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We report on the physical properties of the intermetallic series RNiSi3 (R = Y, Gd-Tm, Lu). High quality single
crystals with platelike morphology were grown using the Sn flux method. X-ray powder diffraction data show that
this series crystallizes in the orthorhombic space group Cmmm, and Laue patterns indicate that the b axis remains
perpendicular to the plane of the plates. Magnetization measurements show anisotropic antiferromagnetic ground
states for R = Gd-Tm with Néel temperatures ranging from TN = 2.6 K (TmNiSi3) up to 32.2 K (TbNiSi3),
as well as metamagnetic transitions that in some cases appear together with hysteresis (TbNiSi3, DyNiSi3, and
HoNiSi3). The easy axis changes from a axis to b axis on going from R = Gd-Ho to R = Er-Tm. All transitions
from antiferromagnetic to paramagnetic states are clearly marked by sharp peaks in specific heat as well as in
the derivative of resistivity measurements, which show metallic temperature dependence for all compounds and
residual values in the range of 1 μ� cm. DyNiSi3 has two close phase transitions, while HoNiSi3 presents distinct
critical temperatures for applied fields in the a or c directions (10.4 and 6.3 K, respectively), pointing to possible
component-specific ordering of the local magnetic moments.
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I. INTRODUCTION

Intermetallic compounds based on rare earth and 3d tran-
sition elements display a rich variety of peculiar phenomena,
including complex magnetic structures [1,2], non-Fermi liquid
behavior [3,4], quantum criticality [5,6], and even unconven-
tional superconductivity [7].

Magnetic properties of many such compounds are strongly
influenced by magnetic contributions from a 3d transition
metal, such as in Mn-based systems [8,9], in addition to the rare
earth magnetic moment. The concomitant magnetism between
the 3d and 4f electrons typically display high magnetic
ordering temperatures and often a prevalence of the exchange
coupling between the 3d atoms on the magnetic properties.
There are, however, compounds where the transition metal
atom does not carry any magnetic moment, as in the case of Ni
in the parent germanide series, RNiGe3 (R = rare earth) [10].
The lack of magnetic moment of Ni is due to its completely
filled metallic 3d band, presumably via dsp2 hybridization.
Another example is the series RFe2Ge2 where, for most
compounds, the Fe atoms do not seem to bear any magnetic
moment, although LuFe2Ge2 shows an anomaly in specific
heat, magnetic susceptibility, and resistivity measurements at
9 K possibly associated with a long range antiferromagnetic
order of Fe atoms [11–14].

For systems with pure 4f magnetism, the long-range
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction be-
tween the rare earths and their sensitivity to the crystal
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electric field (CEF), play a major role in the rich variety
of their magnetic structures [15,16]. The compounds in the
germanide series (RNiGe3) have already been well char-
acterized, showing antiferromagnetic (AFM) ground states
with strong axial anisotropy and a marked influence of CEF
effects on the magnetic properties [10,17]. Among these,
CeNiGe3 has drawn attention for showing unconventional
superconductivity below 0.48 K and under pressure [18,19],
while YbNiGe3 stands out for showing a pressure-induced
shift in the valence of the Yb atoms through a quantum critical
point [20,21].

In contrast, the basic physical properties of the silicide series
(RNiSi3) have so far remained virtually unexplored, thus being
the aim of this work. A 1977 study was the first to report on
the existence of the RNiSi3 compounds, and indicated para-
magnetic behavior between 80 and 1200 K for polycrystalline
samples [22]. The crystal structures in this series were later
determined for SmNiSi3 [23] and ErNiSi3 [24], in both cases
crystallizing in the orthorhombic space group Cmmm, the
same for most of the RNiGe3 series. The only compound of
the RNiSi3 series that has been fully characterized is YbNiSi3,
in which single-crystalline samples revealed an AFM Kondo
lattice ground state, showing a relatively high Néel temperature
TN = 5.1 K, with an easy AFM axis along the orthorhombic
b axis [25–27]. The determination of the magnetic structure
of this compound by neutron scattering showed that the Yb
magnetic moments have a ferromagnetic (FM) alignment along
the bc plane, which stacks antiferromagnetically along the
a axis [28]. Our preliminary work [29] showed the growth
of single-crystalline DyNiSi3 and HoNiSi3, with the samples
displaying complex AFM behavior.
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In this work we have expanded the exploration to the full
series of RNiSi3, having succeeded in growing single crystals
of the family with R = Y, Gd-Tm, Lu and characterized them
using x-ray diffraction, magnetic susceptibility, heat capacity,
and resistivity measurements.

II. EXPERIMENTAL METHODS

Single crystals of the series RNiSi3 (R = Y, Gd-Tm, Lu)
were obtained using the Sn flux method with a quaternary
molar proportion of 1:1:3:45 (R:Ni:Si:Sn). Elemental reagents
were supplied by Alfa Aesar with purities of 99.95% for Ni,
99.999% for Si and Sn, and 99.9% for all the rare earths except
for Y, which was supplied by Ames Laboratory and is of higher
purity. The samples were grown by sealing the elements inside
evacuated quartz ampoules, which were then placed in a box
furnace. The ampoules were heated from room temperature
up to 1200 ◦C, a temperature under which all the elements
of the mixture are melted over several hours, and then slowly
cooled down to 500 ◦C over 150 h to allow the single crystals to
nucleate and grow. At 500 ◦C the ampoules were removed from
the furnace and centrifuged in order to separate the crystals
from the flux. After opening the ampoules, selected crystals
were then cleaned in HCl to remove residual Sn droplets.

The crystal structures were evaluated by x-ray powder
diffraction in a Stoe diffractometer, model STADI P, with
CuKα1 radiation and at room temperature. The single crystals
were hand-ground in an agate mortar with pestle and the
powder was then loaded between two acetate-cellulose foils,
which were kept spinning during measurement. Additional
platelike single crystals were oriented by the Laue method.
Magnetization measurements were obtained in a Quantum
Design MPMS3 SQUID-VSM, in the temperature range be-
tween 1.8 and 300 K, and under external applied fields of
up to 70 kOe. Some of the samples (TbNiSi3, DyNiSi3, and
HoNiSi3) showed hysteretic behavior, so special care was
taken to always demagnetize the samples with an oscillating
magnetic field and to warm them above their Néel temperatures
before each new measurement. The magnetic responses of the
samples were studied along the three principal crystallographic
directions, a, b, and c. Specific heat measurements were
conducted in a Quantum Design PPMS DynaCool system at
zero field with the thermal-relaxation technique between 2 and
50 K. The resistivity measurements were taken in the same
PPMS, with the standard four probe geometry, both with no
field and under an applied field of 90 kOe, for temperatures
between 2 and 300 K, and in samples with typical thickness of
0.2 mm, width of about 0.6 mm, and length between 0.8 mm
and a few millimeters.

III. MORPHOLOGY AND CRYSTAL STRUCTURE

The single crystals of this series grow with a thin platelike
geometry, as exemplified in Fig. 1 for a DyNiSi3 sample,
with well-defined and shiny surfaces. Laue diffraction patterns
indicated that the b axis remains perpendicular to the plane of
the plates, while the visual determination of the axes a and c is
not clear. This platelike geometry, with the b axis perpendicular
to the plane, was also reported for YbNiSi3 [25] and for
the RNiGe3 family [10]. For each synthesis, several high

FIG. 1. Picture of a single-crystalline DyNiSi3 sample displaying
platelike morphology, over millimeter paper. The a, b, and c crys-
tallographic axes determined from Laue patterns for this crystal are
indicated. The scale of the grid is 1 mm.

quality single crystals were obtained; however, particularly
for ErNiSi3, TmNiSi3, and LuNiSi3, special care was needed
due to the presence of small parasitic-phase crystallites on the
crystal surfaces that had to be removed for the measurements
(Fig. 1). Several attempts were made to obtain the other
unreported compounds in this family (R = La-Nd, Sm, and
Eu) but none yielded the desired phase through the Sn flux
method.

The Rietveld refinement of GdNiSi3 (representative of
typical patterns observed for the RNiSi3 family) using x-ray
powder diffraction data (Fig. 2) shows that the crystal adopts
the SmNiGe3-type orthorhombic lattice and Cmmm space

FIG. 2. Rietveld plot for GdNiSi3 as a representative pattern
obtained for the RNiSi3 series. The black crosses represent observed
data, the red line indicates the calculated pattern, and the blue line
at the bottom represents the difference between the observed and
calculated patterns. The vertical bars indicate Bragg reflections of
each identified phase.
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TABLE I. Lattice parameters and unit cell volumes with their respective estimated standard deviations (in parentheses) obtained from the
Rietveld refinements for each compound of the RNiSi3 series. The R factors and the goodness of fit are also displayed in the table. The values
for YbNiSi3 were obtained from Ref. [25].

Compound a (Å) b (Å) c (Å) V (Å
3
) Rwp (%) χ 2 (%) RBragg (%)

YNiSi3 3.9216(1) 20.9448(6) 3.9506(1) 324.49(2) 14.492 2.744 8.157
GdNiSi3 3.9402(2) 21.0224(6) 3.9730(1) 329.10(2) 3.901 1.042 0.869
TbNiSi3 3.9259(1) 20.9696(5) 3.9547(1) 325.57(1) 4.629 1.073 1.706
DyNiSi3 3.9167(2) 20.929(1) 3.9401(2) 322.98(3) 4.652 1.004 1.593
HoNiSi3 3.9085(1) 20.9057(4) 3.92915(9) 321.05(1) 8.532 1.429 3.859
ErNiSi3 3.9015(1) 20.8817(6) 3.9181(1) 319.21(2) 17.120 3.519 10.618
TmNiSi3 3.89301(8) 20.8417(4) 3.90578(7) 316.90(1) 11.228 2.009 5.339
YbNiSi3 3.8915(1) 20.8570(6) 3.9004(1) 316.58 – – –
LuNiSi3 3.8808(3) 20.792(1) 3.8868(3) 313.62(4) 27.372 4.759 9.935

group, with 20 atoms in the unit cell (see Fig. 3), as reported
for ErNiSi3 [24] and YbNiSi3 [25]. For the other samples, we
found some Bragg reflections due to the Sn flux as well as an
unknown phase. Further details about the Rietveld refinement
for all other samples of the series can be found in the Appendix.
Table I shows the lattice parameters, unit cell volumes, and
some statistical factors, which can indicate the quality of the
fits, obtained from the refinements for each compound. Figure 4
shows the dependence on the (a) a/c and (b) a/b ratios along
the series. These data evidence that the a/c ratio is close
to unity, so the structure orthorhombicity is small, and the

FIG. 3. Crystal structure of the RNiSi3 series along the crystal ab
plane. The solid black line indicates the unit cell.

trend shows that the series becomes almost tetragonal when
advancing towards the heaviest rare earths. On the other hand,
the a/b ratio [Fig. 4(b)] decreases along the series, indicating
that the unit cell becomes more elongated for the heaviest
compounds. It should be noticed that indications of small

FIG. 4. Lattice parameter ratios (a) a/c and (b) a/b along the
RNiSi3 series.
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amounts of Sn due to the flux and an unknown phase are present
in all x-ray patterns, especially for ErNiSi3, but they were not
considered in the Rietveld refinements.

IV. PHYSICAL PROPERTIES

All compounds of the RNiSi3 series present anisotropic
magnetic behavior, with the presence of an AFM ground state
for GdNiSi3 up to TmNiSi3. For the latter, the magnetization
curves are marked by metamagnetic transitions, displaying an
easy axis along the a crystallographic axis for R = Gd-Ho,
and a shift to the b axis for ErNiSi3 and TmNiSi3. YNiSi3 and
LuNiSi3, on the other hand, show paramagnetic or diamagnetic
responses, depending on the direction of the applied field.

The Néel temperature of AFM systems can be obtained
directly from the anomaly seen in the specific heat due to
the magnetic transition. Also, the magnetic specific heat (Cm)
is proportional to the derivative of the susceptibility (χ ), as
expressed by the relation Cm � A∂[T χ (T )]/∂T , where A

has only a weak dependence on T [30], which turns χ (T )
measurements into an independent way of estimating TN .
Additionally, resistivity measurements are usually sensitive to
changes in the magnetic phase transitions due to the effect
of the spin ordering on the scattering of conduction electrons
[31,32].

For the compounds of the RNiSi3 series displaying mag-
netic ordering (R = Gd-Tm) we have used these three
techniques to observe the transition from the AFM to the
paramagnetic state. Figure 5 exemplifies the procedure to
determine the transition temperatures using the results for
GdNiSi3, where the dashed black line denotes the average TN

obtained from the three measurements.
In Fig. 5(a) the peak at 22.2 K clearly determines the tran-

sition from the paramagnetic to the AFM state; however in the
resistivity measurement, shown in Fig. 5(b), the temperature
where the transition takes place is not so evident. For the ρ(T )
curves in all samples, the transition temperature was estimated
using a linear segmented regression where its breakpoint gives
TN [33,34]. This amounts to fitting a function composed of two
contiguous segments to the points close to the transition:

ρ(T ) =
{
a + bT , for T � TN,

a + bT + c(T − TN ), for T > TN,
(1)

where a, b, c, and TN are free parameters. This function allows
us to extract where the behavior of the curve changes and,
although it has no theoretical basis, it provides a sufficiently
accurate value of TN . Some authors use the maximum of
the derivative curve dρ(T )/dT ; however this is somewhat
inaccurate, especially for samples like ours that show very low
resistivity resulting in experimental data often at the limit of
the equipment resolution.

Figure 5(c) displays the susceptibility curves, with the field
applied along the three crystallographic axes, and their result-
ing estimated “polycrystalline average” susceptibility curve as
a continuous black line. The average curve was computed as
the arithmetic mean of the susceptibilities measured in the three
main crystallographic directions at each temperature. Both
zero field cooled (ZFC) and field cooling (FC) measurements
were performed under 1000 Oe for all samples, yielding the

FIG. 5. Determination of the Néel temperature for GdNiSi3 from
(a) specific heat, (b) resistivity, and (c) magnetic susceptibility mea-
surements. The dashed line indicates the average Néel temperature
obtained from the three measurements.

same results, i.e., there was no thermal hysteresis. For clarity
we show only the FC curves in the subsequent results section.

As explained above, TN in this case can be determined by the
peak of the ∂[T χ (T )]/∂T curve (magenta line, right axis). The
Néel temperatures obtained from the three techniques have an
excellent agreement with an average value of TN = 22.2(2) K
for GdNiSi3.

The transition temperatures for all compounds presenting
magnetic order are shown in Table II. DyNiSi3 and HoNiSi3

display two transitions, and the highest temperature is taken
as TN , since in both compounds this is the critical temperature
of the ordering along the easy AFM axis (a crystallographic
axis). In the Appendix we present the correspondents of Fig. 5
for all the remaining compounds.

The following subsections detail the characteristics specific
to each compound, beginning from YNiSi3 and LuNiSi3 and
then proceeding up to TmNiSi3.
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TABLE II. Néel temperatures. Each entry corresponds to the value
of TN obtained from either the specific heat (Cp), resistivity (ρ), or
magnetic susceptibility (χ ), while the last column averages over the
previous three values.

R Cp (K) ρ (K) χ (K) Average (K)

Gd 22.2 22.4 21.9 22.2(2)
Tb 33.0 33.4 33.3 33.2(2)
Dya 22.8, 23.6 21.8 22.7, 23.6 22.8(2), 23.6(2)
Hoa 6.3, 10.1 10.7 6.3, 10.4 6.3(2), 10.4(3)
Er 3.7 3.6 3.7 3.7(1)
Tm 2.6 2.7 2.6 2.6(1)

aIt was not possible to determine the two transitions from the
resistivity measurements for DyNiSi3 and HoNiSi3, so in the average
value displayed in the last column those data were not taken into
account for DyNiSi3 and only the highest value for HoNiSi3.

A. YNiSi3 and LuNiSi3

For YNiSi3 and LuNiSi3 the rare earths Y and Lu do not
carry a magnetic moment, so they can be used as a nonmagnetic
reference for the remaining compounds of the series. It is
especially important for the magnetic measurements, where
we can confirm whether or not the magnetic response includes
contributions from the Ni atoms.

In order to evaluate the magnetic specific heat for the
magnetic compounds of this series and to calculate the entropy
related to their phase transitions, it is necessary to subtract the
nonmagnetic contributions of the lattice, the electrons, and,
sometimes, higher order terms. Usually this can be done mea-
suring the specific heat of analogous nonmagnetic compounds
and then subtracting this from the specific heat of the magnetic
compound of interest [35]. Figure 6(a) shows the dependence
of the specific heat on the temperature for YNiSi3 and LuNiSi3,
and the same data, plotted as Cp/T vs T 2, is displayed in
the inset with the best fit obtained using the Debye model
Cp(T ) = γ T + AT 3, where γ is the Sommerfeld coefficient,
for the data up to ≈ 12 K. Cp for both compounds exhibit
a smooth dependence on T , and there is no evidence of any
phase transitions in the measured temperature range. The inset
shows that the linear fit can describe the data accurately at
low temperatures and yields an estimated Debye temperature
θD of 393 K for YNiSi3 (A = 0.160 mJ K−4 mol−1) and 489 K
for LuNiSi3 (A = 0.0830 mJ K−4 mol−1). The values obtained
for γ , related to the electronic contribution for Cp, are 4.1 and
3.5 mJ K−1 mol−1 for YNiSi3 and LuNiSi3, respectively.

In the data presented in the following sections, the subtrac-
tion of the nonmagnetic contribution using the data displayed
in Fig. 6(a) was done using a similar procedure described in
Ref. [11]. Instead of fitting the results with a polynomial, we
directly subtracted an interpolation of the experimental points,
averaging the contribution of YNiSi3 and LuNiSi3 through an
expression based on the Debye expansion [11,36]:

C(R)
nm (T ) = C(Lu)

p (T ) − [
C(Lu)

p (T ) − C(Y)
p (T )

]

×
(
M

3/2
Lu − M

3/2
R

)
M

3/2
Lu − M

3/2
Y

, (2)

FIG. 6. Physical properties of YNiSi3 and LuNiSi3. (a) Depen-
dence of the specific heat on the temperature, with the best Debye
model fit in the inset using the Cp/T × T 2 curves. (b) Dependence of
resistivity on the temperature with no field (solid symbols) and with an
applied field of 90 kOe (open symbols). (c) Susceptibility curves with
an applied field of H = 1000 Oe parallel to the three crystallographic
axes. The average curve for both samples are presented as a solid line.

where C(R)
nm (T ) is the nonmagnetic specific heat of the com-

pound of the respective rare earth R, C(Y)
p (T ) and C(Lu)

p (T ) are
the specific heat related to YNiSi3 and LuNiSi3, respectively,
and MX is the molar mass of each atom. It is worthy to note
that, at low temperatures, the phonon contribution of YNiSi3

is larger than of LuNiSi3 [inset Fig. 6(a)], so Eq. (2) is not
accurate at this temperature range. The same behavior was
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FIG. 7. Physical characterization of GdNiSi3. (a) Total (Cp) and magnetic (Cm) zero-field specific heat curves. The inset portrays the
released magnetic entropy. (b) Resistivity measured under zero field and 90 kOe in the temperature range where the AFM transition takes place.
The inset shows the full zero-field curve up to room temperature. (c) Inverse magnetic susceptibility χ−1 under H = 1000 Oe along the a, b,
and c axes from 2 to 300 K. The inset shows χ (T ) near the magnetic transition. (d) Magnetization isotherms at 2 K in the same three directions.
The inset portrays the shift of the metamagnetic transition to higher fields with increasing temperature.

also observed in the RNiGe3 series, which can be due to the
important Ni vacancy as detected in LuNiGe3 [10].

The resistivity data for both compounds, in zero field
and under an applied field of H = 90 kOe, are presented in
Fig. 6(b), with the curves presenting metallic behavior and no
visible phase transition. The residual resistivity ratios (RRR),
defined as RRR = ρ(300 K)/ρ(2 K), are equal to 54(5) for
YNiSi3 and 38(4) for LuNiSi3, indicating high quality single
crystals. Because of the small resistivity at low temperatures,
the voltage signal was in the limit of the PPMS reading.
Compared to their germanide counterparts, the present silicides
have ρ(T ) an order of magnitude smaller.

The susceptibility curves as a function of temperature
are displayed in Fig. 6(c), with marked anisotropic behavior
for both compounds. The measurements were performed

with the applied field of H = 1000 Oe parallel to the three
crystallographic axes a, b, and c; however the distinction
between the axes a and c was not possible, so we labeled
these two directions as ⊥ b(1) and ⊥ b(2). YNiSi3 presents
an almost constant Pauli susceptibility (continuous magenta
line) of 0.08(5) × 10−3 emu/mol. For LuNiSi3 at low tem-
peratures there is a weak Curie-like susceptibility that can
be associated with the presence of a small amount of para-
magnetic impurities, since the elemental Lu reagent used
was not as pure as Y. The average susceptibility for this
compound (continuous blue line) is negative and, at high
temperatures, equal to −0.07(5) × 10−3 emu/mol. For both
samples the susceptibility along two directions (‖ b and ⊥ b(2))
are positive, while the measurement ⊥ b(1) is negative. The
presence of a negative or positive susceptibility, depending
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FIG. 8. Physical characterization of TbNiSi3. (a) Total (Cp) and magnetic (Cm) zero-field specific heat curves. The inset shows the released
magnetic entropy. (b) Zero-field resistivity from 2 to 300 K. (c) Inverse magnetic susceptibility χ−1 under H = 1000 Oe along the a, b, and c
axes from 2 to 300 K. The inset shows χ (T ) near the magnetic transition. (d) Magnetization isotherms at 2 K in the same three directions. The
inset portrays the attenuation of the metamagnetic hysteresis with increasing temperature.

on the direction of the applied field, was also observed for
YNiGe3 [10].

B. GdNiSi3

Gd-based compounds are usually characterized by low
magnetic anisotropy due to their ground states with half-filled,
spherical 4f shells (S = 7/2 and L = 0), i.e., at first order they
are usually insensitive to the crystal electric field. Anisotropic
effects in such compounds, with an AFM or FM ordering,
can arise mainly as a consequence of dipolar interactions [37],
although there is some discussion on the role of exchange
anisotropy [38]. In rare earth compound series such as the one
presented in this work, the Gd-based sample can be used as
reference for studying the magnetic exchange interactions, due
to lack of magnetocrystalline effects.

GdNiSi3 presents an anisotropic AFM ground state ordered
along the a crystallographic axis and with an average Néel
temperature of TN = 22.2(2) K, determined using the mea-
surements of Cp(T ), ρ(T ), and χ (T ) shown in Fig. 5. Figure 7
shows the full physical characterization performed for this
compound.

The dependence of the total specific heat Cp on the tem-
perature [Fig. 7(a)] shows a sharp peak near 22 K that marks
the transition between the AFM and the paramagnetic phases.
The magnetic specific heat Cm was evaluated using the method
described in the previous section and reaches zero at 40 K.

The molar magnetic entropy Sm, shown in the inset, was
obtained by numerical integration of the Cm/T curve. A
linear extrapolation from the point at the lower temperature
until zero was made to minimize the error introduced by the
lack of those data points. In systems where the magnetism
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comes solely from the 4f rare ions, the magnetic entropy
should reach its maximum value R ln(2J + 1), where R is
the gas constant, at high temperatures, when all 2J + 1 levels
are populated. In Gd compounds those levels are degenerate,
except in the presence of an internal magnetic field due to
exchange interactions, and the magnetic specific heat is related
to the changes in the magnetically ordered state [36]. For
GdNiSi3, the specific heat has a broad shoulder below 10 K
that has been observed for other Gd-based compounds [11]
and attributed to a Zeeman split due to the internal fields. The
magnetic entropy almost reaches its expected value R ln(8)
above the magnetic transition, as shown in the inset.

The dependence of the resistivity on the temperature is
shown in Fig. 7(b), where the magnetic transition can be
observed in both curves (with and without an applied magnetic
field). Below the Néel temperature there is a marked decrease
in ρ(T ), with the measurement under an applied field featuring
a higher resistivity (positive magnetoresistance). This behavior
was observed in antiferromagnetic materials with H parallel
to the AFM axis, since the applied magnetic field may not
suppress all the spin fluctuations that scatter the conduction
electrons [39]. The inset shows both curves up to room
temperature, where the resistivity follows T -linear behavior.

The susceptibility data [Fig. 7(c)] show that the AFM
ordered moments align along the a axis. Below TN , χ (inset)
measured along a vanishes. This is associated with the increase
in effectiveness of the AFM coupling and decreasing thermal
fluctuations. At low temperatures, the relatively small field
used to perform the measurement, 1000 Oe, has little effect
on the AFM ordering and the magnetization is close to zero.
However, as the temperature is increased up to TN , the field
is able to raise the magnetization. The measurements of χ

perpendicular to the AFM axis, in this case parallel to the b
and c axes, show little temperature dependence below TN . In
the paramagnetic state, above TN , the magnetic response is
essentially isotropic and χ decreases with increasing T , as
expected. The inverse of the calculated polycrystalline average
susceptibility [black line in the main graph of Fig. 7(c)] can be
fitted by the Curie-Weiss law χ = C/(T − θp) + χ0 at high
temperatures, which yields θp = −30(3) K and an effective
magnetic moment of μeff = 8.1(2) μB . This is consistent with
the expected value for Gd3+ free ions, 7.94 μB [40].

In Fig. 7(d) we plot the magnetization as a function of the
applied field. For the measurement along the a axis, the curve
shows an initial plateau followed by a magnetic transition at
27 kOe, reaching a magnetization value of 0.82 μB . Above the
critical field the three curves follow the same trend, but until
70 kOe the compound is still far from the saturation value.
Similar behavior was observed for GdNiGe3 [10]. In the inset,
the magnetization parallel to the a axis are shown for several
temperatures. It is noteworthy that the critical field increases
with the temperature, contrary to the expectations of spin-flop
transitions in antiferromagnets.

C. TbNiSi3

In other AFM intermetallic families, the Tb-based com-
pounds usually show strong magnetic anisotropy with a high
Néel temperature and metamagnetic transitions that can be
accompanied by hysteresis [41,42]. For TbNiGe3 [10], the Néel

FIG. 9. Several metamagnetic transitions in the compound
TbNiSi3 at 2 K. The inset shows the zoom in the region of lower
fields with the first transitions appearing with a critical field of
Hc = 4.3 × 104 Oe.

temperature is higher still than for the Gd-based compound,
showing a deviation from the scaling with the de Gennes factor
[40]. This behavior, according to the authors, is explained by
the combination of the RKKY interaction and the crystal elec-
tric field effect. TbNiSi3 exhibits the same effect, since its TN =
33.2(2) K, is higher than for GdNiSi3. Figure 8 shows the phys-
ical characterization performed for TbNiSi3 and more details
in the evaluation of the TN can be seen in Fig. 25 in Appendix B.

The total and magnetic specific heat [Fig. 8(a)] show a single
marked peak around 33 K due to the transition from the AFM
to the paramagnetic state. The magnetic entropy (inset graph)
reaches a value near R ln(4) at the transition and, therefore,
should be associated with four low energy levels.

Figure 8(b) shows the dependence of the resistivity on the
temperature in zero field and with H = 90 kOe. In both curves
the AFM transition is clearly seen at around 32 K, above
which T -linear behavior is seen. Positive magnetoresistance
is observed, as for GdNiSi3.

TbNiSi3 shows a well-defined AFM ordering along the a
crystallographic axis, but similar magnetic responses appear
along the axes b and c in the ordered phase. This behavior is
shown both in the curve with the dependence of the susceptibil-
ity on the temperature [Fig. 8(c)] as well as in the magnetization
as a function of the applied field [Fig. 8(d)]. The fit of the Curie-
Weiss law for the inverse of the susceptibility gives μeff =
9.6(3) μB , in agreement with the theoretical value of 9.72 μB

[40], and θp = −8.0(8) K, that evidences the AFM interaction.
The most exotic feature of TbNiSi3 appears in the M(H )

curve measured in the direction of the AFM axis a, shown
in Fig. 8(d). The dependence of the magnetization on the
applied field at low temperatures is characterized by several
metamagnetic transitions accompanied by hystereses that can
reach a width of 4000 Oe in the curve measured at 2 K. The inset
graph displays the attenuation of this irreversible behavior with
increasing temperature, while Fig. 9 shows in detail the 2 K
magnetization isotherm, featuring four plateaus before
the magnetic response saturates, and a closer view of the
metamagnetic transitions at lower fields shown in the inset.
Such sequences of multiple steps have been observed as well
in, for instance, TbNi2Ge2 and TbPd2P2 [1,41], although a
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FIG. 10. Physical characterization of DyNiSi3. (a) Total (Cp) and magnetic (Cm) zero-field specific heat curves. The inset portrays the
released magnetic entropy. (b) Resistivity measured under zero field and 90 kOe in the temperature range where the AFM transition takes place.
The inset shows the full zero-field curve up to room temperature. (c) Inverse magnetic susceptibility χ−1 under H = 1000 Oe along the a, b,
and c axes from 2 to 300 K. The inset shows χ (T ) near the magnetic transition. (d) Magnetization isotherms at 2 K in the same three directions.
The inset features the isotherms highlighting the hysteretic behavior at the metamagnetic transition and its plateau.

simpler magnetic behavior was found in the related compound
TbNiGe3 [10].

As the lattice parameters of TbNiSi3 are smaller than
those of TbNiGe3, the crystal field parameters can vary
significantly allowing those much more complex features
observed for TbNiSi3. On the other hand, the presence of
hysteresis possibly indicates a ferromagnetic component that
may have originated from vacancies, as observed in the ger-
manide series, where nickel vacancies were found among all
compounds [10].

The complex magnetic behavior of TbNiSi3 presented in
this section makes it a good candidate for further studies using
neutron diffraction to evaluate the several magnetic structures
attained by the Tb3+ ions.

D. DyNiSi3

The following compound of the series DyNiSi3 is marked
by two close transitions at 22.8(2) K and TN = 23.6(2) K, the
latter being the Néel temperature. Details on the evaluation of
both transitions are given in Fig. 26 in Appendix B.

Figure 10 shows the full physical characterization per-
formed for this compound. Specific heat [Fig. 10(a)] shows
a shoulder followed by a kink at 22.8(2) K from the second
magnetic transition taking place at a temperature too close to
the previous one to allow a better resolution of the two distinct
transitions. The released magnetic entropy (inset graph) is
about R ln(4) at the AFM transition, similar to other Dy-based
compounds [10,11,43], although the subtracted nonmagnetic
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FIG. 11. Physical characterization of HoNiSi3. (a) Total (Cp) and magnetic (Cm) zero-field specific heat curves. The inset portrays the
released magnetic entropy. (b) Resistivity measured under zero field and 90 kOe in the temperature range where the AFM transition takes place.
The inset shows the full zero-field curve up to room temperature. (c) Inverse magnetic susceptibility χ−1 under H = 1000 Oe along the a, b,
and c axes from 2 to 300 K. The inset shows χ (T ) near the magnetic transition. (d) Magnetization isotherms at 2 K in the same three directions.
The inset features the isotherms near the metamagnetic transition.

contribution was not ideal in this case since Cm still shows
some increase at high temperatures.

The dependence of the resistivity on T [Fig. 10(b)] shows
the AFM transition with a kink around 22 K for the curves
measured with and without an applied field, and the additional
transition is not evident despite the high density of data points.
This compound presents metallic transport behavior in the
whole range of temperature, in the same way as GdNiSi3 and
TbNiSi3.

The magnetic characterization [Figs. 10(c) and 10(d)]
shows AFM ordering along the crystallographic a axis, albeit
with different magnetic behavior between the b and c axes.
The AFM transition is seen in the susceptibility measurement
parallel to the axis a [Fig. 10(c)] as a single peak, but the

polycrystalline average curve (solid black line) shows a soft
plateau as a consequence of the two close transitions. The
comparison between all measurements in Appendix B (Fig. 26)
shows that the specific heat and the average susceptibility
derivative have very similar behavior reinforcing the existence
of two transitions in this compound. The fit of the Curie-Weiss
law to the polycrystalline average in the high temperature
limit gives μeff = 9.4(9) μB , in reasonable agreement with
the theory, which predicts a value of 10.65 μB , but a positive
paramagnetic Curie-Weiss temperature of θp = +20(2) K that
may arise from ferromagnetic correlations in the material.

Figure 10(d) shows the dependence of the magnetization
on the applied field along the three crystallographic directions.
In the easy AFM a axis, DyNiSi3 displays an initial plateau
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FIG. 12. Physical characterization of ErNiSi3. (a) Total (Cp) and magnetic (Cm) zero-field specific heat curves. The inset portrays the
released magnetic entropy. (b) Resistivity measured under zero field and 90 kOe in the temperature range where the AFM transition takes place.
The inset shows the full zero-field curve up to room temperature. (c) Inverse magnetic susceptibility χ−1 under H = 1000 Oe along the b and
the two directions perpendicular to this axis from 2 to 300 K. The inset shows χ (T ) near the magnetic transition. (d) Magnetization isotherms
at 2 K in the same three directions.

followed by two irreversible metamagnetic transitions, reach-
ing saturation under an applied field of 32 kOe. The plateau
inside the hysteresis achieves a magnetization of half of the
saturation, indicating the reversal of a single spin in an AFM
lattice with four spins.

Even though DyNiSi3 presents less complex behavior than
TbNiSi3 [Fig. 8(d)] the shapes of the major hystereses seen in
both compounds are very similar and are probably associated
with the appearance of the similar magnetic structures. The
main differences lie in the field intensity necessary to reorient
the magnetic moments, which is higher for TbNiSi3, and in the
appearance of other magnetic structures at lower field values
for TbNiSi3. The magnetic responses along the b and c axes do
not show any evidence of a metamagnetic transition but, unlike

the ones for TbNiSi3 and GdNiSi3, they are distinct and can be
associated with the presence of the two magnetic transitions
observed in this compound. As shown in the next section, this
is also observed for HoNiSi3.

We should also mention that in our preliminary work
presenting the initial results for DyNiSi3 and HoNiSi3 [29] the
M(H ) curves for DyNiSi3 showed the presence of multiple
magnetic transitions, without reaching the saturation value,
when the field was applied perpendicular to the b axis.
Further x-ray Laue diffraction studies indicated that those
measurements were taken along the (101) direction, i.e., the
diagonal of the ac plane, meaning that the structures accessed
during the measurements should be a competition between the
ordering seen along the a and c axes.
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FIG. 13. Physical characterization of TmNiSi3. (a) Total (Cp) and magnetic (Cm) zero-field specific heat curves. The inset portrays the
released magnetic entropy. (b) Resistivity measured under zero field and 90 kOe in the temperature range where the AFM transition takes place.
The inset shows the full zero-field curve up to room temperature. (c) Inverse magnetic susceptibility χ−1 under H = 1000 Oe along the a, b,
and c axes from 2 to 300 K. The inset shows χ (T ) near the magnetic transition. (d) Magnetization isotherms at 2 K in the same three directions.

E. HoNiSi3

Several intermetallic compounds based on rare-earth and
3d-transition elements exhibit successive magnetic transi-
tions, generally evidenced by specific heat and susceptibility
measurements [2,43–45]. For the RNiGe3 family, the only
compound that presents such behavior is NdNiGe3, with
two transitions at 9.4 and 10.6 K [10]. For HoNiSi3, the
specific heat measurement [Fig. 11(a)] shows two sharp and
distinct peaks, one at 6.3 K and the other at 10.1 K. The
sharpness of the peaks indicates that this cannot be due to
a Schottky anomaly, but to two distinct phase transitions. The
shoulder observed in the specific heat of DyNiSi3 [Fig. 10(a)]
is probably associated with the same structure, but, as the
temperatures are close, this is not as clear as for HoNiSi3.
The released magnetic entropy (inset graph) reaches R ln(4)

at the first phase transition and R ln(17) at the second, a value
consistent with the maximum expected value for the multiplet
of the ion Ho3+ (J = 8). At higher temperatures, the non-
magnetic specific heat subtraction using YNiSi3 and LuNiSi3

cannot account for all lattice and electronic contribution of
HoNiSi3 for Cm still increases, making the evaluation above TN

less reliable.
In the resistivity [Fig. 11(b)] the high temperature transition

is very apparent as in the specific heat, although the second one
can only be observed in the curve measured without an applied
field as a smooth kink. For the curve with H = 90 kOe, only
one transition at ≈ 10 K is visible and the system also shows
a positive magnetoresistance. As for the other compounds of
this family, HoNiSi3 presents metallic behavior.

The dependence of the susceptibility on the temperature
[Fig. 11(c)] shows AFM ordering along both a and c axes.
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TABLE III. Main parameters for the series RNiSi3: TN , θp , and θi extracted for the three crystallographic directions. The experimental
effective magnetic moment (μeff) and the highest observed moment at 2 K (μHF) are also shown.

R Easy axis TN (K) θp (K) θa (K) θb (K) θc (K) μeff (μB ) μHF (μB ) χ0 (10−3 emu/mol) RRR

Y – – – – – – – – 0.08(5) 54(5)

Gd a 22.2(2) −30(3) −36 −35 −28 8.1(2) 2.1(1) 0.40(4) 50(5)
Tb 33.2(2) −8.0(8) 29 −96 −60 9.6(3) 9.1(2) 3.2(3) 40(4)
Dy 22.8(2), 23.6(2) +20(2) 43 −400 −37 9.4(3) 10.8(2) 11.7(1) 64(6)
Ho 6.3(2), 10.4(3) +1.0(1) 23 −53 8.3 11.0(3) 9.6(2) 2.0(2) 51(5)

Er b 3.7(1) −1.7(2) −36 14 1.2(1) 9.2(3) 9.5(2) 5.3(5) 23(2)
Tm 2.6(1) −12(1) −24 17 −126 7.8(2) 6.7(2) −3.1(3) 40(4)

Lu – – – – – – – – −0.07(5) 38(4)

The susceptibility in the direction of a (inset) attains a higher
value, but only the higher temperature transition is present.
The measurement along c shows both transitions, although
the first one has the more intense magnetic response. The
difference between the curves indicates that a is the easy
AFM axis as for the other compounds, but with a weaker
ordering along the c axis. The magnetic moment obtained
from the Curie-Weiss fit is μeff = 11.0(3) μB , close to the
theoretical one of 10.61 μB , and the paramagnetic Curie-Weiss
temperature results slightly positive and equal to θp = +1.0(1)
K. The TN for this compound was taken to be that of the higher
temperature transition, and its average value, obtained from the
curves of Cp(T ), ρ(T ), and ∂[T χ (T )]/∂T , is TN = 10.4(3) K
(see Fig. 27 in Appendix B).

Figure 11(d) shows M(H ) measured along the three di-
rections. The metamagnetic transitions are presented in the

FIG. 14. (a) Dependence of the Néel temperature obtained from
the experimental specific heat, resistivity, and magnetic susceptibility
on the de Gennes factor dG = (gJ − 1)2J (J + 1). (b) Dependence
of the paramagnetic Curie-Weiss temperature (θp) on dG.

measurements along a and c, although the second one reaches
a lower magnetization. The curve along the a direction dis-
plays a small hysteresis (inset) with a plateau at half of the
saturation magnetization, similar to TbNiSi3 and DyNiSi3.
The curve along c has a higher critical field and a single
metamagnetic transition without any plateaus or hysteresis.
The behavior presented by this compound suggests the pres-
ence of a component-separated magnetic transition [2], where
the magnetic moment components can order independently in
two distinct directions and with different critical temperatures.
Nonetheless, further studies are necessary to elucidate whether
this is indeed the case.

F. ErNiSi3

For systems containing Er3+, Tm3+ and Yb3+, we expect
differences in the magnetic properties compared to those
with the ions Tb3+, Dy3+, and Ho3+, as anticipated from a
change in the sign of the multiplicative factor α that appears
in the Stevens’ operator equivalent method [46,47]. In an
intermetallic series, this manifests as a change in the direction
of the ordered magnetic moments, which can go, for example,
from an easy axis system for the samples with the ions Tb3+,
Dy3+, and Ho3+ to a planar system for Er3+, Tm3+, and Yb3+

[11]. For the RNiGe3 family, which is also orthorhombic, the
AFM easy axis changes from a for R = Gd-Ho to c for R = Er,
Tm [10]. For YbNiSi3, the only member of the series presented
in this paper that has been fully characterized, the magnetic
moment of the Yb atoms are ordered along the b axis [25,28],
in contrast with the observed for the compounds described so
far here, where the AFM moments align in the a axis.

TABLE IV. Experimental and theoretical values of the variation
of specific heat and magnetic entropy across the antiferromagnetic
transition for each magnetic compound and their associated J . The
values for 	Cm and Sm are in J K−1 mol−1.

R J (R+3) 	Cexpt
m (TN ) 	Cm(TN ) Sexpt

m (TN ) Sm(TN )

Gd 7/2 20 20.15 15.7 17.3
Tb 6 21 20.54 10.5 21.3
Dy 15/2 13 20.62 9.7 23.0
Ho 8 30 20.64 22.8 23.6
Er 15/2 12 20.62 12.2 23.0
Tm 6 13 20.54 6.0 21.3
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FIG. 15. Experimental effective magnetic moment and highest
observed moment at 2 K. The lines indicate the theoretical value of
the free rare earth ions and their saturation moment.

ErNiSi3 has TN = 3.7(1) K (see Fig. 28 in Appendix B) that
appears as a sharp discontinuity on the high-temperature side
of the transition in the specific heat in Fig. 12(a). The released
magnetic entropy still increases above TN and then attains a
constant value above R ln(8).

The resistivity [Fig. 12(b)] shows metallic behavior with an
anomaly at TN . A positive magnetoresistance appears at low
temperatures.

The determination of the axes a and c by the Laue diffraction
was not possible in this case due to the parasitic phase in the
crystals, so we have labeled those two directions as ⊥b(1) and
⊥b(2) in Fig. 12(c). The curves measured parallel to b and
in one of the perpendicular directions have similar behavior
indicating that, as with HoNiSi3, ErNiSi3 also must have a
second AFM axis, despite the lack of a second transition in
the specific heat. The fit of the Curie-Weiss law yields μeff =
9.2(3) μB , in agreement with the theoretical value of 9.58 μB ,
and θp = −1.7(2) K, that reflects the AFM ordering of this
material.

Figure 12(d) shows the magnetization versus field curves
at 2 K, where the curve for H ‖ b reaches saturation with
paramagneticlike behavior. One of the curves for H ⊥ b shows
a smooth metamagnetic transition, but does not saturate, while
the other one shows a small magnetization along the field. The
results seen in Figs. 12(c) and 12(d) indicate an easy axis along
b, although there is also an ordering seen along the direction
⊥b(2). The low TN of this compound probably smooths the
transitions of the M(H ) isotherms at 2 K when compared to
the previous samples, which may explain the lack of a plateau
in those curves.

G. TmNiSi3

The last compound studied in this work, TmNiSi3, shows
the lowest Néel temperature among them, with TN = 2.6(1) K
(see Fig. 29). Figure 13 shows the physical characterization
performed for this material. The specific heat [Fig. 13(a)]
shows a sharp peak at low temperature, with the released
magnetic entropy reaching a value of R ln(2) at TN . The broad

FIG. 16. (a) Magnetic field dependence of magnetization for
GdNiSi3, taken at several temperatures indicated in the figure. The
inset shows the derivative dM/dH curves. (b) Temperature depen-
dence of the critical field.

curvature above 10 K is probably due to a Schottky anomaly
resulting from the splitting of the ground state by the crystal
electric field, a phenomenon commonly observed in other rare
earth-based intermetallic systems [48–51]. The temperature
dependence of the resistivity [Fig. 13(b)] shows the magnetic
transition in the curve with no applied field, while under a field
of H = 90 kOe this transition is not visible. Similarly to the
other compounds, the resistivity follows metallic behavior and
a positive magnetoresistance.

The magnetic characterization [Figs. 13(c) and 13(d)]
shows an easy AFM axis along b but, contrary to ErNiSi3,
the magnetic anomaly along the a axis is weaker. The fit of the
Curie-Weiss law to the susceptibility curve [Fig. 13(c)] leads
to an effective moment of μeff = 7.8(2) μB , in good agreement
with the theoretical prediction of 7.56 μB , and θp = −12(1) K.
Figure 13(d) shows the dependence of the magnetization on
the applied field, with a paramagneticlike response parallel to
c, and a saturation along b. The curve parallel to a shows a
small step around 28 kOe, but saturation is only achieved with
applied field parallel to b.
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FIG. 17. Magnetic phase diagram for TbNiSi3. The dashed line
indicates TN and delimits the paramagnetic phase (PM).

V. DISCUSSION

The compounds of the RNiSi3 series (R = Y, Gd-Tm, Lu)
display rich physical behavior, notably in their magnetic prop-
erties, with some features common to all such as anisotropic
magnetizations, AFM ground states, and the presence of meta-
magnetic transitions for R = Gd-Tm. There are, nonetheless,
idiosyncrasies that set each one apart. Table III summarizes
the main properties found for the single crystals of this series.

In systems where the magnetism originates solely from
the rare earth ions, it is frequent that the magnetic ordering
temperature is scaled by the de Gennes factor dG = (gJ −
1)2J (J + 1), with the Gd-based compound (gJ = 2 and J =
7/2) displaying the highest temperature. This is a consequence
of the long range nature of the interactions between the
magnetic moments, well described by the RKKY model, which

FIG. 18. Rietveld plot for YNiSi3. The black crosses represent
observed data, the red line indicates the calculated pattern, and the
blue line at the bottom represents the difference between the observed
and calculated patterns. The vertical bars indicate Bragg reflections
of each identified phase.

FIG. 19. Rietveld plot for TbNiSi3. The black crosses represent
observed data, the red line indicates the calculated pattern, and the
blue line at the bottom represents the difference between the observed
and calculated patterns. The vertical bars indicate Bragg reflections
of each identified phase.

states that the effective exchange constant (J ) is proportional
to dG, and J is often proportional to the critical temperature.
There are systems, however, where this scaling is not observed,
such as the series RNiGe3 [10], RCu2 [52], and RMg2Cu9 [45],
due to crystal electric field effects and exchange anisotropy.
These factors change the system Hamiltonian and, therefore,
lead to deviations from the proportionality expected from
the case where only RKKY is taken into account. Usually
the models including those extra terms predict an increase
in the ordering temperature when CEF is important; however

FIG. 20. Rietveld plot for DyNiSi3. The black crosses represent
observed data, the red line indicates the calculated pattern, and the
blue line at the bottom represents the difference between the observed
and calculated patterns. The vertical bars indicate Bragg reflections
of each identified phase.
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FIG. 21. Rietveld plot for HoNiSi3. The black crosses represent
observed data, the red line indicates the calculated pattern, and the
blue line at the bottom represents the difference between the observed
and calculated patterns. The vertical bars indicate Bragg reflections
of each identified phase.

the competition between two stable ordered phases can lower
this temperature [53].

Figure 14(a) shows the dependence of TN on dG obtained
from Cp, ρ, and χ , with an excellent agreement between
the different techniques, which strongly deviates from the ex-
pected trend. From the complex magnetic behavior presented
by those compounds in the previous sections, crystal field
effects must have a profound effect on their properties, so

FIG. 22. Rietveld plot for ErNiSi3. The black crosses represent
observed data, the red line indicates the calculated pattern, and the
blue line at the bottom represents the difference between the observed
and calculated patterns. The vertical bars indicate Bragg reflections of
each identified phase. The Bragg reflections highlighted with asterisks
stand for some unidentified impurity (-ies) that is (are) growing
simultaneously with the ErNiSi3 crystal.

FIG. 23. Rietveld plot for TmNiSi3. The black crosses represent
observed data, the red line indicates the calculated pattern, and the
blue line at the bottom represents the difference between the observed
and calculated patterns. The vertical bars indicate Bragg reflections
of each identified phase.

deviation from linear scaling with de Gennes factor is not
surprising.

Magnetic transitions are seen very clearly in the specific
heat measurements, allowing us to confirm two transitions in
DyNiSi3 and HoNiSi3, which are less sharp in magnetic and
resistivity data. In the compounds with a single transition,
its specific heat takes a lambda shape around the critical
point, associated with a second-order phase transition [54].
Table IV presents the experimental variation of specific heat
[	C

expt
m (TN )] and magnetic entropy [Sexpt

m (TN )] across the

FIG. 24. Rietveld plot for LuNiSi3. The black crosses represent
observed data, the red line indicates the calculated pattern, and the
blue line at the bottom represents the difference between the observed
and calculated patterns. The vertical bars indicate Bragg reflections
of each identified phase. The green asterisks represent an (some)
unknown phase(s) that is (are) growing together with the LuNiSi3

crystal.
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FIG. 25. Determination of the Néel temperature for TbNiSi3 from
(a) specific heat, (b) resistivity, and (c) magnetic susceptibility mea-
surements. The dashed line indicates the average Néel temperature
obtained from the three measurements.

transition, as well as 	Cm(TN ) = 5RJ (J + 1)/[(J + 1)2 +
J 2], predicted by mean field theory [55], and the maximum
magnetic entropy Smax

m = R ln(2J + 1), calculated without
taking into account the splitting of the energy levels due to CEF
effects. GdNiSi3 has a value of 	C

expt
m (TN ) equivalent to the

one predicted by theory; however HoNiSi3 has a much higher
	C

expt
m (TN ), while S

expt
m (TN ) attains its full value, indicating

a first order transition. For the remaining compounds, 	C
exp
m

does not exceed the theoretical value, and observed magnetic
entropy stays well below the theoretical value, due to CEF
splitting the ground state.

Compared to GdNiGe3 (TN = 26.2 K) [18], GdNiSi3 has a
lower TN = 22.2 K despite the smaller lattice parameters. This
is also observed for TbNiGe3 (TN = 35.6 K) and ErNiGe3

(TN = 5.8 K) that also have higher ordering temperatures

FIG. 26. Determination of the Néel temperature for DyNiSi3 from
(a) specific heat, (b) resistivity, and (c) magnetic susceptibility mea-
surements. The dashed lines indicate the average transition tempera-
tures obtained from the specific heat and susceptibility measurements.

than TbNiSi3 (TN = 33.2 K) and ErNiSi3 (TN = 3.7 K),
respectively. The competition between two different mag-
netic phases that leads to two phase transitions for DyNiSi3
and HoNiSi3, must play a role in those lower ordering
temperatures observed in this series, despite their smaller
unit cells.

The lower TN of GdNiSi3 than TbNiSi3 and DyNiSi3
must be a consequence of the lack of CEF effects in the Gd
compound. It is also important to point out that the appearance
of the hysteresis in TbNiSi3, DyNiSi3, and HoNiSi3 is probably
associated with a higher effective exchange constant that can
affect the ordering temperatures. The θp [Fig. 14(b)] reflects the
high magnetic anisotropy of those compounds, with DyNiSi3
and HoNiSi3 exhibiting positive values that can be associated
with ferromagnetic interactions present in those samples. The
Gd-based compound displays the highest absolute value.
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FIG. 27. Determination of the Néel temperature for HoNiSi3 from
(a) specific heat, (b) resistivity, and (c) magnetic susceptibility mea-
surements. The dashed lines indicate the average transition tempera-
tures obtained from the specific heat and susceptibility measurements
for the transition at 6.3 K, and from the three measurements at 10.4 K.

Figure 15 shows the dependence of μeff observed for the
rare earth of each compound, as well as the highest observed
magnetic moment at 2 K of the magnetization versus applied
field curves. The lines display the theoretical magnetic moment
of the free trivalent rare earth ion and their saturation moment.
The values obtained for μeff are in excellent agreement with
the expected value of the rare earth ions, indicating that the
magnetism of those compounds originates solely from those
ions, while the Ni atoms are nonmagnetic.

GdNiSi3 is the only member of the series in which mag-
netization does not saturate at 2 K with an applied field of
70 kOe. The magnetization after the metamagnetic transition
corresponds to only about 0.82 μB [Fig. 7(d)], about 1/8 of
the expected saturation value of the ion Gd3+ (7.0 μB). The
same transition is observed for GdNiGe3 [10], with similar
critical fields and magnetic moment values, indicating that the

FIG. 28. Determination of the Néel temperature for ErNiSi3 from
(a) specific heat, (b) resistivity, and (c) magnetic susceptibility mea-
surements. The dashed line indicates the average Néel temperature
obtained from the three measurements.

magnetic structure of both compounds are similar. Figure 16(a)
shows this transition along a range of temperatures, as well as
the derivative curves in the inset that were used to estimate their
critical fields Hc. It is noteworthy that the linear extrapolation
of the M(H ) data above Hc to H = 0 goes to the origin.
This fact indicates that the transition at Hc is not a spin flip
transition as observed in other rare-earth compounds, but a
spin flop transition in the antiferromagnetic state [56]. As the
temperature increases, the transition becomes less pronounced
while the critical field increases [Fig. 16(b)]. The latter is un-
usual for most compounds that undergo a magnetic transition,
although some paramagnetic systems show the same effect
in the field-induced transition to the FM state [57,58]. More
interestingly, Gd5Ge4 displays a metamagnetic transition along
its AFM axis [59,60] with very similar behavior to GdNiSi3

and GdNiGe3. Moreover, it can also undergo a transition to
a FM state, depending on the direction and intensity of the
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applied field, which suggests that GdNiSi3 is a good candidate
for studies using high magnetic fields.

In addition, among the RNiSi3 series, GdNiSi3 presents
the magnetic response most similar to the corresponding
compound of the series RNiGe3. Despite TN of the two
series being comparable, the series RNiSi3 has more complex
magnetic behavior, with the presence of multiple magnetic
transitions and hysteresis that are not observed in the RNiGe3

series. Since the Gd-based compounds of the series resemble
each other, the change in the crystal electric field due to the
substitution of Ge by Si should play a key role to understand
those differences between the series.

The oscillatory and long-range nature of the RKKY inter-
action, which can favor either FM or AFM ordering, often
induces the appearance of magnetic structures that can be
commensurate or incommensurate with the crystal lattice
[61,62]. A compound may show several intermediate magnetic
phases, which can be accessed changing the temperature or the
magnetic field, generating complex magnetic phase diagrams
[63,64] such as that for TbNiSi3. Figure 17 shows a tentative
phase diagram for this system using the critical fields of the
magnetization curves shown in Fig. 8(d). There are at least
four distinct magnetically ordered states, in addition to the
hysteresis that suggest the presence of a FM component.

HoNiSi3 offers an additional challenge due to its two
magnetic phase transitions that manifest in different directions.
As discussed previously, this can result from an independent
ordering of the magnetic moment components along the two
axes. The complex magnetic structure of this and the other
compounds, however, can only be fully understood by resolv-
ing the magnetic structures responsible for our macroscopic
observations, using a microscopic technique. For ErNiSi3 and
TmNiSi3, the low magnetic ordering temperature leads to
smooth transitions at 2 K, and thus require measurements
at lower temperatures to properly check for metamagnetic
transitions.

VI. SUMMARY

We have presented here comprehensive work on char-
acterizing the ground states and low temperature behaviors
of the intermetallic RNiSi3 series (R = Y, Gd-Tm), which
crystallizes in the orthorhombic space group Cmmm. For R =
Gd-Tm, the compounds have anisotropic AFM ground states
with TN between 2.6 (TmNiSi3) up to 33.2 K (TbNiSi3).
YNiSi3 and LuNiSi3 do not present antiferromagnetic order-
ing, but have an anisotropic susceptibility. The dependence
of the magnetization on the applied field shows complex
behavior, with all antiferromagnetic compounds presenting
metamagnetic transitions and in some cases hysteretic behavior
(TbNiSi3, DyNiSi3, and HoNiSi3). The features exhibited by
these compounds, especially TbNiSi3, DyNiSi3, and HoNiSi3,
make them good candidates for future neutron diffraction
studies to resolve their magnetic structures and elucidate the
observed behaviors.
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APPENDIX A: RIETVELD PLOT FOR THE RNiSi3 SERIES

Figures 18–24 show the Rietveld refinements for all com-
pounds of the RNiSi3 series, except for GdNiSi3 that was
shown in Fig. 2.

FIG. 29. Determination of the Néel temperature for TmNiSi3

from (a) specific heat, (b) dρ/dT , and (c) dχ/dT . The dashed
line indicates the average Néel temperature obtained from the three
measurements.

044402-19



FABIANA R. ARANTES et al. PHYSICAL REVIEW MATERIALS 2, 044402 (2018)

APPENDIX B: EVALUATION OF THE TRANSITIONS
TEMPERATURES

Magnetic transition temperatures can be evaluated access-
ing different physical properties, as specific heat, resistivity,
and susceptibility. Following the discussion presented above,
we show here the determination of the transition temperatures
of each compound, beginning with TbNiSi3 in Fig. 25.

TbNiSi3 shows a single transition clearly presented in
all measurements. DyNiSi3 (Fig. 26), on the other hand,
shows two close phase transitions that could not be com-
pletely resolved even with smaller temperature steps in the

measurements. In its resistivity curve [Fig. 26(b)] the tran-
sitions seem to happen at lower temperatures than in Cp(T )
and χ (T ), but as there is some instrumental noise we chose to
only use the specific heat and magnetization measurements to
evaluate TN .

Figure 27 shows the characterization for HoNiSi3. In
this case the two transitions are very clear in Cp(T ) and
∂[T χ (T )]/∂T , but in resistivity only the high temperature
transition is evident.

Figures 28 and 29 show the determination of TN for ErNiSi3

and TmNiSi3, respectively.
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