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The resistance of ternary intermetallic compounds, namely RE(Ce, Nd, Sm)sCusSna (space group Immm),
RE(Gd, Th, Ho)NiSnz and DyNiSi (space group Pnma) and DyNiSis (space group Cmmm), has been studied in the
temperature range up to 0.3 K and magnetic field up to 12 TI. The temperature dependencies of electrical resistivity
evidently show the anomalies at low temperatures. The anomalies of resistance temperature dependencies observed
at the absence of an external magnetic field, agree well with magnetic phase transitions.

In the majority of the investigated compounds, an increase of the external magnetic field leads to an erosion
of the peculiarities on the temperature dependency of resistivity, right up to complete disappearance. Such effect is
caused by the corresponding magnetic order phase transitions.

Magnetic field influence on the temperature dependency of resistance is treated as an influence on the
magnitude of hybridization between (s-d) conductivity electrons and localized f-electrons including influence on
change on the charge caries mobility due to a possible spin-compensated interaction. Electron transport properties
expose peculiarities in dependency of different chemical environment vicinity in elementary cell of crystal lattice

and of magnetic state of the compound.
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Introduction

The rare earth intermetallic compounds with
transition and p-metals fairly often demonstrated
interesting magnetic behavior, which affects other
physical properties, including electrical. Thus, the
REsT4X4 intermetallics (RE = rare earth elements; T = Cu,
Pd, Ag; X = Si, Ge, Sn) crystalize into an orthorhombic
Gd3CuaGes structure type (space group Immm). In these
compounds the rare earth atoms occupy two inequivalent
positions 2d (1/2, 0, 1/2) and 4e (z, 0, 0). In this case, as
the results of the magnetism and neutron diffraction
experiments testify, the magnetic properties of the
compounds may have a complex nature. Particularly, the
magnetic moments of the rare earth elements frequently
differ one from other and may be less than the values of
free ions. The magnetic moments in different positions
form different magnetic structures. The good example is
REsCusXs (RE = Th, Dy, Ho, Er; X = Si, Ge, Sn)
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compounds. The results of the magnetization and
magnetic susceptibility investigations of polycrystalline
samples of these compounds are presented in [1]. All
investigated compounds are antiferromagnetic and reveal
a complex magnetic behavior. For some of them, the
additional peculiarities below the Neel’s temperature can
be observed.

The works [2-5] are also devoted to the magnetic
characteristics of the RE3T4X4 compounds, among which
the the cerium compounds CesCusSns and CesCuasGes [5]
are probably the most ineteristing. The high values of the
resistivity coefficient in these compounds classify them as
the strong electron-electron correlation systems (heavy
fermions). In these compounds cerium also occupies two
inequivalent positions. The magnetization curve obtained
on CesCusSns at low temperatures points to different
magnetic interactions, particularly the complex magnetic
transformations are observed below the magnetic ordering
temperature Tn. It is assumed that the magnetic ordering
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happens due the long-range exchange interaction
mechanism RKKY (Ruderman-Kittel-Kasuya-Yosida
exchange interactions). The obtained resulting magnetic
moment relates to the cerium atom:
uest = 2.37 ug, at the theoretical value for Ce3* ion of
2.54 us..

The electron transport properties of the RE3CusSn4
(RE = Ce, Nd, Sm, Gd, Dy) compounds have been
described in Refs. [3, 6]. The correlation of peculiarities
in the magnetic and electron transport studies has been
observed.

The RETX. compounds crystalize in different
orthorhombic structures. In particular, the ternary
compounds of the rare earth compounds with Gd, Tb, Ho
crystalize in the LuNiSn, structure type (space group
Pnma). Rare earth atoms occupy tree inequivalent sites in
these compounds. The neutron diffraction data indicate
that in the RENiSn, compounds magnetic moments are
localized only on atoms of rare earth elements. No
magnetic moment has been observed in the nickel atoms.
In TbNiSn; the rare earth element form a non-collinear
magnetic structure while in HoNiSn; antiferromagnetic
structure is collinear with different magnitude of the
magnetic order in each sublattice. From the magnetization
experiments have been observed two anomalies for
TbNiSnzat 5.2 K and 2.8 K and in HoNiSn; an explicitly
seen maximum at 2.2 K [7].

Electron transport properties of the RENiSn; (R =,
Gd, Th, Dy, Er, Tm) compounds have been studied by
L. Romaka and co-authors [8].

The next two compounds with unique physical
properties are DyNiSi with TiNiSi structure type (space
group Pnma), DyNiSis with ScNiGes structure type (space
group Cmmm). In the case of DyNiSi compound the
peculiarity on the temperature dependency of resistivity at
9K have been observed. Magnetic studies reveal a
magnetic transition in DyNiSi at 3 K and the Neel’s
temperature Ty = 8.8 K [9]. The two peculiarities on the
temperature dependency of resistivity of the DyNiSis
compound at 6.5 K and 21 K have been observed [10].

As a unifying factor of all listed compounds is an
existence of some peculiarities on the temperature
dependencies of resistivity, which correlated by the
evidence temperature with magnetic phase transitions.

Therefore, in this work we presents the results of the
electric resistivity studies of REzCusSns (RE = Ce, Nd,
Sm), RENiSn, RE= (Gd, Th, Ho), DyNiSi, DyNiSis,
partially presented earlier in [6, 8, 10]. In comparison with
the mentioned works the low limit of the studies
temperature has been lowered, the temperatures of the
specific points (phase transitions) have been adjusted, as
well as the resistivity studies have been conducted in the
circumstances of an applied external magnetic field.

I. Materials and methods

Samples of nominal compositions were synthesized
from high-purity metals: rare earths - 99.9 wt.%, Cu, Ni
>99.999 wt.%, and Sn, Si > 99.999 wt.%) by arc-melting
under a purified argon atmosphere, using Ti as a getter and
a tungsten electrode. To achieve high efficiency of the
interaction between the components, the samples were
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melted twice.

The ingots were annealed at appropriate for each
composition temperatures under vacuum in evacuated
quartz ampoules for a corresponding duration of time and
subsequently quenched in cold water.

The phase and structural analyses were performed
based on X-ray powder diffraction data collected on
diffractometers DRON-2.0M (Fe Ko radiation).
Crystallographic parameters were calculated using
WinCSD program package [11]. The elemental
composition of some samples was comfirmed using a
registering scanning electron microscope REMMA-
102-2.

The electrical resistivity was measured by the
standard the two-probe method using well-shaped pieces
cut by spark erosion from the polycrystalline samples
(parallelepiped form, optimal proportions and sizes).
Soldered contacts were used. Studies of the electrical
resistivity to the temperature of liquid helium were
conducted in the Scientific-technical and Educational
Center of Low Temperature Studies, I. Franko National
University of Lviv, and studies below the temperature of
liquid helium and in a magnetic field at the Institute of
Solid State Physics, Vienna University of Technology.

I1. Results and discussion

The influence of magnetic field on resistivity of the
ternary intermetallics REsCusSns (RE = Ce, Nd, Sm),
RENiSn, (RE = Gd, Th, Ho), DyNiSi and DyNiSis has
been studied. All listed compounds exhibit peculiarities of
temperature dependencies at the low temperature range.
Since the temperature of appearance of these peculiarities
correlate with the observed phase transition temperatures,
it can be assumed that in most cases these peculiarities on
the temperature dependencies of resistance are caused by
a magnetic ordering and magnetic transitions

Therefore, the temperature of explosion of
peculiarities correspond with the Néel’s temperatures or
magnetic transitions, which are components of multiple
magnetic transitions observed in these compounds. Thus,
several phase transitions or the transition of phases, which
in itself can have a complex, step by step nature, effect on
changes of resistivity. The existence of multiple phase
transitions consequences in presence not in one but two
and more peculiarities in the low temperature range of the
temperature dependency of resistivity.

The intermetallics with different crystal structures and
therefore with different crystallographic parameters have
been selected for the studies. Crystal lattices for some
compounds have asymmetric nonequivalent rare earth
location sites. The basic crystallographic parameters of the
studied compounds are represented in the Table 1. Let us
note a significant difference of the lattice parameters of the
studied compounds of different structural types. More
precisely crystallographic studies can be found in [6, 8,
10].

Before proceeding to the actual description of the
experimental resistance data, several remarks need to be
made. First, even though the resistivity absolute value is
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Table 1
Crystallographic data for the studied compounds.
Compound Structure type Space group Lattice parameters, nm
a b c
CesCuaSny GdsCusGes Immm 0.4594(2) 0.7023(2) 1.5094(4)
NdsCusSny GdsCusGes Immm 0.4542(1) 0.6984(2) 1.4953(3)
Sm3CusShy GdsCusGes Immm 0.4503(2) 0.6956(3) 1.4825(3)
GdNiSn; LuNiSn, Pnma 1.6129(3) 0.4436(3) 1.4668(4)
TbNiSn; LuNiSn, Pnma 1.6064(4) 0.4427(3) 1.4611(5)
HoNiSn; LuNiSn, Pnma 1.6002(5) 0.4400(3) 1.4509(4)
DyNiSi TiNiSi Pnma 0.68625(6) 0.41568(5) 0.71686(6)
DyNiSis SmNiGes Cmmm 0.39225(3) 2.0955(1) 0.39465(3)
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Fig. 1. RE-M(Cu,Ni)-X(Sn,Si). Resistivity temperature dependency (a), low temperature range of the reduced
resistivity temperature dependency (b, c, d).

an important parameter but considering that, the samples
were obtained using the arc-melting method we would not
concentrate our attention on the absolute value of
resistivity treating it as a qualitive feature. Due to the
considerations mentioned above, resistivity temperature
dependencies that will be presented bellow on Fig. 1, will
be also presented in the normalized form.

Secondly, presenting temperatures obtained from
resistance temperature dependencies peculiarities (phase
transitions) measurements, we would like to state a
restriction regarding the method of obtaining one. There is
a practice to take the maximum temperature on the heat
capacity dependency of temperature as the transition point
for magnetic phase transitions. However, the reflection of
the corresponding phase transition on the resistance
temperature dependency always has, more or less,

continuous temperature range. That explains difficulties of
exact establishing of phase transition temperature using
resistance measurements.

More important is the fact of observing the phase
transition itself on temperature dependency curve of
resistivity p = f (T).

The phase transition temperature was established as
the temperature of the beginning of the sharp change of
resistance and by the curve maximums dp/dT. Comparing
the manifestation temperatures of phase transitions
obtained from the magnetic studies, heat capacity studies
and from resistance temperature dependencies analysis,
we must consider the restrictions mentioned above.

The resistivity temperature dependencies of the
studied compounds have been presented on Fig. 1(a) and
additionally low temperature parts of these dependencies

224



Peculiarities of the Electric Resistivity Behavior of...

in normalized form on Fig. 1(b, c, d).

As seen from the figure, resistance temperature
dependencies of all studied compounds have the metallic
nature. Peculiarities in the form of resistance sharp drop in
the low temperature range we, considering the restrictions
mentioned above, identify as an manifestation of phase
transitions related to magnetic ordering in rare earth
element sublattice.

Resistance temperature dependencies above the
mentioned phase transition temperature in the studied
compounds have a similar to each other metallic
temperature behavior with a slight nonlinearity. As the
exception of such a resistance temperature dependency is
the resistivity temperature dependency of CesCusSns. The
properties of CesCusSns compound will be discussed
separately a little latter.

A slight deviation of the temperature dependency
from the linear one allows describing resistance
temperature dependency above the phase transition
temperature with the Bloch-Griineisen-Mott formula [12],
which takes into account the residual resistance, phonon
component and an interzone scattering contribution. The
last one can cause a deviation of the dependency from the
linear one.

Note that nonlinearity of resistance temperature
dependency can also be a consequence of some other
reasons. Particularly, it can be demonstrated with simple
calculus that in case of presence of more than two or more
phases in an alloy in the form of inclusions, even if each
of them reveals linear nature of resistance temperature
dependency separately, the total resistance temperature
dependency will be nonlinear. In the absence of significant
evidence of presence of a significant presence of second
phase in the compounds studied by us we wrap up to a
conclusion that the resistance temperature dependency
nonlinearity observed by us is caused by the interzone
scattering contribution.

The CesCusSns differs significantly from other
samples by its temperature dependency nature (see Fig.
1(a)). Firstly, the resistivity of this sample (same as the
DyNiSi sample), though not drastically but is bigger by its
absolute value than the resistivity of other samples.
Secondly, resistivity temperature dependency of this
compound is characterized by a significant deviation from
the linear nature and is more alike to the temperature
dependencies in systems with strong electron-electron
correlations. The big value of the resulting electronic
specific heat coefficient) y = 330 mJ/molc.K? [5] is a
direct evidence that the CesCusSn4 can be classified as a
strong electron- electron correlation system.

The fact that many cerium compounds are classified
as strong electron- electron interaction system
(intermediate  valence state, Kondo lattice and
concentrated Kondo lattices, heavy fermions systems) has
been known for a quite long time. Regarding the
CesCusSns compound in particular we should note its
heavy fermion state and absence of direct evidences of a
Kondo behavior of resistance temperature dependency [3,
5]. At the same time we omit the discussion regarding
intermediate valence state as state of a Kondo system with
strong connection and high Kondo temperature Tk [13].

In any case, we investigate a strong correlated system,
in which while lowering temperature, we transit to
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magnetic ordered state of a complex nature or in a state
with strong electron-electron correlations, which coexist
with a magnetic ordering at low temperatures.

Allow us proceed to the influence of an external
magnetic field on resistivity of the compounds listed
above. Studies of sign and nature of the rare earth element
magnetoresistance behavior are a way to understand the
f(d)-s interaction mechanism in various metallic systems
featuring localized magnetic moments.

Two temperatures on the resistivity temperature
dependency of studied compounds were selected to
estimate quantitively the external magnetic field influence
on resistance. The first temperature was selected slightly
above the magnetic ordering temperature (first peculiarity
manifestation temperature on resistance temperature
dependency while cooling the sample). The second
temperature is 0.4 - 0.5 K (i.e., at the lowest temperatures
acquired at T — 0). Such approach to selecting control
temperatures will be kept in future for all studied
compounds. At control temperature we will evaluate a
quantitative change of resistivity under an applied external
magnetic field Apmag, as Well as at the highest values of
magnetic field tension applied for a particular compound.

p(T,H%0)—p(T,H=0)
Apmax = BT 100% percentage

difference between resistivity at a fixed temperature, zero
magnetic field and resistivity at the same temperature in
presence of maximal magnetic field, applied during
studies of a particular compound.

2.1. Influence of external magnetic field on the nature
of resistivity temperature dependency

RE3sCusSns (RE = Ce, Nd, Sm)

CesCusSna4. The CesCusSns compound sample, in the
absence of external magnetic field, exhibits a temperature
behavior similar to the behavior the Ce metallic
compounds resistance, in which Ce is in the state with
strong electron-electron correlations (Fig. 1). The
imposition of an external magnetic field leads to
transformation of resistivity temperature dependency of
CesCusSna, significantly bigger in the low temperature
part of the dependency. Therefore, only the low
temperature part of resistivity temperature dependency is
presented (Fig. 2).

Resistance temperature dependency of CesCusSnyin
the low temperature region explicitly indicates the
presence of at least two peculiarities at ~ 3.5 K, ~7.7 K.
The presence of a higher temperature (above 10 K)
peculiarity can be assumed, which does not get revealed
due to a peculiar nature of this temperature dependency.

Evidently the presence of two peculiarities on the
resistivity temperature dependency of CesCusSns is
directly caused by cerium atom location in two
inequivalent sites of crystal lattice 4e and 2d, and therefore
by a complex nature of magnetic ordering at low
temperatures. It will be recalled that the rare earth
elements atoms can occupy two inequivalent positions 2d
(172, 0, 1/2) and 4e (z, 0, 0) in the compounds, which
crystalize in the orthorhombic structure of the GdsCusGes
type (Immm space group).
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Fig. 2. CesCusSns. Temperature dependences of electrical resistivity in magnetic fields of different magnitudes (a);
the dependence of the resistivity on the magnitude of the external magnetic field (b).

At extremely low temperature transition to constant
value of resistance (residual resistance) is observed, which
is expected to be observed at T — 0 in a classic case.

The magnetic ordering data in the CesCusSns
compound is known, magnetic ordering temperature is

given Ty = ~ 10.3 K, and complex step by step nature of

the magnetic ordering evolution on temperature decrease
is presented [5]. The peculiarities manifestation
temperatures T? magorg) 7.7 K and 3.5 K can be related with
the magnetic ordering evolution temperatures Tn:
T, =7.3 Kand 75 = 2.6 K[5]. As it can be see, considering
the restrictions mentioned above, regarding evaluating
phase transition temperatures using  magnetic
measurements and resistance temperature dependency
measurements, the correlation is quite accurate.

Now let's look at a qualitive transformation of
resistivity temperature dependency of CesCusSns and
evaluate quantitative indicators of magnetic field
influence at the control temperatures (Fig. 2, b). The first
temperature of 9 K was selected slightly above the
peculiarity temperature of ~7.7 K and the second of 0.5 K,
at the lowest obtained temperatures, below the second
peculiarity temperature of ~ 3.5 K. As mentioned above,
this approach to the choice of control temperatures will be
maintained in the future for other test compounds.

As the external magnetic field strength increases, the
resistivity in the temperature environment above the
magnetic ordering temperature (i.e., above the
manifestation of the first feature) generally decreases.
This can be explained by partial ordering of thermally
disoriented magnetic moments of rare earth metals atoms
(at least in one sublattice of a rare earth element). With the
further increase in the magnetic field strength, the
electrical resistivity decreases monotonically until the
complete disappearance of the peculiarity (in the form of
a sharp decrease in electrical resistance at ~7.7 K) under
the magnetic already at 6 T. At the temperature of the
second peculiarity on the curve of resistivity (~ 3.5 K) the
resistance at first increases and with a further increase in
the magnetic field decreases. At the magnetic field tension
of poH 6 T this peculiarity on the temperature
dependence of the electrical resistance is still observed.
Therefore, in this case it would have been necessary to use
stronger magnetic fields, for unambiguous conclusions.

226

Approximately the second control temperature T = 0.5 K,
the resistance (“residual resistance”) increases
monotonically on increasing magnetic field strength. (see
Fig. 2).

NdsCusSns. The compound with crystal structure
isostructural to the structure of CesCusSns compound,
exhibits a generally normal metallic type of conductivity
in the absence of an external magnetic field (Fig. 3(a)).
There is a peculiarity at 3.5 K in the form of an almost
imperceptible fracture of the p(T) curve and a clear
peculiarity in the form of a sharp drop in the value of the
resistivity on the temperature dependence of the resistivity
at temperatures below 1.9 K.

According to the Refs. [4], no anomalies of the
temperature dependence of the resistivity in the 1.6-300 K
temperature range have been observed. At the same time,
their measurements of magnetic susceptibility and heat
capacity display an occurrence of antiferromagnetic
transition at the temperature of 1.8 K. This temperature

coincides with the phase transition temperature
determined from our measurements of electrical resistivity
at the reachable maximum on the

(dp 1dT) =f (T) curve.

In the presence of an external magnetic field, with a
gradual increase in the magnetic field strength, the
resistivity (control point T = 1.9 K) increases at first in
absolute value (Fig. 3, b) and the temperature of the
peculiarity is shifted slightly towards lower temperatures.
Subsequently, the growth of magnetic field leads to
decrease in resistivity and temperature shift of the
peculiarity towards higher temperatures at poH = 2 T, up
to a complete erosion of characteristic abrupt change in
resistance at poH = 4 T. At the lowest temperatures
reached (T — 0) on magnetic field tension increasing up
to poH = 6 T resistivity increases and decreases slightly at
},loH =8T.

SmsCusSn. The results of resistivity investigation,
magnetic susceptibility, magnetization and heat capacity
of the Sm3CusSns compound are described in [4]. It is
important to report that although Sm ions are in the
trivalent state and occupy two symmetrically non-
equivalent crystallographic sites, similar to the Ce ions in
the CesCusSns. As in CesCusSns a multiple magnetic
transition is observed at low temperatures.
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Fig. 3. NdsCusSns. Temperature dependences of electrical resistivity in magnetic fields of different magnitudes (a);
the dependence of the resistivity on the magnitude of the external magnetic field (b).
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Fig. 4. SmsCusSns. Temperature dependences of electrical resistivity in magnetic fields of different magnitudes (a);
the dependence of the resistivity on the magnitude of the external magnetic field (b).

Our studies of electrical resistance confirm multiple
magnetic transformations, showing peculiarities on the
temperature dependences of electrical resistance at
temperatures of 4.8 K, 6.9 K and 8.5 K (in zero external
magnetic field) Fig. 4, a.

First, the nature of the temperature dependency of
SmsCusSns in the field of magnetic phase transitions
qualitatively (visually) differs from the temperature
dependence of the electrical resistance of the previous
NdsCusSns compound. The difference lies in the
extremely sharp drop in the value of resistivity (type of
step) at each temperature of the detected peculiarities with
the same sharp transition to a region with a constant value
of resistivity (residual resistance) at T — 0. We think that
the observed, atypical nature of the temperature
dependence of the resistivity of SmsCusSns is solely
because the magnetic phase transformations in SmsCusSny
occur when the temperature drops in a relatively small
temperature range. They begin at that point of temperature
dependence on which the resistivity has almost reached
the limit value of the residual resistance and end also in
the same range (~ 45K, far before superlow
temperatures). In this segment of the temperature
dependence, the phonon fraction in the resistivity tends to
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zero and the sharp decline in resistivity is determined
mainly by nature of the magnetic ordering.

The external magnetic field leads to changes in
resistivity (Fig. 4, b) in a slightly different way than in the
case of CesCusSns and NdsCusSns. Within the applied
values of the external magnetic field, the resistivity only
exhibit growth. Probably the studies of the electrical
resistance of this compound (SmsCusSns) had better be
continued in larger magnetic fields, because, in contrast to
the previous two isostructural compounds, a decrease in
the resistivity in the external magnetic field has not been
observed.

RENiSn: (RE = Gd, Th, Ho).

Temperature dependences of resistivity in the external
magnetic field of the GdNiSn,, TbNiSnz, HoNiSn;
compounds are presented on Fig. 5, Fig. 6 and Fig. 7
respectively.
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In all three compounds, there are two peculiarities on
temperature  dependencies of the resistance at
temperatures 3.7 K and 10.5 K for GdNiSn,, 4.0 K and
9.5 K for TbNiSn; and 2.1 K and 3.6 K for HoNiSn..
Considering that in compounds of this type, the magnetic
moments are localized only on atoms of rare earth
elements, and the atoms of rare earth elements occupy
three non-equivalent positions in these compounds, a
complex nature of magnetic phase transformations in
these compounds' resistivity can be assumed.
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Fig. 5.

From the magnetization experiments, two anomalies
have been observed for TbNiSn; at 5.2 K and 2.8 K, and
for the HoNiSn, compounds an explicitly maximum at 2.2
K [7] has been observed. For the ThNiSn, compound the
match of the temperatures of the manifestation of the
peculiarities obtained from magnetic studies and from our
measurements of the resistivity is not the best. The authors
[7] present only one peculiarity for HoNiSn; at the 2.2 K
temperature, which matches well with one of two
peculiarities observed by us (Fig. 7, a).
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GdNiSn,. Temperature dependences of electrical resistivity in magnetic fields of different magnitudes (a);

the dependence of the resistivity on the magnitude of the external magnetic field (b).
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Fig. 6. TbNiSn,. Temperature dependences of electrical resistivity in magnetic fields of different magnitudes (a);
the dependence of the resistivity on the magnitude of the external magnetic field (b).
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Fig. 7. HoNiSn,. Temperature dependences of electrical resistivity in magnetic fields of different magnitudes (a);
the dependence of the resistivity on the magnitude of the external magnetic field (b).
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Similarly to CesCusSns and NdsCusSns, the
peculiarities on the temperature dependencies of the
resistivity erode with the increase of external magnetic
field until they completely disappear after reaching an
appropriate value of the external magnetic field. In
quantitative terms, the effect of an external magnetic field
on the resistivity of this series of isostructural compounds
is shown graphically in Fig. 5, b; 6, b; 7, b for two control
temperatures. The second control temperature (slightly
above the Néel temperature) differs for all these tree
compounds. At the control temperature of T = 0.4 K,
together with the increase of the external magnetic field,
the resistivity increases monotonically. Above the second
control temperature, the resistivity may initially increase
slightly with the imposition and gradual growth of the
external magnetic field and then monotonically decreases
in absolute value. In the HoNiSn, sample, the reduction of
the resistivity at the second control temperature on
increasing external magnetic field occurs without a prior
growth.

DyNiSi, DyNiSis

Resistivity temperature dependences in the low-
temperature range up to 40 K for DyNiSi and DyNiSis and
their transformation in the external magnetic field, is
shown in Fig. 8, and Fig. 9. Peculiarities have been
observed on these temperature dependencies: for DyNiSi
they are a hardly observable one at 2.2 K i 4.6 K and an

40 T T T T T T T
(a) DyNiSi
7=9K i
354 2 A 7. 1
3 p e
5 [ z W,
T=4.6K [ 2
~ 30 | o BT ]
g I J“" o « 1-pH=0T
a Lo 2-p H=2T
= . '\ \7 3-p HH=A4T A
& %6 4-p H=6T
~ 0
5 5-p,H=8T |
6 - H=10T
7-p H=12T
L) T . 1 v L) T
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explicit one at 9 K, for DyNiSi; — at 6.5 K and 21 K.

One of the described peculiarities as vaguely
exhibited, on the temperature dependence of the resistivity
of DyNiSi at T = 4.6 K in magnetic field of poH =2 T
manifests itself quite clearly. In other higher fields this
peculiarity is not evidenced on the temperature
dependence of the resistivity. Besides at the same
magnitude of a magnetic field one more peculiarity in the
form of Condo-like growth of resistance manifests itself
starting from the T = 1.5 K temperature and down to the
lowest reached temperatures. This peculiarity was also
observed only under the field of poH =2 T.

A visible effect of an external magnetic field on
magnetic transformations is observed in DyNiSis. As the
magnitude of the external magnetic field increases, the
peculiarities detected in the zero external magnetic field
on the temperature dependence of the electrical resistance
at 6.5 K and 21 K erode (decreases until complete
disappearance). On contrary in the magnetic field of poH
= 10 T a peculiarity clearly manifests itself at T =15 K.
Thus, the reason-consequence relationship between the
external magnetic field and the existence (or absence) of
peculiarities on the temperature dependence of the
resistivity can be tracked within the temperature range of
the phase transition.

The obtained values of the temperatures of the
manifestation of the peculiarities on the temperature
dependences of the resistivity in the absence of an external

£ (nQ cm)

o
)
I
o
)
S
)

wtH (T)

Fig.8. DyNiSi. Temperature dependences of electrical resistivity in magnetic fields of different magnitudes (a);
the dependence of the resistivity on the magnitude of the external magnetic field (b).
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Fig. 9. DyNiSis. Temperature dependences of electrical resistivity in magnetic fields of different magnitudes (a);
the dependence of the resistivity on the magnitude of the external magnetic field (b).
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magnetic field can be matched with the temperatures of
the magnetic phase transitions at 3 K and 8.8 K for DyNiSi
[9] and at 21 K for metamagnetic DyNiSis [14]. While
there is a complete match on the peculiarity manifestation
temperature for DyNiSis, at the same time the absolute
value of resistivity at this temperature is described as
significantly smaller in the mentioned work (It should be
reminded about sour reservations regarding absolute
values).

On applying an external magnetic field, the resistivity
(again at this temperature) in our investigations initially
increases slightly, and the peculiarity shifts toward lower
temperatures. At higher magnetic fields, the resistivity
decreases and the peculiarity at 21 K erodes. Only increase
in the resistivity at magnetic field slightly smaller than
used by us, and shift of the peculiarity toward lower
temperatures have been observed in Refs. [14].
Unfortunately, it is impossible to match the results of the
influence of large external magnetic fields.

From the temperature dependence of heat capacity
and magnetic susceptibility it is impossible to conclude if
there is a peculiarity at temperature lower than the
peculiarity at T = 21 K. On the temperature dependence of
the resistivity the second peculiarity are observed at T ~
6.5 K (see Fig. 9).

The above-described peculiarities of the electrical
resistance of the investigated compounds, the nature of the
temperature dependences of the resistance, some
parameters of these temperature dependences without a
magnetic field and in a magnetic field are summarized in
Table 2.

Let's supplement Table 2 with more interesting, in our
opinion, values. If we apply the Bloch-Griineissen-Mott
fiting formula (BGM model) BGM [12] to describe
temperature dependency of resistivity then we can

evaluate po and Op:
6p/T

T\* x5dx
p(T) = py + 4RT (—) f = AT?
0

6, D1 —e™)

where po - temperature-independent component of
resistance, which includes two components - scattering of
conduction electrons on the defects of the crystal lattice
("residual™ resistance) and scattering associated with spin

disposition in the presence of disordered magnetic
moments Apmag, @p — the Debye temperature. The po will
correspond with the value of the residual resistance only if
the magnetic ordering does not occur in presence of
disordered magnetic moments. The genuine residual
resistance in the presence of magnetic ordering will be
equal to the Value of Prezidual = P0 - Apmag.

The second term of the formula describes scattering
of carriers on the phonons of the crystal lattice, where R is
the temperature-independent electron-phonon interaction
constant, the third term of the formula describes the
processes of interband scattering of the Mott type.

Having value of po, we can approximately estimate the
contribution of scattering on magnetically disordered ions
of rare earth metals in the crystal lattice of the test
compound. Fig.10 show an example of determining of
approximate value of the scattering contribution at
disordered magnetic moments for the GdNiSn, compound.

454 Line - Blloch-Gnlr;eisell-Moltt ﬁtformL;la :

GdNiSn,

F £,72641Qcm |

Q 20 i — Ap ~48% A
i Ap~25%
15 Jﬁ

10 ———

0 20 40 60 80 100
I (K)

Fig. 10. Fragment of temperature dependence of GdNiSn;

resistivity in the absence of external magnetic field.

Example of an approximation using Bloch-Griineisen-

Mott-fit formula (solid line).

In this case, the Apmag IS presented as a percentage:

po—p(T - 0,H=0)
Apmag (%) = P
0
From this value, the part of the “residual” resistance
(in percent) which is caused by magnetic interactions at
low temperatures (in the absence of an external magnetic

-100%

Table 2

Parameters of temperature dependences of resistivity, temperature of manifestation of peciarities on temperature
dependence of resistance, temperature of magnetic phase transitions, influence of magnetic field on behavior of
temperature dependence of resistivity.

T=273K TPmag(ord “TM391a9(0rd,
Compound ! (resisgt(ivizty) (magnetgi(sm) Apmax

pQcm K K %
CesCuaSna 128.6 ~35, ~7.7 |26, 73, 104 [3,5] | 6T; +21(05K); -11(9K)
NdsCu.Sns 41.1 ~1.9 18 [2,4] | 8T; +75(05K); -17 (L9K)
SMsCusSns 55.4  |-4.8, ~69, ~85]| 50, 7.5 85 | [4] | 6T; +57 (0.4K); +11 (11K)
GdNiSn; 76.3 ~3.7, ~105 8T, +8.6 (0.4K); 5.9 (11K)
TONiSn, 65.1 =40, ~95 2.8, 52 [7] | 8T; +8.0(0.4K); -12 (10K)
HoNiSn, 66.1 ~2.1, ~3.6, 2.2 [7] 4T: +20 (0.4K); -7.3 (4K)
DyNiSi 1680 |-2.2, ~46, ~90| 30, 88 [9] | 12T, +8 (0.4K); -29 (10K)
DyNiSis 68.0 ~6.5, 21.0 21 [14] | 12T; +128 (05K); -11 (21K)

T? mag(ord) - temperature of manifestation of peculiarities on temperature dependences of resistivity;
TM3%mag(ord) - temperature of manifestation of peculiarities in magnetic researches [1-5, 7, 9, 14];
Apmax— magnetoresistance (as a percentage at the specified value of the magnetic field and temperature).
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field) can be estimated.

The approximation parameters using the formula
Bloch-Griineisen-Mott-fit  formula to temperature
dependences of the studied intermetallic compounds
(except CesCusSny) are shown in Table 3.

The different, at first glance, nature of the temperature
dependence of the resistivity of Sms;CusSns can be
explained taking into accout the results of studies of all
compounds and match probability. All the investigated
compounds, regardless of whether they have normal phase
transitions or multiple, show temperature dependences of
resistance more similar to the temperature dependence of
NdsCusSns. A sharp decrease in the value of the resistivity
(with or without the following other peculiarities) and a
gradual transition to a constant value at T — 0 K are
observed.

Magnetic transitions in NdsCusSns occur in the
temperature range of 1.4 K and can be considered
complete below 0.5 K. After a sharp drop in resistance at
the beginning of the phase transition there is a more or less
gradual transition to the values of the residual resistance.
The similar situation is in HoNiSn, — an interval of 3.1 K
ending below 0.5 K. These two compounds have the
smallest  temperature  intervals  of  magnetic
transformations. In other of the investigated compounds,
the temperature intervals of magnetic transformations are
much larger up to 19 K in DyNiSiz and end at the lowest
temperatures.

These quantitative parameters are presented to
confirm the assumption that the special nature of the
temperature dependence of SmsCusSns is determined
exclusively by the relatively short interval of magnetic
transformations. It is important that the beginning of
magnetic transformations resides already in the area of
residual resistance and the end at a relatively high
temperature. For SmsCusSna the highest end temperature
of magnetic transitions is 3.8 K and the length is 4.7 K. In
total, this determines the characteristic step-shaped form
of the temperature dependence of the resistivity.

Magnetic ordering in all other compounds studied by
us, except SmsCusSns, begins at temperatures at which the
phonon part in scattering can still have a certain

contribution and the resistivity in this region of
temperature dependence is determined by influence of
both the phonon component and the magnetic one.

Before analyzing results of investigations of the
external magnetic field influence on the resistivity of the
studied compounds, we recall that there are three groups
of compounds with different crystal structure, different
parameters of the crystal lattice and based on different rare
earth elements. Atoms of rare earth elements in many of
these compounds occupy non-equivalent sites in the
crystal lattice and, accordingly, have different
environments in the unit cell of the crystal lattice. Due to
this, the magnetic ordering and magnetic phase
transformations in these compounds have a complex,
multiple nature, which is clearly reflected in the presence
of appropriate peculiarities on the temperature
dependences of the resistivity of the studied compounds.
As it was already noted, the compound Ce3CusSny,
additionaly differs by nature of resistivity temperature
dependence on other studied compounds (Fig. 2). This
difference in the nature of the temperature dependence of
the heavy-fermion state in the compound based on Ce is
explained.

At first glance, the compound Sm3CusSn, also differs
with a slightly unusually sharp drop in the resistivity in the
region of magnetic ordering (Fig. 4). Above we tried to
find an explanation for this kind of temperature
dependence of SmzCusSns resistivity.

Some more general remarks can be made. Note that
the selection of the maximum value of the external
magnetic field used in the study of a particular compound
is done using the erosion of peculiarities on the
temperature dependences of the resistivity under the
influence of an external magnetic field. That is, we
unreasonably have not used for research the maximum
available value of the external magnetic field. This applies
in particular to the compound SmsCusSna, for the study of
which the use of large external magnetic fields would be
appropriate. Obviously, it would be good to have a number
of compounds for research to compare. It is assumed that
in two isostructural series of compounds RE3CusShs and
RENiSn; there should be compounds based on the same

Table 3
Approximation parameters and evaluating the contribution to the resistivity component.
273K 273k /
Compound K1 K2 K3 PT— 0K Apmag ﬁh o« P P
(u2em) T O I
Ce3Cu4Sn4 11.4 11.28
NdsCusSns 2.7 335 58.0 5.0x10® 1.2 55.5 34.25 15.2
Sm3CusSng 9.9 98.5 140 6.9x10°® 3.5 64.6 15.83 5.6
GdNiSn; 26.2 94 118.8 | -1.7x107 14.0 46.5 5.45 2.9
TbNiSn; 10.8 109.6 1254 1.1x107 6.2 42.6 10.50 6.0
HoNiSn, 13.0 86.8 109 5,4x108 10.0 30.0 6.61 5.1
DyNiSi 275 362 168.4 2.5x107 16.3 40.7 10.31 6.1
DyNiSis 10.4 208.8 267.2 | -2.3x107 2.4 76.9 28.33 6.5

K1 (pg), K2, K3 (®p), K4 (4) - approximating parameters of resistivity temperature dependence using the Bloch-
Griineissen-Mott-fit formula (model); po is obtained from the approximation results); ®p — Debye temperature;
Apmag - the share in the “residual” resistance po caused by spin disorder resistivity (in Table 3 we present this share as

a percentage Apmag (%0)).
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rare earth elements.

Therefore, we will try to draw conclusions from the
analysis of the influence of the external magnetic field on
the resistivity and, accordingly, on the nature of the
temperature dependencies of the resistivity of all studied
compounds. The influence of the external magnetic field
on the resistivity of the studied compounds is shown in
Fig. 2-9. The dependences of the resistivity on the
magnitude of the external magnetic field at two control
points are given separately. Quantitative indicators of the
influence of the external magnetic field are given in Tables
land2.

The value of the electrical resistivity of all tested
compounds at temperature T — 0 K, including heavy
fermionic compound CesCusSns, with a successive
increase in the value of the external magnetic field
increases (positive magnetoresistance):

—magnetoresistance increases monotonically with
increasing magnetic field for SmsCusSns, GdNiSn,,
DyNiSis;

—Increases insignificantly in CesCusSns , TbNiSny,
DyNiSi;

—grows rapidly at first further
magnetoresistance slows down in HoNiSny;

—increases but at the maximum applied magnetic field
decreases slightly in NdzCusSna.

The above division of the nature of changes in the
magnetoresistance in external magnetic field shows that
belonging to a certain type of crystal structure is not a
determining  factor in the behavior of the
magnetoresistance at this control temperature.

The behavior of magnetoresistance at temperatures
above the temperature of magnetic ordering (Tn) can be
considered as:

- the magnitude of the resistivity decreases rapidly
with increasing external magnetic field in DyNiSi with a
gradual decrease in dp/dH, the peculiarity shifts toward
higher temperatures and gradually erodes up to a complete
disappearance.

- resistance decreases gradually in CesCusSns and
HoNiSny,

Peculiarity gradually erodes up to a complete
disappearance:

- the resistivity first increases slightly (the feature
shifts toward lower temperatures) and then gradually
decreases (the peculiarity shifts toward higher
temperatures until the complete disappearance of
manifestation of the peculiarity on the curve of
temperature dependence of resistance in compounds
Nd3CusSng, GdNiSn,, TbNiSn,, DyNiSi3);

- the resistivity increases monotonically, the
temperature of manifestation of the feature is constant in
Sm3Cu4Sn4.

Summarizing the above, we state that even at the
second control temperature, the nature of changes in the
resistivity in the external magnetic field is not determined
directly due to belonging to a certain type of crystal
structure.

The nature of the temperature dependences of the
resistivity of the studied compounds, the presence of
peculiarities at these temperature dependences, and the
transformation of the temperature dependences of the
resistivity under the influence of an external magnetic

growth  of

232

field are determined rather by the specific environment of
the rare earth element atom, complex (multiple), step-by-
step magnetic transitions, possibly strong electron-
electron correlations in some cases.

We have investigated compounds of rare earth
elements (REs), in which magnetic ordering occurs when
the temperature decreases. In a number of solid
substitution solutions based on REs Ce, Eu, Yb by
changing composition, you can initiate a transition from
the state of the system with a stable RE- ion to a system
with the Kondo effect and then to the state of intermediate
valence of the RE-ion. We will be interested in systems
with Kondo - effect, concentrated Kondo-lattices, namely
systems for which the Kondo temperature (Tx) is higher
than the temperature of magnetic ordering (Trkki). Let us
recall that the ratio of Tk and Trkki determines the
exchange parameter Jss, which, in turn, depends on the
energy proximity of Es and Er. In the case of Tk > Trkki,
the system with a decrease in temperature quickly goes to
the state of the Kondo lattice and not to the state of
magnetic ordering.

In this class of materials, studies of influence of
external magnetic field on resistance have been performed
[15]. We will select from a large number of such
compounds, or solid substitution solutions, those for
which studies of influence of the external magnetic field
on the resistivity have been carried out and compare them
to our studies of compounds with magnetic ordering.

In substitution type solid solutions Eu(Cu1xAgx)2Sia,
when the temperature decreases, the Eu(Cuo.s75Ag0.125)2Si2
phase exhibits the presence of resistivity growth
characteristic for concentrated Kondo systems with a
maximum on the temperature dependence of the resistance
at T = 10 K. Application of external magnetic field leads
to decrease in resistivity (negative magnetoresistance) and
at magnetic field 13 T completely eliminates the Kondo
maximum on the temperature dependence of the electrical
resistance.

Samples of another solid substitution solution
EuCu,(SixGeix)2 (0.5 > x > 0.8) also display properties
characteristic for Kondo scattering in concentrated Kondo
systems. At the T = 15 K there is a characteristic Kondo
maximum, the amplitude of which decreases with
increasing of magnetic field (up to its complete erosion at
the field of 8 TI) [16]. In the EuCux(Sio.7Geo3). sample, the
decrease in the amplitude of the Kondo maximum of the
electrical resistance with an increase in the magnetic field
is accompanied by a shift in its temperature. A sample of
this composition at a temperature of 4.2 K has a positive
magnetoresistance, while at 10 K the magnetoresistance is
already negative.

Qualitatively similar behavior of the resistivity in the
magnetic field is also observed in a solid substitution
solution of YbNi2(Sio.7Geo.3)2, which has Kondo properties
[17].

Thus, we observe a certain similarity of influence of
the external magnetic field on the resistivity of the samples
of the above representatives of Kondo systems with
influence of the magnetic field on the resistivity of studied
systems with magnetic ordering.

The possible main components of the factors that
cause electrical resistance are next: scattering by phonons;
scattering due to interband interaction; scattering at
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disordered magnetic moments of atoms; magnetic phase
transformations and ordering; classical magnetoresistance
due to the curvature of the trajectories of charge carriers
under the action of a magnetic field; anomalous
magnetoresistance, quantum effects in the motion of
electrons, taking into account the ratio of de Broglie
wavelength and free run length; scattering on lattice
defects, etc.

All these factors determine the resistivity and its
behavior depending on the temperature and the external
magnetic field. Those factors that are present in a
particular case may have more or less contribution,
depending on the type of crystal structure, type of atoms
forming the compound, magnetic interactions, from
temperature, etc.

The phenomenological explanation of the behavior of
electrical resistance under the action of the magnetic field
of the studied intermetallic compounds REM can be given.
At higher temperatures, the main factors in the formation
of the resistivity are scattering by phonons of the crystal
lattice, scattering due to interband interactions, scattering
at disordered magnetic moments.

In the presence of an external magnetic field and its
gradual increase, on decreasing temperature, there is a
gradual collinearization of magnetic moments along the
external magnetic field. This leads to decrease in the
magnetic component of the scattering of carriers in the
total resistance. At the same time, as the temperature
decreases, the phonon component of the electrical
resistance decreases, the exchange interaction between the
magnetic moments of the atoms increases up to the
magnetic ordering at a certain temperature (in many cases
by the RKKY mechanism). In this case, the electrical
resistivity at the onset of magnetic ordering decreases
sharply due to the reduction of the magnetic component in
scattering of carriers. The resistivity has a reason
consequence connection to the nature of magnetic
transitions and transformations. At low temperatures, the

[1] A. Szytula, E. Wawrzynska, A.
https://doi.org/10.1016/j.jallcom.2006.10.171.

Zarzycki,

influence of other factors at resistivity increases. Classical
magnetoresistance is determined as due to the distortion of
the trajectory of electrons in an external magnetic field due
to the action of the Lorentz force (can be considered as a
decrease in mobility). On the other hand, an application of
magnetic field leads to a decrease in the spin-
compensation interaction between (s-d)-electrons of
conductivity and localized f-electrons and an increase in
mobility. Thus, the presence of many factors and the
predominant influence of one or other at one or other
temperature form the nature of the temperature
dependences of the resistivity of the compounds have been
studied by us.
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Oco0auBoCTi MoBeXiHKH eteKTpUuHOro onopy cmoayk R3(Ce, Nd, Sm)CusSns,
R(Gd, Tb, Ho)NiSnz, DyNiSi, Ta DyNiSiz y Maruiraux moJssix

Y JTveiscoruti nayionanvuuil ynieepcumem imeni leana @panxa, eyn. Kupuna i Megoois, 6, 79005 Jlvsis, Ypaina
2 Incmumym ¢hizuxu meepooeo mina Bioencvkozo mexnonoziunozo yuisepcumemy, Bioeus, Ascmpis, mashadzev@gmail.com

JlocTiPKeHO TeMITepaTypHy 3aJISKHICTh €IEKTPHYHOTO OIOpY TEPHAPHUX IHTEPMETANiTHUX CIIOIYK CKIIaIy
RE(Ce, Nd, Sm)sCusSns (ctpyxrypruii tun GdsCusGes, mpocropoBa rpyma Immm), RE(Gd, Tb, Ho)NiSn:
(ctpyxrypuuit T LuNiSnz, npocropoBa rpyna Pnma), DyNiSi (ctpykrypruii Tan TiNiSi, npoctopoBa rpyma
Pnma), DyNiSis (ctpykryphuuit Tun SmNiGes, npocroposa rpyna Cmmm) B gianasoni Temmepatyp 10 0,3 K ta
MarHiTHEX moJisix 10 12 T 1. Ha kpuBHX nuX 3aeXHOCTEH 32 HU3BKHX TEMIIEPATyp CIIOCTEpiraiy IeBHI aHOMaIT,
SIK1 32 BIZICyTHOCTI 30BHIIIHBOT'O MarHiTHOTO MOJISI JOOpe Y3roKYIOThCS 3 MATHITHUMHU ()a30BUMH IEPEXO0JaMU.

Y GLIBIIOCTI BUMAKIB Y TOCTIHKYBAHUX CIIOJyKax 301IBIICHHS 30BHIIIHHOTO MAaTrHITHOTO MO IPU3BOIUIIO
IO HIBETIOBAHHS Ha KPUBUX TEMIICPATYPHOI 3aJI€)KHOCTI OMOPY OCOOIMBOCTEH, SIKi CIIMYMHEHI BiOIOBIAHUMH
NIepexoiaMH MarHiTHOTO YIOPSIKYBaHHs, aXX 710 X OBHOTO 3HUKHEHHS.

BrumiB MarHiTHOTO MOJIS HA TEMIIEPATYPHY 3aIEKHICTh €IEKTPUYHOTO ONIOPY MOYKHA TPAKTYBATH SIK BILIMB Ha
BeNMUMHY ribpuam3anii Mixk (S-0) eJIeKTpoHaMH MPOBIAHOCTI Ta JIOKai30BaHUMH f-enekTpoHaMu, BKIFOYAKOUH
BIUTUB Ha 3MiHY PYXJIMBOCTI HOCIiB 3apsi{y BHACJIiZIOK MOXJIMBOI CITiH-KOMIIEHCOBaHOI B3aemo1il. KoxxHa crioyka
JIEMOHCTPY€E CBOi €JIEeKTPOHHO-TPAHCIIOPTHI BJIACTUBOCTI OCOOJMBOCTI, IIO 3aJle)kKaTh BiA iXHBOTO XiMiYHOTO
CKJIaJy Ta KPHCTAJIYHOI Oy/IOBH, a TAKOX BiJl MATHITHOTO CTaHY CIOJYKH.

KonrouoBi ciioBa: crutaBu Ta CIOTYKHU PiIKiICHO3EMENFHHUX EIEMEHTIB, eIeKTPOHHO-TPAaHCIIOPTHI BIACTUBOCTI,
MAarHiTOOIIIp.
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