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Observation of a different magnetic disorder in ErCo,
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X-ray magnetic circular dichroism (XMCD), small-angle neutron scattering (SANS), and ac magnetic sus-
ceptibility (y,.) measurements as a function of temperature and magnetic field on the Laves phase compound
ErCo, are presented. The results allow one to investigate in detail the ErCo, paramagnetic phase. The XMCD
data reveal an extended region on the phase diagram where the net magnetization of the Er and Co sublattices
are oriented in opposite directions at temperatures well above the ferrimagnetic ordering temperature. The
complete characterization of the phenomenon by means of SANS and y,. measurements allows us to propose
the occurrence of short-range magnetic order, which we described and systematically studied and which we
denote as parimagnetism. The origin of the parimagnetism is analyzed in terms of the different magnetic
interactions present in the system. We conclude that parimagnetism in ErCo, is driven by the formation of Co

magnetic clusters which are ferromagnetically coupled within the paramagnetic phase.
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I. INTRODUCTION

The physical properties of the RM, (R=rare earth, M
=transition metal) Laves phases have been intensely studied
since the 1960s due to the richness and variety of magnetic
behaviors present in these compounds.!=> For example, sub-
stitution of the transition metal M in these compounds can
profoundly affect the magnetic properties. In the RFe, com-
pounds, Fe bears an intrinsic magnetic moment, independent
of the rare-earth ion. In this series, both Fe and R magnetic
moments coexist, giving rise to a rich magnetic phenomenol-
ogy. In contrast, in RNi, compounds, all the magnetism
comes from the R sublattice, as Ni d bands are fully occu-
pied. Therefore, RNi, is an excellent model system to study
the magnetism of localized magnetic moments in metals. The
intermediate case is provided by the RCo, family, in which
the Co 3d band is near the critical condition for the formation
of magnetic moment. Indeed, the Co band is very sensitive to
the internal magnetic field created by the rare-earth sublattice
as well as to external parameters such as pressure or applied
field.*~® In those compounds where R is nonmagnetic, the Co
moment requires applying very high magnetic fields [>70 T
for YCo, (Ref. 9)] to be induced, through a metamagnetic
transition. On the contrary, in the RCo, compounds formed
with a magnetic rare earth, the internal field is able to induce
and polarize the cobalt moment. RCo, is therefore a model
system for the study of the magnetism of itinerant electron
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systems, in particular, of metamagnetic processes.’"'> More
recently, a renewed scientific interest has grown around the
Co Laves phases due to the magnitude of the magnetocaloric
effect associated with its magnetic ordering!3-!7 that makes
those compounds showing a first-order transition (ErCo,,
HoCo,, and DyCo,) good candidates for applications in mag-
netic refrigeration at low temperatures.

Due to these interesting properties, the Co Laves phases
have been extensively studied in the last decades. However,
the nature of the Co moment in the paramagnetic phase of
RCo, compounds is still under debate. Gignoux et al.'® con-
cluded from their magnetic susceptibility and neutron scat-
tering experiments that there is a small Co induced moment
in the paramagnetic phase. In contrast, Burzo'® assigned an
effective moment of 2up to Co in the paramagnetic region
from high-temperature magnetic susceptibility measure-
ments. Indeed, whether or not an intrinsic magnetic moment
in the Co sublattice exists has been a continuous matter of
debate.>7-20-27

Among the RCo, compounds, ErCo, is a particularly in-
teresting one, as the molecular field created by Er moments
on the Co sublattice is just above the critical value to induce
the metamagnetic transition in the Co moments.?® Therefore,
the Co sublattice is especially sensitive to variations of the
external parameters. The magnetic behavior in the ordered
state is dominated by the Er sublattice, with an essentially
temperature-independent magnetic moment of around
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8.8 wp/atom.? As Er is a heavy rare-earth element, the Co
magnetic sublattice is ordered antiparallel to the Er one
through a first-order magnetostructural transition at 7
=32 K at zero applied magnetic field.!**3! The nature of the
cobalt magnetic moment in the paramagnetic phase of ErCo,
is an especially interesting open question, as discussed in a
very recent work by Liu and Altounian.’?> They have pre-
dicted theoretically a transition from a low-spin state for Co
(~0.1 wp) to the well known high-spin state of the ferrimag-
netic phase (~1 up) at the onset of the ordering temperature
of ErCo,. This theoretical prediction has not been experi-
mentally confirmed yet.

The aim of this work is to study the paramagnetic phase
of ErCo, taking advantage of the unique capability of x-ray
magnetic circular dichroism (XMCD) to perform specific
magnetometry, directly measuring the Er and Co net mag-
netic moments above and below 7, by probing the 4f and 3d
electrons at the M, 5 and the L, ; edges, respectively. Using
this technique, we have shown an unusual and rich behavior
of the Co magnetic moments in the paramagnetic phase,
which we attribute to the formation—well above T.—of
sizeable magnetic short-range correlated regions about each
Co moment, which in this paper we shall refer to as magnetic
clusters. We have confirmed the existence of such clusters
and studied its field and temperature dependence by means
of small-angle neutron scattering (SANS) and ac susceptibil-
ity measurements. Our results offer a picture of the paramag-
netic phase in ErCo,, showing a short-range magnetic ar-
rangement of Co and Er moments, which we described and
systematically studied.

The paper is organized as follows. We first describe the
synthesis and characterization of the samples in Sec. II. Sec-
tion III describes the experimental results: XMCD, SANS,
and ac susceptibility measurements are reported in Secs.
IIT A-III C, respectively. We discuss the whole set of experi-
mental data, leading to the proposal of a magnetic phase
diagram of ErCo, in Sec. IV. Finally, we summarize our
results in Sec. V.

II. SAMPLE CHARACTERIZATION

The ErCo, samples were prepared by melting the high-
purity elements (99.9%) in an induction furnace under Ar
atmosphere. The resulting polycrystalline ingots were
wrapped in tantalum foil and further annealed under Ar at-
mosphere at 850 °C for a week. Several ingots were synthe-
sized in order to check the reproducibility of the observed
phenomena.

X-ray diffraction analysis was performed on powdered
samples at room temperature as quality control. Data were
collected in the range 20° <26<115° with a step scan mode
of A26=0.03°. The measurements were performed in a
Rigaku RTO 500RC diffractometer with Bragg-Brentano ge-
ometry and using Cu K« radiation. Rietveld analysis of the
diffractograms was performed using FULLPROF software,33-*
assuring single-phase samples with good crystallization and

cubic Fd3m structure. No impurities were detected within
the 1% accuracy of powder diffraction methods. The x-ray
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FIG. 1. (Color online) Neutron diffractogram in ErCo, at 5 K
and 0 T. Empty circles and the continuous line are, respectively, the
observed and the calculated intensities from the Rietveld refinement
including the magnetic contribution. Vertical lines indicate the po-
sition of the Bragg peaks and the line at the bottom of the graph
shows the difference of the observed and calculated intensities.

diffractogram together with the Rietveld refinement of one of
the ErCo, samples can be found in Ref. 35.

Neutron diffraction measurements were also performed in
one of the samples at 100, 50, and 5 K. The measurements
were performed at the D2B high-resolution diffractometer at
Institut Laue Langevin. Data were collected using a wave-
length of A=1.59 A in the range 10° <26<150° with a step
of A(260)=0.05°. The neutron diffractogram for ErCo, at 5 K
is shown in Fig. 1. The Rietveld refinement for this low-
temperature diffractogram confirms a ferrimagnetic coupling
of Er and Co with magnetic moments of 8.84+0.06 ug and

0.95+0.03 u, respectively, with a space group R3m. This
corroborates the well known cubic to rhombohedric distor-
tion occurring in ErCo, at the magnetic ordering transition.
In the ordered phase, the magnetic moments of Er and Co are
aligned along the cubic [111] direction.’®

The samples were also analyzed by scanning electron mi-
croscopy. In order to check their homogeneity, energy disper-
sive spectroscopy was carried out in different areas, confirm-
ing a predominant phase with the nominal stoichiometric 1:2
composition. Small amounts of oxides were found at the sur-
face. Very small areas of the samples were found to have a
larger amount of Er,Os. These rare-earth oxides are antifer-
romagnetic at very low temperatures (7<<5 K) (Ref. 37)
and, therefore, do not contribute to the magnetic behavior of
our samples at the temperature range of interest.

A complete magnetic characterization from 10 to 300 K
was performed in a Quantum Design superconducting quan-
tum interference device (SQUID) magnetometer under ap-
plied fields up to 5 T. This study was completed up to 9 T in
a Quantum Design extraction magnetometer. The magnetic
ordering transition in ErCo, is coupled to a first-order struc-
tural transition, giving rise to abrupt jumps in M(T) and
M(H), as well as the expected dependence of the critical
temperature T, with the applied magnetic field H (i.e.,
dT./ dH>0). The experimental M(T,H) surface for ErCo, is
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FIG. 2. (Color online) M(T,H) surface of ErCo, obtained from
the isothermal and isofield magnetization curves measured in
SQUID and PPMS magnetometers.

shown in Fig. 2, where the cited characteristics of a first-
order transition can be observed.

The magnetic and structural characterizations of the
samples used in this work are in very good agreement with
results from the literature®!413:19:3038-40 and 3 comprehen-
sive study of their thermodynamic properties has been al-
ready published.!7-3>41

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. X-ray magnetic circular dichroism

We have measured XMCD at the Co L, 5 and Er M, 5
absorption edges, -which explore the Co 3d and Er 4f empty
states, respectively, through the magnetic transition and up to
temperatures well within the paramagnetic phase. The ex-
periments were carried out at beamline 4.0.2 at Advanced
Light Source using a low-temperature end station equipped
with a magnet.*>** Data were collected at temperatures be-
tween 5 and 250 K and with magnetic fields up to 5 T. The
detection method used was total electron yield. The samples
were freshly cleaved and maintained on Ar atmosphere prior
to exposure to X rays in order to avoid surface oxidation.

The XMCD signals are obtained from the difference of
two normalized absorption spectra taken with opposite pho-
ton helicity under the same applied magnetic field. For the
Co L, ; edges, the absorption spectra are normalized so that
the step is equal to 1, while the Er M, 5 absorption spectra
were normalized so that the maximum value of the sum of
every two spectra taken with opposite photon helicity is
equal to 1. Figure 3 shows some typical XMCD spectra for
the Co L, ; edges and Er M, s edges above and below the
ferrimagnetic transition at 1 and 5T (7.=34 K and T,
=44 K, respectively). The observed features of the recorded
spectra are typical of Co and Er XMCD spectra obtained
from metallic systems.*40
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FIG. 3. (Color online) XMCD spectra at the Co L, 3 (down) and
Er M, 5 (up) edges in ErCo, both below and above the ferrimag-
netic transition at H=5 T (left) and H=1 T (right). Dashed line in
the Co L, 3 edge graphs separates the spectra measured in the fer-
rimagnetic phase (up) and paramagnetic phase (down).

The signals in the ferrimagnetic phase have been scaled,
taking into account the value of Er and Co moments obtained
from the Rietveld refinement of the neutron diffractogram.
The separate evolution with temperature and applied mag-
netic field of the Co and Er net magnetic moments can be
studied from the XMCD spectra recorded at the Co L, ; and
Er M, s absorption edges. In particular, the area of the
XMCD signal at Er M5 edge is proportional to the magneti-
zation of the Er sublattice® and Co magnetization is propor-
tional to —5A+4B, where A and B are the areas of the Co
XMCD curves at the Ly and L, edges, respectively.*’ Figure
4 shows the magnetization of Er and Co sublattices as a
function of temperature at H=1 and 5 T. The total magneti-
zation measured in a SQUID magnetometer is also repre-
sented in Fig. 4, showing that, as expected, the sum of the
magnetization of the Er and Co sublattices reproduces the
total magnetization. Moreover, both Er and Co magnetiza-
tions show abrupt jumps at the ordering transition.
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FIG. 4. (Color online) Selective magnetometry in ErCo, from
XMCD measurements: open squares and circles represent the Er
and Co net magnetizations per atom, respectively. Full diamonds
are the sum of Er and Co magnetizations and the continuous line is
the total magnetization measured in a SQUID magnetometer.

In ErCo,, the Er magnetic moment is large compared to
the Co one and, hence, when a magnetic field is applied, the
Er net magnetic moment is parallel to the applied field at all
temperatures. Accordingly, the XMCD signal obtained at the
Er M, 5 absorption edges maintains the same sign at all tem-
peratures and applied fields, with only a decrease in magni-
tude being observed as the temperature is raised. In contrast,
the Co moment behaves in a very unconventional way. First,
the presence of a XMCD signal at the Co L, 5 edges at all
temperatures evidences that Co bears a net magnetic moment
also in the paramagnetic phase. At sufficiently high tempera-
tures, as in every paramagnet, the Co magnetic sublattice is
polarized parallel to the applied magnetic field. Below T, as
in a usual ferrimagnet, Co is ordered antiparallel to Er, due to
the intersublattice exchange and Hund’s third rule. This usual
behavior can be observed in the Co L, ; XMCD signal re-
corded at H=5 T, where the signal changes in sign at the
ordering transition, 7T,=44 K (see the lower-left panel in
Fig. 3).

Surprisingly, the Co magnetization at H=1 T remains op-
posite to the Er magnetization up to temperatures as high as
two times the ordering temperature (see the lower-right panel
in Fig. 3 and the lower panel in Fig. 4). In the following, we
will denote the temperature at which the Co net magnetiza-
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FIG. 5. (Color online) XMCD spectra at the Co L, 3 edge in the
compound ErCo, in the vicinity of 7; at H=1 T. The dashed line
separates the spectra measured above and below T5.

tion is zero as the flipping temperature, Ty (T;=61 K at H
=1T, T;=T.,=44 K at H=5T).

For the measurements at H=1 T, the change of sign in the
Co magnetization is accompanied by another abrupt jump on
the Co magnetization. This flipping of the Co magnetization
well above T, can be better observed in Fig. 5, where some
of the Co L, ; edge spectra are shown in the proximity of 7.

In order to clarify this phenomenon, one has to take into
account the real and effective fields acting on the Co mo-
ments:

(1) the external applied magnetic field (H,py), which
tends to align the Co moments parallel to H,,, and therefore
also to the Er moments;

(2) the exchange field created by the Er sublattice (Hp,),
which tends to align the Co moments antiparallel to the Er
moments and therefore also to H,p,p;

(3) the exchange field created by the Co sublattice (H,),
which tends to align all the Co moments in the same sense.

The Co magnetization changes its sign with respect to
H,pp1 due to the competition between these magnetic fields.
The strongest interaction in the system is the Co-Co
exchange?®*8-3! but it does not favor any particular direction
for the Co sublattice, as it tends to align all the Co moments
together, regardless of the direction of Hg, and H,,. There-
fore, the Co magnetization sign is determined by temperature
dependence of Hg, and H,,.

(1) At low temperatures—in the ordered phase—the an-
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tiferromagnetic exchange interaction between Er and Co
dominates, and therefore the Co moments are ordered anti-
parallel to H,p.

(2) At high temperatures—well above T.—the Er sublat-
tice magnetization is very small (proportional to its paramag-
netic susceptibility and to H,y,), and then H,,, dominates
the Co behavior: the Co moments are disordered but the net
Co sublattice magnetization is parallel to H,py.

(3) In the intermediate temperature region, between T,
and T; (34 and 61 K, respectively, at H=1 T), there is no
long-range order but, as the XMCD spectra evidence, Hp;,
dominates over H,y,, inducing an antiparallel arrangement
of the Co and Er net magnetic moments in the paramagnetic
phase.

However, a single Co atom would have to overcome H,
to invert the sense of its own magnetic moment. As the
Co-Co exchange is the strongest interaction present in the
system, the occurrence of 7 in the paramagnetic phase
would not be energetically favorable for any value of H,,,
and HE,. This leads us to propose that the reversal of the Co
moments must take place in a collective way, thus minimiz-
ing the number of antiparallel Co-Co neighbors.

B. Small-angle neutron scattering

In order to prove the existence of short-range order above
T. in ErCo, and to study its relationship with the flipping of
the Co sublattice, we have performed SANS experiments on
ErCo, in the range of temperatures and fields of interest
(magnetic fields between 0.5 and 1 T and temperatures be-
tween 5 and 275 K). The SANS measurements were per-
formed at diffractometer D16 at Institut Laue Langevin, us-
ing a cryomagnet with vertical field. The detector was placed
so that its normal forms an angle of y=6.23° with the neu-
tron beam. The neutron wavelength was N=4.54 A.

The two-dimensional (2D) diffractograms has been ana-
lyzed using the GRASP program.’? The integration of the 2D
diffractogram was performed in a 20° circular sector with
origin in the neutron beam and in the direction perpendicular
to the applied field, where the magnetic contribution is maxi-
mum.

In the paramagnetic phase and for the g range explored,
only the magnetic contribution originated from the sample
(1,,) is temperature and magnetic field dependent. Therefore,
it is straightforward to obtain I, by subtracting from the data
a diffractogram measured at a temperature where no mag-
netic contribution is expected (/,,), i.e., measured at high
temperature. We have measured the SANS intensity at 275 K
for H=1 T and at 113 K for H=0.5 T, well above the ferri-
magnetic transition and 7}, where it can be reasonably as-
sumed that the magnetic contribution is negligible. The dif-
ference between the measured SANS intensity and I, is the
magnetic contribution from the sample 7,,,.

As a first approximation, /,, can be analyzed using the
model-free representation, as shown in Fig. 6,*-3 where the
curves 1,(T) at H=0.5 T for selected g values are shown
(g=0.08,0.11, 0.15, and 0.21 A“). An abrupt change in /,, is
observed at T, for all g’s, which is directly ascribed to the
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FIG. 6. (Color online) 1,, as a function of temperature at selected
g values for ErCo, at an applied magnetic field of 0.5 T.

divergence of the magnetic correlation length when cooling
down to T, from above and to the change in symmetry al-
ready cited in Sec. II. It is interesting to note that Fig. 6
shows that 7,, does not drop to zero just above T, but shows
a noticeable high plateau in the SANS intensities and a rather
abrupt jump (for low ¢ values) near Ty, providing a clear
evidence of the formation of magnetic clusters in the para-
magnetic phase of ErCo, in that region of the phase diagram,
well above T..

In order to obtain a quantitative value for the correlation
length and its evolution with the temperature and the applied
field, it is necessary to assume a model for the magnetic
scattering.**~>% Several models have been tested; however, a
linear dependence of 1/1,, with g at all the temperatures in
the ErCo, paramagnetic phase is evidenced by the so-called
Ornstein-Zernike-Debye plot shown in Fig. 7.573%%0 There-
fore, I,,(q) is well represented by a Lorentzian function,

0 0.02 0.(I)4 0.06 0.68 0.1
g2 (A-2)

FIG. 7. (Color online) Inverse of the magnetic SANS intensity
as a function of ¢* at 36.2, 41.5, 59.0, and 68.4 K (open triangles,
diamonds, circles, and squares, respectively). For simplicity, mean
values out of four ¢ values has been represented. Straight lines are
guides to the eyes.
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52

where ¢ is the correlation length and 7, is a constant. This
implies that the observed magnetic correlations have the
Ornstein-Zernike form®

(M0)M(r)) = 2)

exp(— r/é)
r .

Figure 8 shows selected 7,,(q) curves and their fits to a
Lorentzian function for ErCo, in the paramagnetic phase for
1 T. From the fits, the quantitative values of /, and & can be
obtained. The temperature behavior of both magnitudes is
represented in Fig. 9. As expected, I, is constant at high
temperatures and smoothly increases when cooling from T}
to the ordering transition. On the other hand, £ experiences a
continuous increase from high temperatures down to 7} In
the proximity of T}, the correlation length reaches a plateau,
at an almost constant value of ~7+1 A. At lower tempera-
tures, as the transition region is approached, ¢ diverges due
to the establishment of long-range order. For comparison, the
evolution with the temperature of 7,, for three different g
values (¢g=0.12, 0.14, and 0.25 A1) is also shown.

It is worth noting the relationship between the XMCD and
SANS results, both at T, and T}. Figure 10 shows the evolu-
tion with temperature at H=1 T of the net magnetization per
atom of the Co sublattice (m¢,) obtained from XMCD mea-
surements and the correlation length obtained from the
SANS analysis. Right at the ordering temperature, both & and
the absolute value of mc, experience an abrupt increase,
showing that the establishment of long-range order coincides
with the metamagnetic ordering transition of Co moments.
On the other hand, the temperature region where ¢ takes an
almost constant value coincides with the change of sign of
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FIG. 9. (Color online) Upper and middle panels: ¢ and I, as a
function of behavior at 1 T in the paramagnetic phase of ErCo,
obtained from the fits of 1, to Eq. (1). Lower panel: /,, as a function
of temperature at selected g values for ErCo, under an applied
magnetic field of 1 T.

the net magnetization of the Co sublattice. This means that
well within the paramagnetic phase, in the proximity of T},
the magnetic clusters are already present. Moreover, Fig. 10
suggests that Co atoms have a very important role in the
formation of the clusters, as the y(7) measurements pre-
sented in the next section will demonstrate.

It is also interesting to carefully examine the temperature
evolution of the magnetization of the Co sublattice in Fig.
10: at the ordering transition, the Co sublattice magnetization
jumps from a value of ~0.8 upg/atom in the low-temperature
site to a value of ~0.2 up/atom, suggesting a transition from
a low-temperature high-spin state to a high-temperature low-
spin state at 7.. However, in contrast with the theoretical
prediction by Liu and Altounian,3? our results show that the
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FIG. 10. (Color online) Correlation length (squares) and Co net
magnetization per atom obtained from the XMCD measurements
(circles) as a function of the temperature in ErCo, at 1 T.
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FIG. 11. (Color online) Paramagnetic susceptibility as a func-
tion of temperature at H=0 T in the compound ErCo,. Full dots are
the real (upper panel) and imaginary (lower panel) parts of the
paramagnetic susceptibility. The continuous line represents the Er
contribution (see the text for details). Empty squares are the Co
contribution to the paramagnetic susceptibility.

low-spin state is stable up to temperatures well above the
ordering temperature 7.

C. Paramagnetic susceptibility

In order to further investigate the origin of this unusual
magnetic arrangement in the compound ErCo,, we have
measured ac susceptibility as a function of temperature
[x(T)]. The measurements were performed in a commercial
SQUID Quantum Design magnetometer from 5 to 300 K
with zero dc applied magnetic field. The ac excitation field
has a magnitude of 4.5 Oe and a frequency of 100 Hz. We
only present here the study performed at the paramagnetic
phase. The real (x’, full dots in the upper panel) and imagi-
nary (x”, full dots in the lower panel) components of the
paramagnetic ac susceptibility of ErCo, are shown in Fig. 11.
Two contributions can be observed in x': the expected 7~
dependence (Curie-Weiss law) and a small anomaly near T
=90 K. This anomaly is by far more visible in x” raw data,
where a peak of 20 K wide is present in the proximity of 7'
=90 K, indicating an energy absorption process taking place
in this temperature region.

If the region of the anomaly is excluded, x’ can be fitted
to a Curie-Weiss law with an effective moment of 8.8 up,
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both above and below the anomaly. This indicates that this
contribution is due to paramagnetic Er moments. The fit is
shown as a continuous line in Fig. 11. The difference of x’
and the fit to the Curie-Weiss law is a peak also shown in
Fig. 11 (open squares), whose temperature, field, and fre-
quency dependence has been thoroughly studied and will be
the subject of a future work.°! This contribution can be
clearly ascribed to a relaxation Debye-like process from an
adiabatic regime (at low temperature) to an isothermal one
(at high temperature). As the process occurs in the paramag-
netic phase, the isothermal susceptibility obeys a Curie-
Weiss law with the temperature giving rise to the observed
peak (as theoretically predicted in Ref. 62) instead of the
typical steps reported for Debye processes in magnetically
ordered phases.®?

From the Curie-Weiss law for the isothermal susceptibil-
ity, the effective moment of the magnetic entities undergoing
the relaxation process (u.s) can be obtained from

__c Nty
T-T, 3kg(T-T,)°

Xeq 3)
where N is the number of dynamic entities and 7,=70 K
is the so-called Vogel-Fulcher temperature obtained from
the fit of the relaxation time 7 to the function =(T)
=70 exp(Q/[kp(T~T,)]).4*

The obtained value, u s~ 20 up, is greater than any indi-
vidual moment present in the system and thus can only be
explained as the relaxation of a group of moments or cluster.
Moreover, if we impose the cluster size obtained from the
SANS experiments at T; (7—8 A), the clusters would include
from 60 to 100 Co atoms and 30 to 50 Er atoms. This size is
only compatible with a cluster effective moment of .
~20 up if the clusters exclusively consist of Co low-spin
moments. This result confirms the relationship between the
inversion of the Co net moment and the formation of clusters
derived from Fig. 10, i.e., the flipping of the Co moments
must be a collective process.

IV. MAGNETIC PHASE DIAGRAM OF ErCo,

Experimental results described in the previous section can
be understood as the formation of Co magnetic clusters in
the proximity of 7; minimizes the energy needed to flip the
Co moments below 7 by reducing the average number of Co
pairs aligned antiparallel. Therefore, the occurrence of Co
magnetic clusters allows the negative Co magnetization (i.e.,
antiparallel to H,,,) at a temperature much higher than 7.
The ferrimagnetic arrangement between Co and Er within
the paramagnetic phase is an experimental evidence from
XMCD, while magnetic and thermodynamic measurements
assure the lack of long-range order at T;.% Moreover, SANS
and ac susceptibility measurements confirm the existence of
those magnetic clusters and the analysis of the whole set of
results shows that the clusters consist of around 60-100 Co
atoms.

Extending the experimental study to other applied mag-
netic fields and temperatures, the 7-H flipping line where the
Co sublattice magnetization is zero can be obtained, allowing
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FIG. 12. (Color online) Magnetic phase diagram of the com-
pound ErCo, in linear scale (upper panel) and logarithmic scale
(lower panel). Squares and triangles are the critical temperature
obtained from macroscopic magnetization measurements and
XMCD, respectively. Open diamonds are selected values of 7, from
the literature (Refs. 14 and 38). Full circles, open circles, and full
diamonds are T obtained, respectively, from XMCD, SANS, and
paramagnetic susceptibility measurements.

to determine the magnetic phase diagram of ErCo,, which is
presented in Fig. 12 in both linear scale (upper panel) and
logarithmic scale (lower panel). Triangles and squares are the
values of ordering temperature as obtained from macroscopic
magnetization measurements and XMCD, respectively. Open
diamonds are selected values of T, from the literature.'*38
Full circles are the temperatures (obtained from XMCD mea-
surements) where the Co net magnetization becomes zero,
i.e., T;. The temperature dependence of both the magnetic
SANS intensity and the correlation length allows to complete
the phase diagram by determining 7} (open circles in Fig. 12)
as the temperature region where ¢ and /,, show a plateau. On
the low magnetic field region, the phase diagram can be
completed from the position of the anomaly in the paramag-
netic susceptibility, which shifts to lower temperatures as a
small magnetic field is applied (full diamonds, only shown in
lower panel of Fig. 12).

The average antiparallel arrangement between the Co and
the rare-earth sublattices in the paramagnetic phase was ob-
served by Gignoux et al. by means of polarized neutron dif-
fraction in other heavy rare-earth compounds of the RCo,
family, in particular, in TmCo,, HoCo,,?> and TbCo,.%® Gi-
gnoux et al. reported a change of sign of the Co sublattice
magnetization for TmCo,, taking place between 125 and
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250 K (well above T.~4 K in TmCo,). This change of sign
of the Co sublattice in TmCo, was also observed by Hiro-
sawa and Nakamura from Co NMR experiments, but they
do not give account of the temperature region where the
change takes place.%” Also in good agreement with our re-
sults, short-range magnetic correlations in the paramagnetic
phase have been reported in ErCo, above T, from the neu-
tron diffraction by Pigorov et al.®® and Podlesnyak et al.®’
and from the electrical resistivity by Garcia et al.® More-
over, Deportes et al.”’ evoked the existence of short-range
magnetic order at temperatures four times higher than 7, in
the ferromagnetic Laves phase compound CeFe,, also point-
ing to the importance of M-M interactions in the paramag-
netic phase of these intermetallic compounds. In this work,
we have quantitatively characterized the short-range correla-
tions in ErCo, as a function of temperature and field and
soundly associated the existence of magnetic clusters with
the antiparallel alignment of the separate magnetization of
the Co and Er sublattices in the paramagnetic phase.

The magnetic phase diagram depicted in Fig. 12 clearly
establishes the temperature and magnetic field region where
the configuration of the Co and Er moments leads to a dif-
ferent paramagnetic phase in ErCo,, which can adequately
be coined by the term parimagnetic, derived from ferri- and
paramagnetism. Schematic pictures of the magnetic arrange-
ments are also shown in Fig. 12. At low temperatures, the
typical ferrimagnetic structure is shown, i.e., Er and Co mo-
ments ordered in opposite senses along the easy axes. In the
paramagnetic phase, the cones in Fig. 12 reflect the thermally
disordered Er and Co magnetic moments with a net projec-
tion (and resulting magnetization) along the direction of the
applied field. T} separates the region where the Co cones are
parallel (T>T;) or antiparallel (T<<T}) to H,,,. Within the
parimagnetic phase (i.e., T, <T<Ty), if a picture of the mag-
netic moments would be taken at a given time, the “frozen”
magnetic structure would resemble the one observed in a
sperimagnetic structure, found in some amorphous magnetic
compounds.*® Of course, the nature of both phases is very
different, as the parimagnet in ErCo, is a thermally disor-
dered magnetic phase (in space and probably in time) held
by an ordered atomic structure, while the sperimagnet main-
tains its magnetic arrangement stable in time, but it is sup-
ported by an amorphous structure.

V. CONCLUSIONS

The XMCD, SANS, and x(7) measurements on ErCo,
have been analyzed in order to shed light on the understand-
ing of the properties of the Co sublattice in the paramagnetic
phase of this compound. The XMCD measurements show an
inversion of the Co magnetization at a temperature T; well
above the ferrimagnetic transition. To flip the orientation of a
single Co moment, it is necessary to overcome the Co-Co
exchange interaction Hc,c,. Therefore, even in the paramag-
netic phase, it is not energetically favorable that Co moments
flip individually, i.e., the reversal of the Co magnetization is
only possible with the formation of magnetic clusters, in
which Co magnetic moments play an important role. Indeed,
our SANS measurements confirm the presence of these mag-
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netic clusters and we have characterized its magnetic corre-
lation length as a function of the temperature and the applied
field. The magnetic susceptibility measurements show the
existence of a relaxation process in the paramagnetic phase
of the compound ErCo,. A detailed analysis of the x(7)
curve allows us to show that the entities undergoing the re-
laxation process are clusters formed by 60—100 low-spin Co
moments. We have shown that the reversal of the Co mo-
ments at T; can only take place if the flipping is a collective
behavior, as the strongest interaction in the system is the
Co-Co exchange. The whole experimental study has allowed
us to determine the existence of a finite region of the phase
diagram, at temperatures above the magnetic ordering tran-
sition, in which Co net moment is inverted with respect to
the Er one, which we have coined as parimagnetic.

It would be interesting to investigate if such a parimag-
netic phase is a particular feature of ErCo,. In principle, a
similar behavior should be expected in the other ferrimag-
netic RCo, compounds, such as TmCo,, HoCo,, DyCo,, and
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TbCo,. Moreover, this could be a more general feature of
ferrimagnetic materials, and it seems interesting to study
whether a parimagnetic phase takes place just above the
magnetic ordering transition. In principle, one would expect
that the occurrence of a parimagnetic region is favored in
those ferrimagnets in which the various magnetic moments
involved are very different in magnitude.
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