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Powdered samples of the new ferrimagnetic spinel series Cuo 4&Coo»Cr2S4 ~ST for 0.0&y & 1.5
have been obtained. The results of measurements of magnetization isotherms in applied fields up to
14 T at 4.2 and 77 K, the magnetization curves in pulsed fields in the temperature range of 77

K & T & 300 K, the Curie temperature, the anisotropy field, and the asymptotic Curie-Weiss ternpera-

ture are summarized. The magnetic moment, the temperature 8c~, and the Curie constant exhibit

anomalous behavior in the concentration range of 0.5 &y & 1.0. It turns out that the magnetic prop-
erties of these spinels can be explained if one assumes the existence of monovalent Cu ions and of Cr
ions in two valence states: Cr + and Cr +, the concentration ratio [Cr +]:[Cr +] being equal to
1.55:0.45. The terms of the molecular-field approximation were used to explain the magnetic proper-

ties of the compounds under study. The ground-state energy and the exchange integrals for three

types of interactions between the nearest neighbors Cr" +-X -Cr +, Co +-X -Co'+, and Cr" +-

X -Co + have been calculated.

I. INTRODUCTION

Spinels with the general formula Cu[Crq]Xq, where
X=S,Se, have been found to be metallic conductors and
ferromagnets with relatively high Curie temperatures,
Tc =420 K for X=S and 434 K for X=Se. ' These prop-
erties are in contrast with those of the other chromium
chalcogenide spinels, which are semiconductors with mag-
netic critical temperatures much lower than room temper-
ature, e.g., ZnCr2Se4 with T~ ——22 K and MnCrqS4 with
T~ ——77 K. ' Recently, a new class of magnetic spinels
with the general formula Cu I~ Cr2X4, where
M=Zn, Mn and X=S,Se, has been obtained. In these
spinels difT'erent transitions occur, for example, anti-
ferromagnetism to ferromagnetism in Zn~ Cu Cr2Seq
(Ref. 3) or ferrimagnetism to ferromagnetism in
Mn~ Cu Cr2S4 (Ref. 4), as well as a change of the char-
acter of the electrical conductivity.

The chalcogenide spinels with copper and chromium
are of interest to many authors. The magnetic and electri-
cal properties of the spinel series Co& „Cu Cr2S4 have
been studied by Belov et al. and of the spinel series
Co~ Cu Cr2Se4 by Smirnov et al. The spinels
Co~ Cu CrqSq are formed over the entire range of x, be-
tween x=0.0 and x=1.0. The compound with x=0.0 is
a ferrimagnetic semiconductor and that with x=1.0 is a
ferromagnetic metallic conductor with high Curie temper-
ature T~ ——377 K. The concentration x=0.5 is a transi-
tion point for these properties. With increasing x, the fol-
lowing observations were made: a nonlinear decrease of
the magnetic moment per molecule at 4.2 K, as well as in-
crease of Tc and Ocw f«Ocw & Tc.

The compounds Col Cu„Cr2Se4 crystallize with the
spinel structure only for x &0.2; for 0.8&x &1.0, they ex-
hibit the monoclinic structure of the type Cr3S4. A transi-

tion from the cubic spinel structure to the monoclinic
structure has been observed in this system at a pressure
on the order of 10 Pa. Belov et al. have observed a
drastic inhuence of the concentration y on the magnetic
properties of the spinel series CuCr2S4 ySey. The mag-
netic moment p at y= 1 is 25 times smaller than p at both
y=0 and y=4. Similar behavior was exhibited by Tc and

Ogw. Also, the electrical conductivity revealed a sem-
iconductive character at y = 1, whereas its character is me-
tallic for y&1.

Considerable changes of the magnetic properties related
to the variation of the concentration of the anions have
been observed also in the spinel series CuCrzSe4 yBry,
CuCr2Se4 y Cly and CuCrz Te& y Jy In these com-
pounds, for example, the values of Tc and Ocw decrease
with increasing y, whereas the magnetic moment increases
when Se~Br and is constant when Se~C1.

The aim of this work is to study the inAuence of the
substitution of sulphur ions by selenium ions on the
magnetic properties of the spinel series
Cuo 45Coo 5qCrqS4 ySey. The choice of the composition of
the cations follows from the reported change of the rnag-
netic properties near x =0.5 in an isostructural spinel
series Co~ Cu Cr2S4.

II. EXPERIMENT

Polycrystalline samples of Cuo 45Coo 5&CrzS4 y Sey
(y=0.0, 0.5, 0.8, 1.0, 1.2, 1.3, 1.4, and 1.5) were prepared
by heating stoichiometric quantities of mixed elements of
Cr (99.9% pure), Co (99.9%), Cu (99.99%), S (99.999%),
and Se (99.999%) in sealed evacuated quartz tubes at
1023—1123 K for 10 days and then cooling in the fur-
nace. ' For y~ 1.5 a mixture of spinel and defect NiAs-
type phases is formed.
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FIG. 2. The magnetic moment p per molecule ae at 4.2 K (de-
duced from the isotherms of static magnetization at the applied
field up to 14 T) and the Curie temperature T~ (determined from
the magnetic susceptibility in an appliedlied mutual induction
B = 10 ' T) versus selenium concentration y.

0
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FIG. 4. Experimental curve for inverse molar susceptibility as
a function of temperature for y=0.5. The cue curves for the other
concentrations are similar.

linear par s. el' t Th factors o and 0' were obtained from the
of '= (T).fitting of Eq. (10) to the experimental data of X~ =f

It is seen in Fig. 5 that Ocw and CM also behave anoma-
lously near y=0.8.

D. Magnetic anisotropy

12Using the singular point detection (SPD) technique
the anisotropy measurements were carried

'

p
'

d out in a ulsed
magnetic field. Figure 6 shows the concentration depen-
dence of the anisotropy constants Kl at 200 K (at this
temperature the anisotropy constant exhibited a max-
imum). It is clear that the anisotropy constant is small.

Because the singularity points were observed already on
the d M/dt versus H curves, we can see that all com-
pounds under study possess uniaxial anisotropy.

Marais et al. report, that for CoCr2S4 the anisotropy
constant K, is of the order of 3 &( 10 J/m at 77 K and
relate this value to the presence of Co + ions. For
CuCr2Se4 on the contrary, Nakatani et al. ' have foun a
large negative value of the anisotropy constant K& of the
order of —4&10 J/cm at 77 K and relate this value to
the presence of Cr + ions in this spinel.
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FIG. 3. The temperature dependence of the magnetic suscep-
tibility (for T( Tc) for different concentrationsy.

FIG. 5. The aramagnetic Curie-Weiss temperaturere 0 andep
the molar Curie constant CM [determined from XM
curves] vs concentration y.
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FIG. 6. The anisotropy constant I( l at 200 K (at this temper-
ature the anisotropy field exhibited a maximum) vs concentration

The small value of E
&

in the spinel series
Co p 55Cu p 45Cr & 55Cr p 45S4 ~ Se~ can be ex-2+ &+ 3+ 4+

plained as a resultant of the strong positive contribution
of the Co + ions as well as of the strong negative contri-
bution of the Cr + ions.

The experimental data are summarized in Table I.

IV. DISCUSSION

A. Qualitative features of the
theoretical model for Coi „Cu„Cr2S4

Many experimental attempts have been made to clarify
the valence states of the Cr ions in copper chalcogenide
spinels (either Cr + +Cr + or Cr + +Cr + or Cr +

+ Cr + or Cr +Cr +). Neutron diffraction data' ' '

show that all Cr ions have a magnetic moment of about
3pz and indicate their equivalence. Yokoyama et al. '

estimated from the NMR spectra that all the Cr ions are
trivalent. Riedel and Horvath' indicated that the cation-
anion distances of CuCr2S4 correspond to the valence dis-
tribution Cu + (Cr + Cr +

)S~ . Kovtun et al. ' ' sug-

gested the coexistence of tetravalent and trivalent Cr ions
based on the analysis of NMR spectra. Nakatani et al. '

showed from magnetic measurements of the CuCr2S4 sin-
gle crystals, that the g factor of the Cr ions is close to 2.0,
which suggests that all the Cr ions are trivalent. Kovtun
et al. ' reported that the observed intensity of neutron
diffraction was reproducible for valence states of
Cu+~ Cu + (Cr +&+ Cr +, )X 4 with x=0.25 at
4.2 K and x=0.0 at 77 K. Yamashita et al. showed
from the analysis of the neutron diffraction data for a sin-
gle crystal that the effective valence states of CuCr2Se4 is
Cu' +(Cr +& 2sCr +o 72)Se 4. Ando and Nishihara
estimated the coexistence of divalent and trivalent Cr ions
from the Mossbauer spectra observed in the magnetic
semiconductors Fe~ „Cu CrqSq (0.0&x &0.5). Juszczyk
et al. interpreted the magnetic properties of the mixed
crystal series Zn, Ga2 /3Cr2Se4 (0.0&x &0.5) assuming
the same coexistence of valence of the Cr'+ and Cr +

ions. Gurevich et al. concluded from the ferromagnetic
resonance (FMR) data of the spinels CdCrzS~ and
CdCr2Se4 that Cr ions coexist in divalent and trivalent
states.

Several experimental studies have been carried out to
determine whether the Cu ions are monovalent or di-
valent. Most authors ' ' ' ' ' suggest that the
valence of the copper ions is Cu+.

Recently, the self-consistent-charge spin-polarized
discrete variational X method was used by Horikawa
et al. and Ogata et al. to calculate the electronic band
structure in the spinels CuCrqX4 (X=S,Se,Te). The pure
ionic model is not always appropriate for the electronic
structure of these compounds and it is important to con-
sider the covalent-bond contribution. Because these cal-
culations are very time consuming, the simple ionic mod-
els are still helpful in many cases.

In order to determine the valence states and spin distri-
bution in the compounds under study, these quantities
have been first found for the spinel series Co& Cu Cr2S4.
The experimental data obtained by Belov et al. ' can be
explained if one proposes the following valence-state dis-
tnbutsons:

(i) Cu+, Co +) (Cr +2 Cr + )S'

(ii) Cu+„Co +
~

(Cr +
& „~2Cr +

~+ q2)S 4 .

TABLE I. The basic experimental data: the magnetic moment p per molecule at 4.2 K, the effective moment per molecule p,q, the
Curie temperature Tc, the paramagnetic Curie-%'eiss temperature Ocw, the Curie molar constant C~ and the anisotropy constant K&

at 200 K.

0.0
0.5
0.8
1.0
1.2
1 ' 3
1.4
1.5

p (units of pz}
T=4.2 K

3.22
3.28
2.45
3.21
3.24
4.09
4.00
4.00

Pea
(units of pz }

4.13
4. 17
4.87
4.32
4.71
4.63
4.60
4.68

Tc
(units of K)

272
258
240
243
241.5
225.5
225.5
226.0

Ocw
(units of K}

200.0
195.0
31.6

168.7
116.2
150.0
162.5
170.0

CM

2.12
2.16
2.94
2.32
2.75
2.66
2.63
2.72

Kl (units of Jjm')
T=200 K

633
553
688
468
148
380
344
538
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VO
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represents the superexchange interaction of the type
o + -X-Co +, Cr" + X Cr +, and Cr" + -X-Co +, with

the numbers of nearest neighbors zzz ——4, zzz ——6, and
zzz ——12. These interactions are described by the ex-
change integrals Jzz, Jzz, and Jzz, respectively. We
present the following equation:

HDx ————,'x3(1 —x3) g b,)Ss Ss. . ,
I,J

(I'&j)

(3)

2, E

QO

I

02
I

Ol, 0.6
I

08

FICx. 7. The experimental and theoretical dependences of the
magnetic moment p vs copper concentration x [reported
by Belov et al. (Ref. 5)] in comparison with our two models. 1

and 2 denote p,„~, and p„&„respectively, by Belov et al.
(Ref. 5) for Cu„+ Co

&

+ (Cr2 )S4, 3 denotes p„l„.
for Cu+ Col + (Cr2+ Cr + )S4, 4 denotes p„~, for
Cu+ Co

&
(Cr

& &2Cr & +, z2 )S4—, o denotes an experimental
point for the spinel series studied by us for y =0.0.

which is the double-exchange contribution due to the Cr
ions, where x& is the concentration of Cr + ions (normal-
ized in such a way that x 3 +x 4 ——1, where x 4 is the corre-
sponding quantity for the Cr + ions) and b; is the hop-
ping integral (b;~ = (i

~

V
~
j) ) between the atomic tzg

states i ) and
~ j ) for neighbors i and j. The factor

x 3 ( 1 —x 3 ) expresses the probability of finding one Cr
atom in the state Cr + and the neighboring one in the
state Cr + . Additionally, the spin contribution from a
hopping electron between two Cr ions is averaged among
the fixed spins, so that the average spin per site is
Sg ——S3x3 +S4x4 ——1 .39 corresponding to spins: S3
for Cr + and S4=1 for Cr + (x3 ——1.55 and x4=0.45).
We note that

Hex = g p'&(Sa, .Sa, )

l,J
(i&j)

(4)

These formulas are based on the assumption that copper
ions are monovalent and carry no magnetic moment.

It follows from the magnetization and paramagnetic
susceptibility measurements ' that there exist both Cr +

and Cr + ions in the compound CoCr2S4 ~ On the other
hand, it is known from the polarized neutron diffraction
studies of single crystals of CuCr2Se4, that Cr + and
Cr + ions are also present. In addition, if the p band of
the anion is full, then the interaction between Cr + and
Cr + must be ferromagnetic and increase strongly with
increasing concentration of Cr + . Therefore, the Curie-
Weiss temperature, the Curie temperature, and the electri-
cal conductivity should also increase. The experimental
results for magnetic moment versus copper concentration
for Cot Cu„CrzS4 confirm our proposition (i) of the Cr
valence states, as indicated by the comparison with our
two models shown in Fig. 7.

H,„;,= Dg (S )— (5)

corresponds to the uniaxial anisotropy with the easy axis
(100), mainly due to Co + ions,

H, d
———J, d +S, .s;

represents the s-d interaction due to the presence of holes
in the p band of the anions X and is caused by defects
such as vacancies or the overlap of the bands.

describes the biquadratic-exchange contribution due to Cr
ions, containing both the double-exchange and superex-
change parts. This interaction will be neglected in the fol-
lowing analysis because there is no evidence of the non-
colline arity of the spin structure.

B. Exchange Hamiltonian

In our discussion of the magnetic properties of the
Cuo 45Coo &&Cr2S4 ~ Se~ spinel series, the antiferromagnet-
ic coupling between the tetrahedral and octahedral sublat-
tices is assumed. These properties are explained in terms
of the molecular field approximation.

The total exchange Hamiltonian can be divided as fol-
lows:

C. Ground-state energy

By taking into account the above formulas one can cal-
culate the ground-state energy in the compounds under
study. For the quantitative formulation we begin with the
classical expression for the ground-state energy (per for-
mula unit), corresponding to the Hamiltonian of Eq. (1).
It is given by

H =Hsx +HDx +HBx +Hg~jg +H
where,

EG ——M.H —D cos (8—Op) —J„~z„„x„S~
—Jzzzz&S& —Jazz zzXz Sz .S~2 (7)

Hsx= —g J;,' S; S,
l,j

(i&j)
where x~ =0.55, S~ =1.39, and S„=1.5. In Eq. (7) we
neglected the terms of (3), (4), and (6).
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D. Exchange integrals

In the spinels under study the B sites are occupied by
two types of ions, Cr + and Cr +, while the 2 sites are
occupied by Co + ions. We denote by B3 and B4 the sub-
lattices occupied by the trivalent and tetravalent Cr ions,
respectively. For simplicity we assume that the interac-
tions Jz~, and Jz~, can be represented by a single average
integral Jzz, and J~,z, , J~,z, , and J&,z, by Jzz. The ex-

perimental temperature dependence of XM was used to
determine Jq~, J~~, and Jq~. The expression for the
paramagnetic susceptibility for the two-sublattice model
was obtained as follows. In the paramagnetic phase the
magnetization of a sublattice is given by

tained from the experimental curves of XM f——(T) (see
the example in Fig. 4), the constants N„„, N„B, and NBB
were determined. Then, using Eq. (9), we calculated the
exchange integrals J~. Because the experimental values of
the Curie constants turned out to be lower than the calcu-
lated ones from Eq. (Sb) (CM"~'=aCM'), calculations were
taken CM. ' values. The g; factors have been taken from
experiment ' gz ——gg 2+ =2.7, g~, ——gc„4 = 1.86, and

g+3 =gc„3+=2.0. For the Bsublattice the total g factor
per site has been assumed to be equal gz ——g&3x

+gg x4 ——1.97.
To provide a further check on the exchange integrals so

obtained we used them to calculate the Curie temperature
T& and compared the result with experiment, using

M;=(CM, /T; )(H;+H, „,) i = A, B,
where

(ga)
Tc = —,'(CANA—A+CBNBB )

+ —,'[(CANAA —CBNBB) +4CA CBNAB]'
C~. ——N;g; P BS;(S;+ 1)/3kB, (gb)

,J ——2z,~J;J /1V~ g; g)pg, (9)

where z,
&

is the number of nearest neighbors in the jth
sublattice to an atom in the ith sublattice, N~ is the num-
ber of atoms per mole in the jth sublattice, g; and g~ are
the Lande factors for the ions in the ith and jth sublattice,
respectively, and pz is the Bohr magneton.

The reciprocal molar susceptibility versus T can be
given by relation

C,&. being the molar Curie constant of the sublattice, N;
(=x;NA ) is the number of given atoms per mole (where
x; is the concentration of atoms and N~ the Avogadro's
number), g; is the Lande g factor, S, is the spin, H,
( = g, N 1MJ ) is the molecular field (N;J are the
molecular-field constants), and H, „, is the external field.
The molecular-field constants N,, are connected with the
exchange integrals J;j by equation

Divergence between the values of Tc"' and Tz' ' was of
the order of 5%.

The exchange integrals are presented in Fig. 8. The ac-
curacy of their values has been estimated to be about
+10 jo. In all cases the exchange integrals Jzz between
tetrahedral sites are positive, the integrals Jzz between oc-
tahedral sites are small and negative. The 120' interac-
tions between the sublattices 3 and B represented by Jzz
are negative. In the spinels under study the superex-
change interactions Cr-X-Cr and Cr-X-X-Cr take place.
The former can be positive and the latter negative.
There appears to be competition between the positive and
negative exchange interactions, leading to a sma11 negative
value of J&z. All the exchange integrals exhibit anoma-
lous behavior in the critical region of 0.5 &y & 1.0.

] H,„,
XM gM;

where

CM= g Cm,

T —0' (10)

30-

(taken from experiment, CM =CM' '), 10-

z z
I CA (NAA NAB ) +CB(NBB NAB )

2CA CB (NAB (NAA +NBB )NAB

+NAANBB I I (10a)

-10

-20-
I ~+ + —~ ~ JAB

0'=— ( lob)
C~ Ca

(NAA+ NBB 2NAB ), —

Ocw= (CANAA+CBNBB+2CA CBNAB) . (10c)
1 2

C,~

From Eqs. (10a)—(10c), in which cr, 0', and 8cw were ob-

I

0.5 1.0 1.5

FIR. 8. The exchange integrals vs selenium concentration y:
JAA(Co +-X -Co ), J~B (Cr'+-X -Cr"' ), and J» (Cr" +-
X -Co +)
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The changes of the magnetic moment p, the paramag-
netic Curie-Weiss temperature Ocw, and the high-field
susceptibility Xht (Ref. 35) caused by the variation of
selenium concentration (y) follow from three reasons
which are strongly connected to each other. They are the
following:

(i) Substitution of S ions by the Se ions takes place in a
statistical way and therefore the tetrahedral and octahe-
dral surroundings are not equivalent to each other.
Diff'erent values of electronegativity of anions (S and Se)
and of their ionic radii may cause irregular changes in the
ligand field in the crystal volume.

(ii) The bonds in these compounds are of intermediate
character between ionic and covalent —as follows from
the x-ray measurements. ' Therefore, there probably
occurs a transfer of a part of electrons from anions to cat-
ions, which causes a change of their valence. It leads to a
change of indirect exchange interactions.

(iii) An inequality of ionic radii of anions causes an in-
crease of the average distance between the magnetic ions
(Co +, Cr +, and Cr +)—the lattice parameter increases
with increasing selenium concentration y. But, at the
same time, the overlap of the orbitals in the interaction
Cr" +-X-Co + becomes greater, which causes an increase
of indirect, antiferromagnetic interactions between these
cations. It leads to the lowering of the total magnetic mo-
ment.

The greatest influence of these mechanisms on the mag-
netic behavior is observed for y=0.8, where the greatest

increase of the lattice parameter takes place. It is in
agreement with the shape of the experimental dependence
of p, Ocw, and Xhf on composition parameter y.

For larger concentrations of selenium (y & 1.0), the
overlap of orbitals and the interaction between them be-
come smaller and p, Ocw, and ghf increase.

V. CONCLUDING REMARKS

In this paper the magnetic properties of the new ferri-
magnetic spinel series with mixed anions have been de-
scribed. From the interpretation scheme the effective ex-
change integrals between and inside the sublattices of Co
and Cr ions for the nearest neighbors and the degree of
mixing x3.x4 in the mixed-valent configuration
CU p 45Co +p s5(Cr'+, Cr +«)2S 4 «Se ~ have been
determined. In order to confirm this valence
configuration, the low-temperature neutron diffraction ex-
periment is being carried out. It will be subject of a
separate publication. The studies of the transport proper-
ties are necessary to clarify the situation in the critical
concentration range of y. They are under way and will be
published later.
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