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In this paper, we report temperature-dependent magnetic susceptibility, electrical resistivity, and heat-capacity
experiments in the family of intermetallic compounds RNi;Gag (R = Tb, Dy, Ho, and Er). Single-crystalline
samples were grown using Ga self-flux method. These materials crystallize in a trigonal ErNi;Alo-type
structure with space group R32. They all order antiferromagnetically with 7y < 20 K. The anisotropic magnetic
susceptibility presents large values of the ratio Xcasy/ Xnara indicating strong crystalline electric-field (CEF) effects.
The evolution of the crystal-field scheme for each R was analyzed in detail by using a spin model including
anisotropic nearest-neighbor Ruderman-Kittel-Kasuya-Yosida interaction and the trigonal CEF Hamiltonian.
Our analysis allows one to understand the distinct direction of the ordered moments along the series—the Tb-,
Dy-, and Ho-based compounds have the ordered magnetic moments in the easy ab plane and the Er sample

magnetization easy axis is along the ¢ direction.
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I. INTRODUCTION

In 4f-electron systems with strong electronic correlations,
the number of exuberant physical phenomena is remarkably
wide. Quantum criticality, heavy fermion behavior, magnetic
transitions, valence fluctuation, unconventional superconduc-
tivity, and non-Fermi-liquid behavior are examples of the rich
variety of effects that can be observed in these materials
depending on the hybridization between the 4f and conduction
electrons (see Ref. [ 1] and references therein). The Ce- and Yb-
based compounds are central pieces of these studies because
their electronic configurations can be easily tuned by doping,
external pressure, temperature, or applied magnetic fields. In
fact, these parameters can frequently tune the competition be-
tween the Kondo effect and Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction, which are originated from the exchange
interaction between the 4f and conduction electrons. On the
other hand, the magnetic properties of non-(Ce,Yb) analogs are
usually of local-moment character and mainly depend on the
interplay between crystalline electric-field (CEF) effects and
exchange magnetic interaction. Thus, the study of structurally
related compounds is a fertile ground to explore how the
evolution of dimensionality and/or anisotropy effects along
the series can affect the ground state of their members without
dealing with a more complex set of interactions competing at
the same energy scale.

Recently, single crystals of Yb-based Kondo lattice com-
pounds YbNi3; Xg (X = Al, Ga) were successfully synthesized
[2,3]. YbNi3Aly is an antiferromagnetic (AFM) heavy fermion
system with Ty = 3.4K. The magnetic susceptibility of
YbNi3;Gay, on the other hand, shows a broad maximum at
about 200 K and the typical valence fluctuation behavior
with Pauli paramagnetic ground states. The strong valence
fluctuation agrees with the study of the electronic structure us-
ing photoemission spectroscopy [4]. The substitutional study
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on YbNi3(Ga;_,Al,)9 revealed that the Kondo temperature
Tx of YbNi3zXg is reduced from 600 to 550 K with Al
substitution of only x = 0.1 [3]. Furthermore, Matsubayashi
et al. observed an unconventional quantum critical behavior
in the YbNi3zGag phase diagram as a function of pressure,
magnetic field, and temperature [5]. Additionally, they have
identified a Yb valence crossover at the vicinity of the critical
pressure P. of the pressure-induced AFM transition and
a first-order metamagnetic transition at H = 6.9 kOe and
T = 0.4 K possibly due to the valence instability.

The series RNi3Alg which are isostructural analogues of
the YbNizAlg compound have been studied for R = Er, Gd,
Y, and Dy [6,7] and R = Gd-Lu [8]. For R = Tb to Ho
and Yb, the easy axis of magnetization is in the ab plane,
while for R = Er and Tm it is along the caxis. Metamagnetic
transitions were observed for R = Er, Tm, and Yb. It has
been suggested that crystal-field effects may be responsible
for some characteristic features observed in the specific-heat
and magnetic susceptibility data.

Here, we report on the magnetic properties of a Ga-based
analogs series of ternary rare-earth transition metals RNi3Gag
(R = Tb, Dy, Ho, and Er), which have been grown as
single-crystalline samples by the Ga self-flux method [9,10].
All compounds order antiferromagnetically with Ty < 20K.
The magnetic susceptibility presents large values of the ratio
Xeasy/ Xnard» indicating strong CEF effects. We have followed
the CEF evolution with R using a spin model including an
anisotropic first-neighbor RKKY interaction and the trigonal
CEF Hamiltonian [11,12]. Our results indicate that the tetrag-
onal Bg parameter is positive for TbNi3zGag, DyNi;Gag, and
HoNi3;Gag, which have an easy plane (ab) of magnetization,
while it is negative for ErNi3Gag with easy magnetization axis
along the ¢ direction. The presence of anisotropic metamag-
netic transitions for DyNi;Gag, HoNi3Gag, and ErNizGag at
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T = 2K has been observed. The inverse susceptibility data
can be fitted to a Curie-Weiss (CW) law for T > 100K for all
compounds.

The paper is organized as follows. In Sec. II, we present
the details of the experimental methods used for the measure-
ments. Section III presents and discusses the data collected.
Details of the spin model simulation to account for the CEF
effects as a function of R will be also discussed. Finally, we
present our conclusions.

II. EXPERIMENTS DETAILS

A. Sample preparation

Single crystals of RNi3Gag (R = Tb, Dy, Ho, and Er) were
grown by Ga self-flux method. Starting elements with purities
of 99.9% in a molar ratio of 1(R):3(Ni):30(Ga) were placed
into an alumina crucible and sealed under vacuum in a quartz
tube. The ampoules were then heated from room temperature
to 1050 °C, kept at this temperature for 5 h, and slowly cooled
down at 5 °C/h up to 650 °C, where the excess of Ga flux was
decanted off from the plateletlike crystals by centrifugation.

B. Characterization techniques

The crystal symmetry and phase purity were studied by
x-ray powder diffraction in the conventional 6 — 26 Bragg-
Brentano geometry using Cu K, radiation. The Jana2006
software [13] was used for the Rietveld refinements of all the
observed data. Specific-heat measurements were performed
for samples ranged from 10 to 30 mg in a small-mass
calorimeter system that employs a quasiadiabatic thermal
relaxation technique (at H = 0). Magnetization measurements
were collected in a commercial dc superconducting quantum
interference device magnetometer. The susceptibility data
were taken at H = 1 kOe in the temperature range between
2 and 300 K. For the M versus H curves, the applied
field (H) was varied between 0 and 70 kOe at T = 2K.
In-plane electrical resistivity as a function of temperature was
measured, at H = 0, using a low-frequency ac resistance bridge
and four-contact configuration.

III. RESULTS AND DISCUSSION

Figure 1 shows the x-ray powder-diffraction patterns for the
RNi3Gag samples taken at room temperature. The solid curves
represent the calculated pattern from the model structure
used in the Rietveld refinement to fit the experimental data.
The solid line is the difference between experimental and
calculated data. The vertical bars represent the Bragg peaks
positions according to the model ErNizAlg-type structure
[Crystallographic Open Database (COD: 96-210-0947)]. From
these results the trigonal ErNis Alo-type structure, space group
R32, can be confirmed for all the studied compounds.
The goodness-of-fit parameters R,,R,,,, and x2 for each
refinement can be found in Table I. The inset of Fig. 1 shows the
lattice-parameter evolution with increasing the atomic number
(Z) of R from R = Tb to Er. As expected, a and c decrease
with Z in agreement with the lanthanide contraction (see inset
of Fig. 1 and Table I).
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FIG. 1. Rietveld refinement of the x-ray powder-diffraction data
(filled dot) for RNi;Gag at room temperature. The solid lines are the
calculated and the difference between experimental and calculated
patterns, respectively. The bars in the bottom panels represent the
Bragg indexation according to the structural model, taken from the
COD code 96-210-0947. The inset represents the evolution of the
unit-cell parameters with R as extracted from the refinement. Error
bars are smaller than the symbol sizes used.

The temperature dependence of the magnetic susceptibility
measured for a magnetic field H = 1 kOe applied parallel x,,
(open symbols) and perpendicular x; (closed symbols) to the
trigonal c axis is presented in Figs. 2(a)-2(d) for R = Tb, Dy,
Ho, and Er, respectively. The inverse of the polycrystalline
data (powder sample) is shown in the insets of Figs. 2(a)
and 2(d). For Figs. 2(a) and 2(d), the maxima in the x(7)
data agree with the temperature at which the anomalies in
the specific-heat and resistivity data take place (see below).
These maxima usually occur at the vicinity of the onset of the
long-range AFM order. The continuous curves in the y versus
T data were obtained from the spin model used to follow the
evolution of the CEF perturbation with R (see below). It is
evident that for TbNi3;Gag [Fig. 2(a)] there is a spontaneous
easy axis of magnetization along the ab plane. This is clear
because . is much larger than x,, near T and x tends to
rapidly decrease below Ty while y,, remains nearly constant
in this temperature range. For ErNizGag [Fig. 2(d)], in contrast,
there is an easy c-axis magnetization. From a linear fit to the
inverse of xpoly for 7 > 100K using a CW law [solid lines
in the insets of Figs. 2(a) and 2(d)], we extracted the CW
temperature Ocw and the R3t effective magnetic moment fLes
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TABLE I. Experimental parameters extracted from Rietveld refinement (R, R,,, %2, V, and c/a) and the magnetic susceptibility data (7T,

Ocw, Mett> and Yeasy/ Xnard)-

o3
TN (K) ®CW (K) Mett (MB) Xcasy/Xhard Rp (%) pr (%) X2 (%) V(A ) C/a
TbNi;Gag 17.1 —-2.1 9.70 3.7 3.09 4.20 1.28 1444.27(2) 3.785
DyNi;Gag 10.1 —2.7 10.59 297 3.08 4.10 1.20 1440.01(2) 3.786
HoNi;Gayg 4.7 -17.5 10.61 8.9 4.23 5.95 1.78 1436.64(3) 3.787
ErNi;Gag 6.7 —6.2 9.53 14.7 4.42 6.18 1.76 1433.18(3) 3.787

(see Table I). The Dy- and Ho-based compounds [Figs. 2(b)
and 2(c)] appear to be more complex at low 7. In these two
cases, the insets highlight the low-T region. For DyNi;Gay,
two maxima are observed for the H//ab plane () below 10
K. When H//c (x,/) more than one transition can be defined as
well. HoNi3 Gag presents a broad transition around 3.4 K for the
H//ab plane, while no anomalies can be observed for H//c.
The higher ratios Xeasy/Xnara (Table I) reflect the anisotropy
of the magnetic susceptibility. These ratios are greater than 1
for all compounds, which is an indication of the presence of
strong CEF effects.

The main panel of Fig. 3 shows the magnetic contribution
to the specific heat divided by temperature (Ciag/7T) in the
temperature range 0 < T < 50K for TbNi3Gag, DyNi;Gay,
HoNi3Gayg, and ErNi3Gag at zero applied field. The phonon
contribution to specific-heat data for each magnetic compound
was taken as the experimental data of the nonmagnetic
LuNi3zGay, which were subtracted from the total specific heat
of each magnetic compound. The cusp in the specific-heat
data, indicated by arrows, is associated with the onset of AFM
order. The maxima observed in the magnetic susceptibility data
(see Fig. 2) agree with the inflection point to the right side of the
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FIG. 2. Temperature dependence of the magnetic susceptibility
for (a) TbNi3Gay, (b) DyNi;Gay, (c) HoNizGay, and (d) ErNizGag
measured for magnetic field of H = 1 kOe applied parallel x,, (open
symbols) and perpendicular x (filled symbols) to the trigonal ¢ axis.
The solid lines are best fits to the data for both directions using our
mean-field model (see below). The insets in (a) and (d) represent
the inverse 1/ x,01y(T") of polycrystalline susceptibility fitted with a
linear Curie-Weiss law for 7 > 100 K. From this fitting we extracted
the w.sr and ®cw magnitudes for all compounds (see Table I). The
insets in (b) and (c) show the low-7 region and the presence of more
complex ground states.

maxima in Fig. 3. Therefore, this temperature has been defined
as Ty (see Table I). The shift of Ty to lower temperatures as
the R ion size decreases is evident. For R = Er, a broad hump
can be observed between 10 and 25 K. A similar behavior has
been reported in Ref. [8] for ErNizAly and was ascribed to
CEF effects. For DyNi;Gag and HoNi3Gayg, the data do not
drop to smaller values of C,e/ T at low temperature; instead,
there is a tendency to increase in agreement with the behavior
observed in their x (7') data of Figs. 2(b) and 2(c). Additional
magnetization and specific-heat data with applied magnetic
field for all the series are being collected and will be published
elsewhere. In order to clarify these points, the microscopic
magnetic structure of this family should be studied by magnetic
x-ray or neutron diffraction.

To gain further insights about the CEF effects to the
specific heat and the magnetic susceptibility, Fig. 2 and the
inset of Fig. 3 present the experimental data when R =
(a) Tb, (b) Dy, (c) Ho, and (d) Er together with the best fit
to the data using our spin model (solid lines) described below.
The best set of parameters is obtained from simultaneous
minimization process of both x (T'), M(H) and Cy,/ T data.
A reasonable agreement between the experimental data and the
fitting is also obtained for the heat capacity data except around
T ~ Ty where the contribution of magnetic fluctuations is
important. In particular, for these compounds, it is observed
that these fluctuations persist in a broad temperature range
at the vicinity of Ty. This is reflected in the comparison
between the experimental data and calculated curves, where

(mJ/mol K?)
I b
g &

g
&

ag

C /T

(mJ/mol K°)
w

LY \
| 326 '
F V‘V‘{ Tb il 16
2L 5/ 13 Ho Eros
- 0.0 0.0
r A\ |
O/ 5
% LeLse et geno

§§ N e
D L 444
0L5 SEEEEE
0 10 20 30 40 50
T (K)

FIG. 3. Main panel: Magnetic contribution to the specific heat
divided by temperature for TbNi3Gay, DyNi;Gayg, HoNi3;Gay, and
ErNi3;Gag. The inset shows the Cpag/ T data for Tb-, Dy-, Ho-, and
Er-based samples together with the best fit to the data of the mean-field
model [11,12].
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FIG. 4. Evolution of the normalized Neel temperature (7y)
for RNizGag (R = Tb, Dy, Ho, and Er) and de Gennes factors
G =(g;—1*J(J +1) for R atoms (R = Tb, Dy, Ho, and Er).
The inset shows the evolution of the normalized ®cyw together
with G.

the temperatures at which the anomalies appear do not coincide
with the observed maxima but with the inflection points in the
experimental data.

Figure 4 presents the evolution of the 7Ty and Curie-Weiss
temperature Ocw (inset) for the rare-earth-based compounds
studied in this paper. They both have been compared to the
de Gennes factor G = (g; — 1)>J(J + 1) (dashed curves)
for the ground-state multiplet J of each rare earth. The
data are normalized by the Ty and Ocw values of the
GdNi3;Gag compound, as well as with the G value for the
Gd ion. The Gd-based compound was also synthesized but
the complete characterization of its physical properties data
will be presented elsewhere along with experiments of
electron-spin resonance. The data in Fig. 4 suggest that the
long-range antiferromagnetic temperature and Curie-Weiss
temperature, ®cw, do not rigorously follow the G scale.
This behavior signals the presence of relevant CEF effects in
determining the magnetic properties along the series, which
are not included into the G factor [14—16]. Furthermore,
considering the complex magnetic behavior at low T for R =
Dy and Ho compounds (e.g., the metamagnetic transitions at
T = 2K), we must expect a deviation of Ty and Ocw from a
simple de Gennes scale for these compounds.

The temperature dependence of the electrical resistivity, at
H = 0 and applied current along the ab plane, for the RNi3Gag
single crystals is plotted in Fig. 5. At high temperature, the data
always showed a metallic behavior while, at low temperatures,
a clear kink can be seen at the onset of the AFM order (Ty)
for all studied compounds. The observed temperature values at
the change in slope coincide well with the Ty values observed
in the susceptibility and specific-heat data.

The magnetization data at T = 2 K for RNi3Gay
(R = Tb to Er) for the magnetic field applied along the
trigonal ¢ axis (H//c) and in the basal plane (H L c¢) are
shown in Fig. 6. Closed and open symbols have been used
to identify the H L ¢ and H//c data, respectively. Despite
the anomalies observed below Ty at H = 1 kOe (Fig. 2), our
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FIG. 5. Temperature dependence of the electrical resistivity for
the RNi;Gay single crystal in the low-T region showing the change in
slope at Ty. The current (/) has been applied parallel to the ab plane.
The inset shows the full temperature range.

M (H) data also indicate that the axis of easy magnetization is
perpendicular to the ¢ axis for R = Tb, Dy, and Ho, whereas for
R = Eritis parallel to the c axis. In the M versus H curves, for
R =Tb [Fig. 6(a)] no metamagnetic transitions are observed up
to 70 kOe and the magnetization increases almost linearly with
H along both directions. The saturation Tb moment (9.72 up)
has not been attained up to the highest applied field. For R =
Dy [Fig. 6(b)], multiple transitions are observed with H along
the ab plane, suggesting that spin reorientations are taking
place with applied field. A change in M(H) between 40 and
60 kOe can be also observed for H//c.

This behavior may be associated with additional magnetic
transitions within the AFM state (e.g., spin reorientation) and
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FIG. 6. Magnetization for (a) TbNi;Gag, (b) DyNi;Gay,
(c) HoNi3;Gayg, and (d) ErNi;Gay under applied magnetic perpen-
dicular (filled symbols) and field parallel (empty symbols) to the ¢
axis. All datasets were collected at 7= 2 K. The solid lines represent
the results from the spin model fittings.
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TABLE II. Parameters extracted from the best fits to the spin model. All values are in Kelvin.

B2 B¢ B} B§ B¢ 2K, 2K,z 22)2
TbNi;Ga, 1.10 0.10x10-% —024  0.10x 10~ 0.15x 10-2 —0.64 x 10-% 23 x 10~ 22x10-% 057  —0.14
DyNi,Gag  0.77 036 x 107 0.23x107%  0.19 x 107%* 0.13x 1072 —0.73x 107 1.4 x 107 0.0 0.23 -0.014
HoNi3;Gay 0.36 —0.15 x 1072 0.00 —0.13x 107% 0.00 —0.85x 107% 0.0 0.0 0.075 —0.002
ErNisGa, —0.35 0.20 x 10~ 0.86x 10~ —0.42 x 10~ —0.40 x 10-% 042 x 10-% —52 x 10~ 3.6x10-® 0.07 —1.0x10~%

agrees with the one observed in the susceptibility data (see
Fig. 2) of this compound for H = 1 kOe (along both directions)
and with the increase in the specific-heat data below Ty at
H = 0 (see Fig. 3). For R = Ho [Fig. 6(c)], the saturation is
attained already at about H = 30 kOe after a metamagnetic
transition is observed for H L ¢ between 10 and 20 kOe.
Finally, for ErNizGag a transition takes place along the ¢
axis for applied field of about H = 10-15 kOe up to the
saturation, where the magnetic moment of ~9.6 up/Er’"
is recovered. No transition is observed for the field along
the ab plane. The results in Fig. 6 are an indication that
microscopic measurements, such as neutron and/or magnetic
x-ray diffraction and NMR, as well as macroscopic field
dependent susceptibility and specific-heat data, would be
valuable in determining the magnetic structure evolution and
clarify the ground state in these compounds. Considering
the anisotropy observed for all cases, the magnetocrystalline
anisotropy should be an important energy scale in this family.
As it has been shown, the magnetic structure of the series
of intermetallics compounds Tb,,Rh,Ins, 0, (m = 1, 2;
n =0, 1) [17], CeCdy7Sb, [18], RRh4B4 [19], RRhIns [20],
and RNizAly (R = Gd to Lu) [8] is related to the evolution
of the sign of the CEF parameter Bg. In order to check for
the above results, we present below the spin model used to
simulate the magnetic properties of the system under study.

A. Evolution of CEF with R

To determine microscopic interactions and CEF parameters,
magnetization and specific heat have been computed using
a spin model. The model includes anisotropic first-neighbor
RKKY interaction, a quadropolar first-neighbor coupling, and
the CEF Hamiltonian corresponding to Cs, point symmetry
[21]. Specifically we use the Hamiltonian

H = Heer + Y jiidi - Je+ Y Kik 03G)09(k)
ik ik

—gupHy- Y J; M)

1

The second term to the right is the superexchange (RKKY)
interaction between the J; and J; moments. Following
Ref. [22] we include in the third term a magnetic quadrupolar
interaction between the J; and J; magnetic moments [02 =
3JZ2 — J(J + 1)]. This interaction can have its origin on
magnetoelastic couplings or, more probably, like the RKKY
interaction, via the propagation of conduction electrons [22].
The fourth term represents the Zeeman effect with an applied
field Hy. The first term is the CEF Hamiltonian and it is

defined as [23]
Hegr = Y Hepe(i)) = ) BJ'(1)O}' (i) )

i,n,m

where O], are the Stevens equivalent operators (they describe
the CEF in terms of powers of the local moments J).
B characterize the crystal-field parameters for C3, point
symmetry and are experimentally determined. The list of
CEF parameters is shown in Table II. Additionally, it is
worth commenting that we have adopted the crystallographic
¢ direction as the z-quantization axis.

The Hamiltonian given by Eq. (1) is solved within the mean-
field approximation [24]. As the distance of R between planes
~9 10\) is much larger than the in-plane distance (~4 A for first
and ~7 A for second neighbors) we neglect the interplane cou-
pling [25]. The hexagonal R plane is divided on two sublattices
of sites A and B. In this approximation the antiferromagnetic
coupling is limited to j;, which couples spins on both A and
B subnetworks while j, couples spins on the same sublattices.
We have considered quadrupolar couplings K| (K,) between
magnetic moments on different (same) sublattices (see Fig. 7).
Finally the mean-field Hamiltonian is simply

Hwr =) Ha+ ) Hp, 3)
ieA ieB
Hy = 221j1jx . (f)'() - lel<-7A> : (jB> + Zszsz . (jx>
— 222(Jx) - (Jx) + 221K, 09(X)(09(X))
— 21K1{09(A))(03(B)) + 22, K, 09(X)(09(X))

— 22K2(03C0))(09(X)) + Hepr(X) — gupHo - Jx
(4)

where the usual mean-field decoupling of the interaction

Jx - JIx ~ JIx - (Jx) +{Ux) - Ix — {Ux) - (Ux)  (O)

FIG. 7. (a) Crystal structure of RNizGay (R = rare earth).
(b) Planes of R. Sublattices A and B are shown in red and blue.
J, and J, are magnetic exchange interactions. Quadrupolar couplings
K; and K act on the same links as J; and J,.
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FIG. 8. CEF splitting of the ground-state multiplet obtained from
the simulations of Figs. 2, 3, and 6 for TbNi;Gag, DyNi;Gay,
HoNi;Gag, and ErNi;Gag.

(and a similar approximation for the quadrupolar term) has also
been done. The mean value of the operators J; (03’ ;) has been
replaced by a sub-lattice-dependent mean value (J;) = (Jx)
((Og’i) = (03,)())’ where X = A(B) if i € Al € B). X
denotes the opposite sublattice (A= B,B=A). z; =3
(zo = 6) is the number of first (second) neighbors. Hyr is
solved self-consistently for each temperature and magnetic
field. Magnetic couplings and CEF parameters come from
the simultaneous fit to the magnetic experimental data
(susceptibility, specific heat, and magnetization).

The best fits to our macroscopic data yield the parameters
presented in Table II. The CEF level scheme obtained from
the splitting of the R3* J’s multiplet, given by the above
parameters, is shown in Fig. 8. Energy levels and wave
functions are presented in Table III. The degeneracy of
these states agrees with the one expected for a hexagonal
symmetry [21] .

At this level of approximation the quadrupolar terms
act as an effective additional crystal-field term ABS =
2z; K; (03 ),i = 1,2 [see Eq. (4)] of second order that depends
on temperature and magnetic field (because (OY) depends
on those parameters). For all R, except for Ho, which has
K; =0, the quadrupolar interaction is such that it trays to
align the magnetic moments with the z axis. In the case
of Er, the magnetic moments align parallel to the z axis,
so (09) > 0 and, given that z;K; <0, ABY(Er) <0 and
the quadrupolar interaction reinforces the crystal-field effect.
For Tb the spin lays in the plane and given that 7, K| =
2.3mK > 0 it also gives ABY(Tb) < 0. We can estimate its
maximum contribution taking (OS) =—J(J+1)=—42and
estimate the maximum value of ABg (Tb) ~ —0.1 K, which is
smaller than By = 1.09 K (a similar small contribution comes
from K»). For Dy, K; = 14 mK and the lowest value of O

(atT=0)is
0 12 15/15 252
(0N =3x- ——|=+1)=-""=-63

2 2\ 2 4

so AB)(Dy) ~ K;{09) = 0.014 K x (—63) = —0.88 K. For
this ion the quadrupolar interaction could modify the sign of
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BY = 0.72 K. But the actual maximum value of (O9) in our
calculation is ~—34, which is not enough to modify the sign
of Bg . In all situations this anisotropic contribution is smaller
than the CEF contribution that comes from Bg and does not
modify the spin orientation. Nevertheless it is fundamental to
obtain a simultaneous good fit to all the magnetic data.

The zero value of K; found for Ho can be explained
if we notice that the CEF parameters B]' in Eq. (2)
are related to the actual lattice CEF parameters A} [26],
which are approximately independent of the R. In particular
Bg = (r2)0,AY, where (r?) is the average of r? over the 4f
shell and 6, is a geometrical factor (6, is the second-order
Stevens factor for the R). 0, is tabulated in Ref. [26] and the
values for (r?) were computed in Ref. [27] for free R ions.
In general, the (r") values depend on the host, whether it
is an insulating [28] or a metallic [29] environment. But for
the same environment the variations are small for different R.
If the different R do not distort the electron density in their
neighborhood, the net perturbation should be comparable for
both ions. Therefore, the ratio 5—5 should not depend much on
the R ion itself. In fact that is seen with the values reported

in Table T (22 ~ 140 + 20 for all R). We can use this to infer

from A BY(Tb) the value of z; K for Ho: ABYTY) , ABjHo) _

6,(Tb) 6,(Ho)
Z 0 . .
—2“‘K1((§{O)<02)(H°). As Ho magnetic moments order in plane
»(Ho)

as Tb, (O9)(Ho) = —J x (J +1) = =72 and z;K;(Ho) =
ABJ(Tb) 62(Ho)
(09)(Ho) 6,(Tb)
smaller than the values obtained for the other Rs and could be
too small to be captured by our fits.

It is worth commenting that the obtained BS and exchange
constants account for the main features of the data shown
in Figs. 2-4 and 6, meaning that the evolution of the
magnetic properties of these compounds along the series is
all well explained by this model. However, it is important
to notice that the CEF parameters obtained from the fits to
macroscopic measurements data may not be as precise and
unique and additional experiments for the direct determination
of the CEF scheme by inelastic neutron scattering and/or
x-ray absorption for these compounds are highly desirable.
Nevertheless, qualitative trends in the evolution of the CEF
effects and exchange constants that play a role in the
magnetic properties of the studied series are totally captured
by our model. As such, the evaluation of Bg along the
studied compounds is consistent with the change in easy
axis magnetization from ab plane to ¢ axis (see Fig. 2),
that is, the Bg parameter is positive for R = Tb, Dy, and
Ho and negative for R = Er. Additionally, the existence of
competing and antiferromagnetic and ferromagnetic exchange
constants—the j; and j, parameter, respectively—explains the
complex low-T magnetic behavior of these compounds that can
present spin-flop or metamagnetic transitions and/or changes
in the magnetic structure in the ordered state, especially when
the field is applied along the easy axis. In fact, a change in sign
of the CEF parameters Bg has been observed along a series
of R-based low-symmetry layered compounds as the lattice-
parameter ratio c/a changes [18]. Consistent with the previous
finding, the c¢/a ratio in this series of compounds increases
from c/a ~3.7854 for the Tb compound to 3.7872 for the Er
counterpart.

~ 0.3 mK. This result is an order of magnitude
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TABLE III. Kramers doublet eigenvalues (E;) and associated eigenfunctions (¢;) for Ho** (J = 8), Er*, Dy3+ (J =15/2), and Tb**

(J = 6) ions in RNi;Gay.

Ton E;(K) b;
Tb** 0.0 0.026]—6) — 0.375|—3) + 0.847|0) + 0.375|3) + 0.026|6)
21.0 70.160|F5) + 0.292|72) + 70.804|£1) — 0.493|+4)
74.5 40.250|F4) — 0.220|F1) + +0.661|£2) + 0.672|+5)
149.7 0.129]—6) — 0.695|—3) — 0.695|3) — 0.129]6)
176.6 —0.372|F4) + F0.144|F1) — 0.607|+2) + £0.688|+5)
206.2 0.223|F5) + £0.331|F2) + 0.534|£1) + F0.746|+4)
208.4 —0.417|—6) + 0.476|—3) + 0.446|0) — 0.476|3) — 0.417|6)
225.7 0.695|—6) + 0.129]—3) + 0.1293) — 0.695|6)
231.6 0.570|—6) 4 0.365|—3) + 0.288|0) — 0.365|3) + 0.570|6)
Dy** 0.0 —0.31|F13/2) + F0.06|F7/2) — 0.82|F1/2) + £0.03|+£5/2) — 0.47|£11/2)
6.9 +0.06|F15/2) — 0.15|F9/2) + £0.74|F3/2) — 0.31|+3/2) + £0.57|£9/2) — 0.10|%=15/2)
10.0 —0.12|F11/2) + F0.73|F5/2) — 0.01|£1/2) + F0.66|+£7/2) + 0.14|£13/2)
106.9 0.53|F11/2) + F0.21|F5/2) + 0.01|£1/2) + F0.05|+7/2) — 0.82|£13/2)
145.0 —0.39|F13/2) 4+ F0.27|F7/2) + 0.55|F1/2) + £0.21|£5/2) — 0.66|£11/2)
154.1 —0.18|F15/2) + £0.19|F9/2) — 0.53]|F3/2) + F0.01|+3/2) + 0.68| £ 9/2) 4 F0.43|+15/2)
184.2 0.21|F11/2) 4+ F0.62|F5/2) — 0.14|+1/2) + £0.70]£7/2) + 0.25]+13/2)
198.3 +0.03|F15/2) 4+ 0.17|F9/2) + F0.20|F3/2) — 0.19|4+3/2) + +0.35|+9/2) + 0.88|+15/2)
Ho** 0.0 0.707|-3) + 0.707|3)
45 0.49|F4) + 0.87|%2) + 0.07|+8)
12.3 0.24|F5) + 0.97|£1) + 0.06|£7)
15.6 0.11]—6) 4+ 0.99]0) 4 0.11]6)
28.2 0.707|-3) + 0.707|3)
35.2 0.73|F4) + F0.36|+2) + F0.58|+8)
38.0 0.48|F4) + F0.34|4+2) + 0.81]|+8)
61.6 0.03|F7) + 0.24|F1) + 0.97|£5)
95.6 0.707|—6) + 0.707|6)
97.6 0.70|—6) + 0.15|0) + 0.70|6)
109.7 0.01|F5) + 0.06|%1) + 0.998|+7)
Ert 0.0 |£15/2)
20.8 F0.02|+1/2) + 0.13]£7/2) + F0.99|£13/2)
26.8 +0.02|F1/2) — 0.22|45/2) + +0.98|£11/2)
31.6 F0.23|43/2) + 0.97|1+9/2)
40.2 —0.03|F11/2) 4+ +0.07|F5/2) + 0.24|+1/2) + F0.96|+7/2) — 0.13|£13/2)
52.2 +0.01|F13/2) — 0.12|F7/2) + £0.19|F1/2) — 0.95|+5/2) + F0.22|£11/2)
62.9 70.97|43/2) — 0.23|1+9/2)
69.3 0.03|F11/2) + F0.21|F5/2) + 0.95|+1/2) + +0.22|+7/2) + 0.01|+13/2)

IV. CONCLUSIONS

In this paper, we have synthesized the family of inter-
metallic compounds RNiz;Gay (R = Tb, Dy, Ho, and Er)
in single-crystal form. Magnetization as a function of tempera-
ture and magnetic field, electrical resistivity, and heat-capacity
measurements have been used to explore their physical
properties. A strong magnetic anisotropy observed in magnetic
susceptibility curves was attributed to CEF effects. Based
on this fact, we were able to fit the observed temperature
dependence of the specific heat and the anisotropic features in
the magnetic susceptibility using a spin model that includes the
CEF effects and competing antiferromagnetic and ferromag-
netic exchange constants. From these data, a CEF level scheme
was obtained for each rare earth. Interestingly, the behavior
observed in T'dependence of the magnetic susceptibility, where

the antiferromagnetic easy axis is along the ab plane for the
compounds with R = Tb, Dy, and Ho, while it is along the ¢
axis for the compound with R = Er, was found to be correlated
to the sign of CEF parameter Bg. The sign of this parameter
can change as a result of the evolution of the structural lattice
parameters along the series.
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