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Magnetic transition in Er 1ÀxYxCo2 „xÄ0, 0.4… single crystals probed by neutron scattering
in magnetic fields
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Single-crystal neutron diffraction was employed to study the magnetic transition in the pseudobinary Laves-
phase compounds Er12xYxCo2 (x50, 0.4) under external magnetic fields up to 4 T. The magnetic scattering
amplitudes measured for the reflections to which either the localized 4f Er moment or the itinerant 3d Co
moment solely contributes, give direct evidence that the onset of long-range magnetic order for both magnetic
sublattices occurs at about the same temperatureTC;35.9 and 17.0 K forx50 and 0.4, respectively. The
magnetic-susceptibility and specific-heat data, obtained on the same specimens, were also measured. In agree-
ment with the neutron-diffraction data the macroscopic measurements showed no multiple phase transitions as
opposed to earlier measurements on powder samples, which are presented and discussed as well.
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The cubic pseudobinary Laves-phase compou
R12xYxCo2 (R5rare-earth metal! are an important class o
materials due to their complex magnetic properties provi
by the intersublattice exchange fieldH f d . Depending on the
type of rare-earth elementR and the yttrium concentrationx
they exhibit either exchange-enhanced paramagnetism
continuous, or first-order~meta-!magnetic transitions~MT!,
associated with an itinerant electron metamagnetism~IEM!
of the 3d electron Co subsystem.1 Previously, bulk magnetic
properties ofR12xYxCo2 were extensively studied by nume
ous research groups.2–6 Much attention was especially pai
to the limited range around the critical concentrationxc at
which H f d becomes comparable to the critical field of t
metamagnetic transitionHcr . Significant modifications of
the temperature dependencies of the magnetovol
effect,2–4 electrical resistivity,2,4,5 magnetic susceptibility,6

and specific heat6 were observed in this case. A coexisten
of short- and long-range magnetic order within a narrow c
centration range nearxc was found by means of neutro
powder diffraction.5,7 The magnetic state of compounds wi
x.xc was characterized as a spin glass.8

Despite the consensus on the general IEM features e
some basic properties of the magnetic intersublattice inte
tion remain controversial. On one hand, in most previo
studies one has assumed a common order transition tem
ture for both erbium and cobalt magnetic sublattices. On
other hand, detailed comparative measurements of the tr
port and magnetic properties of the ErCo2 have shown that
the resistivity drops at a temperature which is somew
(;1 K) lower than TC marked by the diverging
susceptibility.9 This result has supposed that the onset of
cobalt magnetism appears atT0;(TC21) K. It has also
been found in the Er0.55Y0.45Co2 that the difference betwee
the temperature at which magnetic neutron scattering di
pears and the temperature of the sharp drop in resist
attains;6 K.5 However, authors concluded that differe
values ofTC obtained by different methods are caused by
inhomogeneous and complicated magnetic structure of
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compounds nearxc . Recently, it has been suggested that
R12xYxCo2 in a limited concentration range aroundxc a
separate ordering of the two magnetic sublattices can
anticipated.10,11 The difference between the ordering tem
peratures of the itinerant cobalt and the rare-earth sublatt
was proposed to depend strongly onx as well as on externa
pressure.11–13 In particular, some anomalies observed on t
temperature dependencies of the specific heat, thermal
pansion, and electrical resistivity of polycrystallin
Er0.6Y0.4Co2 were ascribed to a double transition.10 The au-
thors attribute the continuous phase transition at 14.5 K
magnetic ordering within the Er sublattice followed by
first-order transition at 11 K due to the metamagnetic beh
ior of the itinerant 3d sublattice.

Surprisingly, very little data on the magnetic behavior
R12xYxCo2 by means of neutron-scattering methods ha
been published so far. In many cases the determination o
magnetization by neutron-diffraction techniques is inva
able in the interpretation of bulk phenomena, especially
the presence of several magnetic subsystems. Single-cr
measurements are highly desirable to diminish effects
chemical inhomogeneity and impurities.

In this paper we present results of neutron diffraction
single-crystal Er12xYxCo2 with yttrium contentsx50 and
0.4 @i.e., just below the critical valuexc;0.45 ~Ref. 4!#
which were undertaken to clarify the behavior of the ma
netic erbium and cobalt subsystems near the critical conc
tration xc . Furthermore, we present specific-heat a
magnetic-susceptibility data of the very same specimen
compareTC obtained by different methods.

The samples were prepared by arc melting under hel
atmosphere followed by homogenization at 1220 K for 50
Single crystals~specimens of about 13134 mm3) were
obtained by the Bridgman method. X-ray investigation of t
samples revealed the cubic MgCu2 structure type~space
group Fd3m) and cell parameters ofa57.1568(5) Å (x
50) and 7.1826(5) Å (x50.4) at ambient temperature i
agreement with previous measurements for these comp
tions by others.3
©2002 The American Physical Society09-1



th
ce
g
y-
e

l t

ili
PM
y

o
lie

ur
re
i

st

te

-

of

-
rder
ined
ion
c

es.
mi-

ey

pin

of

th

BRIEF REPORTS PHYSICAL REVIEW B66, 012409 ~2002!
The neutron-diffraction studies were carried out on
TriCS four-circle diffractometer at the spallation sour
SINQ, Switzerland. The data were collected at a wavelen
l51.179 Å in a temperature range 4–55 K. An Oxford cr
ostat with a superconducting magnet was used for the m
surements. A magnetic field up to 4 T was applied norma
the scattering plane and parallel to the@011# axis of the
specimen. The heat-capacity and magnetic-susceptib
measurements were performed on a Quantum Design P
system. The ac susceptibility was measured at a frequenc
1 kHz and a field amplitude of 131023 T.

Since the erbium and cobalt magnetic moments
Er12xYxCo2 compounds have been well established ear
by magnetization measurements,6,14 NMR,14 and neutron
diffraction,4,7,15 we chose to concentrate on the temperat
behavior of the normalized intensities of several Bragg
flections. There are six different types of structure factors
the cubic MgCu2 type, depending on the values ofh, k, and
l. It is important to stress that two of them are characteri
for the Er atoms only (h, or k, or lÞ4n andh1k1 l 54n) or
for the Co atoms only (h, k, and l 54n12). Consequently,
the square root of the normalized integrated magnetic in

FIG. 1. Temperature dependence of~a! the square root of the
normalized integrated intensities due to the~220! ~circles! and~222!
~triangles! magnetic Bragg reflections in ErCo2. Open and solid
symbols represent data for an external magnetic fieldm0H50 and 4
T, respectively. The dashed lines are fits of the intensity drop wi
straight line~see text!. The solid lines are guides for the eye;~b! the
specific heatCp(T) in 0 T ~open boxes! and 4 T ~filled boxes!
applied field;~c! the real part of the ac susceptibilityxac8 (T); ~d! the
field-cooled magnetizationM (T) at m0H50.01 T. The inset shows
the dM/dT curve.
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for the ~222! and~220! reflections directly monitor the mag
netic momentsmCo andmEr , respectively.

The analysis of the neutron-diffraction data of ErCo2 @see
Fig. 1~a!# and Er0.6Y0.4Co2 @Fig. 2~a!# shows that at least two
temperature intervals have to be considered in the vicinity
TC : ~i! In the temperature range 36&T&43 K for ErCo2
(16&T&20 K for Er0.6Y0.4Co2), the integrated peak inten
sities essentially reveal the establishment of a magnetic o
in the presence of strong spin fluctuations. The data obta
in external field shows even more pronounced fluctuat
behavior. From Figs. 1 and 2~a! we deduce that magneti
intensity aboveTC is observed for both~222! and ~220!
Bragg reflections, i.e., for both erbium and cobalt sublattic
Note that spin fluctuations have been shown to give do
nant contributions to the IEM at finite temperature,16,17 in
agreement with the present neutron-diffraction data. K
physical properties of the nonmagneticRCo2 (R5Sc, Y, Lu!
compounds also have been inferred to be due to s
fluctuations,18,19 such as the enhanced linear term inCp(T)
and theT2 increase of the resistivity at lowT followed by a
saturation ofr at ambient temperatures. A coexistence
short- and long-range magnetic order in dilutedR12xYxCo2

a

FIG. 2. Temperature dependence of~a! the square root of the
normalized integrated intensities due to the~220! ~circles! and~222!
~triangles! magnetic Bragg reflections in Er0.6Y0.4Co2. The dashed
line is a fit of the intensity drop with a straight line~see text!; the
solid lines are guides for the eye;~b! the specific heatCp(T); ~c! the
real part of the ac susceptibilityxac8 (T); ~d! the field-cooled mag-
netization M (T) at m0H50.01 T. The inset shows thedM/dT
curve.
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was recently established by neutron diffraction on polycr
talline samples.5,7

~ii ! A simultaneous jump in relative intensity of both th
~222! and the~220! magnetic Bragg reflections from;0.25
to 0.85 of their maximal values takes place withinDT
50.9 K for ErCo2 (DT52.3 K for Er0.6Y0.4Co2), which
clearly indicates that both Er and Co magnetic sublatti
order at the same temperature. It should be noticed tha
small~222! magnetic intensity in Er0.6Y0.4Co2 does not allow
determination of the temperature dependence ofmCo with the
same accuracy as formEr . Nevertheless, within experimenta
uncertainty, we did not find any evidence for the decoupl
of the magnetic ordering for the erbium and the cobalt s
lattice. In this sense we have defined the ordering temp
ture TC via the onset of long-range magnetic order det
mined by the intersection of the tangent at the inflect
point and the zero line in Figs. 1 and 2~a!.

The field-induced MT, as measured by neutron diffra
tion, is shown in Figs. 3~a! and 3~b! for the ErCo2 and
Er0.6Y0.4Co2, respectively. From these data we also ded
that, within experimental uncertainty, the MT occurs sim
taneously for both magnetic sublattices. An increased w
of the transition in Er0.6Y0.4Co2, as a function of both tem
perature and field, may be explained by a statistical distri
tion of yttrium and erbium atoms resulting in local magne
inhomogeneities.

Macroscopic measurements carried out on the very s
single-crystal samples are shown in panels Figs. 1~b!–1~d!
and Figs. 2~b!–2~d!. For both samples (x50,0.4) provide
evidence that multiple transitions are not found, neither
the heat-capacity nor in the dc magnetization and ac sus
tibility measurements. Depending on the procedure use
define the magnetic transition temperature, different val
for TC may be obtained, though~see Table I!. We note that
the divergingCp peak and the inflection point in the real pa
of the magnetic susceptibility are found at temperatures

FIG. 3. Magnetic-field dependence of the square root of
normalized integrated intensities of the~220! ~circles! and ~222!
~triangles! magnetic Bragg reflections in the~a! ErCo2 and ~b!
Er0.6Y0.4Co2, respectively.
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inciding with the saturation of themCo andmEr moments as
determined by the magnetization measurements~Figs. 1 and
2!. The comparison of the absolute values ofTC derived by
neutron diffraction and by means of macroscopic measu
ments needs to be done carefully since, with the cryo
used for the neutron-diffraction measurements, the excha
gas pressure may imply a difference between the true sam
and the thermometer temperature. Apparently for this rea
the value ofTC in ErCo2 measured by neutron diffraction i
found to be larger than that derived from the macrosco
measurements.

In summary, single-crystal neutron-diffraction expe
ments on Er12xYxCo2 (x50, 0.4) showed that both the E
and the Co magnetic sublattice order at the same tempera
TC535.9(5) and 17.0~5! K, respectively. Our macroscopi
measurements on single-crystal samples did not show
separate peaks neither for the specific heat, nor for the m
netic susceptibility, in disagreement with recently report
experiments on polycrystalline materials.10,20 The multiple
magnetic transitions observed for polycrystalline samp
could possibly be explained~i! by sample segregation int
yttrium-rich and yttrium-poor regions resulting in differen
~local! transition temperatures, or ~ii ! by some
(R12xYx)nCom impurities known to exhibit a variety of dif-
ferent magnetic structures and transition temperatures. M
over, our neutron-diffraction data revealed magnetic scat
ing in a temperature region already aboveTC due to short-
range magnetic correlations and strong spin fluctuatio
This result qualitatively supports a model for the magne
state of these compounds in which the magnetization is
sociated to magnetic inhomogeneities~localized spin-density
fluctuations!.5,21

We hope that our results contribute to a better understa
ing of the nature of the metamagnetic transition in itinera
electron systems and stimulate further neutron-scattering
periments under multiple (H,p) extreme conditions.

Financial support by the Swiss National Science Foun
tion ~SCOPES Grant No. 7 IP 65598!, the Russian State
program ‘‘Neutron Investigation of Matter’’@State Contract
No. 107-19~00!-P-D01#, and the Ministry of Education of the
Russian Federation~Grant No. E00-3.4-259! is gratefully ac-
knowledged.
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TABLE I. Characteristic values of the magnetic transitions d
rived from the temperature dependencies of the square root o
normalized integrated intensities (TC); maxima of the heat capacity
(T0

HC) and the real part of ac susceptibility (T0
x); saturation of dc

magnetization (T0
M) and minimum of thedM/dT curve (T0

dM/dT).

ErCo2 Er0.6Y0.4Co2

TC 35.9~5! 17.0~5!

T0
HC 31.0~1! 13.8~1!

T0
x 32.3~1! 15.2~1!

T0
M 31.1~1! 14.0~1!

T0
dM/dT 31.8~1! 14.5~1!
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