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Abstract

This work reports on magnetic measurements of the quasi-two-dimensional (quasi-2D) system
Zn;_xyMn,In,Seq, with 0.01 < x < 1.00. For x > 0.67, the quasi-2D system seems to develop
a spin-glass behaviour. Evidence of a true phase transition phenomenon is provided by the steep
increase of the nonlinear susceptibility x, when approaching 7¢ from above. The static scaling
of xn data yields critical exponents § = 4.0 £ 0.2, ¢ =4.37£0.17 and Tc = 3.4 = 0.1 K for

the sample with x = 1.00 and similar values for the sample with x = 0.87. These critical
exponents are in good agreement with values reported for other spin-glass systems with

short-range interactions.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Dilute magnetic semiconducting (DMS) systems with con-
trolled amounts of magnetic elements have received consid-
erable attention due to the interactions of interest that occur
between their electronic and magnetic subsystems. The II-VI
systems containing Mn [1, 2] are well known, and the more
complex ternary and quaternary systems have been subjects
of recent structural and magnetic studies [3] aiming to ex-
plore and manipulate the electronic, magnetic and structural
interactions. An example is provided by the cationic disorder,
which can be studied via its effects on the magnetic proper-
ties [4, 5].

The spin-glass behaviour in DMS with short-range
antiferromagnetic interactions has been studied for a long time,
but its relation to their canonical spin-glass counterpart is
still under investigation [6—8]. The variety of experimental
realizations of spin-glass state is due to different forms in
which the two main ingredients, randomness and frustration,
are present [9, 10]. In fact, a random distribution of magnetic
interactions can be achieved either by topological disorder or

0953-8984/08/455211+07$30.00

by mixing different kinds of magnetic ions; it can also be
generated by short-range interactions [11, 12].

Here, we report on the magnetic properties of other site-
disordered semiconductors with a short-range antiferromag-
netic superexchange interaction between Heisenberg spins but
with a quasi-two-dimensional structure: Zn;_, Mn,In,Se,4. For
Mn concentration of x > 0.87, as was established by Range
et al [13] and confirmed by us [14], this structure consists of
slabs of four Se layers which are van der Waals coupled to each
other. Within the slabs the metal cations are distributed over
three triangular layers between the Se layers, in a tetrahedral—
octahedral—tetrahedral site sequence.

The Mn*? ions provide a localized, pure spin magnetic
moment (S = 5/2) and interact through short-range
antiferromagnetic superexchange.  For Mn ions in the
tetrahedral layers the exchange paths are similar to those of
zinc-blende II-VI DMS which have an exchange constant J of
the order —12 K.

In this work we have investigated the static prop-
erties of the spin freezing phenomenon observed in the
Zn;_,Mn,In,Ses system by means of dc magnetic suscepti-
bility measurements.

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Unit cell of the MnIn,Se, compound (space group R3m) reproduced from [16]. The cations are distributed randomly in
octahedral (W) and tetrahedral sites (A). (b) Unit cell of the ZnIn,Se, compound (space group /42m) reproduced from [16]. The cations are

also randomly distributed in octahedral and tetrahedral sites.

2. Experimental details

Zn;_xyMn,In,Ses samples with nominal Mn concentrations
0.01 < x < 1.00 were prepared by a vapour phase chemical
transport technique (CVT) [14-16]. A detailed explanation
of the growth procedure is given in [14] and [16]. The
analysis of Mn content was determined by energy dispersive
x-ray fluorescence spectroscopy (EDX) with a Shimadzu
EDX-900 device. The Mn concentrations determined from
EDX data are in good agreement with those extracted from
magnetic measurements [16, 17]. Room-temperature Xx-ray
power-diffraction patterns indicate the formation of a pure
rhombohedral structure [13] (space group R3m) for samples
with x > 0.87 (see figure 1(a)) and a pure tetragonal
structure (space group [42m) (see figure 1(b)) for samples
with x < 0.25 [16]. In the intermediate region (0.25 <
x < 0.87) the coexistence of both crystalline phases has
been determined as reported in [16]. X-ray Laue-diffraction
experiments (not shown here) indicate the formation of plate-
like single crystals of rhombohedral structure for samples with
x = 1.00 (MnIn,Se4) and x = 0.87, the growth direction of
which is determined to be along the c-axis. The Laue pattern of
the sample with x = 0.67 also shows the symmetry expected
for the rhombohedral phase, but our measurements indicate a
superposition of several crystals, each with a different c-axis
orientation [16]. The Laue pattern of the sample with x = 0.25
shows the formation of plate-like single crystals of tetragonal
structure with a growth direction along [112] (see [16]). These
findings indicate the formation of plate-like single crystals for
x < 0.25 and x > 0.87 and samples with poor crystallinity
(i.e. a mixture of rhombohedral and tetragonal phases) for the
range 0.25 < x < 0.87.

Magnetic measurements were performed in a commercial
superconducting quantum interference device magnetometer in
both zero-field-cooling (ZFC) and field-cooling (FC) modes,

in the range 2 K < 7 < 300 K and applied fields up
to 70 kOe (7 T). In order to carry out the measurements,
the plate-like single crystals (samples with x < 0.25 and
x > 0.87) and the multiple crystals (samples with 0.25 <
x < 0.87) were powdered before use. In all cases, the
diamagnetic contribution of the sample holder was subtracted,
and the resulting susceptibility was further corrected for core
diamagnetism of the ions.

3. Results and discussion

In figure 2 we show the temperature dependence of the
dc magnetic susceptibility yg. measured in the ZFC mode
with H = 100 Oe and in the temperature range from
4.0 K to room temperature for Zn;_,Mn,In,Ses compounds.
Depending on the Mn concentration, two different regions
can be distinguished. Samples with lower Mn content (x <
0.60) show a paramagnetic behaviour in the whole temperature
range. However, samples with x > 0.67 show a paramagnetic
behaviour in the region of 7 > 150 K and the susceptibility
data deviate from the Curie behaviour when T is decreased
below 150 K. This behaviour is associated with the onset of
magnetic correlations between Mn ions [18, 19]. When the
temperature is further decreased, a peak in the ZFC curve
is observed. The peak position appears at 7,, = 3.5, 3.0,
2.5 K for samples with x = 1.00, 0.87 and 0.67, respectively.
These features are associated with fingerprints of a spin-glass-
like behaviour. The Mn concentration x ~ 0.67 seems to
separate two different magnetic regimes established in the
Zn;_Mn,In,Se4 system.

3.1. Paramagnetic regime

In order to assess the magnetic properties of the Zn;_,Mn,
In,Se4 compounds when the Mn concentration is varied, the
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Figure 2. (a) Temperature dependence of the dc magnetic susceptibility of the Zn,_, Mn,In,Se, samples. (b) Magnification of the
low-temperature region of the ZFC curves carried out with Hy. = 10 Oe.
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Figure 3. Temperature variation of the inverse of the magnetic susceptibility (x = (7)) of Zn,_,Mn,In,Se, samples in the paramagnetic
regime (7 > 150 K). (a) For samples with x < 0.03 and (b) for samples with x > 0.25. The lines represent the fits and their extrapolation
towards the negative-temperature axis provides the paramagnetic Curie temperature, ® (x).

inverse of the susceptibilities in the high-temperature region
are plotted in figure 3. As mentioned above, all samples display
a typical Curie—~Weiss behaviour in this high-temperature
region.

We have analysed the data above 150 K using the Curie—
Weiss law given by [19, 20]:

T —O(x)

o) ey

x (T =
where C is the Curie constant and ® is the paramagnetic Curie
temperature. The experimental data are well reproduced by
equation (1) in the high-temperature (T > 150 K) region, as
shown in figure 3.

From the fit, an effective magnetic moment of w.g =
5.88 up was determined for the sample with x = 1.00. This
value is comparable to the one expected for spin-only magnetic

moment of Mn ions with § = 5/2 (e = 5.92 up), which
confirms the presence of mainly Mn>" ions in the system.
The ~7% of difference can be assigned either to the p—d
admixture of Mn?* and anion ions or to the occurrence of a
small population of Mn>* ions [21].

It is worth noting that, for samples with a low Mn
concentration (x < 0.03), all X’l versus 7' curves in
figure 3(a), extrapolated from the high-temperature region
intercept at the same height in 7 = 0 K independently of
x [19]. Table 1 lists the Mn concentration (x) determined
from the Curie constant values obtained from the fit for the

whole set of samples. These xy,, values have been determined

2,,2
using the relation: C(x) = SGJFI;%“NA)C = Cox, where Ny

is the Avogadro number and Cy is the Curie constant of the
spin-only magnetic moment of Mn ions (S = 5/2) [19-21].
These xp,, values are in good agreement with the values
determined from EDX measurements. An estimate of the
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Table 1. Collection of Mn concentrations and magnetic parameters obtained from dc magnetic measurements for Zn;_,Mn, In,Se, samples.
T, is the freezing temperature and ® is the paramagnetic Curie temperature.

x (nominal)  x (EDX) x (Magn) Hetr (1B) T, (K) 0 (K)
1.00 1.00 1.00 5.88 £0.02 352+£005 —-96&*5
0.9 0.86 £0.01 0.87 £0.02 5.80 £0.02 29+£0.1 —86+£5
0.7 0.68 £0.02 0.67 £0.02 4.45+£0.03 2.0+0.1 —49£2
0.60 0.65 £0.01 0.60 £ 0.01 4.05+0.03 <1.8 —47+£2
0.40 0.29+£0.03 0.35+£0.03 336+0.03 <I1.8 —22+£3
0.30 0.21 £0.01 0.25 £0.03 2.60£0.04 <1.8 —14+£3
0.03 0.028 £0.004 0.031£0.002 0.93+£0.05 <1.8 —-4.5£0.3
0.02 0.021 £0.002  0.021 £0.002 0.79£0.05 <1.8 —2.1+0.3
0.01 0.014 £0.003 0.011£0.002 046+£0.05 <1.8 —-1.8£0.3

effective magnetic moments has been obtained using the Curie
constant and the nominal values of x. Even when some of the
magnetic moments show some discrepancies when compared
to the relation per = 5.924/x(ug) [19], the whole set of data
is well described by that relation and the discrepancies are
associated with the differences between the nominal and the
experimental value of x. Negative values of ® are obtained for
the whole set of samples and they show a linear decrease with
x, being more negatives when more Mn is present in the sample
(see table 1). The set of values is well represented by the
relation ®(x) = (=90 £ 4)x. On the other hand, the negative
values of ® suggest that the dominant interactions between
Mn magnetic moments are antiferromagnetic in nature. These
values of ® are in good agreement with those obtained from
electron paramagnetic resonance (EPR) which were reported
in a previous work [22].

3.2. Spin freezing regime

As previously reported (reference [22]), the temperature
dependence of the low-field (100 Oe) ZFC and FC traces
obtained for samples with x > 0.87 exhibit quite a similar
behaviour, namely, a sharp peak in the ZFC curves (see
figure 2(b)) and a pronounced ZFC-FC irreversibility below
the cusp. These features are evidences of collective spin
freezing. As mentioned above, the negative values of the
paramagnetic Curie temperature (ranging from —86 to —96 K)
make evident the existence of dominant antiferromagnetic
interactions in samples with x > 0.87 [17]. The cusp position
(T, indicated in figure 2(b) decreases as the Mn concentration
is increased and their values are in good agreement with those
obtained from EPR measurements [22].

In order to discuss in more detail the spin-glass behaviour
and its relation with the crystal phase, table 2 presents the
average interatomic cation—anion distances determined from
XRD data analysis. Average distances of the rhombohedral
phase show a smooth tendency to decrease when the Mn ion is
substituted by Zn ions. Almost constant values of the average
distances for the tetragonal phase are determined. It seems that
the difference in ionic radii between Zn>* and Mn*" ions (0.74
and 0.80 A in tetrahedral sites, respectively) should produce
the decreasing tendency of the interatomic distances in the
rhombohedral phase and should drive to the crystalline phase
transition from the rhombohedral to the tetragonal phase. On
the other hand, both structures show the characteristic random

Table 2. Average anion—cation interatomic distances for the
tetragonal and rhombohedral phases in Zn;_,Mn,In,Se, determined
from XRD data.

Tetragonal (/ Z12m) Rhombohedral (R 3m)

X Mn/Zn-Se (A) Mn/Zn-Se (A)

0.01 2532

0.25 2.537

0.35 2534

0.60 2.559

0.67 2.564

0.87 2.568

1.00 2.569

distribution of Mn and Zn ions over the accessible tetrahedral
and octahedral sites [21, 23]. This random distribution
of Mn ions and the occurrence of vacancies should drive
to disordered magnetic interactions (breaking superexchange
Mn-Se-Mn paths) and provides a source for the spin-glass
behaviour observed in this DMS compound. Spin-glass
behaviour arising from a topological disorder has been reported
for several (Mn, II)-III,-VIL; systems, irrespective of the
crystalline phase [21, 24, 25].

In a previous work [26], evidences of true spin-glass
transition was determined from dynamic measurements (AC
susceptibility). The maximum of the in-phase magnetic
susceptibility (T7) shows a relative variation per frequency
decade of (ATy/Ty)/Alogf = 0.022. This ratio is
intermediate between those typically reported values for
canonical spin glasses (0.7 x 1072) [9] and for the insulator,
Eug ¢Sro4S (5 x 1072) [27]. However, the value determined
for Zn;_,Mn,In;Se, is consistent with commonly reported
values for other spin glasses [21, 28], irrespective of the
crystalline structure of those spin-glass systems. Study of the
dynamic properties has provided us with critical exponents
which are consistent with those reported for other spin-glass
like systems [26].

In order to get more evidence of the true spin-glass
transition happening in Zn;_,Mn,In,Ses compounds, the
dependence of FC magnetic susceptibility (x) as a function
of both temperature and applied magnetic field is used to
study the static critical behaviour of the system. In figure 4
we depict dc susceptibility curves for samples with x =
0.87 and 1.00 carried out in the range from 2 to 10 K with
the dc field varying from 20 to 2000 Oe. As observed in
the plot (see figure 4), the effect of the nonlinear terms is
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Figure 4. Temperature dependence of the field-cooled magnetization obtained with different magnetic fields for the Zn,_,Mn,In,Se,s
compound. The left-hand plot is for x = 1.0 and the right-hand one for x = 0.87.
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Figure 5. Temperature dependence of the nonlinear susceptibility for Zn;_,Mn,In,Se; samples with Mn composition x = 0.87 and 1.00.

manifested through the broadening of the peak associated
with the spin freezing phenomena when the magnetic field is
increased. The nonlinear contribution to the total magnetic
susceptibility shows a divergent tendency when approaching
the critical temperature from above, as shown in figure 5.
Similar behaviour has been reported for other spin-glass
systems [21, 28-33]. This divergent behaviour has been
interpreted as evidence for the true spin-glass transition.

To study the nature of the transition that takes place
at T,, we have additionally analysed the nonlinear part of
the magnetic susceptibility. The nonlinear susceptibility,
xn(T, H), of a specimen is given by [34]:

(T, H) = x1(T) — M(T, H)/H, 2

where x;(T) is the linear susceptibility derived as described
in [33] and [34] and M (T, H) is the measured magnetization
of the specimen.

Since the linear component, x;(7), is non-divergent and if
a true thermodynamic phase transition occurs near to 7,,, then
the first two nonlinear terms should diverge as (T — T,) ™" and
(T — T,)~>v*B) respectively [28].

In the critical region, it is expect that y, (7, H) follows
the universal scaling relation [34-37]:

2/5 !
xn(H, T) o< H f(H2/¢)~ 3)

In equation (3) the reduced temperature is defined as r =
(T —T.)/ T, § and ¢ are the critical exponents, Tt is the critical
temperature and f(z) is the scaling function that satisfies [38]:

f(z) =const, z=0

f)=z7", z= o0

The critical exponent § can therefore be obtained from the
asymptotic behaviour when x goes towards zero [39]. The
curve obtained from the experimental data is displayed as a
log-log scale plot in figure 6 for the region of T > T,,. Values
of 7¢ and the critical exponents (¢ and §) were varied in order
to obtain the optimum data collapsing shown in figure 6.

The best scaling of experimental data has been obtained
with the following set of critical exponents: § = 4.0+0.2, ¢ =
4.34+0.2and Tc = 3.4+ 0.1 K, for the sample with x = 1.00;
and§ =4.24+0.2,¢ =4.5+0.2and Tc = 2.6+0.1 K, for the
sample with x = 0.87. These critical exponents (§ and ¢) are
consistent with critical exponents reported for the AgMn [39]
and the Zn;_,Mn,In,Tes; compound [21]. Similar critical
exponents of three-dimensional (3D) spin glasses with short-
range interactions obtained from numerical calculations were
reported in [40] and [41]. Higher critical exponents have been
reported for the ceramic BaCogTO,9, Which shows reduced
spin dimensionality due to planar anisotropy [32]. Recently,
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Figure 6. Scaling plot of the nonlinear part of the susceptibility for Zn;_,Mn,In,Se, samples with composition x = 1.00 (on the left-hand
side) and x = 0.87 (on the right-hand side). The plots have been obtained according to the universal scaling function given by equation (3).

a true spin-glass transition was reported for the quasi-two-
dimensional Ga;_,Mn, S system [24] whose critical exponents
are consistent with 3D systems. These results suggest that
the system studied in this work (Zn;_,Mn,In,Se4) with x >
0.87, where the cations are randomly distributed over a layered
cation lattice (a quasi-two-dimensional system) with short-
range antiferromagnetic superexchange interactions, belongs
to the same universality as 3D spin glasses.

4. Conclusions

DC magnetic susceptibility for samples of Zn;_,Mn,In,Sey,
covering a wide range of Mn concentrations has been
investigated in this work. The Mn concentration (x) and
the paramagnetic Curie parameter (®), estimated from the
high-temperature magnetic data (T > 150 K), are in good
agreement with those obtained from EPR. The irreversibility
of the ZFC/FC curves observed at temperatures below the
maximum of the ZFC curve for samples with x > 0.87 is a
finger-print of spin-glass behaviour. The divergent tendency of
the nonlinear susceptibility (x,) when approaching 7, from
above has been interpreted as evidence of a spin-glass phase
transition. Static scaling analysis of x;, data has been carried
out, yielding critical exponents comparable with those obtained
for other spin glasses with short-range interactions where the
random distribution of magnetic ions plays the main role.
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