
Comment on “Nature and entropy content of the ordering transitions in RCo2”

M. Forker,* S. Müller, and P. de la Presa†

Helmholtz-Institut für Strahlen- und Kernphysik der Universität Bonn, Nussallee 14-16, D-53115 Bonn, Germany

A. F. Pasquevich
Departamento de Fisica, Facultad de Ciencias Exactas, Universidad de La Plata. C.C. No. 67, 1900 La Plata, Argentina

�Received 23 June 2006; revised manuscript received 30 August 2006; published 9 May 2007�

In their analysis of our perturbed angular correlation �PAC� study of the magnetic phase transitions of RCo2

�Phys. Rev. B 68, 014409 �2003��, Herrero-Albillos et al. �Phys. Rev. B 73, 134410 �2006�� come to the
conclusion that it is very difficult for PAC spectroscopy to distinguish a first-order from a second-order phase
transition. The statement is incorrect and does not resolve the conflict between the conclusion drawn from the
PAC data and the differential scanning calorimetry data of Herrero-Albillos et al. on the order of the magnetic
phase transitions of PrCo2 and NdCo2. In this Comment we show that measurements of hyperfine interactions
by PAC and other microscopic techniques are a very powerful tool for the investigation of phase transitions
which may provide details on the transition not accessible to macroscopic methods. We explain why the PAC
data leave no alternative to the conclusion that the spontaneous magnetization of PrCo2 and NdCo2 undergoes
a discontinuous, first-order phase transition at TC.
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In a recent differential scanning calorimetry �DSC� study
of the magnetic phase transitions of the rare earth �R� Laves
phases RCo2 Herrero-Albillos et al.1,2 report that the mag-
netic phase transitions of the light R compounds PrCo2 and
NdCo2 are second-order transitions �SOT�. This conclusion
is in conflict with the results of a perturbed angular correla-
tion �PAC� investigation3 of RCo2 according to which the
magnetization of PrCo2 and NdCo2 undergoes a first-order
transition �FOT�. As documented in Ref. 3, earlier studies of
PrCo2 and NdCo2 have not been conclusive as to the order of
the phase transition of these compounds.

In an attempt to resolve the conflict between the DSC and
the PAC results at the expense of the hyperfine spectroscopic
technique, Herrero-Albillos et al.1 state: “The lack of a fine
temperature scanning near TC together with the cited phase-
coexistence makes it very difficult to use PAC spectra as a
tool to discriminate between first- and second-order phase
transitions. In contrast, DSC is the technique of choice when
aiming at determine the nature of a transition, especially in
those cases hard to discriminate.”

This assessment creates an incorrect impression of the
potential and precision of hyperfine interaction �HFI� tech-
niques �PAC, Moessbauer, NMR, and others� for the inves-
tigation of phase transitions4 and ignores the fundamental
difference between macroscopic techniques which average
over mm3 samples and microscopic methods with nanometer
spatial resolution. The statement asks for a correcting com-
ment, primarily because of the special importance of the or-
der of the phase transitions of PrCo2 and NdCo2 for the
theory of the itinerant electron magnetism of RCo2, �Refs.
5–8�, but also to oppose the dissemination of mistaken ideas
about the role hyperfine interactions can and cannot play in
solid state research.

In the PAC experiment3 the order of the phase transitions
of RCo2 was derived from the temperature dependence of the
magnetic hyperfine interaction of the probe nucleus 111Cd
which resides on the cubic R site.9 The interaction of the

magnetic dipole moment of the I=5/2, 245 keV state of
111Cd with the magnetic hyperfine field acting at the probe
site was determined by observing the time dependence of the
anisotropy10 of the 171–245 keV �-� cascade of 111Cd at
different temperatures. Figure 1 illustrates the typical thermal
evolution of the PAC spectra for a second-order �GdCo2;
TC0=392 K� and a first-order transition �PrCo2; TC0
=39.9 K� compound. For the sake of comparability, the tem-
peratures are given in units of T /TC0 where TC0 is the most
frequent order temperature of a TC distribution with a width
of 1–2 K.3 At the lowest temperature of 10 K, the PAC
spectra of both compounds show a periodic modulation of
the anisotropy with time which reflects the Larmor preces-
sion of the nuclear spins with magnetic frequency �M

FIG. 1. PAC spectra of 111Cd in GdCo2 and PrCo2 at different
temperatures. These are given in units of T /TC0 where TC0 is the
most frequent order temperature of a TC distribution with a width of
1–2 K.

PHYSICAL REVIEW B 75, 187401 �2007�

1098-0121/2007/75�18�/187401�4� ©2007 The American Physical Society187401-1

http://dx.doi.org/10.1103/PhysRevB.75.187401


=g�NBhf /h �g denotes the nuclear g factor, Bhf the magnetic
hyperfine field�. With temperature increasing towards the
phase transition, the Larmor frequency of 111Cd in GdCo2
decreases continuously; at T /TC0=0.941 the frequency has
decreased by about a factor of 2 and at T /TC0=0.995 by a
factor of almost 6. It is easy to see that in contrast to GdCo2,
the period of the Larmor precession in PrCo2 remains prac-
tically constant up to the Curie temperature. At T /TC0
=0.994 one finds �M�T�=0.88 �M�10 K�. The temperature
dependencies of the Larmor frequency of 111Cd in GdCo2
and PrCo2 are compared in Fig. 2, which also shows the
frequencies of a compound with an unquestioned FOT
�HoCo2�. Details on the extraction of the frequencies from
the PAC spectra and the �M�T� trends of the other RCo2 are
given in Ref. 3. The data in Fig. 2 show clearly that it is quite
easy for PAC �and the same holds for other HFI techniques�
to discriminate between first and second-order transitions:
While the magnetic hyperfine frequency of 111Cd in GdCo2
decreases continuously towards the phase transition, �M�T�
of PrCo2 and HoCo2 varies little with temperature and col-
lapses discontinuously from a value close to saturation to
zero within an experimental temperature interval of �1
−T /TC0��5�10−3.

The magnetic hyperfine field Bhf at a probe nucleus and
the magnetization M of the ferromagnetic host are related by
the hyperfine coupling constant.11 As a rule, the coupling
constant decreases with increasing temperature, i.e., the hy-
perfine field decreases faster with temperature than the host
magnetization. The extent of the decrease depends on the
electronic properties of the probe atom: For solutes with a
localized magnetic moment, the magnetic hyperfine field
may decrease much faster than the host magnetization. As
examples we cite the NMR study of 55Mn in Fe by Koi
et al.12 and the PAC study of 99Ru in Ni by Shirley et al. 13

For closed-shell probe atoms without a localized moment
such as 111Cd or 119Sn, the hyperfine field usually decreases
slightly faster than the host magnetization. This holds for the
elemental ferromagnets �see, e.g., 111Cd in Ni �Refs. 13 and
14� or 111Cd in Gd �Ref. 15�� as well as for magnetically
ordered intermetallic compounds �see, e.g., 119Sn in GdAl2
�Ref. 16�, 119Sn in Gd2In �Ref. 17� or 111Cd in R2In �Ref.
18��.

In order to reconcile an almost temperature independent

magnetic hyperfine field showing a discontinuous collapse at
TC with the second-order transition of the host magnetization
proposed by Herrero-Albillos et al.1,2 for PrCo2 and NdCo2,
one would have to postulate a critical increase of the hyper-
fine coupling constant towards the phase transition. There is,
however, no support for such an anomaly of the hyperfine
coupling constant of 111Cd in RCo2, neither from experimen-
tal data nor from theoretical considerations. In all RCo2 com-
pounds with SOT’s �GdCo2,TbCo2,SmCo2� and also in
those with unquestioned FOT’s �ErCo2, HoCo2, and DyCo2�
the temperature dependence of the 111Cd hyperfine field fol-
lows closely that of the host magnetization3 and one has no
reasonable argument to assume that only PrCo2 and NdCo2
differ in this aspect. Hence, it is difficult to avoid the con-
clusion that in PrCo2 and NdCo2 the spontaneous magneti-
zation undergoes a discontinuous, first-order transition from
the ferromagnetic to the paramagnetic state.

This conclusion is not affected by the observation of a
distribution of the order temperatures in the investigated
compounds. Evidence for a spread of the Curie temperatures
of a few degrees Kelvin comes �i� from the critical increase
of the relative linewidth of the magnetic hyperfine field and
�ii� from the coexistence of the paramagnetic and the ferro-
magnetic phase in a small temperature interval near TC0 both
in SOT and FOT compounds. For details and illustration see
Figs. 2 and 9 in Ref. 3. Critical increase of the linewidth and
phase coexistence are no singularities of RCo2. Such indica-
tions of a TC distribution have been observed in practically
all hyperfine field studies of chemically ordered magnetic
compounds reported up to now.16,18–20

This high sensitivity to inhomogeneities of the magnetic
properties of a given sample is one of the outstanding quali-
ties of hyperfine spectroscopic techniques. The fact that hy-
perfine interactions—both magnetic and electric—are very
short-ranged results in a nanometer spatial resolution and
enables PAC, Mössbauer, NMR and other HFI techniques to
identify different local configurations in the same sample.
Consequently, these microscopic methods are sensitive to lo-
cal variations of the exchange interaction and the order tem-
perature. This quality is unmatched by macroscopic tech-
niques such as magnetization, resistivity or DSC
measurements which observe average quantities and there-
fore may have difficulties in perceiving magnetic inhomoge-
neities resulting, e.g., from a distribution of the order tem-
perature.

Contrary to what Herrero-Albillos et al.1,2 suggest, critical
increase of the linewidth and phase coexistence pose no
problem for the identification of a FOT. The contributions of
the paramagnetic and the ferromagnetic phase to the PAC
spectrum at a given temperature are easily separated because
the two phases have completely different perturbation fac-
tors. The absence of an interaction in the paramagnetic phase
results in a time-independent anisotropy while the ferromag-
netic phase is characterized by a periodic modulation of the
anisotropy. As a consequence, the thermal evolution of the
paramagnetic phase upon heating across the phase transition
can be followed quantitatively and the magnetic interaction
remains visible to the last magnetically ordered grain of the
sample.

The increase of the linewidth is severe when the magnetic

FIG. 2. The temperature dependence of the magnetic interaction
frequency of 111Cd in GdCo2, HoCo2, and PrCo2.
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interaction frequency varies strongly with the Curie tempera-
ture. This is the case for SOT’s rather than FOT’s. For SOT’s
the frequency varies critically as �M�T� � �1−T /TC�� with
an exponent ß�0.3–04 �Ref. 4�, whereas for FOT’s �M�T�
changes only slightly. In Ref. 3 it has been shown in great
detail that in spite of the increase of the linewidth, the tem-
perature dependence of the magnetic frequency can be pre-
cisely measured down to �M�T��0.1–0.2 �M�0�. Due to this
lower frequency limit it may be difficult to distinguish a FOT
with a small discontinuity of the order parameter �	20% of
the saturation value� from a SOT. In the case of PrCo2 and
NdCo2, however, one has �M�TC0�� 0.9�M�0� and �M�TC0�
�0.55�M�0�, respectively, far above the lower frequency
limit. The hyperfine interaction data of 111Cd in PrCo2 and
NdCo2 are therefore incompatible with a SOT of the magne-
tization of these compounds.

It might be that for perfect solids, “DSC is the technique
of choice when aiming at determine the nature of a transi-
tion.” The data of Herrero-Albillos et al.,1,2 however, convey
the impression that in real-physics materials it is not as easy
and unambiguous for DSC to distinguish between a SOT and
a FOT as suggested by these authors. The conclusion of
SOT’s for PrCo2 and NdCo2 is based on the 
-shaped zero-
field DSC curve, the broadening of the peak when a field is
applied, the fact that the peak does not shift with increasing
field and the absence of thermal and field hysteresis. Very
similar observations, however, have been made for the FOT
compound DyCo2. The zero-field DSC curve of this com-
pound shows a wide peak with a width of the order of 5 K
which resembles much more the DSC curves of PrCo2 and
NdCo2 than that of the FOT compound ErCo2 and the ther-
mal or field hysteresis expected for FOT’s was absent in the
sample of DyCo2 described in Ref. 1.

To reconcile these DSC data of DyCo2 with the unques-
tioned FOT character of the compound, Herrero-Albillos
et al.1,2 propose a “weak” FOT for DyCo2 without discussing
how the magnitude of the order parameter at TC affects hys-
teresis and shape of the DSC curve. The PAC results3 clearly
show that the FOT of DyCo2 is not much “weaker” than that
of HoCo2: the discontinuity of the order parameter at TC of
DyCo2 is only slightly smaller than in HoCo2. The DSC
curves—with and without field—of the two compounds,
however, differ substantially, which suggests that the DSC
data suffer from the influence of factors yet to be identified.

Magnetic disorder might be among these factors. In spite
of the strong PAC evidence for TC distributions in RCo2, the
question to which extent magnetic imperfections may obfus-
cate the DSC conclusions on the order of the phase transi-
tions has not been addressed by Herrero-Albillos et al.1,2 The
authors have characterized their samples by x-ray diffraction
measurements, but—contrary to the HFI techniques—these
provide no information on slight magnetic disorder. As DSC
measurements integrate over the entire sample, the effect of,
e.g., a spread of the order temperature on the DSC curve will
depend on the details of the TC distribution. In cases where a
FOT sample contains two discrete components with slightly

different stoichiometry, each one with its own sharp order
temperature, one would expect two discrete peaks in the
DSC curve. Depending on the difference of the order tem-
peratures, such a situation can be resolved by DSC, as shown
by the HoCo2 data. In the case of continuous TC distributions
with a width of a few K, as they are evidenced by the PAC
measurements, the DSC curve of a FOT compound would be
altered by the shape of this distribution and could probably
take any form, ranging from 
 shape to a broad peak. The
observation of a sharp DSC peak in one FOT compound
�ErCo2� is no argument for the absence of a TC distribution
in other FOT substances.

It might also be important that PAC and DSC measure-
ments sample different aspects of the RCo2 magnetization.
The dominant contribution to the 111Cd hyperfine field comes
from the s-electron spin polarization induced by the polar-
ized 3d band and is therefore roughly proportional to the Co
moment which changes only slightly between the light and
the heavy RCo2. On the other hand, as pointed out by de
Oliveira et al.,21 the jump observed in the magnetic entropy
curve around TC is due to the coupling between the localized
4f spins and the magnetic moment induced at the Co sites. In
the light rare earth the 4f electrons are less well localized
and therefore more susceptible to crystal field interactions
which may affect the 4f-3d coupling. This raises the ques-
tion of the order of magnitude to be expected for the entropy
jump at FOT’s of light RCo2 and how it compares to the
experimental DSC accuracy.

In summary, the assessment of our PAC study3 of RCo2
by Herrero-Albillos et al.1,2 is unsubstantiated and does not
resolve the conflict between the conclusions drawn from the
PAC and the DSC data on the order of the phase transitions
of PrCo2 and NdCo2. PAC and other microscopic techniques
not only allow a qualitative distinction between FOT’s and
SOT’s, but also a precise quantitative determination of the
order parameter at the transition, as recently illustrated by a
111Cd PAC study22 of the TC dependence of �M�TC� /�M�0� in
R1−xYxCo2. Moreover—and probably important in the
present context—hyperfine spectroscopic techniques are able
to provide quantitative information on magnetic imperfec-
tions which are not accessible to macroscopic techniques
such as DSC. The PAC data leave no choice to the conclu-
sion that in PrCo2 and NdCo2 the spontaneous magnetization
undergoes a discontinuous, first-order phase transition at TC.

The analysis of the temperature dependence of the YCo2
band structure by Bloch et al.7 led to the conclusion that the
fourth-order term of the Landau free energy of RCo2 be-
comes negative at T�T0 �T0�200 K, Ref. 22�. The Landau
theory8 then predicts that at TC�T0 the phase transitions
change from second to first order. Prior to our measurements
this concept was believed to apply only to the heavy RCo2.
Our experimental results for PrCo2 and NdCo2, however,
show that the Bloch-Shimizu theory consistently describes
the order of the phase transitions both in heavy and light
RCo2.
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