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The complex ac dynamic magnetic susceptibility was used to study the spin-glass-like behavior in single-
crystalline Cug 44Ing 45Cry 95Se4 spinel. The broad maximum in the dc susceptibility at 44 K and the vanishing
of the ac susceptibility second harmonic in the temperature range of 4.2—44 K suggest the spin-glass-like
behavior. A large spin-glass-to-paramagnet transition points to the magnetically inhomogeneous state of the
sample associated with nonstoichiometry. This is accompanied with the absence of the Curie-Weiss region in
the temperature range of 44—360 K, which reveals also an anomaly in the second and third harmonics of the
ac susceptibility. This means that the formation of spin glasses takes place also in magnetic clusters above the
freezing temperature 7;=44 K. The exchange constant of the spin-glass system estimated from the random
energy model equals 26.4 K. These observations are interpreted within the framework of the molecular field

theory.
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I. INTRODUCTION

Much information on the physical properties of the
Cu,In,_,Cr,Se, spinel system can be found in literature,'
but so far, only the polycrystalline CuslngsCr,Se, spinel
was described in detail.!> Yokoyama and Chiba reported'
that the Cuy 5In, sCr,Se, is a semiconductor and paramagnet
above 77 K. The positive Curie-Weiss temperature, 6.y
=135 K, pointed to the ferromagnetic type of interactions.
Later, Pinch et al.? found antiferromagnetic ordering with the
Néel temperature Ty=14 K. Next, Belov et al.* discovered
the spin-glass state with the freezing temperature 7,=5.8 K.
The semiconducting and spin-glass behaviors were also
found in the (CuCr,Se,),(Cuy slng sCr,Sey);_, solid solutions
in the compositional range 0=x<0.1.

Recently, magnetic investigations of the single crystals of
Cu,In,Cr.Se, spinel (where y=0.074, 0.1, 0.12, 0.15, 0.16,
0.48, 0.54, and 1.14) revealed a ferromagnetic ordering with
the Curie temperature 7-=330 K up to y=0.16, the spin-
glass-like behavior with the freezing temperature of 36 K for
y=0.48, the antiferromagnetic ordering with the Néel tem-
perature Ty=21 K for y=0.54, and, again, the ferromagnetic
state appearing below T-=290 K for y=1.14.!"! In the com-
positional range 0.074 =y =0.54, the indium ions had tetra-
hedral coordination, (Cu,In,)Cr,Sey, while for y=1.14, the
indium were octahedrally coordinated, Cu,[In,Cr,]Se,. The
Cu,In,Cr,Se, spinel has a limited solubility. The parent
CuCr,Se, exhibits a strong p-type metallic ferromagnetism
with the chromium spins coupled in parallel via exchange
interactions involving conduction electrons.!>!* The second
end member of the system, i.e., InCr,Se,, is not known yet.!
It was thus natural to expect a frustrated state between the
ferromagnetic and antiferromagnetic phases in the
Cu,In,Cr,Se, system, as shown in Fig. 1. Preliminary
studies!! for the single crystal with y=0.48 pointed to the
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spin-glass behavior, as it was derived both from the hard
magnetization process and the broad peak on the curve of the
temperature dependence of magnetic susceptibility.

Therefore, the main purpose of the present work is an
attempt to investigate the spin-glass-like behavior in the
single crystal of the Cugy4lng43Cr;9sSe, composition in
more detail by applying the complex ac susceptibility,y,
=X, —ix,, measurements as a technique enabling the studies
of dynamic properties of magnetic systems.'* At low ac
fields, this technique allows for reliable determination of the
phase transition temperature, as it does not affect the mag-
netic order parameter, especially in the case of the nonlinear
magnetic behavior. In the framework of this method, a pure
sinusoidal field, H(t)=H  ,(wt), can induce nonsinusoidal
oscillations of the magnetization which may be represented
by the sum of sinusoidal components oscillating at harmon-
ics of driving frequency w:'
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FIG. 1. Magnetic diagram for the Cu,In,Cr.Se, spinel system.
Te, Ty, Ty, and Ocy are the Curie, Néel, freezing, and Curie-Weiss
temperatures, respectively. w, is the saturation magnetic moment
per molecule.
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M() = H,. 2, [x, sin(not) = x, cos(non)], (1)
n=1
where y;, and x) (n=1,2,3,...) are defined as the in-phase
(real part) and out-of-phase (imaginary part) components of
the ac susceptibility harmonics, respectively. x, and x, are
expressed as follows:"

2

X, = Wll-lac . M(t)sin(nwt)d(wt), )
_ 2

X)= M(t)cos(nwt)d(wt). 3)
WHac 0

For n=1, Egs. (2) and (3) describe the fundamental suscep-
tibility x;. Its real part x| corresponds to the dispersive mag-
netic response and reflects a current shielding for semicon-
ductor in this case. The imaginary part x| relates to the
energy dissipation.'> For n> 1, there are the higher harmon-
ics, resulting from hysteresis and nonlinearity of magnetiza-
tion, which can also give valuable information on the char-
acter of the magnetic phase transitions.'* Experimentally, the
X, and X, components are measured as a voltage, propor-
tional to the time derivative of M(z), induced in a pickup
coil.

II. EXPERIMENTAL PROCEDURE
A. Preparation

The single crystal of Cuyg44In) 43Cr; 95Se, spinel was ob-
tained by the chemical vapor transport method.!" As the
starting materials, binary selenides (CuSe and In,Se;) and
anhydrous chromium chloride (CrCl;) were used. Copper se-
lenide (CuSe) and indium selenide (In,Ses) were synthesized
in silicon ampoules evacuated to a pressure of about
1075 Torr from elemental copper (purity of 99.999%), in-
dium (purity of 99.99%), and selenium (purity of 99.999%).
The crystal growth was carried out in a horizontal zone fur-
nace with a melting zone temperature of 1053—1253 K and
crystallization zone temperatures of 953—-1101 K. The fur-
nace was slowly cooled after 7 or 14 days of heating.

For accurate crystal structure characterization, describing
the cation distribution over the tetrahedral and octahedral
sites formed by the selenium sublattice, a good quality
sample was selected for the intensity data collection with a
single crystal x-ray diffraction technique. The intensities
were measured with a KM-4/charge coupled device (Oxford
Diffraction) instrument, operating in x geometry and using
graphite monochromated Mo K radiation (\=0.71073 A).
Integration of the intensity data and corrections for Lorentz-
polarization effects was made using the CRYSALIS software.!®
The absorption correction was applied with the Gaussian
face-indexed numerical routine.'” The structure calculations
were performed using the SHELXL-97 program system.'” It
was considered that the In ions may occupy both the tetra-
hedral and octahedral sites of the spinel structure. However,
the least squares structure refinement, taking into account the
site occupancy factors as free parameters, has shown that the
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In and Cu ions are in two distinct tetrahedral positions.

The chemical composition of the Cug44Ing43Cryg5Sey
single crystal was determined by the inductively coupled
plasma atomic emission spectroscopy method. The measure-
ment conditions were as follows: a frequency of 27.12 MHz,
power of 1.1 kW, torch of Ar/Ar/Ar (quartz demountable),
nebulizer gas of 1.01 min~!, nebulizer (concentric Mein-
hard), nebulizer pressure of 2.4 bars, sample rate of
1.0 ml min~!, observation height of 11 mm, holographic
grating of 2400 grooves mm™!, and dispersion of grating in
first reciprocal order of 0.55 nm mm~' were applied. The
analytical lines (integration time) for Cr of 206.149 nm, Se
of 196.026 nm, In of 325.609 nm, and Cu of 219.958 nm
were used.

B. Magnetic measurements

The magnetic moment was measured in stationary fields
up to 140 kOe as well as in pulsed fields up to 360 kOe at
4.2 K. Magnetization and the static (dc) and dynamic (ac)
susceptibility measurements were performed using a Lake
Shore 7225 ac susceptometer and/or dc magnetometer in the
temperature range of 4.2—250 K as well as the Faraday-type
Cahn RG automatic electrobalance in the temperature range
of 42-360 K and in applied external magnetic field Hy,
~ 104 Oe. The static dc magnetic susceptibilities were mea-
sured in two different cooling modes. In the zero-field-
cooled (ZFC) mode, the sample was first cooled down in the
absence of an external magnetic field and then investigated
while heating in a given magnetic field. The field-cooled
(FC) mode usually followed ZFC run when the same mag-
netic field was set on at high temperatures and measurements
were performed with decreasing temperature. For both
modes, the cooling process always started from the paramag-
netic state.

The dynamic ac magnetic susceptibilities were measured
in the ZFC mode. Before the proper ac measurements, a
testing procedure was done. The in-phase y’(w) and out-of-
phase x”(w) components of the ac susceptibility were re-
corded simultaneously as a function of temperature: (1) at
different external static fields Hy, changing from O to 1 kOe
where the internal oscillating field H,.=1 Oe with the inter-
nal frequency f=120 Hz was applied to a sample (Fig. 2);
(2) without external static field where the internal oscillating
fields H,. changing from 0.1 to 10 Oe with the internal fre-
quency f=120 Hz were applied to a sample (Fig. 3); and (3)
without external static field where the internal oscillating
field H,.=1 Oe with different internal frequencies ranging
from 24 to 600 Hz was applied to a sample (Fig. 4). The
zero field ac measurements were carried out by cooling a
sample in a zero field from room temperature down to 4.2 K.
A testing procedure described above and depicted in Figs.
2—-4 shows that the increasing external static field H;, damps
a spin dynamics in a system from one side and a high spin
dynamics both for internal frequency f=120 Hz and the in-
ternal oscillating field H,.=1 Oe is observed from the other.
Therefore, the signals of the first (), second (x,), and third
(x3) harmonics (as defined in Sec. I) associated with nonlin-
ear susceptibilities were detected as a function of tempera-
ture without applied external magnetic field.
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FIG. 2. Zero field susceptibilities y’ and x” vs temperature 7 at
different external magnetic fields Hy. changing from O to 1 kOe
where the internal oscillating field H,.=1 Oe with internal fre-
quency f=120 Hz was applied to a sample.

C. Electrical measurements

The electrical measurements have been done in the tem-
perature range of 70—450 K. The electrical resistivity p has
been measured with the aid of the four-point dc method us-
ing the HP 34401A digital multimeters. The maximal error
Op/p was less than =1%. The thermoelectric power was
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FIG. 3. Zero field susceptibilities ' and x” vs temperature T at
different internal oscillating magnetic fields H,. changing from
0.1 to 10 Oe with internal frequency f=120 Hz (the external mag-
netic field Hy.=0 Oe).
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FIG. 4. Zero field susceptibilities ' and x” vs temperature T at
different internal frequencies f ranging from 24 to 600 Hz with os-
cillating field H,.=1 Oe (the external magnetic field Hy.=0 Oe).

measured with a differential method using the temperature
gradient AT of about 5 K. The accuracy of the value of ther-
mopower was estimated to be better than 3 uV/K.

III. RESULTS
A. Crystallographic properties

Crystal data, experimental details, and structure refine-
ment results for single-crystalline Cug 44In( 45Cr; 95Se, spinel
are collected in Table I. They have shown that the compound

crystallizes in the cubic structure with space group F43m
(No. 216) and the unit cell of dimension a=1057.35 pm,
being elongated in comparison with a=1033.5(3) pm of the
parent CuCrSe,."3 Two diamagnetic ions, Cu and In, differ-
ing in ionic radii and charge (rc,+=60 and ry,;,=63 pm),'
occupy two distinct tetrahedral 4a and 4d positions, respec-
tively, while the magnetic Cr ions are in the octahedral 16e
sites. Refinement of the site occupation factors (SOFs) re-
vealed a certain amount of the cation deficit in both tetrahe-
dral A sites (Table I). Such cation distribution causes the
presence of two types of tetrahedra with the A-to-selenium
distances of 243.4(1) and 253.7(1) pm for Cu and In, respec-
tively. This entails distortion of the octahedra built about the
Cr** ions (Table I). The local features arising from the subtle
misfit of the polyhedra together with the cation deficit give
rise to the formation of the structural clusters of different
sizes and cation concentrations. These effects have strong
impact on magnetic properties of the sample under study.

B. Electrical properties

The electrical resistivity measurement reveals a semicon-
ducting behavior of the Arrhenius type with two cusps at 117
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TABLE I. Crystal data, experimental details, and structure refinement results for the Cuy 44Ing 43Cry 955€4

single crystal.

(I) Crystal data

Crystal system, space group

Unit cell dimension a (pm)
Volume (m?)
Calculated density d (Mg/m?)

Crystal size (mm X mm X mm)

Cubic, F43m
1057.35(9)
1.18211x 1077
8.5792
0.1x0.1%0.09

(IT) Data collection

Wavelength (A)
26 maximum for data collection (deg)
Limiting indices: i
k
l
Reflections collected
Reflections unique
Reflections >2a(1)
Absorption coefficient (mm™!)
Absorption correction
R(int) before, after abs. correction

0.71073
92.25
—-18, 21
=21, 12
-13, 21
5706

573

459

31.85
Numerical
0.098, 0.055

(1I) Refinement

Refinement method

Number of refined parameters

Goodness of fit on F?

Final R indices [I>20(])]: R,
wR;

Largest diff. peak and hole (¢ A7)

Full-matrix least squares on F>

(IV) Atomic positions

Atom Site Wyckoft position
Cu A 4a (0, 0, 0)
In A 4d (3,3.3)
Cr B 16e [0.6292(1)]
Se(1) X 16e [0.61149(5)]
Se(2) X 16e [0.13295(5)]

15
1.020
0.040
0.099
2.18 and —1.49
SOF U2 (103 A?)
0.88 1.55(6)
0.99 1.68(3)
0.975 1.70(2)
1.0 1.67(2)
1.0 1.50(2)

(V) Selected interatomic distances and angles

Cu-Se(2) (pm)

In-Se(1) (pm)

Cr-Se(1) (pm)

Cr-Se(2) (pm)
Se(2)-Cu/In-Se(2) (deg)
Se(2)-Cr-Se(2) (deg)
Se(1)-Cr-Se(2) (deg)
Se(2)-Cr-Se(1) (deg)
Se(1)-Cr-Se(1) (deg)

243.42(10)
253.69(10)
255.98(13)
251.47(10)
109.47(0)
88.25(7)
95.16(2)
175.25(9)
81.26(7)

4Uiso 18 the isotropic displacement parameter.

and 253 K (Fig. 5). As shown in Fig. 6, the temperature
dependence of thermoelectric power is more complex. First,
a change of the sign of the thermopower from negative to
positive takes place at 80 K, and then a small positive cusp

appears at 110 K, followed by a broad plateau close to
0 wV/K in the temperature range of 170—330 K, and finally,
a sharp increase in thermopower above 350 K can be ob-
served. The dotted line in Fig. 6 suggests that the diffusion
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FIG. 5. Electrical resistivity p vs temperature 7.

processes in the electronic transport dominate at higher tem-
peratures, well above 420 K. On the other hand, at lower
temperatures, a strong competition between impurity, phonon
drag, and magnon drag components of thermopower coming
both from electrons and holes takes place.

C. Magnetic properties

The results of the magnetic measurements are depicted in
Figs. 7-12. The magnetic isotherms (Fig. 7), taken at 4.2 K
and in magnetic stationary (up to 140 kOe) and in pulsed (up
to 360 kOe) fields H, indicate that Cug44Ing45Cr 9sSe, ex-
hibits hard magnetization and the magnetic moment reaches
the value close to 5.73 up per molecule in the magnetic fields
H=360 kOe. This means that the chromium Cr** ions oc-
cupy the octahedral sites alone and they are in the high spin
configuration of the 3d,, orbital. These results correlate well
with the crystallographic data (Table I). By comparing with
the parent CuCr,Se, spinel showing easy magnetization,'?
we suggest that the structure distortion resulting from substi-
tution of the In for Cu ions in the tetrahedral sites leads to the
hard magnetization and the complex magnetic structures re-
sult from frustration of the magnetic moments. The shape of
the temperature dependence of the magnetization curve mea-
sured in the magnetic induction B=0.5 T (Fig. 8) points to
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FIG. 6. Thermoelectric power S vs temperature 7.
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the disorder magnetic structure. This corroborates the mag-
netic dc susceptibility data. The broad maximum in the ZFC
mass susceptibility close to 44 K measured in the stationary
field Hy.=104 Oe (Fig. 9) suggests the spin-glass-like behav-
ior. This observation is confirmed both by the ZFC and FC
temperature measurements of susceptibility in the stationary
field H4.=100 Oe (Fig. 10) and the absence of the Curie-
Weiss region in the temperature range of 44-360 K (Fig. 9).
A transition to the paramagnetic region is expected and we
also measure the susceptibility at higher temperatures.

The temperature dependences of the zero field in-phase
Xx1(T) (real part) and out-of-phase x|(7) (imaginary part)
components of fundamental susceptibility measured at the
oscillating field H,.=1 Oe and at the constant frequency of
120 Hz are depicted in Fig. 11. The broad maximum at 60 K
in the real part of the ac measurement x;(7) coincides well
with the broad maximum observed in the dc measurement.
The imaginary part of the ac susceptibility x|(7) shows a
sharp peak at 10 K with large intensity, a broad minimum at
36 K, and a broad maximum at 137 K. Such a type of
maxima in the x/|(7) dependences are usually associated with

the energy losses, connected, for example, with the
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FIG. 8. Zero field cooled dc mass magnetization o vs tempera-
ture 7" measured in magnetic induction B=0.5 T.
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magnetic-domain-wall motion or with rotation of magnetiza-
tion within domains.!” A characteristic minimum in the x/(7)
dependence may indicate a frozen spin state. Higher har-
monic susceptibilities (y, and y3), described theoretically by
Egs. (2) and (3), were measured in the temperature range of
4.2-250 K and at the oscillating field H,.=5 Oe and at the
constant frequency f=120 Hz (Fig. 12). The zero field in-
phase and out-of-phase second harmonics of susceptibilities
X5(T) and x5(T) vanish in the temperature range of
4.2-44 K. The second harmonic y;(7) becomes negative
and x5(7) is positive above 44 K. Their temperature depen-
dences have almost asymmetrical shape. Each of the second
harmonics shows two extremes: y;(7) at 142 and 200 K and
X,>(T) at 151 and 216 K. The third harmonic appears to be
more complicated. Its real part x;(7) changes sign from
negative to positive at 100 K and exhibits two positive
maxima at 141 and 222 K. The imaginary part x5(7) is posi-
tive and reveals a huge maximum at 116 K. An anomalous
shape of the second and third harmonics described above
may indicate the spin-glass state in the magnetic clusters,
especially in the temperature range where the Curie-Weiss
region does not occur.
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FIG. 10. Temperature dependence of ZFC and FC dc mass sus-
ceptibilities y,, recorded at Hy.=100 Oe.
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IV. DISCUSSION

The present electrical and magnetic results do not show a
clear order-disorder phase transition in the temperature range
of 42-450 K in the classical meaning in the single-
crystalline Cug 44Ing 43Cr; 95Se4 spinel. The broad peak close
to 44 K in the ZFC dc and ac susceptibility curves suggests
the spin-glass-like magnetic structure. Next, the difference
between ZFC and FC susceptibilities persisting above the
freezing temperature up to 130 K is indicative of the mag-
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FIG. 12. Temperature dependence of the real and imaginary
components of zero field susceptibilities (second and third harmon-
ics x3.3 and xj.3) with internal frequency f=120 Hz at oscillating
field H,.=5 Oe.
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netic cluster spin-glass structure. Such behavior is related to
nonstoichiometry, lack of the Curie-Weiss temperature re-
gion, and hard magnetization of the sample. It also finds
reflection in the lower cubic symmetry F43m of the single-
crystalline Cug 44Ing 43Cr 95Se, spinel in which the structural
clusters are formed because the location of In and Cu ions in
two distinct tetrahedral sites causes a mishmash of the A-Se
and Cr-Se chemical bonds to grow longer by about a few
picometers in comparison with the corresponding bonds in
CuCr,Se, spinel having high cubic symmetry Fd3m."3 As a
consequence, the transition range between quasiordered spin-
glass state and disordered paramagnetic state (if it exists) is
very large; it can exceed the freezing temperature by several
times indicating, eventually, the existence of frustrated spin
state.

The temperature of order-disorder phase transition is typi-
cally determined at the inflection point of the temperature
dependence of dc magnetization especially in the case when
a clear cusp in dc susceptibility curve is not observed. For
Cug 44Ing 45Cry 95Sey, the freezing temperature between the
spin-glass-like and the paramagnetic states was shown to be
Ty=44 K. This temperature is close to that obtained from the
ac susceptibility measurements. For example, the imaginary
part of the ac susceptibility xj(7) shows the minimum at
36 K (Fig. 11). This means that in the frozen spin state,
energy is not dissipated. Thus, the method of minimum in the
imaginary part of fundamental susceptibility could be a good
tool for determining the freezing temperature 7, On the
other hand, in the framework of molecular field theory, it was
shown that the second harmonic should vanish at the tem-
perature of magnetic ordering.?’ In our case, both real x;(T)
and imaginary x5(T) parts of the second harmonic of suscep-
tibility x,(7) vanish at 44 K. Above this temperature, where
the absence of the Curie-Weiss region is observed, the two
harmonics x;(7) and x5(T) show nonvanishing asymmetrical
behavior. A similar behavior of the second harmonic of the
dynamic magnetic susceptibility was observed in the single
crystal of CuCr;;Sb,3S, spinel with freezing temperature
T;=47.4 K.2'** Additionally, the nonzero values of the x,
and y; harmonic components above 44 K prove directly the
existence of the spontaneous magnetic moments.

By knowing the freezing temperature 7, from experiment,
we can estimate the exchange constant J of the spin-glass
system using the random energy model**?* including N in-
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teracting spins with infinite-ranged random p-spin couplings.
For such a model, the Hamiltonian is?

H=— X J;.. S S, (4)
A I p P
l|"'[p

where the S; are the Ising spins, and the sum is over all
groups of p spins in the system. The interactions have Gauss-
ian distribution suitably scaled with N and p to obtain a
sensible limit as N and p tend to infinity. As a result, the free
energy F' is temperature independent for T<T, and for T
> Ty, it changes with temperature as follows:*

]2
F:—N(Tm2+——> (5)
4T

This random energy model has a critical temperature known
as the freezing temperature Ty, which reads as?

J

=Gy ©

Below T, the system is frozen in its ground state and both
the specific heat and entropy vanish in the whole low-
temperature phase. A similar behavior of these quantities is
predicted by the mean-field theory for ferromagnetic sys-
tems.

For the Cugy4lng44Cry 95Se, single crystal, the freezing
temperature 7= 44 K and, thus, the exchange constant of the
spin-glass system calculated from Eq. (6) is /=26.4 K. For
comparison, the exchange constant for the CuCr,Se, p-type
ferromagnetic conductor equals 171.5 K.?® This means that
the magnetic coupling in the spin-glass state of the single
crystal under study is over six times weaker than that in the
ferromagnetic phase.

In conclusion, the complex ac dynamic magnetic suscep-
tibility data are a sensitive tool for the spin-glass system
studies as well as for determining the freezing temperature.
The vanishing of the second harmonic appears to be a
method suitable for controlling the temperature region of the
spin-glass state. For the single crystal under study, the sec-
ond harmonic of the dynamic magnetic susceptibility takes
the value close to zero in the temperature range of 4.2—44 K.
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