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We report the synthesis of new alloys of composition RCu4Mn for R=La, Ce, Pr, Nd, Sm, and Gd. The
ternary compounds are found to crystallize in the hexagonal CaCu5-type structure of the RCu5 parent com-
pounds, but for the Gd compound, this proved to be the high-temperature form. X-ray diffraction on a single
crystal of GdCu4Mn was used to determine the site occupancies. The Mn ions substitute randomly on the Cu
sublattice. The magnetization, electrical resistivity, and the heat capacity data show the absence of long range
magnetic order in all the alloys in marked contrast to the parent RCu5 �R=Ce, Nd, Sm, and Gd� compounds
which order magnetically. A complex, inhomogeneous magnetic state arising from the Cu-Mn disorder and
3d-3d and 3d-4f interactions is proposed.
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I. INTRODUCTION

The rare earths �R� form a number of compounds at the
stoichiometry RT5 with the hexagonal CaCu5-type structure,
where T is a transition element, such as Co, Ni, Cu, and Pt.
In normal conditions, the hexagonal RCu5 phase forms only
for R=La-Eu and Y, while for R=Dy-Tm and Lu, the cubic
AuBe5 structure is adopted.1 For R=Gd and Tb, both struc-
tures are found, the hexagonal GdCu5 being a high-
temperature phase. The substitution of some other elements
for copper leads in some cases to compounds crystallizing in
the MgCu4Sn prototype �a ternary variant of AuBe5�, for
instance, YbCu4M �M =In, Ni, Pd, Zn, Cd, Mg, Tl, Au, and
Ag�,2–4 although YbCu5 does not form under normal condi-
tions. Some of these Yb compounds show strongly correlated
electron behavior arising from the hybridization between the
Yb 4f and the conduction band electron states.2–6 RCu4In
compounds �R=Nd,Sm,Gd-Lu,Y� �Ref. 7� also adopt the
cubic MgCu4Sn-type structure and show interesting mag-
netic and transport properties, such as semi-metallic-like be-
havior in Y and Gd analogs and exchange frustrated antifer-
romagnetism in GdCu4In.8,9 While isostructural PrNi5 and
PrCu5 are Van Vleck paramagnets, it has been reported that
their solid solutions PrNi5−xCux are ferromagnets for inter-
mediate copper concentration, tentatively attributed to an en-
hanced f-f exchange interaction induced by an enhancement
of 3d band susceptibility.10 The cubic CeNi4Mn, derived
from hexagonal CeNi5 by partially substituting Mn for Ni,
has recently been identified as a soft ferromagnet �Tc

�150 K� with a high degree of transport spin polarization
��66% �, the latter being a key desired property of spintron-
ics materials.11 Antiferromagnetic ordering has recently been
reported in GdCu4Al and GdCu4Ga, crystallizing in the
CaCu5 type, with substitution of Cu by Al or Ga preferen-
tially on the 3g site.12

Keeping in mind the above observations which point out
the tendency of RT5 compounds toward a structural transfor-
mation on partial substitution of T atom and the interesting
magnetic and strongly electron correlated properties of the
derivative ternary compounds, we have studied in this work

the RCu4Mn compounds with R=La, Ce, Pr, Nd, Sm, and
Gd.

II. EXPERIMENTAL

The metals used were commercial products with high pu-
rity �99.9 wt. % for the rare earths, R; 99.999 and
99.99 wt. % for Cu and Mn, respectively�. To avoid any
weight losses due to possible volatilization of manganese
during reaction and melting because of the high vapor pres-
sure of this metal, the alloys were prepared in sealed cru-
cibles. The weighed amounts of the metals �in the form of
freshly prepared turnings for R and Cu and of very small
grains for Mn; total mass of about 5 g� were pressed together
directly into outgassed tantalum crucibles which were sealed
by arc welding under a pure Ar flow. Samples were then
melted by heating the crucibles in a high-frequency induc-
tion furnace up to 1150–1200 °C, shaken to ensure homog-
enization and remelted twice. The highest temperature of
1200 °C in the synthesis of these compounds was adopted
after reactivity toward the container metal was noticed when
the liquid alloys were brought to temperatures higher than
1250 °C.

The crucibles were then sealed under vacuum in quartz
tubes and the samples annealed in resistance furnaces at
800 °C �details of the thermal treatments are given in Table
I�. Quenching, when adopted, was performed by suddenly
breaking the ampoule in an ice-water bath. Differential ther-
mal analysis �DTA� was done on La, Sm, and Gd analogs to
determine the liquidus, the type, and the formation tempera-
ture of the phase RCu4Mn and to check for a possible struc-
tural transformation. Specimens of the alloys prepared as
above �about 0.8 g� and closed by arc welding into Mo cru-
cibles were transferred to the DTA equipment and subjected
to heating and cooling cycles at the rates of 5 or 10 deg /min,
the temperature measurements being accurate to within
�5 °C.

Metallographic examination was performed by both opti-
cal and electron microscopies and the semiquantitative
analysis of the phases was performed by microprobe. X-ray
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analysis was carried out on powders and a single crystal.
Powder patterns were obtained by a Guinier-Stoe camera or
a Bragg-Brentano diffractometer, using the Cu K� radiation
and pure Si as an internal standard �a=5.4308 Å�; the
Guinier patterns were easily indexed according to the hex-
agonal CaCu5-type cell and the lattice parameters determined
by the least squares methods. Reflection intensities obtained
on a tiny GdCu4Mn single crystal, isolated from the alloy
annealed at 800 °C and quenched, were collected at 293 K
on a Bruker-Nonius MACH3 diffractometer with graphite-
monochromated Mo K� ��=0.7107 Å� and its lattice param-
eters obtained from 25 diffractometer-measured reflections at
�=32° –34°. Absorption effects were corrected by �-scan
data of the three top reflections and the structure was refined
using F0

2 with SHELXL-97.13

Magnetization was measured in a superconducting quan-
tum interference device �Quantum Design� magnetometer.
Heat capacity data were collected using the semiadiabatic,
heat pulse method; a Lake Shore germanium resistance ther-
mometer was used as the temperature sensor and a strain
gauge as the heating element, both glued with GE varnish to
a thin copper disk which also accommodates the sample
coated with a thin layer of Apiezon grease. Resistivity mea-
surements were carried out by the four-probe dc method us-
ing typically a current of 50 mA; a Lake Shore silicon diode
was used to measure the temperature.

III. RESULTS

A. Phase stability and crystal structure

DTA results on LaCu4Mn, SmCu4Mn, and GdCu4Mn
show that the compounds form congruently from the liquid;
very likely, the other three compounds with R=Ce, Pr, and
Nd also melt congruently. Figure 1 shows a typical cooling
DTA run �10 °C /min� for LaCu4Mn. The strong peak at
higher temperature �arising due to the melting transition� is
followed by a second, relatively weak, thermal effect at
about 735, 810, and 800 °C, for La, Sm, and Gd specimens,
respectively. To verify whether the weak thermal effect in
these alloys was associated with any structural transforma-
tion, a series of annealing treatments at different tempera-
tures was tried, i.e., 770 °C-14 days+quenching, 700 °C-5
days+quenching, 600 °C-7 days+air cooling, 500 °C-14

days+quenching, and 500 °C-8 days+air cooling �the latter
two only for the Gd compound�. From an examination of
powder patterns, it is found that LaCu4Mn and SmCu4Mn
retain their hexagonal CaCu5-type structure down to room
temperature. GdCu4Mn, however, is no longer stable below
700 °C and converts into a phase which maintains the
CaCu5-type structure but with a lowering of both lattice pa-
rameters, accompanied with a small amount of a new com-
pound with composition close to RCu4.7Mn1.3 �Ref. 14� and a
structure related to the YbMo2Al4 type. The weak thermal
effect in the DTA of GdCu4Mn is most likely associated with
the formation of the latter minor phase.

Based on the powder patterns obtained on test charges
with different heat treatments, an annealing temperature of
800 °C was chosen and the resulting single or nearly single
phase samples were used for the investigation of their mag-
netic properties. The thermal treatment and the lattice param-
eters of the six RCu4Mn compounds crystallizing in the
CaCu5-type structure are listed in Table I. The powder dif-
fraction pattern of SmCu4Mn is shown in Fig. 2. Similar
patterns were obtained for the other compounds.

Single crystal data of GdCu4Mn were used to refine the
Cu /Mn occupancies, obtaining the same random distribution
on both non-rare-earth sites with a ratio Cu /Mn=4 within

TABLE I. Thermal treatment, lattice parameters �from the Guinier powder pattern�, unit cell volume �Vu�,
and mean atomic volume �Vat.� for the CaCu5-type RCu4Mn compounds �R=La-Nd,Sm,Gd�..

Compound Thermal treatment

Lattice constants
�Å�

c /a
Vu

�Å3�
Vat.

�Å3�a c

LaCu4Mn 800 °C-13 days, air cooled 5.255�1� 4.180�1� 0.795 99.96 16.66

CeCu4Mn 800 °C-9 days, air cooled 5.172�1� 4.119�1� 0.796 95.42 15.90

PrCu4Mn 800 °C-12 days, air cooled 5.196�1� 4.168�1� 0.802 97.45 16.24

NdCu4Mn 800 °C-9 days, air cooled 5.176�1� 4.171�1� 0.806 96.77 16.13

SmCu4Mn 800 °C-7 days, water quenched 5.144�1� 4.161�1� 0.809 95.35 15.89

GdCu4Mn 800 °C-13 days, water quenched 5.112�1� 4.160�1� 0.813 94.37 15.73

1000 750 500
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Temperature (°C)

FIG. 1. The DTA curve of LaCu4Mn recorded on cooling at
10 °C /min. The pronounced peak at 825 °C is due to the congruent
solidification of LaCu4Mn. The small peak at 735 °C can be as-
cribed to the formation of a phase with approximate composition
LaCu4.7Mn1.3.
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two standard uncertainties. Therefore, in the last refinement
cycles, the occupancies were fixed to 80% Cu+20% Mn for
both sites. Although the atomic numbers of Mn and Cu differ
only by four units, we have shown earlier in the crystal struc-
ture refinement by the x-ray data of some Ce-Cu-Mn com-
pounds that it is possible to distinguish between sites occu-
pied only by copper or manganese and sites with mixed
Cu /Mn occupancy.14 Following the results recently reported
for GdCu4Al,12 a trial run was carried out by filling the 2c
sites with Cu and the 3d sites with a Cu /Mn mixture. How-
ever, agreement factors and standard uncertainties worsened
significantly. Details on the data collection and refinement of
GdCu4Mn can be obtained from the authors on request. The
atomic coordinates and equivalent isotropic displacement pa-
rameters are shown in Table II. In the GdCu4Mn structure,
the Cu /Mn atoms form regular trigonal bipyramids joined
through their vertices, with practically the same
Cu /Mn-Cu /Mn distances. �2.550�1�–2.553�1� Å�. The Gd
atoms fill the voids within the three-dimensional Cu /Mn
framework.

B. Magnetic properties

Figure 3 shows the thermal variation of the magnetization
of LaCu4Mn measured in both the zero-field-cooled �ZFC�
and field-cooled �FC� states in an applied field of 100 Oe.
Since both La and Cu are nonmagnetic, the magnetic behav-
ior of LaCu4Mn can be ascribed solely to the Mn ions. The
magnetization shows a peak at 35–36 K with a magnitude of
0.05 emu /mol. There is a pronounced difference between the

ZFC and FC data at temperatures below the peak. These
features of the low-field magnetization are typical character-
istics of a spin glass transition and suggest a random freezing
of the Mn ions below the peak temperature. The absence of
any anomaly in the heat capacity data �see below� further
reinforces the conclusion derived from the magnetization
data. The ac susceptibility �ac data taken at 31 Hz with Hac
�1 Oe are also shown in the figure. The peak in the �ac is
shifted up in temperature by nearly 1 K compared to the
peak position in the dc magnetization measured in 100 Oe.

The inverse susceptibility �−1 �measured in applied fields
of 0.1 and 3 kOe� plotted in the inset of Fig. 3 does not show
a linear variation with temperature in any extended range
between the peak temperature and 300 K and thus shows a
behavior similar to that reported earlier in spin glasses ThM-
nAl, YMnAl,15 NdMnAl, and RMnIn and related
compounds.16,17 In ThMnAl, a modified Curie-Weiss expres-
sion �=CCW / �T−�p�+�0, where �0 is temperature indepen-
dent, was fitted to the data. Applying the same procedure
here gives the following values for the paramagnetic effec-
tive moment �eff derived from CCW, the paramagnetic Curie
temperature �p, and �0: �eff=4.43 and 4.36 �B, �p=−25.8
and −22.5 K, and �0=7.24�10−3 and 7.42�10−3 emu /mol
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FIG. 2. Powder diffraction pattern of SmCu4Mn.

TABLE II. Atomic coordinates and equivalent isotropic displacement parameters for GdCu4Mn.

Atom Position x y z
Ueq

�Å2�

Gd 1a 0 0 0 0.0114�3�
Cu1/Mna 3g 1 /2 0 1 /2 0.0096�3�
Cu2/Mna 2c 1 /3 2 /3 0 0.0102�3�
aCu1/Mn, Cu2 /Mn=0.8 Cu+0.2 Mn.
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FIG. 3. The ZFC and FC magnetizations of LaCu4Mn in a field
of 100 Oe. �ac is also plotted. The inset shows the �−1 measured in
applied fields of 0.1 and 3 kOe. The solid line is a fit to the data.
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in 100–300 and 50–300 K range, respectively. The fitted
values of �eff, �p, and �0 are nearly independent of the tem-
perature range of the fit. The value of �eff is less than
4.9�5.92� �B, the spin-only value for the Mn3+ 3d4

�Mn2+ 3d5� state, and can tentatively be explained by some
degree of itinerancy of the Mn 3d state or incomplete
quenching of the orbital angular momentum by the crystal
electric fields. The paramagnetic Curie temperature �p is
negative and on the same scale as the peak temperature of
the magnetization. A negative �p indicates antiferromagnetic
interactions between the Mn ions. However, the absence of a
long range antiferromagnetic transition suggests a crossover
from an antiferromagnetically correlated exchange at high
temperatures to a frustrated one at low temperatures.

The isothermal magnetization of LaCu4Mn is shown in
Fig. 4. At 4.5 K, the magnetization increases nearly linearly
to a low value �relative to �eff� of about 0.5 �B /Mn ion at
70 kOe and shows hysteresis and a large coercive field of
nearly 4 kOe, again reminiscent of the spin glass behavior.
Above the peak temperature, the magnetization, measured at
a few selected temperatures between 75 and 300 K, varies
linearly with the applied field �lower inset, Fig. 4�, as ex-
pected in the paramagnetic state.

Figures 5–11 show the temperature and field dependence
of the magnetization in RCu4Mn for R=Ce, Pr, Nd, Sm, and
Gd, respectively. The ac susceptibility data �Hac�1 Oe�
taken in nominal zero field for some compounds are also
shown. In these compounds, the magnetic response arises
from the magnetic moments associated with both the Mn

ions �as for LaCu4Mn above� and the partially filled 4f shell
of the R ions. The low-field, ZFC-dc magnetization in Ce, Pr,
Nd, and Gd compounds shows a relatively broader peak,
compared to LaCu4Mn, while the corresponding FC magne-
tization below the peak temperature, unlike its behavior in
LaCu4Mn, keeps on increasing monotonically with decreas-
ing temperature. The onset of the thermodynamic irrevers-
ibility in the magnetization sets in at temperatures higher
than the peak temperature particularly in Ce, Pr, and Nd
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analogs. The ac susceptibility �ac of CeCu4Mn shows a knee-
like feature around the temperature where the irreversibility
in the dc magnetization sets in and it does not exhibit any
broad peak at lower temperatures. Similarly, a shallow peak
in the �ac of NdCu4Mn occurs close to the temperature where
a kink is seen in the low-field dc magnetization, the peak
position shifting to higher temperatures as the frequency is
increased. The dc magnetizations measured in 50 and 500 Oe
in CeCu4Mn are nearly identical for ZFC and FC modes,
respectively. On the other hand, in GdCu4Mn �Fig. 8�, the

peak shifts appreciably to lower temperatures with increasing
applied fields: from 43 K as measured in the �ac data to 31 K
in the dc magnetization measured in an applied field of
1 kOe. Even a nominal dc field of 20 Oe �data not shown�
shifts the peak down to 41 K. Similarly, the peak in the dc
magnetization of SmCu4Mn occurs at 106 K in 1 kOe ap-
plied field, while the peak in �ac is seen near 113 K �inset of
Fig. 9�. The �ac data in SmCu4Mn were taken at 11 and
112 Hz. Like NdCu4Mn, the �ac peak appears to be shifted
upward in temperature at higher frequency which is a typical
characteristic of the spin glass behavior. Due to the width of
the transition as reflected in the �ac data of GdCu4Mn, it is
not possible to infer unambiguously whether there is any
frequency dependent peak shift.
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The inverse susceptibility of RCu4Mn �R=Pr, Nd, and
Gd� shows a linear variation with the temperature in some
range above 150 K depending on the rare-earth ion R. Ac-
cordingly, the Curie-Weiss expression �=CCW / �T−�p� was
fitted to the data, while an additional term �0 was added to
the fitting expression for CeCu4Mn. The fitted curve is drawn
as a solid line through the data points �see figures�. For
GdCu4Mn, the data in the temperature range of 250–350 K
were used to derive the values for CCW and �p from the
fitting procedure. The values of �eff / f.u. �derived from the
Curie constant CCW� and �p are 3.75, 5.12, 5.15, and 8.1 �B
and 20.4, 37.9, 45.3, and 30.1 K for Ce, Pr, Nd, and Gd
analogs, respectively. For GdCu4Mn, using the data in the
range of 200–300 K results in a �eff / f.u. less than 7.94 �B,
the paramagnetic moment of the free Gd3+ ion. Since
�eff / f.u. in other RCu4Mn compounds exceeds the corre-
sponding value of the paramagnetic, free-ion moment, �R
alone due to the contribution from the Mn ions, a similar
situation is expected to hold in the Gd compound as well. An
approximate value of �Mn in RCu4Mn may be obtained by
subtracting the contribution due to the free-trivalent rare-
earth ion R. The values thus obtained are 2.8, 3.7, 3.7, and
1.9 �B per Mn ion in Ce, Pr, Nd, and Gd compounds, respec-
tively. It is possible that �Mn in CeCu4Mn may be higher
than 2.8 �B if the Ce ions in CeCu4Mn are in a valence
fluctuating state such that their contribution to the magnetic
susceptibility is diminished compared to that arising from the
free-trivalent Ce ions assumed above. An indication of the
anomalous valence state of the Ce ions is provided by the
mean atomic volume Vu �see Table I� of CeCu4Mn which is
less than that of PrCu4Mn and hence does not follow the
normal lanthanide contraction behavior of the normal triva-
lent rare-earth ions. Unlike in LaCu4Mn, �p is positive in
these four compounds and indicates an overall ferromagnetic
exchange interaction.

For the Sm compound, the inverse susceptibility �not plot-
ted� shows a curvature at high temperatures like that in
LaCu4Mn and CeCu4Mn. The curvature may partly arise due
to the same physical reasons as in the La and Ce compounds.
However, in Sm3+ compounds, there is an appreciable nearly
temperature independent Van Vleck contribution to the sus-
ceptibility arising from the excited levels of Hund’s rule de-
rived L-S multiplet structure due to a relatively small energy
separation. Crystal fields can also admix the ground and the
excited levels, thereby affecting the susceptibility. As a re-
sult, the susceptibility of Sm3+ compounds often does not
show a Curie-Weiss behavior. In the parent SmCu5, Svoboda
et al. accounted for the deviation by invoking the crystal
field mixing of J=5 /2, 7 /2, and 9 /2 multiplet levels with an
appropriate molecular field constant using a molecular field
model.18 An examination of the susceptibility data reported
in the literature on the well known intermetallic compounds
of Sm, including that of SmCu5, shows that typically the
value of susceptibility at 300 K �in the paramagnetic regime�
is �1�10−3 emu /mol. For SmCu4Mn, ��300 K�=6
�10−3 emu /mol, indicating that the dominant contribution
to the magnetization at 300 K is arising from the Mn ions
��5�10−3 emu /mol�. This is in conformity with the sizable
�eff �Mn� found in LaCu4Mn. Comparison with the suscep-
tibility of LaCu4Mn at 300 K �nearly 15�10−3 emu /mol�
suggests that the Mn magnetic moment decreases with the
decrease in lattice volume, the latter arising due to the usual
lanthanide contraction. This is in conformity with the lower
values of �eff �Mn� obtained above in RCu4Mn for R=Pr,
Nd, and Gd compared to that in LaCu4Mn. It has been ob-
served previously that the lattice volume plays a role in de-
termining the magnetic moment of Mn in RMn2 compounds.
The Mn magnetic moment decreases as the rare-earth atomic
number increases from Pr to Dy and it is nearly equal to zero
in Ho, Er, and Tm analogs of RMn2 compounds.19

The low-temperature in-field magnetization of RCu4Mn is
characterized by a lack of saturation and hysteresis and is
thus qualitatively similar to that of LaCu4Mn. On reversal of
the magnetic field, the magnetization of CeCu4Mn,
PrCu4Mn, NdCu4Mn, and SmCu4Mn changes sign at 1.5, 10,
8, and 0.7 kOe, respectively, which shows the existence of
large coercive fields in these compounds. The in-field mag-
netization of GdCu4Mn measured at selected temperatures is
shown in Fig. 11. Between 300 and 150 K, the plots are
linear but below 150 K, they develop a mild curvature which
increases with decreasing temperature. It may be noted that
the nonlinearity in the isothermal magnetization sets in at
temperatures much above the peak temperature. At 1.8 K,
the magnetization at 55 kOe attains a value of nearly
4 �B / f.u. The magnetization exhibits a sizable hysteresis and
the coercive field at 1.8 K is 3.5 kOe, which is similar in
magnitude to that of LaCu4Mn.

The heat capacity C data taken up to 50 K in LaCu4Mn
and GdCu4Mn and up to 125 K in SmCu4Mn are partly
shown in Fig. 12. The data do not exhibit any anomalies at
temperatures corresponding to the peak in the magnetization
data of La, Sm, and Gd compounds. For the sake of clarity,
the C vs T data on SmCu4Mn are shown only between 100
and 125 K in the lower inset; at lower temperatures, they are
comparable in magnitude to those of La and Gd analogs.
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FIG. 11. The hysteresis loop of GdCu4Mn at 1.8 and 60 K. The
inset shows the in-field magnetization at 75, 100, 125, 150, 200,
250, and 300 K.
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Since the heat capacity shows a prominent peak at a long
range magnetic transition, the data of Fig. 12 prove conclu-
sively that the peaks in the magnetization in at least
LaCu4Mn, SmCu4Mn, and GdCu4Mn are not associated with
a long range magnetic order. We believe that a similar situ-
ation holds for Ce, Pr, and Nd analogs as well. The plots of
C /T vs T2 for LaCu4Mn and SmCu4Mn are practically linear
below 10 K and give by extrapolation intercepts of 50 and
69 mJ /mol K2 at 0 K, respectively. A similar procedure for
the Gd compound in a restricted temperature range below
10 K gives an intercept of 113 mJ /mol K2. These values are
comparable to 65 and 50.2 mJ /mol K2 obtained in ThMnAl
and ThMnIn, respectively,15 where the ground state shows
inhomogeneous spin-glass-like properties. Since these values
are obtained from extrapolating the data to T=0 K, they will
include, besides the contribution due to the electronic density
of states at the Fermi level, contributions arising from the
magnetic degree of freedom associated with both the Mn and
the rare-earth ions.

The thermal variation of the electrical resistivity for T
	200 K, normalized to its value at 300 K for LaCu4Mn and
GdCu4Mn and at 260 K for SmCu4Mn, is shown in Fig. 13.
The data for SmCu4Mn above 260 K have a large scatter.
The residual resistivity in all the three compounds is large,
between 150 and 200 �
 cm, partly reflecting the Cu-Mn
disorder. The resistivity shows a metallic behavior and varies
smoothly, without any anomaly around the temperature
where the peaks in the magnetization are found in the three
compounds.

IV. DISCUSSION

The structural stability of binary AB5 and ternary
A�B ,B��5 intermetallic compounds �A=rare earth, alkaline

earth, Zr, Hf, and Th; B=transition elements and/or p-block
element such as Al, Ga, Sn, In, Si, and Ge� has recently been
modeled in terms of three parameters: valence electron con-
centration �VEC�, electronegativity difference, and the radius
ratio RA /RB.20 The RCu4Mn have VEC=9 according to Ref.
20, where the values of full valences are used. While
LaCu4Mn is inside the CaCu5-type stability region of the
plot, both SmCu4Mn and GdCu4Mn fall at the border be-
tween the CaCu5 and AuBe5 regions �Fig. 2 of Ref. 20�, thus
reflecting the same trend as found for the RCu5 phases,
where a coexistence of the two structural types starts just on
gadolinium. In the CaCu5 structure, the layers of Cu atoms at
3g sites are interspersed between the layers made up of Ca
and Cu atoms at 1a and 2c sites, respectively. Single crystal
data on GdCu4Mn presented above show that while the Gd,
and most likely the other R atoms, form a regular periodic
lattice in RCu4Mn, the Mn ions are distributed randomly at
the 2c and 3g sites.

With the exception of LaCu5 which is a Pauli paramagnet,
RCu5 compounds for R=Ce,21 Nd,22 Sm,18 and Gd �Ref. 23�
exhibit a long range magnetic ordering at 3.8, 14.5, 9, and
25 K, respectively, the magnetic coupling between the R ions
provided by the indirect Ruderman-Kittel-Kasuya-Yosida
�RKKY� exchange interaction. While the magnetic ordering
is antiferromagnetic in Ce, Sm, and Gd analogs, NdCu5 or-
ders ferromagnetically at 14.5 K and undergoes spin reorien-
tation at a lower temperature. PrCu5 is a Van Vleck paramag-
net. A more recent work on GdCu5 reports a TN of 12.5 K.24

In RCu4Mn compounds, the presence of Mn ions will intro-
duce additional 3d-3d and 3d-4f exchange interactions.
Typically, the 3d-3d exchange interaction is much stronger
than the 4f-4f interaction due to the direct 3d-3d overlap,
though it may partly also be operating via the RKKY ex-
change. In R 3d compounds, it is not, therefore, unusual to
find the 3d sublattice ordering magnetically at much higher
temperature than the 4f sublattice. The peak in the magneti-
zation of LaCu4Mn occurs at �36 K, higher than the Néel
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temperature of GdCu5. This indicates that the Mn-Mn ex-
change interactions are stronger than the R-R interactions in
these alloys. Due to the random occupation of the Cu sites by
the Mn ions, the exchange interactions between the Mn ions
are frustrated. The nearest neighbor Mn-Mn distances in
GdCu4Mn, as inferred from the single crystal data, are 2.550
and 2.553 Å, respectively. It has been shown in �-Mn that
the exchange interaction is antiferromagnetic for Mn-Mn dis-
tance less than 2.8 Å and ferromagnetic at longer distances.25

Possibly, both the dominant antiferromagnetic and weaker
ferromagnetic interactions between the Mn ions are operative
in these alloys. The 4f-4f interaction, which leads to a long
range magnetic order in the parent magnetic RCu5, is appar-
ently superseded in RCu4Mn by the random exchange fields
exerted by the Mn ions. The Mn ions at 2c and 3g sites are
located at 2.948 and 3.294 Å, respectively, from the Gd ions,
while the nearest Gd-Gd distance is 4.161 Å. Thus, the frus-
tration and disorder on the Cu /Mn sublattice together with
the relatively stronger 3d-4f �compared to 4f-4f� interaction
leads to an inhomogeneous magnetic state which partly
shows a signature of spin-glass-like freezing of the magnetic
ions, as evidenced by the pronounced difference in the ZFC
and FC magnetizations below the peak temperature, low val-
ues of the low-temperature magnetization in fields as large as
70 kOe, hysteresis, and large coercive fields. The lack of an
anomaly in the heat capacity data further corroborates the
conclusion that an inhomogeneous magnetic state exists in
these compounds.

The value of the paramagnetic moment �eff / f.u. in
GdCu4Mn varies with the temperature range in which the
Curie-Weiss expression is used to fit the data. It is even less
than the free Gd-ion value of 7.94 �B when the data are fitted
in the range of 200–300 K. One would expect a �eff��Gd
due to the additional contribution from Mn ions. Qualita-
tively, one can explain such an observation by invoking the
short range, nearest neighbor Gd-Mn antiferromagnetic cou-
pling as the temperature is reduced below 300 K. However,
�eff / f.u.��R for other R. If the rare-earth spin S and the spin
of the Mn ion couple antiferromagnetically for all R, then the
Gd and Mn moments are coupled antiferromagnetically,
while for the light rare earths, Ce to Sm, the moments are
coupled ferromagnetically because the total angular momen-
tum J for the light rare earths is given by J=L−S with L
�S �L=0 for Gd and the crystal electric field effects are zero
in the first approximation�. The curved isotherms below
150 K in GdCu4Mn, which can qualitatively be explained to
arise due to the formation of superparamagnetic clusters, in-
dicate a complex evolution of magnetic response with the
decrease of temperature. A similar behavior has been seen

earlier in the micromagnetic Cu-Mn alloys.26 In quenched
Cu75Mn25, the magnetization exhibits a peak at �110 K due
to the freezing of magnetic clusters. The isothermal magne-
tization plots above the peak temperature are curved up to
about 190 K. A quantitative analysis of the temperature and
field dependence of the magnetization of alloys with varying
Cu /Mn ratio was explained by invoking the formation of
superparamagnetic clusters. It may be noted that the peak
temperature of the magnetization shifts considerably with the
applied field particularly in GdCu4Mn and SmCu4Mn. Such
a shift in the peak of ZFC magnetization occurs in systems
containing superparamagnetic clusters. Thus, the present data
indicate a complex magnetic configuration in RCu4Mn where
we may have a short range R-Mn antiferromagnetic spin
coupling at high temperatures, followed by the formation of
superparamagnetic and spin-glass-like clusters with decreas-
ing temperatures, depending on the near neighbor environ-
ment.

The FC magnetization in LaCu4Mn below the peak tem-
perature is nearly pegged to its peak value, while for other R
ions, it increases monotonically from its peak value down to
the lowest temperature of 1.8 K. Thus, the presence of the
magnetic rare-earth sublattice brings qualitative changes in
the thermal variation of the FC magnetization. The freezing
temperature in SmCu4Mn, as deduced from the peak tem-
perature of magnetization, is nearly three times larger com-
pared to the corresponding value in LaCu4Mn and
GdCu4Mn. It is also much higher than the maxima seen in
the �ac of CeCu4Mn and NdCu4Mn and the peak seen in the
dc magnetization of PrCu4Mn. The origin of this enhance-
ment is not obvious. A study of RCu5−xMnx for various val-
ues of x may lead to a better understanding of the interplay
between 3d-3d and 3d-4f interactions and the resultant
variation in the magnetic behavior. It would be interesting to
find how the long range magnetic order of the rare-earth
sublattice is initially modified and then eventually broken up
at higher x.

To conclude, we show in this paper that Cu can be re-
placed by Mn in RCu5 compounds �R=La, Ce, Pr, Nd, Sm,
and Gd� at least up to the composition RCu4Mn, and the
ternary alloys retain the CaCu5-type hexagonal structure of
the parent compounds. A single crystal study shows that the
Mn atoms replace the Cu atoms at the two sites 3g and 2c of
the RCu5 unit cell randomly. The magnetization, heat capac-
ity, and the resistivity data indicate an inhomogeneous mag-
netic ground state in all the three alloys, which arises due to
the Cu-Mn disorder on the Cu sublattice and 3d-3d and
3d-4f interactions.
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