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The new amorphous intermetallic compounds, M;(AsTe;),: M=Cr, Co, Fe, were synthesized by the pre-
cipitation reaction of the Zintl anion AsTe,*” with the divalent transition metal halides in aqueous solution and
analyzed by EDS equipped with SEM and PIXE. The empirical formula of the specimens was found to be Fe;
oAS; gTes g, Co30AS, Tegs, and CrygAs, Tege by the quantitative elemental analysis. The dc specific resistivity of
the materials was measured as a function of temperature in the range from 20 to 300 K, in which their resis-
tivities were decreased with increasing temperature, indicating the specimens to be semiconductors. The resis-
tivity of Cry(AsTe;), was largely dependent on temperature, while those of Co(AsTe;), and Fe;(AsTe,), were
only slightly dependent on temperature. To characterize the spin glass state of the specimens, the ac and dc
magnetic susceptibility were measured and it was found that Cos(AsTe;), and Fes;(AsTe;), undergo a transition
to a spin glass state at 6 K and 38 K, respectively. Magnetization data are reported as both thermal remanent
magnetization (TRM) and isothermal remanent magnetization (IRM) as a function of magnetizing field and
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temperature.

Introduction

The coordination chemistry of metal sulfides and metal
tellurides has been extensively investigated, due in part to
their importance in industrial and biological processes.' Dur-
ing the last decade, several heteropolyanions of group 15
and tellurium have been synthesized by various techniques.
[As; Te]’~ was obtained by the dissolution of appropriate al-
loys with alkali metals in ethylenediamine,? followed by the
complexation of the alkali cation by macrocyclic [2,2,2]'"
cryptand according to the procedure described by Corbett.?
Haushalter also synthesized [As; Te;}*~ by reduction of po-
lychalcogenates with an alkali metal in ethylenediamine.*
Recently, a more elegant procedure was proposed by Haush-
alter who prepared the [Sb,Te,]*", [SbTes]*” and [SbeTe,}*"
anions by using an electrochemical procedure’ We have
previously found K;SbTe; compound that is discrete molec-
ular structure to form an ionic solution in polar solvents.® In
recent years, we have studied the amorphous intermetallic
compounds using the MTe;*~ (M=Sb, Ga) Zintl phase as
precursor.” Amorphous solids differ from crystalline ones in
that they lack the long-range translational order charac-
teristic of crystalline solids. This affects the optical, elec-
tronic and magnetic properties of the solids. These unique
characteristics of amorphous materials have suggested po-
tential applications in electronics, photovoltaics, catalysis,
and optical and magnetic material.® In this report, we des-
cribe the synthesis and characterization of new amorphous
magnetic materials, M;(AsTe;), (M=Cr, Fe, Co), which are
produced from the reaction of the Zintl phase material,
K;AsTes;, with MCL, in an aqueous solution.

Experimental

Synthesis
Due to the air sensitivity of the materials used in these

reactions, all manipulations were carried out in an argon-fill-
ed glovebox containing less than 1 ppm of oxygen.

K3AsTes. The tenary Zintl material K;AsTe; was pre-
pared by direct combination of the elements. A dry quartz
tube was charged with 0.12 g of K (3 mmol), 0.75 g of As
(1 mmol), and 0.38 g of Te (3 mmol). The sample quartz
tube was evacuated at a pressure of approximately 1x 10>
Torr for 1.5 hr and then sealed under vacuum. The sample
tube was placed inside a larger diameter tube, which was
similarly evacuated and sealed. The outer tube was used to
prevent air contamination in the event that the inner tube is
fractured during cooling. The sample was heated at 640 °C
in an automatic control furnace for 20 hr, then cooled to am-
bient temperature over a 48-hr period and a metallic dark
crystalline product was obtained.

Mi(AsTes), (M=Cr, Fe, Co). The transition metal ar-
senic tellurides were prepared by the reaction of K,AsTe,
with transition metal halides. In a typical preparation, while
stirring the MX, solution (25 mL, 0.1 M), a stoichiometric
quantity of the K;AsTe; solution (20 mL, 0.05 M) was slow-
ly added. A fine black precipitate was immediately formed,
separated by suction filtration, washed with degassed water
and acetone, and dried overnight under vacuum. All sam-
ples were treated as air-sensitive in the course of physical
measurements to prevent possible decomposition.

Elemental Analysis

The presence of the three elements in each sample and
the homogeneity of each sample were confirmed with an
EDS equipped with Jeol 6400 scanning electron microscope
and Tandem 1.7 MV accelerator PIXE. The quantitative ele-
mental analysis for these materials was carried out on a IL-
S-12AA spectrometer. The atomic absorption standards
were purchased from John-Matthey. The empirical formula
determined for these materials gave the following chemical
compositions: Fe;gAs, sTesq; C030A8;,Tegs; CrspAs, o Teqo.
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Resistivity Measurement

Resistivity measurement for the materials was performed
on pressed pellet over the temperature range 20-300 K us-
ing the van der Pauw technique. The pressed pellets were
made under a pressure of 16000 psi. Electrical contact to
the sample was made using gold wires attached with silver
paint. The current was supplied by a Keithley Model 224
programmable current source and the voltage drop across
the sample was measured with a Keithley Model 181 digital
nanovoltmeter.

Magnetism

dc Magnetic Susceptibility. The magnetic suscepti-
bility and magnetization were measured with a Quantum
Design MPMS-5S SQUID susceptometer. Measurement and
calibration techniques have been reported elsewhere. Three
types of experiments were conducted: dc magnetic suscepti-
bility (M/H), thermal remanent magnetization (TRM), and
isothermal remanent magnetization (IRM), each as a func-
tion of field or temperature. The TRM experiment involves
cooling the sample in an applied magnetic field and then
measuring the remanent at zero magnetic field. The IRM ex-
periment, on the other hand, involves cooling the sample in
zero field and then applying a magnetic field.

ac Magnetic Susceptibility. The ac magnetic sus-
ceptibility was recorded on samples that were taken from
the same synthetic batch used for the dc measurement and
the data were recorded on a variable-frequency mutual in-
ductance instrument. The operation and calibration of this in-
strument are described elsewhere. Both the in-phase com-
ponent ' and the out-of-phase component X" of the mag-
netic susceptibility at zero field were recorded at 100 Hz
over the temperature range from 2 to 30 K.

Results and Discussion

For several years, we have been interested in the pre-
paration and characterization of the amorphous intermetallic
compounds.® These materials are prepared using Zintl phase
as precursor. Because the Zintl phase itself exhibits a very
large distribution of charges that allows the Zintl material to
exhibit salt like solubility properties in many polar solvents.
Recent studies of the material containing metathesis pro-
ducts of these compounds have shown them to exhibit spin
glass behavior, unusual photomagnetic effects, a wide range
of electrical resistivities and catalytic properties.” To con-
tinue the search for ternary amorphous intermetallic chal-
cogenide compounds, we have extended our study to M;
(AsTe;), (M=Cr, Fe, Co). The magnetic measurements of
these materials show the Co,(AsTe;), and Fey(AsTe;), to
have a spin glass character. Figure 1 shows both in-phase
magnetic susceptibility (¥") and the out-of-phase magnetic
susceptibility (x") of Cos(AsTe;), measured at 100 Hz and
zero magnetic field. The in-phase magnetic ac susceptibility
(%) exhibits a sharp maximum with at approximately 6 K.
The dc magnetic susceptibility results for Co,(AsTe;), in the
temperature range of 2 K to 300 K are presented in Figure 2
as the plot of the reciprocal susceptibility vs. temperature.
The parameters from least-square fits of the temperature de-
pendence of 1/y above 50 K to Curie-Weiss equation are 8=
—14 K. Usually, a sharp peak at a well-defined tem-
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Figure 1. The temperature dependence of ac magnetic sus-
ceptibility measured at 100 Hz for Co;(AsTe;),.
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Figure 2. Temperature dependence of inverse molar sus-
ceptibility for Co;(AsTe;),. The solid line represents the Curie-
Weiss fit.

perature called the freezing temperature T; is observed in
the ac susceptibility curve of the spin glass materials. The
sharper peak in ' occurs at lower temperatures and cor-
responds to the anomaly observed in the dc magnetic meas-
urements. Figure 3 illustrates temperature dependence of
magnetic susceptibility of Cos(AsTe,), for field cooled and
zero field cooled experiments at low temperatures. The max-
imum that is observed in the zero field cooled magnetic sus-
ceptibility data and absent in the field cooled ones is an evi-
dence that Co,(AsTe;), exists in a spin glass state with a
freezing temperature of about 6 K. However, if the tem-
perature approaches T}, the susceptibility becomes more Cu-
rie-like. Below T the species are blocked, and the system is
trapped in a highly irreversible, metastable state. The effect
of an applied field below T} is antiferromagnetic like with re-
manence. The dc data were measured in an applied mag-
netic field, while the ac data were measured at zero field
condition. This could account for some of the apparent dis-
crepancy between the ac and dc magnetic susceptibility data.
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Figure 3. Plot of the magnetic susceptibility of Co;(AsTe), as a
function of temperature measured at 1 kG (open circle: field cool-
ing, dot: zero field cooling).

The same type of behavior has also been observed in Fe,
(AsTe;), as shown in Figure 4, but it has a high spin glass
freezing temperature -of about 38 K. The another important
supporting experiment for the characterization of the spin
glass state is the analysis of the field dependence of the
isothermal remanent magnetization (IRM) and thermal re-
manent magnetization (TRM). The results of these ex-
periments on Fe;(AsTe;), are illustrated in Figure 5. A
hump in the TRM curve has been observed in many spin
glasses and is characteristic of the spin-glass state.”” Such a
hump is apparent in the field dependent plot of the TRM
data in Figure 5. The effect seen for the TRM is greatly
enhanced by performing the experiment at lower tem-
peratures, whereas the IRM is little affected by temperature.
This is shown in Figure 6 where both TRM and IRM at an
applied field of 1 kG are plotted as a function of tem-
perature. The TRM and IRM curves merge near 38 K, the
freezing point, which agrees with the susceptibility data at
zero field cooling and field cooling.
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Figure 4. Plot of the magnetic susceptibility of Fe;(AsTe;), as a
function of temperature measured at a field of 1 kG (open circle:
field cooling, dot: zero field cooling).
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Figure 5. A plot of the IRM and TRM as a function of the mag-
netization field for Fe,(AsTe,), at 6 K (open circle: TRM, dot:
IRM).
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Figure 6. A plot of IRM and TRM as a function of temperature
for Fe,(AsTe,), at a remanent-inducing magnetic field of 1 kG.
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Figure 7. Temperature dependence of the specific resistivity for
M;(AsTe,), (M=Cr, Fe, Co).
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Figure 8. Temperature dependence of the inverse magnetic sus-
ceptibility and magnetic susceptibility for Cry(AsTe,),.

The temperature dependence of the resistivity for M,
(AsTe,), is shown in Figure 7. It has a value of 4.32x 10"
Q cm for Cry(AsTes),, 3.67x107" Q cm for Fey(AsTe,),,
3.41x10°' Q cm for Cos(AsTe;), at 300 K. The Fe, Co,
and Cr analogues exhibit a negative temperature coefficient
(dp/dT) throughout the temperature range investigated, in-
dicating semiconductivity. The resistivity of Cry(AsTe;), is
significantly larger than the other materials in this series, for
example, three orders larger than that of Fe;(AsTes), and Co,
(AsTe;),. The resistivities of Fe;(AsTes), and Coy(AsTe,),
are only slightly affected by temperature. An analysis of the
data reveals that the Crs(AsTe;), has an estimated activation
energy of 0.029 eV, based on the slope of the least-squares
fit of the log p vs. 1/T plot. In Figure 8 the magnetic sus-
ceptibility data shows that the compound exhibits Curie-
Weiss paramagnetism. At lower temperatures the magnetic
susceptibility begins to deviate from Curie-Weiss law, but
there is no characteristic magnetic anomaly to allow a pre-
cise determination of the nature of the magnetic coupling.
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