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In view of their unique physical properties, FeSi
crystals have been attracting the attention of research-
ers for many years. The behavior of magnetic suscepti-
bility, as well as thermal and electrical parameters in
this crystal is found to be unusual. For example, resis-
tivity 

 

ρ

 

 first monotonically decreases upon heating by
four orders of magnitude, attaining its lowest value near

 

T

 

 

 

≈

 

 300 K (the 

 

ρ

 

(

 

T

 

) dependence in this case cannot be
described by a simple thermal-activation-controlled
dependence), and then slowly increases with temperature.
Due to this feature, the FeSi crystal is attributed to the
class of Kondo compounds [1] or classified as a material
exhibiting the semiconductor–metal transition [2]. From
the magnetic standpoint, this material does not match the
traditional behavior of known magnets. The magnetic
susceptibility (

 

χ

 

 ~ 10

 

–4

 

–10

 

–6

 

) first decreases upon an
increase in temperature to 

 

T

 

 

 

≈

 

 90 K, and then substan-
tially increases, attaining its peak value at 

 

T

 

 

 

≈

 

 500 K [3].
The methods of Mössbauer spectroscopy [4] and neu-
tron diffraction [5] revealed no magnetic order in this
compound; at 

 

T

 

 > 550 K, the temperature dependence
of the magnetic susceptibility obeys the Curie–Weiss
law. However, more elaborate experiments with polar-
ized neutrons [6] reveal magnetic scattering in such
crystals, which is interpreted as the existence of micro-
scopic regions with ferromagnetic correlations of spin
fluctuations.

A complex of detailed studies of magnetic, thermo-
electric, and galvanomagnetic properties [7–9] of the
FeSi crystal led to the conclusion that the results can be
interpreted using the Hubbard model with strong elec-
tron correlations. The authors of these works attribute
the low-temperature peculiarities in the physical prop-
erties to the formation of spin polarons. It should be
noted that some authors attribute the low-temperature
peculiarities to the presence of iron impurity ions due to
nonstoichiometric composition of the crystal [3, 8, 10],

while the high-temperature dependences are explained
by the transition of electrons in the 

 

d

 

4

 

 configuration

from the  state (

 

S

 

 = 0) to the  state (

 

S

 

 = 1) [3].
However, no generally accepted pattern has been
adopted for describing the entire set of physical proper-
ties of FeSi.

In some publications, an attempt has been made at
modifying the properties of the FeSi crystal by doping
it with various impurities. For example, the substitution
of 4

 

d

 

 iridium ions for Fe ions [11] increases the height
of the magnetic susceptibility peak and completely
changes the resistivity, leading to the metal-type con-
duction for an Ir concentration of 

 

x

 

 > 10 at %. The addi-
tion of 3

 

d

 

 cobalt ions [12] leads to the formation of
magnetic order and hole conductivity mechanism, pre-
serving the temperature variation of 

 

ρ

 

 on the whole.
The substitution of aluminum for silicon [13] results in
metallization of the state of the sample and in an overall
increase in the magnetic susceptibility.

In the series of magnetic elements, 4

 

f

 

 ions are char-
acterized by the fact that many of these ions readily
form chemical compounds with silicon [14] and have
localized magnetic moments. At low temperatures,
individual properties of rare-earth ions are manifested
the most strongly, which makes it possible to use them
as probes in the task-oriented variation of physical
properties of crystals.

In this communication, we report on the results of
experiments on the effect of 4

 

f

 

 dysprosium impurity
ions on the electric and magnetic properties of the iron
monosilicide crystal.

Polycrystalline Fe

 

0.99

 

Dy

 

0.01

 

Si samples were
obtained by the method described in [10]. X-ray mea-
surements were performed on the DRON-4 diffracto-
meter on polycrystalline samples taken from different
parts of the crucible. All diffraction patterns were iden-
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tical. The magnetization was measured on a SQUID
magnetometer in weak magnetic fields and on a PPMS
device in strong fields. Before each measurement, the
sample was placed in a demagnetizer. The temperature
and field dependences of resistivity were obtained by
the four-probe technique.

A comparison of diffraction patterns for the doped
and nominally pure crystals revealed that doping of the
FeSi crystal with Dy ions with concentrations 

 

≤

 

1 at %
does not change the structure. No traces of compounds
in the Dy–Fe and Dy–Si systems were revealed either.

It is well known [10] that a nominally pure crystal
exhibits no magnetic susceptibility anomalies in the
low-temperature region. The implantation of Dy ions
strongly affects the magnetic properties at low temper-
atures in weak magnetic fields (Fig. 1). Measurements
of magnetization 

 

M

 

 in the zero-field cooling (ZFC)
mode revealed an anomaly in the form of a peak on the
temperature dependence 

 

M

 

(

 

T

 

). Upon an increase in the
magnetic field, the position (blocking temperature 

 

T

 

c

 

)
of this peak is shifted towards low temperatures, its
height increases, and the peak becomes much broader
(Fig. 1a). In the field cooling (FC) mode in a magnetic
field equal to the measuring field, the anomaly is pre-
served, but the peak is displaced towards lower temper-
atures, its height being much larger than in the ZFC
regime (Fig. 1b). In this case, the 

 

M

 

(

 

T

 

) curve has the
same shape for heating and for cooling. In magnetic
fields 

 

H

 

 

 

≥

 

 5 kOe, the 

 

M

 

(

 

T

 

) dependences for a nominally
pure crystal and for a Dy-doped crystal behave analo-
gously (see inset to Fig. 1). Figure 2 shows the field
dependences of magnetization at various temperatures.
Hysteresis phenomena are observed; however, it can be

seen from the figure that such a behavior takes place at
temperatures 

 

T

 

 < 25 K, while no anomaly is observed
at higher temperatures.

Measurements of resistivity of a Dy-doped crystal
reveal that the shape of the temperature dependence

 

ρ

 

(

 

T

 

) is qualitatively the same as for a nominally pure
crystal. The only difference is that the resistivity 

 

ρ

 

Dy

 

 of
the doped crystal is lower than that (

 

ρ

 

NP

 

) for the nomi-
nally pure crystal under identical experimental condi-
tions. Figure 3 shows the temperature dependences of
the difference 

 

∆ρ

 

 = 

 

ρ

 

Dy

 

 – 

 

ρ

 

NP

 

 obtained in different mag-
netic fields. It can be seen that the magnetic field depen-
dence of 

 

∆ρ

 

 is observed only at temperatures 

 

T

 

 < 40 K,
while a constant but magnetic-field-independent varia-
tion of resistivity is observed at higher temperatures. At
a fixed temperature, the resistivity of the Fe

 

1 

 

−

 

 

 

x

 

Dy

 

x

 

Si
crystal increases with the magnetic field, and the exper-
imental curve can be approximated by a quadratic
dependence (see inset to Fig. 3) of the form

 

where 

 

j

 

 = Dy or nominally pure crystal (NP). The table
contains the values of the coefficients in the fitting
dependence for 

 

ρ

 

(

 

H

 

).
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Fig. 1.

 

 Temperature dependences of magnetization of
Fe

 

1 

 

−

 

 

 

x

 

Dy

 

x

 

Si: (a) in the ZFC regime in different magnetic
fields 

 

H

 

 = 10 (

 

1

 

), 100 (

 

2

 

), 500 (

 

3

 

), 1500 (

 

4

 

), and 2500 (

 

5

 

) Oe;
(b) in the FC and ZFC regimes for 

 

H

 

 = 400 Oe. The inset
shows the dependence for 

 

H

 

 = 10 kOe.
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Fig. 2.

 

 Field dependences of magnetization at 

 

T

 

 = 2 (a),
10 (b), and 20 (c) K.
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Thus, our experiments show that doping of the FeSi
crystal with Dy ions noticeably changes its magnetic
and transport properties. In the nominally pure crystal,
a magnetic hysteresis exists in fields H < 100 Oe, but it
has a different shape and is due to the interaction
between iron clusters [10]. In this case, we can assume
that impurity clusters containing Dy ions are addition-
ally formed along with “purely iron” magnetically iso-
tropic clusters on account of departures from stoichi-
ometry. It is well known [15] that iron and dysprosium
in Fe–Dy alloys participate in the antiferromagnetic
exchange. If dysprosium appears in the tetravalent
state, it is in the 5I8 state and its energy spectrum con-
sists of a series of strongly anisotropic quasi-doublets
separated by long distances. Splitting of these quasi-
doublets is caused by the exchange field produced by
iron environment. The magnetization peak can be asso-
ciated with the population of low-lying levels of dys-
prosium ions, while the field and temperature hysteretic
loops are due to magnetization reversal of precisely
these clusters. Such a scenario explains the presence of
the energy barrier separating various metastable states of
a cluster. The height of this barrier determines the block-
ing temperature Tc, while the behavior of the entire sub-
system resembles the spin-glass behavior [16].

As regards the electric properties, the situation is not
so clear. On the one hand, the introduction of dyspro-
sium ions must change the energy spectrum and the
number of charge carriers; on the other hand, it must

lead to the emergence of one more magnetic scattering
channel. However, we observe an overall decrease in
the resistivity of the crystal upon doping and its further
decrease as a result of application of a magnetic field.
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Fig. 3. Temperature dependences of resistivity variation in
various magnetic fields H = 10 (1), 50 (2), and 90 (3) kOe.
The inset shows the field dependence of resistivity at T = 2 K
for a Fe1 − xDyxSi crystal (1) and FeSi crystal (2).

Table

Sample A × 105 B × 1011 C × 1016

FeSi 9.5 8.8 6.4

Fe1 – xDyxSi 9.2 8.3 4.0
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