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Magnetic and transport properties in the low-carrier system 
G ~ ~ - , L u , I ~ C U ~  
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Department of Metal Science and Technology, Kyoto Universiry,~Kyoto 606-01, Japan 

Received 29 March 1994, in final form 25 May 1994 

Abstract. GdInCu, which forms the cubic Cl5b-type crystal smctm, is ordered 
antifmomagnetically at a very low temperaNre of 6.9 K in spite of the large antiferromagnetic 
conelation expected f” the large negative paramagnetic Curie tempemre. -45 K. The 
electrical resistivity shows anomalous temperame dependence, that is, with increasing 
temperamre, the resistivity reaches a maximum at about 80 K and decreases monotonically 
at highw temperames. TO shldy the magnetic and transport propenies of GdInCq in more 
detail, we measured systematically the magnetic susceptibility, elecuiical resistivity and thermal 
expansion of the Gdl_,Lu,InCw system. The AC susceptibility and Hall mefficient of GdlnCq 
were also measured. The results indicate that Gdl-,Lu,InCq is a low-carrier system and that 
the vadation of eanier concentration caused by the change of unit cell volume and temperame 
affects sensitively both uanspon and magnetic properties. An analysis of specific heat and AC 
susceptibility suggesm that an antifmmagnetic short-range magnetic correlation in GdEnCw 
persists at temperatnres higher than TN. The concept of magnetic hustration is applied to explain 
the anomalous magnetic properties. 

1. htroduction 

The intermetallic compounds, RCus (R= some heavy rare-earth elements and uranium), 
crystallize into the cubic AuBes (ClSb)-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 [I] and non- 
collinear spin arrangement and an unidentified phase transition in UCus [?., 31. 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, RTCu, belongs to the same category from the magnetic viewpoint 
when the crystal structure belongs to the same space group. Therefore the RTCu system 
is eminently suitable to investigate the magnetism in a high-symmetry crystal. 

system has recently attracted considerable interest [4- 
201. In particulx, YbInCu has been extensively studied in connection with the instability 
of the Yb valence [4-161. Our detailed experimental study of YInCu and LuInCw [20] 
and a band calculation for LuInCQ [U] showed that the RInCu4 system can be considered 
as a semimetal with small carrier density. Therefore, RInCu4 is an appropriate system 
to study the magnetism in a low-carrier system. In the study of classical rareearth 
intermetallic compounds, it is generally accepted that the long-range indirect interaction 
via the conduction electrons, i.e., the Rudennan-Kitte-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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On the other band, the 
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In a previous paper, we studied the magnetic and transport properties of GdInCU in 
order to investigate the antiferromagnetism in a high-symmetry frustrated lattice with low 
carrier density [IS]. We selected this system since the effect of the crystalline field can 
be excluded because of the S state of the Gd3' ion. We found that GdInCw 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 T, = 6.9 K. 
The electrical resistivity exhibits a sharp peak at TN 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 GdInCw, 
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 Gd1-,Lu,InCu4 system. 
The wansport properties will be explained within the framework of a semimetal. The 
anomalous magnetic properties of GdInCu 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. After the melting, each sample 
was wrapped in a Ta foil and annealed in an evaculated silica tube for one week. The 
annealing temperatures were 7067750 "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 C15b 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 kOe 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 smcture was confirmed for all Gdl-,Lu,InCu4 
compounds. Figure 1 shows the concentration dependence of the lattice parameter at room 
temperature together with the result for YInCu4 [19]. The lattice parameter decreases 
linearly with decreasing Gd concentration, obeying approximately Vegard's law. 

We measured the thermal expansion curves of GdInCua and LuInCu4 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 lanice parameter of Cd,,Lu,lnCu at mom temperahue as a function of Lu 
concentration. The value for YlnCq is also shown by a qua&. 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 Gd,,Lu,InCu4 system. The thermal expansion coefficient 
estimated from the linear part above 150 K is 1.47 x K-'. 

3.2. Magnetic susceptibility 

Figure 2 shows the temperature dependence of the inverse magnetic susceptibility, 1/x, of 
the Gdt,Lu,InCw compounds. The susceptibility follows the Curie-Weiss law down to 
low temperatures. The effective paramagnetic moment P e ~ ,  and the paramagnetic Curie 
temperature, e,, are shown in figures 3(a) and (b), respectively, as a function of Lu content, 
x .  P& decreases linearly with x, indicating the simple dilution of the moment. The moments 
per Gd atom have values within the range of 8.28 i 0.13~~ for all the compounds. These 
are in reasonable agreement with the calculated value for Gd3+, 7 . 9 4 ~ ~ .  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 [IS], a cleat antiferromagnetic-like transition was 
observed at 6.9 K for GdId3.14, especially in the specific heat. The low-temperature part 
of the susceptibility for GdInCu4 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 TN. Since the susceptibility was measured in a 
relatively high magnetic field of 8.28 kOe, we also measured the AC susceptibility with a 
maximum oscillating field of 6.6 Oe to see the response to a very IOW field. The result 
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 suggests that an anti€erromagnetic 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. Furthemore, even in 
the very low field, a clear anomaly was not observed at TN. 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 Gdl-,Lu,InCu, with 
x = 0, 0.05, 0.2. 0.4 and 0.6. Measurements were made in a field of 8.28 kOe. 
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Lu concentration, x 
Figure 3. (a) The effective paramagnetic moment of Gdl-,Lu,lnCua as a function of Lu 
cancentration. (b) The panmagnetic Curie temperature of Gdl--XLuxlnCw as a function of Lu 
concentration. The stmight lines indicate the relation expected from simple dilution. 
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Figure 4. The low-temperature p a  of the DC susceptibilily of GdInCq measured in a field of 
8.28 kGe and the AC susceptibility measured with a maximum oscillating field of 6.6 Oe. The 
m o w  indicates the magnetic ordering temperature. 

3.3. Eiecfrical resistivity 

The temperature dependence of the elec!xical resistivity of Gdl,Lu,InC~ 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 z 0, the resistiviq increases 
rapidly at very low temperatures for x = 0.2 as shown in figure 5@). This indicates that 
the ordering temperature decreases with increasing x and becomes lower than 4.2 K for 
x > 0.2. At high temperatures, 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 0 K neglecting the 
anomaly around transition 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 coefjicient 

We measured the temperature dependence of the Hall coefficient for GdInCw from 17 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, RH, for 
magnetic materials is usually expressed as 

RH = RO + R,x (1) 
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Figore 5. (a) The temperature dependence of the electrical resistivity between 4.2 K and 
1000 K for Gdl-,Lu,InCu wilh x = O,O.% 0.4, 0.6 and 1. (b) The electrical resistivity at low 
temperatures for GdlnCu and G&.~Lu",zInCua. 
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where Ro and Rs are the normal and exeaordinary Hall coefficients, respectively. For Gd 
compounds, a large exeaordinary term is expected. For simplicity, we assume that Ro 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 

RH Ro + A / ( T  - $) (2) 

constant The best-fit curve with Ro = 0.010 cm3 C-' and A = -0.172 cm3 C-' K-I IS ' 

where Qp is the paramagnetic Curie temperature deduced from the susceptibility, and A a 
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Figure 6. The concentration dependence of the residual resistivity, which is the exmpolated 
value of resistivity to 0 K from higkr temperature ne&.cting lhc anomaly around the hamition 
point. The solid cuwe is a guide for the eye. 
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Figure 7. The temperature dependence of the Hall coefficient for GdInCw. The solid line is 
the best fit to an expression of the form Rn = Ro + A/(T -e,,), with Ro = 0.010 cm3 C-', 
A = -0.172 cm3 C-' K-I and 0, = -45 K. 

shown by a solid line in the figure. Assuming the single-carrier model, the carrier density 
n is estimated from RO = l / ( n e )  to be 0.62 x 10" c d ,  which roughly corresponds to 
6 x per fo&nula unit. Starting from the assumption of a single type of carrier for this 
system, the small value of n indicates that GdInCQ is a low-carrier system. 

4. Discussion 

GdInCG looks like a metallic antiferromagnet with well defined Gd local moments. 
We believe, however, that the small carrier concentration dominates the overall physical 
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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 Gdl,Lu,InCQ. The contibution 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 YInCy with no 
magnetic elements, for which T,, is - 270 K [19]. Therefore, the temperature dependence 
of the resistivity can probably be ascribed to the characteristic band structure of the RInCu4 
system. We try to explain the variation of the resistivity of Gdl,Lu,InCu4 using a 
semimetallic band picture. According to a band calculation [lS], LuInCQ 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 kom the bottom or top o f  each band, are smaller than or comparable to 
kBT 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 kBT, 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 GdInCQ to be 0.67 x 10’’ cm-3 based on the single-canier model. 
This small value is direct evidence that GdInCQ i s  a low-carrier system. It should be noted, 
however, that the single-carrier model is not justified because the RInCQ system may be 
a compensated semimetal and the carrier number given above may be underestimated. It 
should be also noted that, although we neglect the temperature dependence of the normal 
Hall coefficient Ro, in other words, that of carrier concentration, the variation of carrier 
concentration with temperature is responsible for the negative dependence of resistivity on 
temperature. Anyhow, at least, the canier concentration of GdInCb is expected to be 
less than that of YInCy because the lattice parameter of GdInCu4 is larger than that of 
YInCu4. For YInCu4 and LuInCu4, we estimated the number of electrons and holes to be 
2.6 x lOI9 cm-3 and 3.5 x 10” at 10 K, respectively, assuming compensation of 
electrons and holes [20J. 

4.1.2. An interpretation of the residual resistivity. 
compensated semimetals, the conductivity, u ( T )  = l / p ( T ) ,  is given by 

Assuming that these materials are 

4“) = en(i%-W3 (3) 

where n ( T )  is the number of electrons or holes and p ( T )  the sum of electron and hole 
mobilities. If p ( T )  is independent of the Lu concentration x ,  the conductivity at 0 K, 
u(O), is proportional to the carrier concentration at 0 K, n(0). On the other hand, if the 
resistivity hump is caused by the temperature dependence of n(T) ,  ksT,,, is expected to 
be of the order of the Fermi energy, EF, which is also given as a function of n(O), because 
T ,  roughly 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 T,, against u(O), which is the inverse of the 
specific resistivity plotted in figure 6, together with the data of ylnCu4 [19]. We found an 
apparent correlation between T- and ~ ( 0 ) .  This suggests that all the features of resistivity, 
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Figun S. T,, against a(0) on a logarithmic scale for Gdi-,Lu,InCw with r = 0, 0.2 and 
0.4 and YInCq, where T- is the tempenme 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,, a n2I3. 

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

When one assumes parabolic hands, for which EF K n2I3, we expect Tmax a O ( O ) ~ / ~ .  In 
fact, T,, shows a stronger dependence on u(O), as seen in figure 8. This is not surprising 
because the model is too simple. In paaicular, the concentration dependence of p(T) 
should be taken into account, because large differences in mobilites were actually observed 
between YInCq and LuInCu, [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 YInC% [19,20]. 

Table 1. The magnetic ordering and paramagnetic Curie temperatures of antifmmgnetic Gd 
compounds with the ClS&type crystal smmre .  

TN (K) 0, (K) -0 , lT~ Reference 
GdAgCu 9 -7 0.78 1211 
GdAuCw 10 -13 1.3 [=I 
G d h W  6.9 -45 6.5 - 
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4.2. Magnetic properties 

42.1. The exchange mechanism. The magnetic propehes of GdInCQ are characterized by 
the large ratio of -$/TN. In table 1, we tabulate OP and TN of antiferromagnetic GdTCq 
compounds with the same crystal structure [21,22]. The ratio, -ep/ TN, is nearly unity for all 
compounds except GdInCu4. The ratio comes to around one to two for most of the metallic 
Gd compounds, for which the magnetism is described by the indirect RKKY interaction 
between localized spins via conduction electrons. Actually, the magnetism of GdAgCq 
and GdAuCw was explained well in terms of the RKKY theory [21,22]. On the other 
hand, -$ITN is very large for GdInCu4. In the localized moment system, 0, represents 
the magnitude of the exchange interaction between spins. Therefore, an antiferromagnetic 
interaction is expected to be comparatively large in GdInCQ. It is difficult to understand 
such a behaviour in terms of the RKKY model because the present system is semimetallic with 
a very small concentration 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 much larger antiferromagnetic interaction of GdTCu4 
than of the other GdTCM compounds. 

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 6s 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 LuInCu4 [I5], the conduction bands above EF are 
derived mainly 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 5p 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 1231. Thus, we speculate that some short-range mechanism produces a large 
antiferromagnetic interaction in GdInCq, being different from other GdTCu4 compounds. 
For a further understanding, theoretical considerations based on the actual band structure 
would be useful. 

4.2.2. Analysis ofspec$% heat. In order to obtain information on the origin of the large 
value of -Bp/TN, an analysis of specific-heat data [le] is presented. The magnetic entropy, 
S,, of GdInCu4 is shown in figure 9. The entropy at a given temperature was calculated 
by integrating C,/T from 0 K to the temperature, where the magnetic contribution of 
specific heat, C,, was estimated by subtracting the specific heat of YInCu4 [19] from that 
of GdInCy. We assumed a linear temperature dependence of C,/T between 0 K and 1.5 K. 
Another analysis using the data of LuInCu4 1241 does not lead to a substantial difference. 
The entropy, S,, reaches 11 J mol-' K-' at TN, increases gradually above TN and does 
not saturate even at 20 K (- ~ T N ) .  For a Heisenberg system, the magnetic entropy should 
attain its full value Rln(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 = ;, is not influenced by the crystalline electric field. The full entropy, 
Rln8  = 17.3 J mol-' K-?, therefore, is attained in principle just above the ordering 
temperature. Usually, the magnetic entropy above TN attains at least 80-905'0 of Rln8 
for conventional Gd compounds 1251. It should be noted that the entropy of GdInCq is 
anomalously small, reaching 60%just above TN and attaining only 75% at 3TN _N 20 K. This 

Let us consider other mechanisms of interaction in the present system. 
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Figure 9. The t e m p ”  dependence of the magnetic entropy of GdInCly estimated from the 
specific heat of GdInCq and YZnCu. The method of analysis is described in $e text. The 
sfright line indicates the expected value far a Heisenberg magnet with I = f .  

indicates that short-range magnetic correlations persist even at temperatures much higher 
than Ti. 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 TN. 

4.2.3. An interpretation in t e m  of the frustration in the Fcc lanice. In a first approximation, 
the value of -$ITN can be explained in terms of the Heisenberg model within a moleculq- 
field approximation. The ratio can be formally reproduced for the FCC lattice by k i n g  two 
parameters of effective nearest- aud next-nearest-neighbour exchange integrals, 51 and J2, 
if the antiferromagnetic modulation vector, Q, in the ordered state is known [26]. However, 
the molecular-field approximation gives no information on the characteristic behaviour above 
TN 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 -~,/TN of GdInCur. 
Usually, the effect of frustration on the phase transition appears as a  depression^ of~ the  
transition temperature or successive phase transitions. Ramuez [27] discussed the magnitude 
of -@,ITN for magnetic insulators in terms of the frustration effect. The ratio, -$/TN, 

exceeds 10 in some insulators that have characteristic crystal shnctures such as the triangular 
lattice. For example, a garnet GdsGasOlz has a huge - 0 , f T ~  > 100 t27.281. Forinsulators 
containing Gd, however, [0,l is usually small (0, =--2.3 K for Gd,Ga,O,,) because of 
the lack of the RKKY mechanism whereas in metallic compounds, l0,l can be large and 
-$ITN rarely exceeds five. The largest value ever known is 5.3 for G a l 3  (0, = -90 K, 
TN = 17 K) [29] and G ~ & I I ,  (0 - -53 K, TN = 10 K) DO].  Although it is reasonably 
accepted that the long-range RKKY interaction is dominant in these compounds, the effects 
of frustration were also suggested. Coles et al [31] pointed out that the frustration of GdA13 
depresses the onset of antiferromagnetism, because, in GdA13, Gd atoms are arranged just 

p: 
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like a triangular lattice on the hasal plane. They claimed that GdAl3 possesses competing 
interactions, which suppress long-range ordering from an expected onset temperature of 
about 100 K to the observed TN 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 
GdInCq, a larger value of -ep/TN than GdAl3 was obtained. 

We assume for GdInCw 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 superlattice. 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 atoms and there is no substantial 
coupling between next-nearest Gd atoms. Therefore, within this assumption, GdInCM 
is a unique FCC system where only the nearest-neighbour antiferromagnetic interaction is 
present It is well 'known that an antiferromagnetic nearest-neighhour interaction frustrates 
in the FCC lattice. Thus, we reasonably interpret the anomalous properties of GdlnCu in 
terms of the frustration. We speculate that, in GdInCM, 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 TN 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, 
etc. Although we do not have any information on the magnetic structure of GdInC4, the 
absence of the peak in the susceptibility rules out a simple antiferromagnet, and suggests 
a complex structure with ferromagnetic-lie 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 pseudotemary system Gdl,Lu,InCu4, which forms 
the cubic C15b crystal structure with an K% 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 GdInCM is a low-carrier system, we speculated the 
magnetic interaction between Gd spins, and applied the concept of frustration to explain the 
anomalous magnetic properties of GdInCM. The frustration depresses the static magnetic 
ordering down to a very low temperature from the expected ordering temperature of the order 
of -0, and, as a result, the short-range dynamic correlations persist up to high temperatures. 
Experiments in G d J n Q  to detect the spin dynamics above TN and to determine the spin 
structure below TN would be interesting. Theoretical works based on the actual band 
structure are also desired. 
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