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ABSTRACT

In this work, structural, magnetic, and local properties of GdIn(NixCu1�x)4 (0.00 � x � 1.00) samples synthesized via the flux
method are investigated by means of X-ray, magnetization, specific heat, and electron spin resonance measurements. The
analysis of X-ray powder diffraction data taken at room temperature reveals that all samples belong to the cubic space group
(Cl5b-type structure) with lattice parameters, a, ranging from 7.08 , a , 7.23 Å. Interestingly, the analysis of both T-dependence
magnetic susceptibility and MvsH loops indicates a gradual transition from antiferromagnetic to ferromagnetic ground states as
a function of the Ni-doping. The transition temperatures are confirmed via specific heat measurements. Finally, electron spin
resonance data taken in the temperature range of 100 � T � 300 K show a single Dysonian line shape, which is characteristic of
a metallic environment. A nearly T-independent g-value was observed and the value was concentration independent. Besides,
the doped samples show an increase of the residual linewidth, which can be linked with the chemical disorder introduced by the
Ni-doping. Our results are discussed considering the bottleneck and multiple band effects on the Gd3þ spin dynamics in this
series and their implication in the magnetic frustration observed in these materials.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5052226

I. INTRODUCTION

It is well established that the magnetic behavior of local-
ized 4f electrons in metallic systems can be fairly explained by
the framework of the Ruderman-Kittel-Kasuya-Yoshida (RKKY)
theory where the magnetic moment of 4f electrons is coupled
via the conduction electrons (ce).1–3 However, this theory does
not fully describe the properties of systems with partly local-
ized f-electrons, such as Ce and Yb-based intermetallic com-
pounds. Besides being responsible for the magnetically ordered
states, the 4f electrons can participate in other interesting
physical phenomena such as Kondo effect heavy-fermion
states, unconventional superconductivity, non-Fermi liquid
behavior, and intermediate valency.4–10 In fact, despite its
success in predicting the magnetic order of a broad variety of
materials, the RKKY approach has failed to correctly describe
the magnetic ground state for many materials found in the
literature,11–13 even for systems claimed to have completely
localized 4f electrons. For instance, the simple application of
the RKKY model fails in predicting the magnetic ground state

for the family of compounds Yb(Au,In,Pd)A4 (A ¼ Cu, Ni).14 In
particular, magnetization, specific heat, and resistivity mea-
surements indicate that the ferromagnetic order develops in a
doublet crystal-field (CF) ground state for the YbInNi4 com-
pound, while a simple analysis based on the RKKY model yields
an antiferromagnetic order for YbInNi4.15 This fact may be an
indication that a more careful analysis of the Friedel-type
model16 must be used for these materials. The inclusion of
magnetic interaction terms larger than nearest-neighbor and a
more realistic treatment of the electronic band structure must
be added in order to better describe the correct magnetic
ground states. For instance, the contribution of ce coming from
different bands s, p, d, or even f should be properly taken into
account in the RKKY theory. In this respect, it is important to
comment that experimental results of the electron paramag-
netic resonance of Gd3þ ions diluted in LuInA4 (A ¼ Cu, Ni)
show a sign change of the exchange parameter, J f�ce, between
the ce and the 4f localized moments. This has been discussed
based on a single s-band model for A ¼ Cu and a two band
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model, s and d, for A¼Ni.17 This finding can be indicative that
multiple bands theory must be taken into account to explain
the microscopic magnetic interaction and so the ground states
of these concentrated 4f electrons systems.

In this sense, the cubic AuBe5 (C15b, F43m)-type struc-
ture18,19 GdInA4 (A¼Cu, Ni) compounds are particularly inter-
esting due to their well-localized Gd spins with no orbital
moment forming an fcc lattice. Therefore, the absence of
crystal field (CF) effects can be important to test the issues
mentioned above. It is well known that GdInCu4 presents
an antiferromagnetic order at T ¼ 5:5 K20 and, due to its
particular crystal symmetry, the frustration phenomena give
rise.18,19,21 This means that not all magnetic interactions
between next-neighbor can be minimized simultaneously and,
consequently, the observed order temperature, TN, is much
lower than the Curie-Weiss temperature, ΘCW . On the other
hand, the Gd(Au,In,Pd)Ni4 variants are relatively unexplored.

In order to further investigate the evolution of the mag-
netic properties along this series of compounds, we have syn-
thesized the GdIn(NixCu1�x)4 (0.00 � x � 1.00) series of
compounds. Samples have been characterized via X-ray dif-
fraction, magnetization, specific heat, and electron spin reso-
nance (ESR) measurements. The X-ray analysis shows that all
samples have a cubic crystal symmetry (C15b-AuBe5) with a
lattice parameter, a, in the range 7:08 � a � 7:23 Å. The mag-
netic susceptibility as a function of temperature and applied
magnetic field point out to an antiferromagnetic order for
Cu-rich samples, while the Ni-rich samples display a ferro-
magnetic order with magnetization saturation close to the
expected theoretically value of 7.94 μB. Finally, the ESR
spectra consist of a single Dysonian lineshape, which is charac-
teristic of localized moments in a metallic host. In comparison
with GdInCu4, the residual linewidth increases with Ni-doping.
This increase can be linked with the disorder degree induced
by the doping. Furthermore, the evolution of the Gd3þ ESR
Korringa-like rate b along the series suggests the presence of
multiple band effects, which may play an important role in
driving the system to a ferromagnetic ground state, resulting
in a breakdown of the magnetic frustration.

II. EXPERIMENT

Single crystals of GdIn(NixCu1�x)4 (0.00 � x � 1.00) were
grown from a Cu/Ni-In-flux method. Starting elements with
purities of 99.9% in a molar ratio of 1(Gd):2(In):5(Ni, Cu) were
placed into an alumina crucible and sealed under vacuum in a
quartz tube. The ampules were then heated in the tempera-
ture range 1100 , T , 1175 �C, kept at this temperature for 5 h,
and slowly cooled down at 5 �C/h up to 650 � C (for Cu-rich
samples) and 950 �C (for Ni-rich samples) where the excess
of flux was decanted off from the cubic-like crystals by cen-
trifugation. X-ray powder diffraction measurements carried
out at room temperature were used to check the sample
quality and phase purity. The magnetic susceptibility data
were taken using a commercial dc superconducting quantum
interference device (SQUID) magnetometer. It is important to
say that all magnetization measurements were carried out in

powder samples. Specific heat measurements were per-
formed in a commercial small-mass calorimeter system that
employs a quasiadiabatic thermal relaxation technique for
samples ranged from 5 to 30mg. The ESR experiments were
done in powder samples using a commercial X-band spec-
trometer (f ¼ 9:48GHz) with the TE102 cavity coupled to a He
flow cryostat.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 shows the X-ray powder diffraction measurements
carried out at room temperature for the GdIn(NixCu1�x)4
(0.00 � x � 1.00) samples. The solid lines indicate the refined
X-ray pattern using the Rietveld protocol (red) and the differ-
ence between experimental and theoretical data (blue). In the
top inset, we show the photograph of a single crystal on a

FIG. 1. X-ray powder diffraction measurements carried out at room temperature
for the GdIn(NixCu1�x )4 (0.00 � x � 1.00) samples. The red solid lines are the
fits obtained by using the Rietveld method and the blue ones represent the dif-
ference between experimental and calculated patterns. The vertical bars mean
the standard pattern found in the Inorganic Crystal Structure Database (ICSD
627.611). In the top inset, we show the photograph of a single crystal on a mm
grid.
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mm grid. The analyses of X-ray patterns confirm that all
samples crystallize in the cubic AuBe5 structure (Cl5b-type
structure). The lattice parameters, a, were found in the range
from 7:08 , a , 7:23 Å (see Table I). One must note that there
is a slight change in a as a function of Ni-doping. The data
coming from Rietveld refinement have been used to construct
the unit cells through the VESTA software. This allows us to
evaluate the Gd-Gd distances, dGd�Gd, nearest-neighbor,
which vary ranging from 5.007 to 5.117 Å.

Figure 2(a) displays the T-dependence of the magnetic
susceptibility χ(T) at H ¼ 1 kOe for the GdIn(NixCu1�x)4
(0.00 � x � 1.00) samples. The inset shows, in detail, the low

temperature range for Cu-rich samples. Figure 2(b) shows the
TN, ΘCW , and the parameter f( ¼ ΘCWj j=TN) as a function
of the Ni-doping. The magnetic susceptibility obeys the
Curie–Weiss law over the temperature range from 100 K to
room temperature for all samples. It is interesting to notice
the strong variation of f along the family of materials [see
Table I and Fig. 2(b)]. It is evident from these values that the
magnetic frustration significantly decreases as a function of
Ni-substitution, because f is almost 1 for highly concentrated
Ni-doped samples. Moreover, one must observe that the
Curie-Weiss temperatures are negative for Cu-rich samples,
which indicates antiferromagnetic correlations. On the other
hand, the positives values of ΘCW obtained from fits of χ(T)
for Ni-rich samples suggest that these compounds have a fer-
romagnetic ground state. It is worth to comment that, for the
YbInNi4 compound, inelastic neutron scattering22 and macro-
scopic measurements15 are consistent with a ferromagnetic
order. However, it is well known that for L = 0 rare earth
based compounds, the magnetic properties seem to be gov-
erned by both magnetic interactions and CF effects. At the
YbInNi4 compound, the magnetic order gives rise to a quar-
tet=doublet crystal-field ground state.15,22

Figure 3 shows the magnetization versus magnetic field
for the GdIn(NixCu1�x)4 (0 � x � 1.0) samples measured at
T ¼ 2 K. It must be noted that for Ni-rich samples, the magne-
tization reaches a value of 6.9 μB, which is close to the Gd3þ

theoretical magnetic moment of 7.94 μB. A linear behavior is
observed up to H ¼ 70 kOe for Cu-rich samples. The saturation
in the H-dependent magnetization at 2 K is observed in the
same concentration range where, according to the temperature
dependent magnetic susceptibility curves, the Curie-Weiss
temperatures are positive.

Figure 4 shows the magnetic contribution to the total
specific heat (Cp) in the temperature range 0 , T , 30 K for
the GdIn(NixCu1�x)4 (0 � x � 1:0) samples at zero applied
field. In the inset, we show the magnetic entropy, which was
calculated integrating the magnetic specific heat. We used
the LuInCu4 compound as a non-magnetic reference to
extract the phonon contribution of the total specific heat.
The anomalies in the specific-heat data are associated with
the onset of AFM=FM order, which are in good accordance
with the transition temperatures extracted from the magnetic
susceptibility data (see Table I).

Figure 5 shows the evolution of the X-band (f � 9.45
GHz) powder spectra of Gd3þ in GdIn(NixCu1�x)4 (0 � x � 1.0)

TABLE I. The goodness-of-fit parameters (Rw , Rwp, and χ2); lattice parameter, a; volume, V ; Néel and Curie-Weiss temperatures, TN ; ΘCW ; p; f parameter; b [= ΔH=ΔT
(Oe/K)], and g-value extracted from best fits to our set of X-ray, susceptibility, and ESR data.

x Rp (%) Rwp (%) χ2 (%) a (Å) V (g/cm3) TN (K) ΘCW (K) p f b (Oe/K) g-value

0.00 6.33 8.30 3.30 7.2331(2) 378.42(3) 6 �51 7.83 8.5 0.4(1) 1.995(5)
0.10 3.68 4.66 2.29 7.2356(2) 378.82(2) 4 �32 7.96 8.6 4(1) 1.99(1)
0.50 4.01 5.20 2.62 7.1866(5) 371.18(4) 8 �3 7.96 0.3 5(1) 2.01(2)
0.70 7.20 9.48 3.89 7.0921(3) 356.71(2) 6 �2 7.96 0.3 4(1) 1.99(1)
0.90 3.09 3.82 1.86 7.079(1) 354.70(1) 5 3 7.84 0.5 4(1) 2.01(2)
1.00 2.34 5.77 3.71 7.0873(5) 355.99(5) 5 3 7.78 0.6 4(1) 2.00(1)

FIG. 2. (a) dc magnetic susceptibility, χdc , versus temperature from 2 to 50 K
measured at H ¼ 1 kOe for GdIn(NixCu1�x )4 (0.00 � x � 1.00) samples. In
the inset, the χ(T ) for Cu-rich samples are shown in the 2 to 45 K temperature
range and (b) TN , ΘCW , and f as a function of Ni-doping concentration for
GdIn(NixCu1�x )4.
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measured at T ¼ 100 K. We fitted the ESR spectra with an
admixture of absorption and dispersive derivatives. The
obtained result was a single Dysonian line shape (solid red
lines). These line shapes are characteristic of localized mag-
netic moments in a metallic host with a skin depth smaller
than the size of the sample.

Figure 6 shows the temperature dependence of the Gd3þ

ESR linewidth, ΔH, as a function of temperature for the
GdIn(NixCu1�x)4 (0:00 � x � 1:00) samples. The thermal

broadening of the linewidths was fitted using ΔH = Δ H0 + bT,
where Δ H0 is the residual linewidth and b is the Korringa-like
rate. In the inset, we show the Ni dependence of ΔH0, which
increases for intermediate members of the series indicating
the introduction of significant disorder due to Ni-doping. The
analysis of our ESR data, focused in the temperature range
100 , T , 300 K, points out that there is almost no magnetic
coupling of the Gd3þ spins due to a T-independent g-value
(see Table I) and a Korringa-like thermal broadening.
Unfortunately, because of the relatively large Gd3þ ESR line-
width (and associated error in the experimental g-value)
observed for both compounds, we were not able to determine
the g-shift, which is related to the g-value of Gd3þ in insula-
tors (g ¼ 1:99323). However, despite the Korringa-like rates
remaining the same along the GdInA4 (A¼ Cu, Ni) series, one
can note a residual linewidth decreasing with the Ni-doping.
As we have commented above, such effect can be linked with
the disorder introduced by the doping.

FIG. 3. Magnetization versus applied magnetic field for the GdIn(NixCu1�x )4 (0
� x � 1.0) samples measured at T ¼ 2 K.

FIG. 4. Magnetic contribution to total specific heat for the GdIn(NixCu1�x )4
(0 � x � 1:0) samples at zero applied field. In the inset, we show the magnetic
entropy as a function of temperature.

FIG. 5. Concentration evolution (0 � x � 1.00) of the ESR spectra in
GdIn(NixCu1�x )4 (0 � x � 1.0) measured at T ¼ 100 K. The solid lines are
the best fit of the resonance using a Dysonian lineshape.
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The evolution of b-rate, along the series, gives important
insights regarding the complex magnetic properties of these
systems. Firstly, the b-rate of the Gd3þ ESR linewidth in
GdInCu4 (b � 0.4 Oe/K) is somewhat smaller than the value
of b found for diluted Gd3þ in LuInCu4 (b � 0.9 Oe/K),17 indi-
cating the presence of a moderate bottleneck effect.24,25 The
b-rates increase by an order of magnitude, reaching a value of
b � 4Oe/K, when Ni is introduced into the Cu site. This
Korringa-like rate is close to its value for diluted Gd3þ in
LuInNi4, as reported previously.17 It is clear from these results
that multiple band effects associated with the contribution of
the Ni 3d bands are responsible for the increase of the
b-rates, consistently with the results reported from the Gd3þ

diluted LuInA4 (A¼ Ni, Cu).17 As such, these effects may help
to shed some light in the evolution of the magnetic properties
in the GdInA4 (A¼Cu, Ni) series. In this sense, we must keep
in mind that, in these compounds, (i) the RKKY magnetic
interaction couples the Gd3þ magnetic moments determining
their ground states and (ii) the analyses of X-ray patterns (see
Fig. 1) show that the crystal structure of samples is not modi-
fied by the Ni-doping. Only small changes are observed in the
lattice parameter giving no appreciable modification in the
Gd-Gd distances. In this scenario, since the RKKY interaction
is oscillatory and has a dependence with the distance of the
magnetic moments, it is not unreasonable to suppose that
the same ground state should be observed to, at least, the
end members of GdIn(NixCu1�x)4 compounds.

Interestingly, the analyses of the magnetization data
shown in Figs. 2 and 3 are consistent with a change in the
magnetic order from antiferromagnetic (ΘCW , 0) to ferro-
magnetic (ΘCW . 0). If one takes in mind that the high-T
magnetic susceptibility obey to the Curie-Weiss law,
χ(T) ¼ χ0 þ C=(T+ ΘCW), where χ0 is a T-independent

susceptibility term, C is the Curie constant, and ΘCW is the
Curie-Weiss temperature. The enhancement of the suscepti-
bility along the series of GdIn(NixCu1�x)4 compounds
strengthens our supposition once it should likely be related
to the increase and change of sign of ΘCW .

The change in the magnetic ground state can also be
observed through isothermal magnetization curves. It notes
that while the magnetization of Cu-based samples is linear up
to the maximum magnetic field, the Ni-based samples reach a
saturation for lower applied magnetic fields (�20 kOe), with a
saturated magnetic moment of 6.9 μB.

The exchange parameter J evaluated from the TN tem-
perature using a mean field approximation (TN ¼ nJμ2eff=3kB)
yields �2� 10�6 eV. The magnetic potential energy (EM ¼
�μeff , � , =H) associated with the magnetic saturation is
� 7� 10�4 eV. If one supposes that the Ni-based samples are
antiferromagnetically ordered, the above calculated energies
should be the same. Also, Nakamura et al.21 have shown that
GdInCu4 reaches its saturation at magnetic fields around
300 kOe; hence, it is not acceptable to think that the satura-
tion field decreases so drastically with a simple Cu-Ni substi-
tution. If this is the case, the role of the Ni in the magnetic
behavior of this family of compounds should be much more
important. Besides confirming the transition temperatures
observed in the T-dependence of susceptibility, the specific
heat data for the Ni-rich samples are dominated by a sharp
magnetic ordering peak at �4 K, which should be associated
with the ferromagnetic transition. The calculated magnetic
entropy [Sm ¼ R ln (2Jþ 1) ¼ R ln (2Sþ 1) ¼ R ln 8], is recovered
by around 70% of the total entropy at TN and no dependence
in Ni-doping was observed. This is consistent with the exis-
tence of short-range correlations for our set of samples.

Finally, as we have commented above, the magnetic inter-
action between the localized magnetic moments in metallic
samples can be well understood inside the RKKY approach,
where the ce takes an important role. In this respect, the oscil-
latory character of RKKY interaction predicts a ferro or antifer-
romagnetic order depending on the distance between the
localized magnetic moments.26 In this sense, it seems unrea-
sonable to think that the small changes in the lattice parameter
observed along the series of GdIn(NixCu1�x)4 compounds
produce a dramatic change in the Gd-Gd, going from a nega-
tive to a positive exchange parameter.

In this scenario, the introduction of the Ni 3d bands, as
revealed by the ESR data of Gd3þ diluted in a LuInNi4, can
play an important role in the changes of the magnetic inter-
actions. As we mentioned previously, ESR experiments of
Gd3þ diluted in a LuInA4 (A¼ Ni, Cu) host yield an exchange
interaction, J fs, between localized magnetic moment and ce is
mainly positive for LuInNi4 and negative for LuInCu4.17 One
must remember that this result was associated with the dif-
ferent ce contributions: s and d electrons yielding positive
values of g shift and J fs for LuInNi4 and s electrons yielding
negative values of g shift and J fs for LuInCu4. In the same way,
a similar scenario seems to happen for GdIn(NixCu1�x)4,
where a gradual increase of Ni-doping seems to increase the
d electron contribution, driving the system to change from

FIG. 6. Temperature dependence of the ESR linewidth for the GdIn(NixCu1�x )4
(0 � x � 1.0) samples. The solid lines mean the best fit to the ΔH = Δ H0 +
bT . In the inset, we show the dependence on the residual linewidth as a func-
tion of the Ni concentration.
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an antiferromagnetic (J , 0 for GdInCu4) to a ferromagnetic
(J . 0 for GdInNi4) ground state. Despite the exchange inter-
actions extracted from ESR experiments of Gd3þ diluted in a
LuInA4 (A¼Ni, Cu)17 host and the Gd-Gd interaction in the
concentrated compound are not the same, these ESR results
suggest that the contribution of ce coming from different bands
s, p, d, or even f should be considered in order to help in the
understanding of the magnetic behavior of these compounds.
Furthermore, the gradual change in the magnetic ground state
from AFM to FM observed for the GdInA4 (A¼ Cu, Ni) may
explain the decrease of the magnetic frustration as a function
of Ni concentration, since FM can be accommodated in a trian-
gular lattice with no frustration (in contrast to AFM).

IV. CONCLUSIONS

In this work, single crystals of GdIn(NixCu1�x)4 (0.00 , x
, 1.00) have been synthesized via the flux method. The analy-
ses of X-ray patterns indicate that all samples belong to a
cubic symmetry similar to the AuBe5 structure (Cl5b-type
structure). The lattice parameter slightly changes in the range
of 7.08 � a � 7.23 Å along the series. The analysis of tempera-
ture dependent magnetization data indicate an evolution of
the magnetic ground state from antiferromagnetic (ΘCW , 0)
for Cu-rich samples to ferromagnetic (ΘCW . 0) for Ni-rich
samples. Besides, the field-dependence of magnetization
shows a linear behavior to Cu-rich samples and a saturation
phenomenon to Ni-rich samples up to H ¼ 70 kOe. Since a
simple analysis using the RKKY model based on Gd-Gd dis-
tances is not sufficient to explain the magnetic ground states
of these compounds, we argue that such behavior can be
ascribed to multiple band effects introduced by Ni-doping as
revealed by the analysis of the Gd3þ ESR data.
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