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Abstract.  GdInCuy, which forms the cubic ClSb-type crystal siructure, is ordered
antiferromagnetically at a very low temperature of 6.2 X in spite of the large antifetromagnetic
correlation expected from the large negative paramagnetic Cutie temperature, —45 K. The
electrical resistivity shows anomalous temperature dependence, that is, with increasing
temperatare, the resistivity reaches a maximum at about 80 K and decreases monetonically
at higher temperatures. To study the magnetic and transport properiies of GdinCuy in more
detail, we measured systematically the magnetic susceptibility, electrical resistivity and thermal
expansion of the Gd;_,Lu,JaCuy system. The AC susceptibility and Hall coefficient of GdInCuy
were also measured. The results indicate that Gdj_,Lu,InCuy is a Iow-carrier system and that
the variation of cartier concentration caused by the change of unit cell volume and temperature
affects sensitively both transport and magnetic properties. An analysis of specific heat and ac
susceptibility suggests that an antiferromagnetic short-range magnetic comrelation in GdInCuy
persists at temperatuzes higher than Tiy. The concept of magnetic frustration is applied to explain
the anomalous magnetic properties. .

1. Introduction

The intermetallic compounds, RCus (R= some heavy rare-earth elements and uranium),
crystallize into the cubic AuBes (C15b)-type structure, where the magnetic atoms are located
at face-centred cubic (FCC) positions. Characteristic magnetic properties have been found in
antiferromagnetic substances; for example, a metamagnetic transition in DyCus [1] and non-
collinear spin arrangement and an unidentified phase transition in UCus [2, 3]. Although the
origin of these anomalous properties has not been completely understood, the degeneracy
of the antiferromagnetic ground state in a high-symmetry lattice is probably responsible
for the interesting properties. The system where one of the Cu atoms in RCus is replaced
by another element, RTCuy, belongs to the same category from the magnetic viewpoint
when the crystal structure belongs to the same space group. Therefore the RTCuy system
is eminently suitable to investigate the magnetism in a high-symmetry crystal.

On the other hand, the RInCuy system has recently attracted considerable interest [4—
20]. In particular, YbInCu, has been extensively studied in connection with the instability
of the Yb valence [4-16]. Our detailed experimental study of ¥YInCuy and LulnCus [20]
and a band calculation for LulnCug [15] showed that the RInCu, system can be considered
as a semimetal with small carrier density. Therefore, RInCuy is an appropriate system
to study the magnetism in a low-carrier system. In the study of classical rare-earth
intermetallic compounds, it is generally accepted that the long-range indirect interaction
via the conduction electrons, i.c., the Ruderman—Kittel-Kasuya—Yosida (RKKY) interaction,
is the most relevant mechanism for the description of the magnetic properties. However, a
short-range superexchange interaction could be dominant in the low-carrier system.
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In a previous paper, we studied the magnetic and transport properties of GdInCu, in
order to investigate the antiferromagnetism in 2 high-symmetry frustrated lattice with low
carrier density [18]. We selected this system since the effect of the crystalline field can
be excluded because of the S state of the Gd*" ion. We found that GdInCuy shows an
antiferromagnetic-like transition at a very low temperature of 6.9 K in spite of the relatively
large antiferromagnetic correlation expected from the paramagnetic Curie temperature,
—45 K. The low-temperature specific heat shows a clear A-type peak at Ty = 6.9 K.
The electrical resistivity exhibits a sharp peak at Ty and, in addition, a broad hump around
80 K and negative temperature dependence above this temperature. The resistivity at the
lowest temperature is fairly large.

In order to investigate the origin of the magnetic and transport properties of GdInCuy,
we studied the effect of the substitution of non-magnetic Lu for Gd. In this paper, we will
report the results of magnetic and transport measurements of the Gdi_,Lu, InCuy system.
The transport properties will be explained within the framework of a semimetal. The
anomalous magnetic properties of GdInCuy will be discussed in connection with the FCC
configuration of the magnetic atoms.

2. Experimental procedures

The samples were prepared in an arc furnace under an Ar atmosphere. The purities of the
mother metals, Gd, Lu, In and Cu, were 99.9%, 99.9%, 99.99% and 99.999% respectively.
The weight of each sample was 8-10 g. In melting, the samples were turned upside down
and remelted two or three times to improve homogeneity. Affer the melting, each sample
was wrapped in a Ta foil and annealed in an evaculated silica tube for one week. The
annealing temperatures were 700-750°C. After the annealing, x-ray powder diffraction
measurements were carried out at room temperature in order to identify the crystal structure
and to estimate the lattice parameter. The superlattice reflections indexed to (200) and (420),
which are the evidence of the C15b structure, were observed in the x-ray powder diffraction
patterns for all the samples used in the present study. No phases other than Ci5b phase
were detected by the x-ray diffraction.

The magnetic (DC) susceptibility was measured with a magnetic torsion balance under a
field of 8.28 kOe. The AC susceptibility was measured by a conventional AC bridge method
with a maximum driving field of 6.6 Oe at 200 Hz. The electrical resistivity was measured
using a four-probe method between 4.2 K. and 1000 K. The Hall coefficient was measured
in a field of 15 kQe with electric current of 70 mA. A five-probe method was used to
adjust zero voltage in zero field. The thermal expansion was measured by a conventional
differential-transformer-type dilatometer.

3. Experimental results

3.1, Lattice parameter and thermal expansion

The single phase of the cubic C15b crystal structure was confirmed for all Gd; -, Lu,InCuy
compounds. Figure 1 shows the concentration dependence of the lattice parameter at room
temperature together with the result for YInCuy [19]. The lattice parameter decreases
linearly with decreasing Gd concentration, obeying approximately Vegard’s law.

We measured the thermal expansion curves of GdInCus and LulnCu, from 4.2 K to
300 K and observed the same monotonic curves for both compounds. This indicates that
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Figure 1. The lattice parameter of Gdi—,Lu,InCuy at room temperature as a function of Lu
concentration. The value for YInCuy is also shown by a square. The straight line indicates
Vegard’s law.

the thermal expansion is dominated only by the lattice vibrations and is independent of the
nature of the rare earth in the Gdi.,Lu,InCu, system. The thermal expansion coefficient
estimated from the linear part above 150 K is 1.47 x 1075 K1,

3.2. Magnetic susceptibility

Figure 2 shows the temperature dependence of the inverse magnetic susceptibility, 1/x, of
the Gdi_Lu,InCus compounds. The susceptibility follows the Curie-Weiss law down to
low temperatures. The effective paramagnetic moment, Pgr, and the paramagnetic Curie
temperature, &y, are shown in figures 3(a) and (b), respectively, as a function of Lu content,
x. P.g decreases linearly with x, indicating the simple dilution of the moment. The moments
per Gd atom have values within the range of 8.28 4 0.13ug for all the compounds. These
are in reasonzble agreement with the calculated value for Gd**, 7.94pp. With increasing
Lu content, —#, also decreases, indicating that the antiferromagnetic interaction becomes
weak. However, the concentration dependence is weaker than the simple dilution,

As was shown in a previous paper [18], a clear antiferromagnetic-like transition was
observed at 6.9 K for GdInCu,, especially in the specific heat. The low-temperature part
of the susceptibility for GdInCuy is shown in figure 4. It should be noted that a peak,
which is usually observed for a Heisenberg antiferromagnet, was not observed. It only
deviates from the Curie~Weiss law below Tiy. Since the susceptibility was measured in a
relatively high magnetic field of 8.28 kQe, we also measured the AC susceptibility with a
maximem oscillating field of 6.6 Oe to see the response to a very low field. The resuit
is also shown in figure 4. The temperature dependence is different from that of the DC
susceptibility. Below about 20 K, the AC susceptibility deviates from the Curie—Weiss law
and saturates to a constant value, This sugpests that an antiferromagnetic correlation starts
to develop at a much higher temperature than the long-range ordering temperature, and that
the antiferromagnetic correlation is easily suppressed by the field. Furthermore, even in
the very low field, a clear anomaly was not observed at T, This suggests that the spin
arrangement in the ordered state is not simple.
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Figure 2. The temperature dependence of the inverse susceptibility of Gdj.,Lu,InCu, with
x =0, 0.05, 0.2, 0.4 and 0.6. Measurements were made in a field of 8.28 kQe.
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Figure 3. (a) The effective paramagnetic moment of Gdy_,Lu,InChns as a function of Lu
concenteation. (b) The paramagnetic Curie temperature of Gdj_,Lu,InCuy as a function of Lu
concentration. The straight lines indicate the relation expected from simple dilution.
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Figure 4. The low-temperature part of the DC susceptibility of GdInCuy measured in a field of
8.28 kOe and the AC susceptibility measured with a maximum oscillating field of 6.6 Oe. The
arrow indicates the magnetic erdering temperature.

3.3, Electrical resistivity

The temperature dependence of the elecirical resistivity of Gdj—,Lu,InCuy is presented
in figure 5(a). The absolute values reduces with decreasing Gd concentration. Although a
sharp peak due to the magnetic ordering was not observed for x > 0, the resistivity increases
rapidly at very low temperatures for x = 0.2 as shown in figure 5(b). This indicates that
the ordering temperature decreases with increasing x and becomes lower than 4.2 K for
x = 0.2, At high temperafires, a negative dependence on temperature was observed for
x £ 0.4. The temperature of the maximum, which will be denoted as T, shifts towards
higher temperatures with increasing x. For x = 0, 0.2 and 0.4, T, is estimated to be 80,
150 and 400 K, respectively. For x > 0.4, the electrical resistivity increases monotonically
up to the highest temperature. The resistivity, however, increases rather rapidly at low
temperatures and gradually at high temperatures.

In figure 6, the residual resistivity, which is an extrapolated value to O K neglecting the
anomaly around tramsition points, is plotted as a function of Lu content. The residual
resistivity decreases rapidly with increasing x. This suggests that the concentration
dependence of the residual resistivity is dominated not by impurity scattering but by another
mechanism.

3.4. Hall coefficient

We measured the temperature dependence of the Hall coefficient for GdInCuy from 77 K
to 300 K; this is shown in figure 7. The Hall coefficient is positive in the entire range of
the measurement. Neglecting the effect of demagnetizing field, the Hall coefficient, Ry, for
magnetic materials is usually expressed as

Ry = Ro+ R 4y
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Figure 5. (a) The temperature dependence of the electrical resistivity between 4.2 K and
1000 X for Gdj_,Lu, [nCuy with x = 0, 0.2, 0.4, 0.6 and 1. {b) The electrical resistivity at low
temperatures for GdInCuy and Gdg gLup 2 InCuy.

where Ry and R; are the normal and extraordinary Hall coefficients, respectively. For Gd
compounds, a large exiraordinary term is expected. For simplicity, we assume that Ry and
R, are independent of temperature, although this assumption is not appropriate, especially
for a low-carrier system. Experimental data were fitted to an expression of the form

Ru=Ro+A/T —6p) 2)

where 6, is the paramagnetic Curie temperature deduced from the susceptibility, and A a
constant. The best-fit curve with Ry = 0.010 cm® C~? and A = —0.172 em® CT K~ is
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Figure 6. The concentration dependence of the residual resistivity, which is the extrapolated

valuve of resistivity to O K from higher temperature neslecting the anomaly around the transition
point. The solid curve is a guide for the eye. '
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Figure 7. The temperature dependence of the Hall coefficient for GdInCuy. The solid line is

the best fit to an expression of the form Ry = Ro + A/(T —~ 6}, with Ry = 0.010 em® C-L,
A=—0172em® C K- and 8, = ~45 K.

shown by a solid line in the figure. Assuming the single-carrier model, the carrier density
n is estimated from Ry = 1/(ne) to be 0.62 x 107 cm~>, which roughly corresponds to
6 x 107 per formula unit. Starting from the assumption of a single type of carrier for this
system, the small value of n indicates that GdInCyy is a low-carrier system.

4. Discussion

GdInCus looks like a metallic antiferromagnet with well defined Gd local moments.
We believe, however, that the small carrier concentration dominates the overall physical



6308 H Nakamura et al

properties. Therefore, we first discuss the transport properties, especially the origin of the
anomalous temperature dependence of the resistivity.

4.1. Transport properties

4.1.1, Semimetallic behaviour. First, we discuss the origin of the broad peak and negative
temperature dependence in the resistivity curve of Gd;_,Lu,InCus. The contribution of
magnetic scattering of conduction electrons on Gd spins is ruled out as the origin of
the anomalous resistivity because a similar behaviour was observed for YInCuy with no
magnetic elements, for which Ty, is ~ 270 K [19]. Therefore, the temperature dependence
of the resistivity can probably be ascribed to the characteristic band structure of the RInCuy
system. We try to explain the variation of the resistivity of Gdj_.Lu,InCuy using a
semimetallic band picture. According to a band calculation [15], LuInCuy is classified
as a semimetal with very small electron and hole Fermi surfaces. The energy bands have a
small indirect overlap of the conduction bands at the X point and the valence bands at the
W point. We assumed that the band overlap decreases with increasing unit cell volume and,
as a result, the carrier concentration decreases. If the band overlap and Fermi energy, i.e.,
energy measured from the bottom or top of each band, are smaller than or comparable to
ksT at room temperature, a notable change in carrier concentration is expected on raising
the temperature. On the other hand, if the band overlap and the Fermi energy are much
larger than kT, the number of carriers is described by fully degenerate Fermi statistics,
which causes metallic behaviour of resistivity. From the Hall coefficient, we estimated the
carrier concentration of GdInCug to be 0.67 x 10'7 cm™> based on the single-carrier model.
This small value is direct evidence that GdInCu, is a low-carrier system. It should be noted,
however, that the single-carrier model is not justified becavse the RInCuy system may be
a compensated semimetal and the carrier number given above may be uaderestimated. It
should be also noted that, although we neglect the temperature dependence of the normal
Hall coefficient Rg, in other words, that of carrier concentration, the variation of cartier
concentration with temperatore is responsible for the negative dependence of resistivity on
temperature. Anyhow, at least, the carrier concentration of GdInCus is expected to be
less than that of YInCu, because the lattice parameter of GdInCuy is larger than that of
YInCu4. For ¥YInCuy and LulnCugs, we estimated the number of electrons and holes to be
2.6 x 10 cm~3 and 3.5 x 10%° cm™3? at 10 K, respectively, assuming compensation of
electrons and holes [20].

4.1.2. An interpretation of the residual resistivity. Assuming that these materials are
compensated semimetals, the conductivity, o (T) = 1/p(T), is given by

o(T) = en(T)u(T) €)

where n(T) is the number of electrons or holes and (7)) the sum of electron and hole
mobilities. If @(T) is independent of the Ln concentration x, the conductivity at 0 K,
o(0), is proportional to the carrier concentration at 0 K, #(0). On the other hand, if the
resistivity hump is canged by the temperature dependence of #(T), kg Tiux is expected to
be of the order of the Fermi energy, Eg, which is also given as a function of n(0), because
Tuax Toughly corresponds to the boundary temperature between the low-temperature range
described by fully degenerate statistics and the high-temperature range described by partially
degenerate statistics. In figure 8, we plot Thax against (0}, which is the inverse of the
specific resistivity plotted in figure 6, together with the data of YInCuy [19]. We found an
apparent correlation between Tin,, and o (0). This suggests that all the features of resistivity,
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Figure 8. Ty against o(0) on a logarithmic scale for Gdy—zLu InCuy with x = ¢, 0.2 and
0.4 and YInCus, where Tina is the temperature where the resistivity reaches a maximum and
o(0) the conductivity at 0 K, which is the inverse of the residual resistivity. The straight line
indicates the relation T ot #1273,

i.e., temnperature and concentration dependence, are dominated by the variation of the carrier
concentration.

When one assumes parabolic bands, for which Er o n?°, we expect Tax & o(0)%3. In
fact, Tyux shows a stronger dependence on o (0), as seen in ﬁgure 8. This is not surprising
because the model is too simple. In particular, the concentration dependence of p(T)
should be taker into account, because large differences in mobilites were actually observed
between YInCuy and LulnCuy [20]. In the above discussion, we neglected the magnetic
contribution and the electron—phonon interactions. The latter is possibly important because
strong electron—phonon coupling is often observed in semimetallic systems and was actually
suggested for YInCuy [19, 20].

2/3

Table 1. The magnetic ordering and paramagnetic Curje temperatures of anttfermma@euc Gd
compounds with the C15b-type crystal structure.

w(E 6@E  ~6/Tw  Reference

GdAgCus 9 -7 0.78 121]
GdAuCu, 10 -13 13 )
GdInCuy 69  —45 65 —
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4.2. Magnetic properties

4.2.1. The exchange mechanism. The magnetic properties of GdInCuy are characterized by
the large ratio of —6,/Ty. In table I, we tabulate 8, and Ty of antiferromagnetic GdTCuq4
compounds with the same crystal structure [21, 22]. The ratio, —6,/ Ty, is nearly unity for all
compounds except GdInCus. The ratio comes to around one to two for most of the metallic
Gd compounds, for which the magnetism is described by the indirect RKKY interaction
between localized spins via conduction electrons. Actually, the magnetism of GdAgCu,
and GdAuCuy was explained well in terms of the RKKY theory [21,22]. On the other
hand, —8,/ T is very large for GdInCuy. In the localized moment system, 8, represents
the magnitude of the exchange interaction between spins. Therefore, an antiferromagnetic
interaction is expected to be comparatively large in GdInCuy. It is difficult to understand
such a behaviour in terms of the RKKY model because the present system is semimetallic with
a very small conceniration of conduction electrons. Naively, with the carrier concentration
approaching zero, the RKKY interaction becomes ferromagnetic-like because the period of
the RKKY oscilation becomes long, and the absolute value becomes small. Therefore, the
RKKY interaction cannot explain the mouch larger antiferromagnetic interaction of GdTCuy
than of the other GATCuy compounds.

Let us consider other mechanisms of interaction in the present system. The
superexchange interaction via p—f and d—f mixing may be a candidate. Most simply, a
direct mixing between Gd 4f and In 5p or Cu 3p, 3d states is considered. However, this
may be too small because the 4f wave functions of Gd are shielded by the 65 and 5d wave
functions and then mixing between 4f and the other states is small. It should be noted
that, according to the band calculation of LulnCuy, [15], the conduction bands above Ef are
derived mainky from the Lu 5d state. Therefore, we consider, as higher-order interactions, a
combined mechanism of electron {charge) transfer from the Gd 5d state to, for example, the
In 5p state and Gd intra-atomic exchange interaction between 5d and 4f states. In this case,
degenerate In S5p wave functions in tetrahedral interstices bond nearest Gd atoms. A similar
mechanism has been proposed as the origin of a dominant exchange interaction for Eu
chalcogenides [23]. Thus, we speculate that some short-range mechanism produces a large
antiferromaguetic interaction in GdInCu,, being different from other GdTCus compounds.
For a further understanding, theoretical considerations based on the actnal band structure
would be useful. ’

4.2.2, Analysis of specific heat. In order to obtain information on the origin of the large
value of —8,/ 7y, an analysis of specific-heat data [18] is presented. The magnetic entropy,
Sm, of GdInCuy is shown in figure 9. The entropy at a given temperature was calculated
by integrating Cyy/T from O K to the temperature, where the magnetic contribution of
specific heat, Cy,, was estimated by subtracting the specific heat of YInCuy [19] from that
of GdInCuy. We assumed a linear temperature dependence of Cp, /T between 0 K and 1.5 K.
Another analysis using the data of LulnCuy [24] does not lead to a substantial difference.
The entropy, Sm, reaches 11 T mol™! K~! at Ty, increases gradually above Ty and does
not saturate even at 20 K (~ 3Ty). For a Heisenberg system, the magnetic entropy should
attain its full value RIn(2J + 1} at high temperature, where R is the molar gas constant.
For Gd compounds, because of their S state with zero orbital moment, the ground-state
multiplet, J = I, is not influenced by the crystalline electric field. The full entropy,
RIn8 = 17.3 3 mol~! K~?, therefore, is attained in principle just above the ordering
temperature. Usually, the magnetic entropy above Ty attains at least §0-30% of RIn8
for conventional Gd compounds [25]. It should be noted that the entropy of GdInCuy is
anomalously small, reaching 60% just above Ty and attaining only 75% at 3%y ~ 20 K. This
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Figure 9. The temperamre dependence of the magnetic entropy of GdInCuy estimated from the
specific heat of GdInCuy and YInCuy. The method of analysis is described in the text. The
straight line indicates the expected value for a Heisenbery magnet with J = I,

indicates that short-range magnetic correlations persist even at temperatures much higher
than Tiy. This idea reasonably explains the anomalous behaviour of the AC susceptibility
measured in low fields, which starts to deviate from Curie-Weiss behaviour at a temperature
much higher than Ty. '

4.2.3. An interpretation in terms of the frustration in the FCC lattice. In a first approximation,
the value of —6,/ I can be explained in terms of the Heisenberg model within a molecular-
field approximation. The ratio can be formally reproduced for the FCC lattice by using two
parameters of effective nearest- and next-nearest-neighbous exchange integrals, Jy and Jo,
if the antiferromagnetic modulation vector, €, in the ordered state is known [26]. However,
the molecular-field approximation gives no information on the characteristic behaviour above
Ty such as the reduced value of the entropy and the anomalous susceptibility.

Hence, we introduce another concept, the frustration among nearest-neighbour
antiferromagnetic interactions, as a possible explanation of the large —8,/Tw of GdinCus.
Usually, the effect of frustration on the phase transition appears as a depression. of the
transition temperature or successive phase transitions. Ramirez [27] discussed the magnitude
of —6,/ Ty for magnetic insulators in terms of the frustration effect. The ratio, —¢ o/ T
exceeds 10 in some insulators that have characteristic crystal structures such as the riangular
lattice. For example, a garnet Gd;Gas 01, has a huge —6,/ Ty > 100 [27, 28]. For insulators
containing Gd, however, |8 is usually small (¢, = —2.3 K for Gd3Gas0ys) because of
the lack of the RKKY mechanism whereas in metallic compounds, [¢;] can be large and
—6,/ Ty tarely exceeds five. The largest value ever known is 5.3 for GdAl; (6, = —90 K,
Ix = 17 K) [29] and GdzZn1; (6, = —53 K, Tn = 10 K} (301. Although it is reasonably
accepted that the long-range RKXY interaction is dominant in these compounds, the effects
of frustration were also suggested. Coles ef al [31] pointed out that the frustration of GdAls
depresses the onset of antiferromagnetism, because, in GdAls, Gd atoms are arranged just



6812 H Nakamura et al

like a triangular lattice on the basal plane. They claimed that GdAl; possesses competing
interactions, which suppress long-range ordering from an expected onset temperature of
about 100 K to the observed Ty of 17 K, and that as a result short-range order effects occur
below 100 K; these were revealed by an electron spin resonance (ESR) measurement. In
GdInCus, a larger value of —6,/ Ty than GdAls was obtained.

We assume for GdInCu, that (i) the RKKY and the classical dipolar interactions are
negligibly small and (ii) the superexchange mechanism between Gd atoms via In is dominant.
In the compound, Gd and In form a zinc-blende-type superfattice. It should be noted that
an In atom is located at the centre of a tetrahedron formed by four Gd atoms, which are the
nearest magnetic atoms to each other. If only the superexchange mechanism is considered,
strong exchange interaction exists between nearest Gd atorns and there is no substantial
coupling between next-nearest Gd atoms. Therefore, within this assumption, GdInCu,
is a unique FCC system where only the nearest-neighbour antiferromagnetic interaction is
present. It is well known that an antiferromagnetic nearest-neighbour interaction frustrates
in the FCC Iattice. Thus, we reasonably interpret the anomalous properties of GdInCuy in
terms of the frustration. We speculate that, in GdInCu,, the frustration depresses the static
magnetic ordering down to a very low temperature from an expected onset temperature
of about 45 K, and, as a result, the short-range dynamic correlation persists up to high
temperatures as was suggested by the lack of magnetic entropy above Ty and the deviation
from the Curie—Weiss behaviour of the susceptibility from a temperature much higher than
Tn. Magnetic ordering is possibly realized by other additional long-range interactions such
as the RKKY and dipolar interactions. The possible ground state in the frustrated system is
a magnetically ordered state with a non-collinear structure, a spin glass, a spin-liquid state,
ete. Although we do not have any information on the magnetic structure of GdInCuy, the
absence of the peak in the susceptibility rules out a simple antiferromagnet, and suggests
a complex structure with ferromagnetic-like components. Finally, we comment that, in
this system, the small carrier concentration and unique atomic configuration are necessary
conditions to give rise to the frustration effects.

5. Concluding remarks

Magnetic and transport properties of the pseudoternary system Gdy...Lu;InCus, which forms
the cubic C15b crystal structure with an FCC network of rare-earth atoms, were studied, We
found that this system is a low-carrier system and the transport properties are characterized
by the variation of the very small carrier concentration. The anomalous transport properties
were explained by assuming a semimetallic band structure, which has small electron and
hole bands. Based on the fact that GdInCu, is a low-cartier system, we speculated the
magnetic interaction between Gd spins, and applied the concept of frustration to explain the
anomalous magnetic properties of GdInCuy. The frustration depresses the static magnetic
ordering down to a very low temperature from the expected ordering ternperature of the order
of —g; and, as a result, the short-range dynamic correlations persist up to high temperatures.
Experiments in GdInCuy to detect the spin dynamics above Ty and to determine the spin
structure below Ty would be interesting. Theoretical works based on the actual band
structure are also desired.
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