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 The magnetism of Laves phase compounds RMn2 is reviewed. The conditions for the onset of Mn moments and the type of spin 
fluctuations of the Mn sublattice are discussed. It is shown that the Mn moments, if they exist, are unstable and  easily collapse on 
raising the temperature or on substituting R or Mn by a third element with a smaller atomic volume. By analyzing the thermal ex-
pansion curves, the amplitudes of spin fluctuations in YMn2 and related compounds are estimated. 

1. Introduction 

 Laves phase intermetallic compound AB2 is 
one of the most popular intermetallic com-
pounds containing transition metals. There are 
two types of crystal structures of C15 (cubic 
Laves) and C14 (hexagonal Laves) as shown in 
fig. 1. The interrelation between these two 
structures is similar to that between fcc and hcp, 
i.e., a different order of packings of atomic lay-
ers. Therefore, the coordination number is the 
same for both structures. Numerous compounds 
exist depending upon the combinations of A 
and B elements. Among them, the compounds 
AT2, where T stands for a 3d transition metal, 
are interesting in respect of magnetism. One of 
the characteristics of this structure is that the 
nearest neighbor of a B atom is also a B atom 
and the atomic distance between the transition 
metals in AT2 and hence the width of 3d band 
are nearly the same as that of pure 3d metals. 

Therefore, it is possible to control the band 
width or the Fermi level by choosing an appro-
priate A element, finding many types of mag-
netism. Furthermore, making a pseudo-binary 
compound like (A1-xA'x)T2, We Can Change 
conditions for the onset of magnetism without 
disturbing the band structure so much. So far, 
extensive studies have been done for Laves 
phase compounds in many respects, including 
the band calculations by Prof. Shimizu's school 
[1-3]. In this review article, we are concerned 
with RMn2 compounds in respect of spin fluc-
tuations and magnetovolume effects. 

2. Spin fluctuations and magnetovolume ef-
fects 

 Recent developments in the theory of spin 
fluctuations give us a unified picture of the 
magnetism of transition metals and alloys 
ranging from weakly itinerant electron ferro- or 
antiferromagnetism to local moment systems 
[4]. One of the most important quantities char-
acterizing the magnetism of a particular metal 
is the amplitude of local spin fluctuations, SL

2, 
and its temperature dependence. Typical fea-
tures of the spin fluctuations are shown in fig. 2, 
where the vertical axis represents the square 
amplitude of local spin fluctuations, that is the 
magnitude of the local magnetic moment. From 
a to e, the electron-electron correlation energy 
increases. The curve a represents a Pauli para-
magnet, b an exchange enhanced Pauli para-
magnet, c a weakly itinerant electron ferro-(or 
antiferro-)magnet and e the local moment 
limit. The curve corresponds to an Invar-type 

Fig. 1. Crystal structures of Laves phase com-
pounds, AB2. a)  C15 (cubic). b) C14 (hexagonal). 
Open circles stand for A atoms and closed circles 
for B atoms. 
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alloy, where SL
2 changes substantially with 

temperature. An actual metal locates some-
where in this schematic representation. How-
ever, it is not easy to estimate the temperature 
dependence of SL

2. Neutron scattering meas-
urements may be the best method to estimate 
SL

2. However, scanning of a wide range of the 
momentum and energy space is necessary for a 
reliable estimation of SL

2, which is hardly at-
tained in the present neutron facilities. 
 We have pointed out through analyses of the 
lattice parameter of 3d metal alloys that the 
atomic volume of 3d atoms expands when they 
are magnetized [5, 6]. The magnitude of the 
expansion is given by ∆V/V= ωm～kmL

2. The 
proportionality constant, k, is roughly 10-2 per 
µB

2. When mL
2, that is (2µBSL)2, varies with 

temperature, a thermal expansion anomaly is 
observed. Therefore, analyzing the thermal ex-
pansion curves properly, we can estimate the 
temperature dependence of SL

2. 
 For the cases a - e, shown in fig. 2, the thermal 
expansion curves of a Pauli paramagnet, a, and 
the local moment limit, e, show normal behav-
ior due to lattice vibrations. On the other hand, 
an exchange enhanced Pauli paramagnet, b, and 
a weakly itinerant ferromagnet above Tc should 
have an enhanced thermal expansion coeffi-
cient(TEC) [7-9]. The negative thermal expan-
sion coefficient observed in weakly itinerant 
ferromagnets and the large spontaneous volume 

magnetostriction of Invar-type alloys are ex-
plained by a reduction of SL

2 with increasing 
temperature up to Tc [10]. We will show in this 
article that every case is realized in the series of 
RMn2 and related compounds. 

3. YMn2: An itinerant electron antiferro-
magnet 

 The magnetic susceptibility of YMn2 increases 
monotonically with increasing temperature ex-
cept for a tiny anomaly around 100 K and at 
low temperatures, indicating Pauli paramagnet-
ism (fig. 3). We found, however, that there is a 
huge volume change of about 5% around 100 K 
as shown in fig. 4 [11, 12]. By neutron diffrac-
tion and NMR measurements, it has been re-
vealed that this compound is an antiferromag-
net with a Mn moment of 2.7μB and TN～100 
K [13], of which magnetic structure is shown in 
fig. 5. The magnetic transition is of the first 
order with a large thermal hysteresis of about 
30 K. Recently, the magnetic structure of YMn2 
has been reexamined by using long-wavelength 
neutrons and it has been shown that the anti-
ferromagnetic structure is helically modulated 
with a period of about 400 Ǻ[14]. The zero 
field NMR spectrum of YMn2 consists of two 
peaks with the intensity ratio of 3:1, which is 
ascribed to anisotropic hyperfine interactions 
for a spin direction of (111) [13]. Therefore, the 
modulation of spin directions is not simply 
helical but something like rectangular waves. 
So far, the exact spin structure is not yet fixed. 
 With respect to spin fluctuations, the tem-
perature dependence of susceptibility above TN 
indicates itinerant electron magnetism. The 
large volume shrinkage at TN may be ascribed 
to the collapse of Mn moment of 2.7µB of the 
antiferromagnetic phase. Furthermore, one 
should note that the TEC above TN is abnor-
mally large, being 50 x 10-6, and shows a trend 
to decrease at high temperatures. This en-
hancement of the TEC will be explained as a 
result of thermal excitations of spin fluctuations 
in a later section. The temperature dependence 
of the susceptibility of YMn2 has been calcu-
lated on the basis of band calculations, giving a 
good agreement with the experiment [1]. 

Fig. 2. Temperature. dependence of the ampli-
tude of spin fluctuations. a) Pauli paramagnet. b) 
Nearly ferro-(or antiferro-)magnetic. c) Weakly 
ferromagnetic. d) Invar type. e:  Local mo-
ment limit. 
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Fig. 3. Temperature dependence of the magnetic susceptibility of YMn2. 

Fig. 4. Temperature dependence of the lattice parameter of YMn2. 
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4. Magnetism of RMn2 

4.1. Mn atomic moment 

 Magnetism of RMn2 (R: rare earth) series has 
not yet been established because of the com-
plexity of magnetic structure. Of course, R at-
oms have well-defined localized moments but it 
is not clear whether Mn has a magnetic moment 
or not. In fig. 6, the thermal expansion curves 
of RMn2 are shown. As seen in the figure, ex-
cept for HoMn2, ErMn2. and DyMn2, they ex-
hibit similar thermal expansion curves charac-
terized by an expansion of the lattice below 
around 100 K, indicating the onset of Mn mo-
ments. On the other hand, the zero-field NMR 
spectra of 55Mn has shown that the hyperfine 
fields at 55Mn nuclei in HoMn2 and ErMn2 are 
exceptionally smaller than those of other RMn2 
compounds [15]. By separating the hyperfine 
field due to the Mn moment itself and the 
transferred hyperfine field from R moments, 
Yoshimura et al. have estimated the magnitude 
of Mn moment [15]. The results are plotted in 
fig. 7 as a function of the lattice parameter at 
4.2 K (for C14, 312 )3( ca ). From these obser-
vations, it can be concluded that the Mn atom 
has a large (2 - 3µB) magnetic moment in the 
ground state in RMn2 except in ErMn2, HoMn2 
and DyMn2 and that it collapses or is substan-
tially reduced at the magnetic transition tem-
perature (corresponding to the case d of fig. 2). 
 It is an interesting problem to find the factor 

responsible for the onset of Mn moments. It is 
clear that the type of the crystal structure (C15 
or C14) is not responsible for it. The possibility 
of an induced moment by exchange fields from 
rare-earth moments, which is the origin of Co 
moments in RCo2, is also ruled out because 
YMn2 has a large moment. Fig. 7 implies that 
the lattice parameter plays a crucial role in de-
termining whether the Mn atom possesses a 
magnetic moment or not. The larger lattice pa-
rameter makes the 3d band width narrower and 
the density of states higher. Therefore, it is 
natural that Mn atoms become magnetic in 
RMn2 with a large unit cell volume. Anyhow, a 
small difference in the environment of a Mn 
atom makes it magnetic with a fairly large 
moment on one side and nonmagnetic on the 
other side. In other words, the difference in the 

Fig. 5. Spin structure of YMn2. Only Mn sites 
are shown. Open and closed circles represent Mn 
atoms with up and down spins. A recent neutron 
diffraction study has revealed that this anti-
ferromagnetic spin arrangement is helically 
modulated with a period of about 400 Ǻ. (see 
text.) 

Fig. 6. Thermal expansion curves of RMn2 Obtained 
by X-ray diffraction measurements (circles) and by 
dilatometric measurements (dotted lines). Open and 
closed circles show the processes with decreasing and 
increasing temperature, respectively. Solid lines are 
guides for eyes. 
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free energy between these two states should be 
very small and, therefore, we can expect many 
interesting phenomena such as characteristic 
spin fluctuations. 

4.2. Magnetic structures 

 Before discussing the characteristic spin fluc-
tuations in RMn2 Series, we summarize the 
magnetic structures of RMn2 in the ground state. 
The antiferromagnetism of YMn2 suggests a 
negative interaction between Mn moments. It is 
likely that the interaction between rare-earth 
moments is positive because most of RAl2 and 
RNi2 are ferromagnetic and that the R-Mn in-
teraction is negative for heavy rare-earth and 
positive for light rare-earth elements as ob-
served in RFe2 and RCo2 compounds. Any 
simple magnetic structure such as a ferromag-
net or a collinear antiferromagnet does not sat-
isfy these competitive interactions. Therefore, 
complex magnetic structures are expected if 

Mn atoms are magnetic. 
 Fig. 8 shows the temperature dependence of 
magnetization of PrMn2, NdMn2 and SmMn2, 
all of which have the C14 structure. The sus-
ceptibility of each compound has a sharp peak 
at the temperature where the thermal expansion 
curve shows an anomaly, indicating antiferro-
magnetism of these compounds. Recently, neu-
tron diffraction experiments have been done on 
PrMn2 and NdMn2 [16]. The magnetic struc-
tures have been determined as a complex anti-
ferromagnet with double propagation vectors 
and in NdMn2 a spin reorientation takes place 
around 50 K [16]. In both compounds, fairly 
large lattice distortions to a monoclinic struc-
ture have been observed below TN [17]. The 
zero-field NMR spectra and the field depend-
ence of spin echo intensity have been measured 
for these antiferromagnetic compounds [18]. 
Five lines due to the quadrupole interactions 
have been observed in the zero-field spectra 
and the field dependence of each peak is anti-
ferromagnetic. 
 The magnetic structure of GdMn2 is not yet 
well understood. The temperature dependence 
of magnetization looks like a ferromagnet with 
the Curie temperature of about 40K [19]. The 
magnetization curve of GdMn2 at 4.2K, how-
ever, is not typically ferromagnetic. It does not 

Fig. 7. Relation between the 55Mn hyperfine field. 
Hself and  the lattice parameter of RMn2 at 4.2K. 
The transferred  hyperfine fields from rare-earth 
moments are subtracted from  the observed ones. 
The effective lattice parameter of C14 compounds 
(closed circles) is given by aeff= 312 )3( ca . The 
scale for the estimated Mn moment from Hself is 
given on the right-hand side. 

Fig. 8. Magnetization vs. temperature of PrMn2, 
NdMn2 and SmMn2. 
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saturate even at 350 kOe [20] and the magnetic 
moment per unit formula is far below the value 
for Gd3+, implying a complex magnetic struc-
ture such as canted ferromagnetism or heli-
magnetism. The zero-field NMR spectrum of 
55Mn in GdMn2 shows a broad peak with some 
structures around 120 MHz (fig. 9) [15]. The 
broadening may be originated in the anisotropic 
hyperfine fields or the quadrupole interactions. 
The complex structure of the spectrum, how-
ever, cannot be interpreted for a collinear ar-
rangement of Mn moments. The effect of ex-
ternal fields on the NMR spectrum is also not 
simple (see fig. 9). Although the average reso-
nance frequency increases gradually with in-
creasing field, the shift is much smaller than 
that expected for a collinear spin arrangement. 
By analyzing the spectra under external fields, 
it has been concluded that the directions of Mn 
moments distribute nearly perpendicular to the 
total magnetization. A recent neutron diffrac-
tion study, being extremely difficult because of 
the strong neutron absorption by Gd, has shown 
that, without an applied field, no ferromagnetic 
component is detected and non-integer mag-
netic Bragg peaks are observed [16]. These ob-

servations imply a helical structure of GdMn2 
in the ground state in which Gd moments are 
easily magnetized up to a limited value by an 
applied field. Another interesting behavior of 
GdMn2 is that the magnetization under an ap-
plied field disappears around 40K which is far 
below the Néel temperature of Mn sublattice 
characterized by the thermal expansion anom-
aly at 110 K as shown in fig. 10. This behavior 
was explained as that by cancellation of mo-
lecular fields from the antiferromagnetic Mn 
sublattice, the ferromagnetic Gd sublattice be-
comes independently paramagnetic around 40 
K [19]. The analysis of the specific heat [21], 
however, has revealed that the magnetic en-
tropy due to Gd moments mainly increases at 
110 K but not at 40 K, implying that the Gd 
sublattice is not paramagnetic between 40 and 
110 K but is in a magnetically ordered state. 
 The magnetic structure of TbMn2 has been 
determined to be a helimagnet of the modula-
tion period of 8 Ǻ [22]. By applying a field, a 
metamagnetic transition starts at around 15 kOe 
[23] and the magnetization per unit formula 
approaches to the Tb3+ value in contrast to 
GdMn2 [15]. The ferromagnetic phase remains 
after removing the field. Corresponding to this 

Fig. 10. Thermal expansion curve (a) and temperature 
dependence of the magnetization at 5 kOe (b) of 
GdMn2. 

Fig. 9. 55Mn spin-echo NMR spectra of GdMn2 

observed  under several external fields at 4.2 K. 
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process, the 55Mn NMR spectrum shows char-
acteristic changes (fig. 11). In the virgin state, 
the zero field spectrum consists of a broad sin-
gle peak without any fine structure. This pattern 
may be explained as a result of a distribution of 
anisotropic hyperfine fields and quadrupole 
interactions due to the helical modulation of 
Mn moments. The spectra under applied fields 
show a flat distribution of resonance fields. The 
center of gravity of the spectra does not change 
and the width of distribution is proportional to 
γH. These features are characteristic to an anti-
ferromagnetic powder pattern. The zero-field 
spectrum after applying the field is quite dif-
ferent from that of the virgin state, having two 
peaks. One of these peaks was ascribed to the 
Mn moments aligning parallel to Tb moments 
and the other to those aligning antiparallel [15]. 
In order to determine the magnetic structure of 
TbMn2 under the external field and in the re-
manent state definitely, precise neutron studies 
are necessary. 

By magnetization measurements of a single 

crysta, it is claimed that DyMn2 is a canted-
ferromagnet where Dy moments orient to one 
of the (110) directions and adjacent Dy mo-
ments align perpendicular to each other [24]. 
By applying a strong field, the canted structure 
transforms to a collinear ferromagnet with the 
easy direction of (110). In the thermal expan-
sion curve, there is no anomaly, indicating the 
absence of Mn moment. However, there are 
some unsolved problems in NMR spectra of 
DyMn2 [15]. The main resonance peak of 
DyMn2 is the low frequency one which is 
originated in nonmagnetic Mn atoms. In addi-
tion, a weak resonance peak is observed at 73 
MHz, which cannot be ascribed to an impurity 
phase, implying the existence of magnetic Mn 
atoms. Since DyMn2 locates at the critical posi-
tion for the onset of Mn moment (see fig. 7), it 
is presumable that a part of Mn atoms becomes 
magnetic depending upon their environments. 
Noting the fact, however, that the C15 structure 
has only one Mn site, the difference in the en-
vironment cannot be a chemical one but should 
be a magnetic one. Therefore, it is possibly that 
the magnetic structure is more complicated than 
so far proposed. 
 HoMn2 (C15 and C14) and ErMn2 (C14) are 
simply ferromagnetic [19]. From analyses of 
the internal fields and from the lack of large 
thermal expansion anomaly, we believe that Mn 
atoms are nearly nonmagnetic in these com-
pounds although some neutron diffraction 
studies conclude the existence of substantial 
Mn moments in HoMn2 [25]. 

5. Spin fluctuations in YMn2 and relate com-
pounds 

 The Mn moment in RMn2 compounds is 
highly unstable and, therefore, it should be very 
sensitive to the change of external parameter 
such as pressure or to the substitution of a third 
element. Actually, the antiferromagnetism of 
YMn2 is easily destroyed by a relatively low 
pressure of 3 kbar [16, 26]. We show the effects 
of substitution of third elements, and estimate 
the amplitude of spin fluctuations in YMn2 and 
related compounds.    
 

Fig. 11. 55Mn spin-echo NMR spectra of TbMn2 
observed  under 0, 20, 40 kOe at 4.2 K: in the 
zero-field cooling state  (a), with increasing field 
(b and c) and with decreasing field  (d and e). 
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5.1. Y(Mn1-xMx)2 system 

 The lattice parameter of Y(Mn1-xMx)2 is 
shown in fig. 12. Except for M=Al, the lattice 
parameter decreases linearly with increasing x. 
In fig 13, the intensity of zero-field NMR sig-
nal of 55Mn observed around 120 MHz, which 
is originated in the magnetic Mn in the 
antiferromagnetic state, is plotted against x. 
Except for M=Al, the intensity of the signal 
decreases rapidly with increasing x. After the 
disappearance of the zero-held signal, a 
paramagnetic NMR signal is detected in the 
samples such as Y(Mn0.92Fe0.08)2, indicating the 
collapse of Mn moments [27]. Furthermore, the 
large thermal expansion anomaly observed in 
YMn2 disappears. we may regard the spin 
fluctuations in these materials as of type a or of 
type b of fig. 2. 
 On the other hand, the Y(Mn1-xA1x)2 system, 
of which lattice parameter increases with in-
creasing x, shows contrastive characters. The 
resonance frequency of the zero-field NMR 
remains constant around 120 MHz and its in-
tensity decreases slightly with increasing x. The 
rate of the decrease, however, is much slower 
than that of the Y(Mn1-xCox)2 and Y(Mn1-xFex)2 
systems. No paramagnetic NMR signal was 
detected in an applied field. These observations 
indicate that the magnitude of Mn moments in 
the Y(Mn1-xAlx)2 system remains constant at 0 
K for substitution of Mn by Al. Fig. 14 shows 
the temperature dependence of the susceptibil-
ity of Y(Mn1-xAlx)2. The χ-T curve approaches 
to the Curie-Weiss type with increasing x, indi-
cating a transition from the itinerant antiferro-
magnetism to the local moment limit [28]. In 
order to know the temperature dependence of 
spin fluctuations, we have measured the ther-
mal expansion of Y(Mn1-xAlx)2 by X-ray dif-
fraction, the results of which are shown in fig. 
15 [29]. As seen in the figure, a substitution of 
Mn by Al gives rise to dramatic changes in the 
thermal expansion curves as follows. (i) The 
volume change at TN decreases with increasing 
x and almost disappears at x = 0.1. For x > 0.1, 
the thermal expansion curve does not change so 
much with Al concentration. (ii) For x = 0.02, a 
discontinuity is still observed at TN, indicating a 
first-order phase transition, while the variation 

Fig. 12. Lattice parameter of Y(Mn1-xMx)2 at room 
temperature (○ : M=Al, □: M=Fe, △: M=Co) and 
(Y1-xScx)Mn2(●). Solid lines indicate Vegard's law.

Fig. 13. Relative integrated intensity of 55Mn spec-
trum of Y(Mn1-xMx)2 at 1.3 K as a function of x. ○: 
M=A1, □: M=Fe, △: M=Co. 
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of the lattice parameter becomes continuous at 
TN for x ≥ 0.03, indicating a second-order tran-
sition. (iii) The TEC above TN decreases with 
increasing x and reaches a normal value of 
about 16x10-6. As clearly shown in fig. 16, the 
TEC at room temperature is enhanced for x < 
0.1. 
 These observations as well as the concentra-
tion dependence of lattice parameter at room 
temperature can be explained by assuming a 
characteristic feature of spin fluctuations as 
shown schematically in fig. 17 as follows. We 
may write the lattice parameter of Y(Mn1-xAlx)2 
at a given temperature T as 

a(x, T) = a0(x, 0) + ∆a(x, T) 

               + 1/3･k(1 – x)mMn
2,     (1) 

where a0(x, 0) represents the lattice parameter 
at 0 K in the hypothetical nonmagnetic state, 
∆a(x, T) is the thermal expansion due to lattice 
vibrations and k the magnetovolume coupling 
constant [29]. 
 As shown by the chained line in fig. 17, mMn

2 

at room temperature increases sharply with in-
creasing x for x < 0.1. Assuming Vegard's law 
for the nonmagnetic lattice parameter, that is, 
for the first and the second terms of eq. (1), we 
can explain the upward deviation of the lattice 
parameter at room temperature by the sharp 
increase of the third term of eq. (1). 
 From fig. 17 and eq. (1), one can easily un-
derstand the decrease of the thermal expansion 
anomaly at TN. The enhancement of the TEC 
above TN for small x is a result of the recovery 
of the spin fluctuation amplitude, and the trend 
of saturation of mMn

2 at high temperatures gives 
rise to a decrease of TEC as seen in fig. 4. 
Since the Mn moment is constant against tem-
perature for x > 0.1, the thermal expansion is 
ascribed only to anharmonic lattice vibrations 
and exhibits normal behavior. 
 By using eq. (1), we can estimate mMn

2 if the 
first and the second terms and the constant k are 
correctly given. The first term, a0(x, 0), can be 
given by  

Fig. 15. Thermal expansion curves of Y(Mn1-xAlx)2 
mea sured by either X-ray diffraction (circles and 
squares) or a  dilatometer (broken curves). Full 
curves are guides for eyes. 

Fig. 14. Temperature dependence of the suscepti-
bility of  Y(Mn1-xAlx)2. Open circles for x=0.08 
indicate a field cooling process. 
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a0(x, 0)= a0(0, 0)(1 - x)+ a0(1, 0)x ,  

where a0(0, 0) is the lattice parameter of YMn2 
at 0 K in the hypothetical nonmagnetic state, 
which was obtained by an extrapolation of the 
thermal expansion curve of YMn2 from the 
paramagnetic region. a0(1, 0) is the lattice pa-
rameter of YAl2 at 0 K, which was estimated 
from the room temperature lattice parameter 
and the thermal expansion curve. For an esti-
mation of ∆a(x, T), we assume that the Mn 
moment has its full T-independent value over 
the whole temperature range in the Al-rich re-
gion and, therefore, the thermal expansion is 
due only to lattice vibrations for x > 0.2. For x  
< 0.2, we assume that the unenhanced TEC at 
room temperature lies on the extrapolated line 
from x > 0.2, as shown by the broken line in fig. 
16. Using these values and the Debye model, 
we estimated ∆a(x, T) for x < 0.2. The coupling 

constant k was estimated from the spontaneous 
volume magnetostriction and the Mn moment 
of 2.7µB of YMn2 at 0 K as given:  

ωs(0) = 3[a(0, 0) - a0(0, 0)]/a0(0, 0)    
= k(2.7μB)2. 

we have ωs(0)=5.1 x 10-2 and k=7 x 10-3/µB
2. 

 The estimated Mn moments are plotted 
against temperature in fig. 18. The Mn moment 
at low temperatures has an x-independent value 
of (2.7 ± 0.3)µB, which is consistent with the 
constant resonance frequency of zero-field 
NMR. It should be noted that the Mn moment 
in YMn2 is reduced to about 1µB just above TN 
and recovers to 2µB at room temperature. Re-
cently, paramagnetic neutron scattering ex-
periments to estimate the Mn moment above TN 
have been done on YMn2 [30, 31]. The magni-
tude of Mn moment obtained by the neutron 
scattering is shown in fig. 18 together with that 
obtained by the thermal expansion. It should be 
noted that, in spite of many assumptions for the 
estimations, both results are in good agreement. 
From these analyses, it becomes evident that a 

Fig. 16. Concentration dependence of the 
thermal expansion coefficient of 
Y(Mn1-xAlx)2 at room temperature. Full 
circles are determined by X-ray measure-
ments and open circles b) dilatomeric 
measurements. The broken line is an ex-
trapolated line from x >0.2. 

                                    
Fig. 17. Schematic features of temperature de-
pendence of the magnitude of the Mn moment in 
the system Y(Mn1-xAlx)2, for (a) x>0.1, (b) 0<x<0.1 
and (c) x=0, and (d) Y0.97Sc0.03Mn2. 
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large amplitude of spin fluctuations is induced 
thermally above TN in YMn2. It is an interesting 
problem to know the effect of the giant spin 
fluctuations on other thermodynamic properties 
near 0 K. We have successfully stabilized the 
paramagnetic state to 0 K by substituting Y by 
Sc as will be shown in the next section. 
 We have shown that the Mn moment is stabi-
lized by substitution of Al for Mn but have not 
mentioned the ground-state spin structure. The 
sharp peak in the χ-T curves implies an anti-
ferromagnetic spin ordering for x ≥0.05. How-
ever, neutron diffraction of Y(Mn0.95Al0.05)2 has 
revealed that the intensity of magnetic Bragg 
peaks is notably reduced and they become dif-
fusive, implying the collapse of long-range an-
tiferromagnetic order [29, 32]. Furthermore, we 
have found that the maximum of the χ-T curves 
disappears for a field-cooled sample as shown 
in fig. 14. From these facts, it is likely that the 
peak in the χ-T curves is due to spin-glass 
freezing. It is worthwhile to note that the mag-
netic interactions in YMn2 are frustrative be-
cause any antiferromagnetic structure cannot 

fully satisfy the negative n.n. Mn interactions 
because of the tetrahedron arrangement of Mn 
atoms [14]. It has been pointed out that impuri-
ties in a system with frustrative interactions 
play a similar role as random fields in a usual 
ferromagnetic system and destroy a periodic 
spin structure of the system [33]. This system 
may be a typical one in this situation. 

5.2. (Y1-xScx)Mn2: 3d heavy fermion system? 

 As discussed in a previous section, the substi-
tution of Fe and Co for Mn gives rise to the 
collapse of Mn moments. The substitution of 
transition metals for Mn, however, may make 
the system magnetically inhomogeneous. Actu-
ally, the NMR spectra under applied fields are 
somewhat broad, indicating an existence of 
weakly magnetic ordering [27]. On the other 
hand, we can expect a purely nonmagnetic state 
by the substitution of Y site by a third element 
with a smaller atomic radius than Y such as Sc 
because the Mn sublattice is not disturbed. As 
seen in fig. 12, the lattice parameter of 
(Y1-xScx)Mn2 decreases with increasing x up to 
x=0.2, beyond which the C14 phase coexists. 
The discontinuity in the χ-T curve disappears 
for x > 0.02 indicating the collapse of the anti-
ferromagnetic state [34]. The intensity of zero 
field NMR spectra sharply decreases with in-
creasing x and disappears for x > 0.02. For x >  
0.02, very sharp resonance peaks are observed 
in applied field at the frequency of K=0 for 
both 55Mn and 45Sc as seen in fig. 19, strongly 
indicating that the system collapses to the com-
plete nonmagnetic state at 4.2 K [35]. 
 Fig. 20 shows the temperature dependence of 
lattice parameter of (Y1-xScx)Mn2. The lattice 
expansion due to the antiferromagnetic state 
disappears for x > 0.02. For 0 < x <0.02, a co-
existence of the antiferromagnetic and para-
magnetic phases is observed, indicating that the 
transition from the antiferromagnetic state to 
the paramagnetic phase is of the first order with 
respect to the substitution of Sc for Y. 
 In contrast to the Al substitution, the slope of 
the thermal expansion curves is nearly the same 
as that of YMn2 above TN., the enhancement of 
TEC is still observed, indicating the giant spin 
fluctuations even at low temperatures. Fur-
thermore, we found that the γ value of 

Fig. 18. Temperature dependence of the Mn 
local moment, mMn, in the systems 
Y(Mn1-xAlx)2 and Y1-xScxMn2 estimated from 
the analyses of thermal expansion curves. 
Lozenges indicate mMn in YMn2 obtained by 
neutron scattering[30]. 
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low-temperature specific heat is enormously 
large as 140 mJ/mol K2 [36], which is about 10 
times as large as the bare density of states [1, 
37]. This enhancement of the γ value may also 
be ascribed to the giant spin fluctuations. Not-
ing these facts, we may say that this compound 
is a candidate for a heavy fermion system of 3d 
electrons. Actually, it has been found that the 
temperature dependences of electric resistivity 
and thermo-electric power of Y0.97Sc0.03Mn2 
show a close similarity to those of a typical 
heavy fermion system such as UPt3 [38]. 
 In order to detect the spin fluctuations directly, 
we have carried out paramagnetic neutron scat-
tering experiments using polarized neutron at 8, 
120 and 300 K [39]. The characteristic features 
of the magnetic scattering spectra are as fol-
lows: (i) A large amplitude of scattering is ob-
served centered around Q = 1.5 Ǻ-1, indicating 
a strong antiferromagnetic correlation. (ii) The 
intensity of scattering increases with increasing 
temperature, indicating that the fluctuations are 
thermally induced. (iii) At the lowest tempera-
ture, 8 K, huge scatterings are still observed, 

suggesting strong zero-point fluctuations. These 
observations strongly suggest that this com-
pound is nearly antiferromagnetic and that giant 
spin fluctuations play an important role in 
heavy fermion like behavior. 
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