable shift with Q, and the good agreement of
the measured intensity data with the upper curve in Fig.
3, clearly show that the observed maxima originate from
magnetic scattering from NN Co-Co pairs.

Further evidence that the observed processs represents
magnetic pair scattering is its dependence on tempera-
ture. An example of the data obtained from Sample 1 at
various temperatures is shown in Fig. 4. At 10 K, the
spectrum shows no distinct features other than the peak
at AE=8.2 meV. When the temperature is raised, the
intensity of the peak visibly decreases, whereas another
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FIG. 2. The |0)—|1) pair transition peaks obtained from
TAS measurements on Zn, ¢5C0y osS (Sample 2) at T=4.2 K for
several different momentum transfers Q. The peaks are plotted
on the same scale (and shifted upward for clarity) to illustrate
the dispersionless character of the process.
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Q dependence of Co—Co pair peak intensity

I I I
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05 1 15 2
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FIG. 3. The integrated intensities of the peaks shown in Fig.
2 plotted vs Q, together with similar data obtained from Sample
1. The solid and dashed lines are the theoretical integrated in-
tensities calculated, respectively, for NN and NNN Co-Co pairs
in Zn,_,Co,S using Eq. (7).
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FIG. 4. Inelastic-scattering spectra obtained from TAS mea-
surements on Zng ¢,C0y ¢¢S (Sample 1) at various temperatures,
showing the decrease of the intensity of the |0) —|1) transition
peak, and the emergence of the |1) —|2) peak with increasing
T (the spectra for 10 and 75 K are shifted upward for clarity).
As shown in the inset, the maximum emerging at E~11 meV is
also seen in the data from pure ZnS, indicating that this effect
arises from phonon scattering.

maxima gradually shows up near the double AE value, in
total agreement with the expected behavior [see Fig.
1(b)]. In addition, the data also show a broad feature at
~ 11 meV which cannot be accounted for by the pair ex-
citation mechanism. However, as illustrated by Fig. 5,
the density of phonon states®® in cubic ZnS exhibits a
pronounced maximum at about the same energy region;
the additional peak in the spectra can therefore be attri-
buted to phonon scattering. Further confirmation of this
interpretation was obtained from test measurements on a
polycrystalline sample of pure ZnS, which indeed re-
vealed a maximum of similar shape and location as that
seen in the Zn, _ ,Co, S spectra (see the inset in Fig. 4).

As expected, the maximum at 8.2 meV observed in ex-
periments on Sample 3 (with x =0.01) was decidely
weaker than in the case of the two other samples with
higher Co concentrations, but still identifiable. The ratio
of normalized scattering intensities from Samples 2 and 3
measured at identical conditions (see Fig. 6) was
i'/i""=14%2, in reasonable agreement with the value of
i(0.05)/i(0.01)=11.9 calculated from Eq. (8).

Examples of inelastic-scattering data from measure-
ments on the TOF spectrometer are presented in Fig. 7.
The right-hand panel of the figure shows the low-T spec-
trum obtained for Sample 1 by summing the contribu-
tions from all 98 detectors. The momentum-transfer
range probed in the measurement (for neutron energy loss
of 8.2 meV) extended from 0.95 to 3.6 A™'. The fact that
averaging over such a broad Q range leaves the inelastic
peak linewidth unchanged (essentially resolution limited)
provides yet another proof for the dispersionless charac-
ter of the observed process, and thus for its pair scatter-
ing nature.

T T T T

ZnsS,

6 structure _

zinc—blende

Phonon density of states (arb. units)

0 | 1 | L
0 10 20 30 40
Energy (meV)

FIG. 5. The density of phonon states D(w) for zinc-blende
ZnS (after Ref. 33).
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Zn, ,Co,S (x=0.01 and 0.05), T=4.2 K
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FIG. 6. The |0)—|1) pair transition peaks obtained from
TAS measurements on Samples 2 (x =0.05) and 3(x =0.01)
carried out at identical conditions. The curve for Sample 3 has
been shifted downward for clarity.

As in the TAS measurements, the intensity of the peak
at 8.2 meV was found to decrease when the temperature
was increased to 7=100 K. However, a more interesting
part of the spectrum obtained in the latter measurement
is its energy gain side (corresponding to AE <0 in our no-
tation), shown in the left panel of Fig. 7. The spectrum
obtained by summing the contributions from all detectors

Zn; 94Coq 063, TOF data

Counts (arb. units)

O - high @'s
O — low Q's

[ | |
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Energy (meV)

FIG. 7. Examples of inelastic TOF data for Zng ¢4C0q 06S
(Sample 1). The right panel shows the neutron energy-loss side
of the spectrum obtained at 17 K with a fitted Gaussian line
shape. The left panel shows the energy-gain spectra at 100 K
obtained by summing the counts from all detectors, as well as
from the “high-Q” and the “low-Q” detectors (see text); the
curves are guides for the eye.

TABLE 1. Summary of the E(|0) —|1)) data from various measurements.

Sample No. Instrument 2, T Fitted E
and x type (A ) (K) (mev)
Sample 1 TAS 2° 0.9 8.5 8.11+0.06
x =0.06 TAS 2 1.1 8.5 8.15+0.05

TAS 2 1.3 8.5 8.11+0.06
TAS 2 1.5 8.5 8.10+0.06
TAS 9 1.35 10 8.18+0.03
TAS 9 1.35 75 8.20+0.04
TAS 9 1.35 150 8.15+0.07
TOF 0.95-3.6 17 8.25+0.04
TOF 0.95-3.6 100 8.30+0.06
Sample 2 TAS 6 0.8 4.2 8.211+0.03
x =0.05 TAS 6 0.9 4.2 8.23+0.03
TAS 6 1.1 4.2 8.22+0.04
TAS 6 1.3 42 8.20+0.03
TAS 6 1.5 4.2 8.17+0.03
TAS 6 1.7 4.2 8.20%0.03
TAS 6 2.0 42 8.191+0.03
TAS 9 1.25 6.0 8.13+0.05
TOF 0.95-3.6 42 8.27+0.05
Sample 3 TAS 9 1.25 4.2 8.1710.11
x =0.01

*TAS 2, 6, and 9 refer to three different spectrometers used in the experiments.
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shows a weak but well-resolved peak at ~8 meV, as well
as a broad feature centered at ~11 meV. The latter
effect is apparently produced by phonon scattering, as al-
ready identified in the case of TAS data, while the narrow
line arises from pair scattering. Such an interpretation is
confirmed by the two lower plots, which show the “low-
Q” and the “high-Q” components of the total spectrum,
obtained by summing the contributions from detectors
covering the 20 ranges from 6° to 60°, and from 60° to
116°, respectively. For neutron energy gain of 11 meV,
these angle ranges correspond to Q ranges 0.9-3.1 A™!
and 3.1-5.1 A7, respectively. As indicated by these
data, the broad maximum at about 11 meV arises pri-
marily from processes involving high momentum
transfers. This is, indeed, the expected behavior in the
case of phonon scattering, considering that the cross sec-
tion for the process is proportional to Q2. In contrast,
because magnetic scattering is damped at larger values of
Q by the form factor f(Q), the pair peak appears only in
the low-Q data.

It should be noted that the process which gives rise to
the magnetic peak is a transition from the first excited
pair state |1) back to the ground state [0), not the
|0)—|1) transition corresponding to all data previously
shown, which involve neutron energy loss. Using the
well-known optical terminology, the [0)—]|1) and
|1) —|0) scattering events can be referred to as “Stokes”
and ‘“‘anti-Stokes” processes, respectively. The oc-
currence of “anti-Stokes” maxima is, of course, fully pre-
dictable, considering the selection rules for inelastic
scattering (AS ==*1). However, the “anti-Stokes” pro-
cess requires that the [1) state be populated, which ex-
plains why this maximum can be observed only at higher
T.

The |0)—|1) peak positions AE obtained by fitting
Gaussian line shapes to the results of various measure-
ments on Samples 1-3 are listed in Table I. By calculat-
ing the weighted average of the data from all low-T runs
(i.e., for T'=17 K) we obtain for the energy of the first ex-
cited level of NN Co-Co pairs in the Zn,_,Co,S the
value (8.19£0.05) meV.

It is important to note that in all cases (including the
measurements at higher 7) the maxima showed no
significant broadening effects. The TOF measurements
offered the best energy resolution: For energy loss of 8.2
meV, the calculated instrumental linewidth was
AE =0.85 meV, and the linewidth obtained from fits to
the low-T data was 0.96 meV, indicating an intrinsic
width AE; £0.5 meV. In the TAS measurements, where
the instrumental resolution was 1.3-1.5 meV, no excess
width was observed.

IV. DISCUSSION

The value of  the exchange parameter
JNN=21E(|0)—[1)) obtained from our experiments is
4.101£0.03 meV, or 47.5+0.6 K in the commonly used
J/kp notation, which agrees well with the value of
(47+6) K obtained from recent magnetic-susceptibility
studies in Zn,_,Co,S.!? Taking into account that the

magnetic-susceptibility data contain contributions from
other Co-Co pairs (NNN, NNNN, etc.), such good agree-
ment between the two results points out that the NN cou-
pling is the dominant antiferromagnetic interaction in the
material. This conclusion is further supported by the ab-
sence of significant broadening effects in the spectra
which could be expected from strong NNN or NNNN
exchange coupling. As follows from the calculations of
Larson, Hass, and Aggarwal,’! who analyzed the effects
of NNN and NNNN interactions on magnetization steps,
in a system with x =0.05 only about 13% of all pairs can
be treated as isolated, while the remainder experience lo-
cal exchange fields produced by these neighbors. Calcu-
lation of the effective broadening of pair levels due to
such interactions is relatively straightforward only for
high external magnetic fields (when all loosely coupled
spins are oriented in the same direction), but presents a
nontrivial problem if H =0, which is normally the case in
neutron scattering experiments. Nonetheless, a rough es-
timate of the peak broadening can be obtained by consid-
ering an NN pair S,,S, with a weakly coupled third spin
S, and putting J ;3 =J,3=J' <<Jyn-. Taking the expres-
sion for energy eigenvalues of symmetric three-spin clus-
ters,?® one can readily show that the inclusion of the third
spin leads to a splitting of the E=2Jyy transition peak
into two lines, 8/’ apart. Hence, a conservative estimate
of the level broadening AE /E in a real system can be tak-
en as J'/Jyy, where J' is a “‘mean” parameter for the
NNN and NNNN interactions. The fact that we observe
(AE/E)<0.05 indicates that the ratios of Jynn/Innos
JnnnN /I nn in Zn _,Co, S are comparable or lower than
in materials from the Mn-based series.*>!34

These findings are fully consistent with the general
conclusion drawn from the theory of Larson et al. that
the nearest-neighbor superexchange mechanism should
play a dominant role in all 4T BY'systems.*® How-
ever, it is not yet clear why the exchange parameter for
the Co-Co interaction in Zn,_ ,Co,S is three times larger
than for the Mn-Mn interaction in Zn, _ Mn,S. In addi-
tion to that, not only the magnitude of the interaction is
surprising: As noted in Sec. I, magnetic-susceptibility
data'? indicate that Jyy in Zn,_ Co, Se is even higher
(54+8 K) than in Zn,;_,Co,S, the ratio of the two pa-
rameters being 0.91+0.25. This value strongly contrasts
with the chemical trends observed in the Mn-based fami-
ly (the corresponding ratio of Jyy’s for Zn,_,Mn,S and
Zn;_,Mn,Se is ~1.32, and for Cd,_,Mn,S and
Cd,_,Mn,Se is ~1.27, based on the data from Refs. 13,
31, and 35), and cannot be understood on the grounds of
the existing theory. Because the error margin in the
magnetic-susceptibility data is rather large, it should be
mentioned that the preliminary inelastic-neutron-
scattering measurements already made on two
Zn,_,Co,Se samples*® have yielded Jyy=(50+1) K,
thus confirming that such an anomalous chemical trend
indeed occurs in the Co-based group. A full account of
the experiments on Zn,_,Co,Se will be given in a
separate paper.

The weak intrinsic peak broadening observed in the
TOF experiments also confirms our previous conclusion
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that spin-orbit-coupling effects play only a marginal role
in the Co-Co interaction and that the anisotropic terms
in Eq. (5) can be neglected in most cases. On the other
hand, not all our observations can be accounted for by a
simple Hamiltonian in the form of Eq. (1). The [1)—|2)
transition peak seen at higher temperatures was found to
be centered at 15.9£0.1 meV, which is 0.5 meV below
the expected value of 16.4 meV (i.e., the double energy of
the |0)—|1) transition). However, similar deviations
from the Landé rule are known to occur both in EPR and
in neutron scattering experiments on other systems,?®37
and can be described by adding a biquadratic term to the
isotropic interaction Hamiltonian, so that

H=2J'S;-S,+2J"(S,S;) . ()

Physically, the biquadratic term arises as a higher-
order intrinsic effect in superexchange processes,*®>° or
through an interplay of normal exchange interaction and
elastic effects.?®*” In the case of S, =8§;=4, Eq. (9) leads
to the following energy intervals between the successive
levels: 2J'+13J", 4J'+14J", and 6J'—3J"”. For the
two transition energies observed in our experiments we
obtain Jyy =3.84 meV (44.5 K), and Jyy =0.04 meV
(0.46 K). The ratio of JyN /Jyn =0.01 is of similar or-
der as observed in Mn-doped MgO (~0.05, Ref. 37), and
in CsMg,_ . Mn,Br; (0.005, Ref. 28). A reliable deter-
mination of the parameter set Jyy, J/nn for Zn; _,Co,S
would require additional studies of the [2)—|3) transi-
tion, which is expected to occur in the range 23-24.5
meV. Unfortunately, no conclusive studies of this transi-
tion can be done on polycrystalline samples because of
the strong peak in the density of phonon states in the
same energy region (see Fig. 5). The growth of large
good-quality monocrystals will clearly help to resolve this
problem, because in TAS experiments on single crystals
one can eliminate the unwanted phonon scattering by
carrying out measurements at appropriate points of the
Brillouin zone.

V. CONCLUDING REMARKS

In summary, we have determined the antiferromagnet-
ic exchange integral Jyy for Zn,_,Co,S from direct
measurements of the Co-Co pair transition energies by
means of inelastic neutron scattering. Our data confirm
that the exchange interactions in Co-based DMS can, to a
very good approximation, be described by an isotropic
spin Hamiltonian, despite the spin-orbit-coupling effects
indicated by the g-factor value of the Co*" ion. As in
Mn-based II-VI DMS alloys, the nearest-neighbor cou-
pling appears to be the dominant magnetic exchange
force in Zn,_,Co,S, which is in qualitative agreement
with the predictions of superexchange theory.*® Howev-
er, the very large value of Jyy in the Co-based group
points to the need for further quantitative analysis in the
framework of this theory.

Our work has demonstrated that the TOF technique,
so far not used for investigating excitations of magnetic
pairs, offers a convenient and efficient experimental tool
for such purposes. Another new methodological aspect
of this study was the use of samples prepared by sintering
procedures. Because of the relative ease of their prepara-
tion, neutron scattering measurements on sintered speci-
mens offer a major simplification for identifying new
DMS systems, and for characterization of their basic
magnetic properties.
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