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Abstract. Neutron powder diffraction was employed to study the pressure effect on the magnetic transition
in the pseudobinary Laves-phase compound Erg 57Y(.43Co2 and to determine the magnetic moments of
the Er- and Co-subsystems. Our studies reveal that the onset of long-range magnetic order for both
the localized 4f (Er) and itinerant 3d (Co) electron moments appears at about the same temperature
at ambient pressure. The pressure effect on T¢ is found to be negative and equal for both sublattices,
namely 07./0p ~ —0.4 K/kbar. The values of the magnetic moments of the Er and the Co ions are found
pEr = 540 + 0.15up /atom, puco = 0.50 £ 0.07up /atom and 5.35 + 0.15up /atom, 0.37 + 0.09up /atom,
for p = 0 and 6 kbar, respectively. Our experimental results give evidence for short-range magnetic order
formation at temperatures already above T, and for a coexistence short- and long-range order below T,
down to 4 K.

PACS. 75.30.Kz Magnetic phase boundaries (including magnetic transitions, metamagnetism, etc.) —
75.25.+7z Spin arrangements in magnetically ordered materials (including neutron and spin-polarized elec-
tron studies, synchrotron-source X-ray scattering, etc.) — 74.62.Fj Pressure effects — 61.12.-q Neutron

diffraction and scattering

1 Introduction

Since itinerant electron metamagnetism (IEM) was first
predicted by Wohlfarth and Rhodes [1], the pseudobi-
nary Laves-phase compounds R;_,Y,Cos (R = magnetic
rare-earth) were subject of extensive studies (see e.g. [2]
and references therein). In particular, much attention was
paid to the limited range around the critical Y concentra-
tion x. at which the intersublattice molecular field H ]?;,
provided by the rare-earth moments, becomes equal to
the critical field of the metamagnetic transition H.,.. The
temperature and composition dependences of the trans-
port properties, magnetization, magnetic anisotropy and
magnetostriction of R;_,Y,Cos in varying external con-
ditions (T, H,p) have been extensively studied by numer-
ous research groups [3—10]. In particular, it was shown
that x. depends on the type of R ion [10]. Nakamura
pointed out that a large magnetovolume effect observed
in these compounds is attributed to the Co moment in-
duced by H%’ [11]. By means of neutron diffraction and
susceptibility measurements Baranov et al. found a coex-
istence of short- and long-range magnetic order within a
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narrow concentration range near x. [4-6]. The effect of
pressure on the itinerant 3d electron subsystem was first
discussed by Yamada and Shimizu [15] and later consid-
ered by Yamada in the frame of the phenomenological
Landau-Ginzburg theory [16]. Taking into account spin
fluctuations he concluded that H,, increases with increas-
ing pressure and consequently the metamagnetic transi-
tion should be suppressed above a critical pressure p,..
Spin fluctuations have been shown to give dominant con-
tributions to the metamagnetic properties at finite tem-
perature and also to their pressure dependences via the
volume magnetostriction.

It should be noted, that the authors of the above men-
tioned papers discussed the magnetic behavior of these
pseudobinary R;_,Y,Cos systems assuming a single mag-
netic transition temperature T, for both the R and Co
magnetic sublattices. Recently, Hauser et al. suggested
that in a limited concentration range x. < z < .. and
pressure pq < p < per there is a decoupling of the mag-
netic order of the rare-earth and the Co sublattice [12-14].
In other words, in Ery_,Y,Cos the itinerant Co sublat-
tice orders at a lower temperature than the Er sublattice.
This is explained by a weakening of the effective molec-
ular field H%’ acting on the Co sites due to the yttrium
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substitution or due to a pressure-driven increase of the
critical field necessary to induce a magnetic moment on
the Co sites.

The experimental information concerning the pres-
sure effect on the IEM are very limited. Measurements
of the electrical resistivity and magnetic susceptibility in
Er1_,Y,Cos were carried out by Hauser et al. (using
a Bridgman cell, p < 60 kbar, 0 < x < 0.5) [14,17]
and by Syshchenko et al. (using a cubic-anvil device,
p < 80 kbar, x = 0) [18,19]. It was found that at lower
pressures (p < 20 kbar) T, decreases linearly with increas-
ing pressure. At higher pressures, the T, vs. p dependence
strongly deviates from linearity and above a critical pres-
sure p.r ~ 40 kbar the T, becomes nearly pressure inde-
pendent [18]. Hauser et al. suggested that the decoupling
of the magnetic ordering transition temperature found for
the Y diluted compounds rapidly increases with pressure,
and consequently above p..(z) only the Er sublattice ex-
hibits long-range ordering. Note, that the T, value for the
ErCoy (~13 K at p > 40 kbar) reported in [18] is signifi-
cantly lower in contradiction to the T, = 22 K published
in [14].

Surprisingly, very few data on the magnetic behavior
in R;_,Y;Cos by means of neutron scattering have been
published so far. To our knowledge there is no neutron
diffraction data about the IEM under external pressure in
the current literature. In many cases the determination of
the magnetization by neutron diffraction techniques is in-
valuable in the interpretation of bulk phenomena. In this
paper we report the results of the magnetic and neutron
diffraction measurements on Erg 57Yo.43Cos under pres-
sure which were undertaken to clarify the behavior of the
magnetic Er- and Co-subsystems near the critical concen-
tration x..

2 Experiment

The Erg.57Y0.43C02 compound was prepared by arc melt-
ing under helium atmosphere followed by homogenization
at 1220 K for 50 hours. X-ray investigation of the sam-
ple revealed the cubic MgCus structure type as expected
(space group Fd3m). The content of impurity phases
(mainly ErCos) was less than 3%.

The neutron diffraction experiments were carried out
using a zero-matrix clamp pressure cell. The axially sym-
metric cell made of Zi/Ti alloy with an inner diameter of
7.5 mm allowed a total sample volume of about 1900 mm3.
Fluorinert FC-77 was used as a pressure medium. The
pressure was determined by the shift in the lattice pa-
rameter of NaCl added to the sample [20]. The data were
collected on the HRPT high-resolution diffractometer [21]
at the spallation source SINQ, Switzerland, using a wave-
length of A = 1.886 A. A standard orange ILL cryostat
was used in the temperature range between 4 and 40 K.
For the refinement of the magnetic structure the program
FullProf was applied [22].

The measurements of the magnetic susceptibility were
carried out on a Quantum Design PPMS system. For the
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Fig. 1. Temperature dependence of the FC magnetization
M(T) of the Erog.57Y0.43Co02 in an external field of 0.1 T.
Open and solid symbols denote measurements at zero pressure
and p = 9.2 kbar, respectively. The inset shows the pressure-
dependent shift of of the dM/dT curve.

experiments under pressure a clamp cell made of non-
magnetic Cu/Be alloy was used allowing pressures up to
10 kbar. Within the cell the powder sample was placed in
a very thin capsule made of lead and filled with Fluorinert
FC-77. The superconducting transition temperature of the
lead was used to measure the pressure [23].

3 Results
3.1 Magnetic measurements

Macroscopic measurements under pressure have been
widely described recently [12,17-19]. Here, we only re-
port on the temperature dependence of the magnetiza-
tion M(T) of the Erg57Y0.43C02 compound at ambient
pressure as well as p = 9.2(2) kbar. It should be noted
that we have chosen this particular composition, since ac-
cording to a previous study [4] z = 0.43 is close to the
critical concentration x. ~ 0.45 for the Er;_,Y,Cos com-
pound andlarge pressure effects are expected.

The M wvs. T curves for a field-cooled (FC) regime at a
low magnetic field of 0.1 T were measured. As one can see
from Figure 1 the magnetization curves show ferromag-
netic behavior with smooth magnetization changes around
T, typical for second order transitions. The Curie temper-
atures were associated with the minima in the dM/dT
curves (see inset in Fig. 1), Tc(0 kbar) = 16 + 0.5 K and
T.(9.2kbar) = 12 £ 0.5 K. The deduced value 97T./dp
of —0.43 K/kbar is in good agreement with literature
data [14].

3.2 Neutron powder diffraction
The neutron diffraction patterns of Ergs7Y0.43C02

recorded below the respective Curie temperatures at p =0
and 6.0(5) kbar show only a variation in the intensity of
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Fig. 2. Evolution of the magnetic scattering with temperature
in the Erg.57Y0.43Co2 compound at zero pressure (a) and at
p = 6 kbar (b). Miller indices of magnetic reflections used for
the refinement are noted. The inset shows the diffuse scattering
near the (111) reflection. The solid line represents the result of
a fit to the Lorentzian line-shape.

the nuclear reflections without the appearance of addi-
tional lines. Thus, in the magnetically ordered state the
magnetic contribution obtained, corresponds to a collinear
alignment of the magnetic moments of the Er and Co ions
(ugr and pco, respectively). The observed neutron mag-
netic patterns, which were obtained as the difference of
the intensities below and above T., are summarized in
Figure 2. The intensities of the reflections increase with
decreasing temperature indicative for the growing Er and
Co sublattice moments. The neutron magnetic diffraction
patterns exhibit a pronounced diffuse magnetic scattering
around the nuclear Bragg reflections (see inset in Fig. 2)
which indicates the presence of short-range order of the
Er- and Co-subsystem.

4 Analysis and discussion

Figure 3 shows the temperature dependences of the lat-
tice parameter a in the Ergs7Yg.43C0s compound ob-
tained from the neutron diffraction measurements. The
importance of the lattice constant of RCos compounds in
the vicinity of an IEM has been recently demonstrated
by Khmelevskyi and Mohn [24] by fixed-spin-moment
band-structure calculations. They deduced that an IEM
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Fig. 3. The temperature dependence of the lattice parameter
of the Erg.57Y0.43Co2 compound at ambient pressure (a) and

p = 6 kbar (b). The solid lines are fits on the sigmoidal function

according to equation (1).

transition can occur only over a certain range of lattice
constants and that the possibility of a first order phase
transition is connected to features of the electronic struc-
ture rather than to the magnitude of the transition tem-
perature as conjectured earlier. As we mentioned in the
introduction the jump-like lattice expansion is directly at-
tributed to the positive magnetovolume effect accompany-
ing the long-range ordering of the itinerant 3d Co electron
moments, AV/V ~ ku%o, where k is the magnetovolume
coupling constant. In pure ErCos this anomaly AV/V
reaches 4.5 x 1073 [8], whereas it is significantly reduced
in the case of diluted Er;_,Y,Coy (Fig. 3). The pressure-
induced decrease of interatomic distances leads to a broad-
ening of the Co-3d band and, consequently to a decrease
of the Co-3d density of states in the vicinity of E¢. The
values AV/V obtained from our neutron diffraction data
turn out to be 5.7 x 10™* and 3.2 x 10~* for p = 0 and
6 kbar, respectively. The fact that we observe a small but
pronounced volume expansion confirms a Co moment for-
mation at x, ~ 0.43. Supposing that k& does not change
substantially, we directly deduce that uc, decreases with
pressure.

We observed diffuse magnetic scattering around the
nuclear Bragg reflections, which is formed already slightly
above T, and exists down to low temperatures (Fig. 2).
This supports a model of the magnetic state in which the
long-range magnetic ordering coexists with short-range
correlations due to statistical effects of the Co-Y and
Co-Er local environment [6,7]. This is also confirmed by
the results of electrical resistivity and heat capacity mea-
surements [3,5,17]. The residual resistivity p and the co-
efficient v of the linear term of the low-temperature spe-
cific heat of R;_,Y,Cos were found to be very high for
x ~ x, compared to pure ErCos and to be irreversibly de-
creased by an applied magnetic field [5]. The NMR inves-
tigations of the itinerant paramagnets Lu(Cog.g2Alp.0s)2
have also shown a coexistence of non-magnetic and mag-
netic (uco ~ 0.65u ) states of the Co-ions [25].

It is important to stress, that the observed magnetic
peaks do not overlap (Fig. 2). Moreover, to establish the



550

The European Physical Journal B

Table 1. Observed magnetic integrated intensities Iops after diffuse scattering correction (described in the text), and calculated

intensities I.q; from the best fit using the integrated intensities

mode of the FullProf program. Upper and lower parts of the

table correspond to the measurements at zero pressure and p = 6 kbar, respectively.

hkl 111 220 311 400 331 422
T, K Iobs  lecar  Tobs  lear  Tobs  lear  lobs  lear  Iobs  lcar  Iobs  Ical
2 2954 3056 2038 2168 1162 1180 628 569 887 844 995 966
7 2774 2835 1836 1965 1002 991 590 547 824 800 897 869
11 2344 2398 1490 1540 978 953 500 442 689 696 728 671
14 1890 1816 1299 1395 869 831 402 377 567 532 634 580
18 875 878 560 615 347 314 186 160 258 285 274 207
2 2461 2499 1864 1896 956 968 520 503 757 723 910 906
7 2425 2380 1789 1808 913 906 513 471 741 708 874 889
11 1866 1882 1501 1467 821 804 393 354 583 568 734 843
14 1096 1149 892 914 504 475 213 143 344 314 436 475
18 406 496 320 377 175 147 65 42 87 30 156 180

temperature dependence of puco, and pug, we are inter-
ested mostly in relative magnetic intensity changes. Un-
der these circumstances, the refinement with FullProf pro-
gram in the integrated intensities mode should be most
preferable, as is explained in [22]. Thus, to determine the
long-range ordered magnetic moments pc, and pg, we
first subtracted the diffuse scattering (approximated by a
Lorentzian following [6], see inset in Fig. 2a) from the ob-
served neutron magnetic scattering. We then numerically
integrated the Bragg magnetic reflections to avoid an error
due to line-shape fitting. These integrated intensities were
used in the refinement of the magnetic moments of the Er
and Co sublattices. The scale factor was obtained from the
refinement of the diffraction pattern in the paramagnetic
state. The observed and calculated magnetic integrated
intensities are summarized in Table 1. The calculated tem-
perature dependences of the Er and Co magnetic moments
are presented in Figure 4. It is seen that the pressure effect
on T, is negative. The Co magnetic moment decreases with
pressure (in agreement with the above mentioned decrease
of the magnetovolume effect), unlike pg,, which seems to
be stable. Note that the pug, turns out to be constant at
the metamagnetic transition in pure ErCog as well [26].

There are six different types of structure factors in
the cubic Laves-phase, depending on the values of h, k
and [. It is noteworthy to mention that two of them are
characteristic of the Er atoms only (h or k or l#4n and
h+k+1 = 4n) or of the Co atoms only (h, k and | = 4n+2).
However in our diffraction patterns the (222) peak, specific
for the Co, turned out to be inaccessible due to constraints
given by the pressure cell. Nevertheless the fit yielded a
well determined magnetic moment pc,. For instance, the
refinement at 7' = 14 K and p = 0 kbar leads to a final
Ry = 6.33 and x? = 0.48 with Er and Co moments of
per = 4.0(1) pp/atom Er and pco = 0.34(8)up/atom
Co, respectively (see Fig. 4). In the best fit, with the Co
assumed to carry no moment, we obtained Ry = 16.7 and
x? = 3.37. This example shows that the result is sensitive

W, (pg/atom Co)

Ug (pg/atomEr)

10 15 20
Temperature (K)

Fig. 4. The temperature dependences of the magnetic mo-
ments of the Er (a) and Co (b) sublattices at zero pressure
(open symbols) and p = 6 kbar (filled symbols). The dashed
and solid lines represent the fitted magnetization curves de-
rived from equations (1, 2), respectively (see text).

to the presence of even small magnetic moments at the Co
site.

In order to compare the temperature and pressure de-
pendences of the Er and Co magnetic sublattices both
tcoo(T) and a(T) may be approximated by a sigmoidal

function:
} + Ymin,

Ymax — Ymin

1+exp{

Y= (1)
T-—Ty

AT
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Table 2. Characteristic values of the magnetic transitions de-
rived from the temperature dependences of the lattice param-
eter a [A] (I and II) and magnetic moment uco [ /atom] (ITT
and IV) using equation (1).

I II 11T v

p, kbar 0 6.0(5) 0 6.0(5)
Ymin  T.1642(3)  7.1610(3) 0 0

Ymax  7.1683(3)  7.1633(3) 0.50(7) 0.37(9)
To, K 156(7)  14.1(7)  16.6(9) 12.0(9)
AT, K 1.8(5) 1.3(9) 2.3(5)  2.7(8)

with Ty and AT a measure for the phase transition tem-
perature and the width of the transition, respectively.

The magnetization of the rare-earth subsystem pg,(T)
can be expressed in the molecular-field approach [2] by the
Brillouin function Bj:

J
pwr = 9grJr1B B, {%Hﬁz} ; (2)

where gp is the g factor, Jg is the total quantum number
of the rare earth and with H ﬁi the molecular field being
the only fitting parameter.

The results of the fits are shown in Figures 3, 4 and
are summarized in the Table 2. It is seen that the Er sub-
lattice magnetization is changing in a wider temperature
interval than the Co sublattice which is reflected in pco(T)
and a(T).

Table 3 summarizes the characteristic temperatures 7T
of the Erg.57Y.43C05 deduced from the present investiga-
tion using different approaches. Column I shows T, ob-
tained from magnetization measurements (Sect. 3.1). In
column IT T, is estimated from the temperature depen-
dence of ug,(T) by equation (2) (Fig. 4a). In columns IIT
and IV, T, is determined by the intersection of the tangent
line y'(To) and ymin (Eq. (1)) from the temperature de-
pendences of the pco (Fig. 4b) and a (Fig. 3), respectively.
The value for T,, determined by neutron diffraction mea-
surements in the way described above, is higher than the
transition temperature derived from magnetization mea-
surements, in agreement with earlier published data [6].
In contrast to the publication mentioned above [14], with
T° = 11 K, TP* = 14.5 K for ambient pressure and
Per < 3 kbar for ErggYo.4Co2, we did not observe well
separated magnetic transitions for the Er and the Co sub-
lattice nor a collapse of the Co magnetic moment under
a pressure of 6 kbar. Our recent neutron diffraction ex-
periments on a Erg Y .4Cos single-crystal under external
magnetic fields up to 4 T also give direct evidence that
the onset of long-range magnetic order for both magnetic
sublattices occurs at about the same temperature [27].
These results qualitatively support a model of the mag-
netic state in these compounds in which the magnetization
is associated with magnetic inhomogeneity (localized spin
density fluctuations) of the sample owing to the statis-
tical effects of the local environment [6,7]. Unlike to the
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Table 3. The magnetic transition temperatures T, [K] derived
from magnetization and neutron diffraction measurements (see
text).

p, kbar 1 11 I v
0 16.0(5) 20.0(9) 21.2(9) 19.2(9)
6.0(5)  13.4(5) 17.6(9) 17.4(9) 16.7(9)

first order transition in pure ErCos, the diluted compound
has short-range magnetic order 10,70 (depending on the
local Er-Y composition) even at T > T..

5 Conclusion

The influence of external pressure on the magnetic struc-
ture near T, has been studied for the cubic Laves-phase
Erp.57Y0.43Cos by magnetization and neutron diffraction
measurements. A formation of short-range magnetic order
above T, and a coexistence of short-range with long-range
magnetic order from 7, down to T' = 4 K is found. We
established that (i) pressure decreases T, approximately
equally for both the Co and the Er sublattice; (ii) pco de-
creases with pressure unlike pg,, which remains constant
up to 6 kbar. The multiple magnetic transitions reported
previously could possibly be explained by sample segrega-
tion into yttrium-rich and yttrium-poor regions resulting
in different (local) transition temperatures, or by some
(R1-2Y4)nCoy, impurities known to exhibit a variety of
transition temperatures.

We hope that our results contribute to a better un-
derstanding of the nature of the metamagnetic transition
in these itinerant-electron systems and will stimulate fur-
ther neutron scattering experiments under multiple (H, p)
extreme conditions.
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