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Single-crystal neutron diffraction study of the magnetic structure of Er;Co
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The effect of the magnetic field applied along the main crystallographic directions on the magnetic structure
of Er;Co has been studied by means of single-crystal neutron diffraction technique. At zero field the compound
exhibits a noncoplanar commensurate magnetic structure with ferromagnetic alignment of the Er magnetic-
moment projections along the b axis in an orthorhombic unit cell. The present measurements revealed that the
application of the magnetic field along the ¢ direction [c¢ L (ab)] leads to the pronounced metamagneticlike
transition in the low-field region puoH <1.2 T, although, the magnetization curve does not exhibit any anoma-
lies. Combining the present single-crystal diffraction and magnetization data with the results of the previous
powder neutron diffraction study [Gignoux et al., Solid State Commun. 8, 391 (1970)], we conclude that the
nature of the magnetic ion, whether Kramers or non-Kramers, has a decisive effect on the commensurability of
the magnetic structure of R;Co. In particular, the commensurate magnetic structure observed in Er;Co originate
from the Kramers character of Er’* ion in contrast to the incommensurate structures found earlier in R;Co with

R= Tb and Ho.
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For more than three decades, the study of R3T rare-earth
(R) compounds with 3d metals (T=Co, Ni) has been a fas-
cinating subject of condense matter physics for their diver-
sity of interesting properties, in particular, a variety of field-
induced magnetic phase transitions, giant magnetoresistance,
and complex magnetic phase diagrams.'> The R;T com-
pounds have the largest content of rare-earth metal within the
4f-3d binaries and crystallize in the low-symmetry ortho-
rhombic Fe;C-type structure (Pnma space group).* Rare-
earth atoms occupy two nonequivalent positions, 4c (Ry.)
and 8d (Rg,). The atoms of 3d transition metal are located at
the 4c position within the trigonal prisms formed by rare-
earth atoms and do not possess any ordered magnetic mo-
ment.

Early investigations proposed that the R37 compounds ex-
hibit complex noncoplanar antiferromagnetic (AFM) or fer-
romagnetic structures which are commensurate with the
crystal lattice. The presence of such structures was suggested
to result from the competition between the Ruderman-Kittel-
Kasuya-Yoshida exchange interaction and low-symmetry
crystal electric field (CEF). However, more recent studies
using new generation of neutron-scattering techniques have
revealed that some of R;Co(R=Ho, Tb) compounds exhibit
much more complex magnetic structures.>® The structures
turn out to be incommensurate not only just below the mag-
netic ordering point but down to the lowest temperatures as
well. We proposed recently that the non-Kramers character
of the rare-earth ions is responsible for the incommensura-
bility of the magnetic structures of these R37 compounds at
low temperatures.®

To our best knowledge, the only neutron powder diffrac-
tion study of the Er;Co magnetic structure was done by Gi-
gnoux et al.! They found that the magnetic structure is com-
mensurate (Er being a Kramers ion) and noncollinear with a
ferromagnetic component along the b axis. Magnetic mo-
ments of Er ions in 4c sites are suggested to be aligned
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strictly along the b direction, while in 8d positions the mo-
ments have a deviation from the b axis in such a manner that
their projections along a and ¢ axes are ordered antiferro-
magnetically. The magnetization measurements performed
on single-crystalline samples of Er;Co have revealed that
this compound shows a ferromagneticlike behavior along the
b axis in a low-field region.”® The magnetization does not
saturate up to 12 T,® which results apparently from a nonco-
planarity of the magnetic structure. Along a and ¢ directions
smooth magnetization curves are observed with increasing
external magnetic field without visible features which may
be associated with transformations of the magnetic structure.
However, the magnetoresistance measured along a and ¢
axes exhibits some anomalies which were ascribed to the
presence of the field-induced phase transitions in low fields
uH=1 T

The main purpose of the present study is to assure the
commensurability of the magnetic structure of Er;Co to com-
prehend the role of Kramers-non-Kramers character of R
ions in formation of various magnetic structures in the
R;T-type compounds and to achieve a better understanding
of the magnetization process along main crystallographic di-
rections. We present here single-crystal neutron diffraction
study proving that Er;Co indeed has a commensurate mag-
netic structure at ground state. Moreover, the measurements
in the magnetic field Hllc revealed the field-induced phase
transition in low-field region.

The Er;Co compound was obtained by arc melting in a
helium atmosphere using erbium and cobalt of 99.9% and
99.99% purity, respectively. Single crystals were grown by
the Bridgman technique in a resistive furnace. The phase
purity of single crystals was checked by a metallographic
method. The content of foreign phases was estimated to be
less than 3%. The samples were cut along the main crystal-
lographic directions [100], [010], and [001] with dimensions
of approximately 2.34 X 2.62X2.85 mm?.
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FIG. 1. (Color online) Schematic representations of the Bragg
reflections measured at the temperature 7=2 K in the (hk0O) [panel
(a)] and (h01) [panel (b)] scattering plane. Crosses and circles cor-
respond to nuclear and magnetic reflections, respectively. (c) The
3D visualization of the neutron-scattering intensity measured along
[AhO] direction in (hkO) plane at T=2 K. (d) Temperature depen-
dence of the integral intensity of (010), (101), and (110) magnetic
reflections. The intensity of (010) reflection is reduced by four
times.

Neutron diffraction measurements in external magnetic
field were performed at the two-axis neutron diffractometer
E4 installed in the research reactor BER II, the Helmholtz
Center Berlin. The measurements were performed at tem-
peratures from 2 K up to 30 K in vertical magnetic fields up
to 6.5 T with wavelength of 2.44 A. The analysis was done
using Fullprof and SARA/ programs.”!'? The dc magnetiza-
tion was measured on the same sample along the main crys-
tallographic directions by using a superconducting quantum
interference device Magnetic Properties Measurement Sys-
tem magnetometer (Quantum Design, USA).

Let us discuss first zero-field magnetic structure. In order
to check the commensurability of the magnetic structure and
the model proposed by Gignoux et al.! we have performed
the scans in (hk0) and (hO0l) scattering planes in both the
paramagnetic state at temperature 7=30 K and in the mag-
netically ordered state at T=2 K. Figures 1(a) and 1(b) show
the schematic representations of the measured nuclear and
magnetic Bragg reflections in (hk0O) and (h0[) scattering
planes, respectively. An example of the three-dimensional
(3D) visualization of the experimental scan along [h40] di-
rection at 7=2 K is displayed in Fig. 1(c). As shown in Fig.
1(d), the magnetic reflections appear at temperatures below
14 K. This critical temperature is well consistent with the
Curie temperature 7.~ 13.8 K derived from ac susceptibil-
ity, electrical resistivity, and specific-heat measurements.”?
The magnetic scattering measured in (hk0) and (h0[) planes
has revealed absence of any reflections with noninteger in-
dexes which can be associated with the incommensurability
of the magnetic structure. Thus, the determined zero-field
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FIG. 2. (Color online) Schematic drawing of (a) zero-field and
(b) field Hllc magnetic structures in Er;Co.

magnetic structure (schematically shown in Fig. 2) is consis-
tent with a model of the commensurate noncollinear ferro-
magnetic structure suggested in Ref. 1. The commensurate
magnetic structures (although, different from Er;Co case)
were also found in other R;Co compounds with Kramers-
type ions, R=Dy and Nd.>!! This is in contrast to the incom-
mensurate magnetic structure established for the systems
with non-Kramers rare earth, e.g., Ho;Co and Tb3Co.%® The
type of the magnetic structure within R;Co series can be
understood on the base of the periodic field model which
takes into account the periodic exchange field and CEF
effects.!> According to this model an incommensurable mag-
netic structure may be observed down to low temperatures
when a non-Kramers R3* ion has a nonmagnetic singlet
ground state due to splitting of the multiplet by low-
symmetry CEF. It should be noted that the specific-heat mea-
surements and calculations of the crystal-field effects per-
formed for Er;Co by Saito et al.'* have shown that the
crystal field and the exchange field are of the same order of
magnitude. Below the Curie temperature 7.=13.8 K, the
main contribution to the magnetic part of the entropy in
Er;Co is associated with the low-lying doublet.”

Let us turn to the field-induced magnetic structures. In
order to reveal difference in the magnetization process along
main crystallographic directions we have performed the
neutron-scattering measurements in (h0l) and (hk0) planes
with magnetic field applied along b and c directions, respec-
tively. The schematic representations of the Bragg reflections
observed at 6.5 T are displayed in Figs. 3(a) and 3(b). As
expected, the magnetic field applied along the easy b direc-
tion does not affect the Bragg reflections in comparison with
zero-field picture [compare Fig. 3(a) with Fig. 1(a)] while the
application of a magnetic field along the ¢ direction leads to
substantial changes in the neutron scattering. The magnetic
reflections of the (0k0) type with odd k which were well
pronounced in zero field, are observed to disappear under
application of the magnetic field along the ¢ direction uyH
=6.5 T. Furthermore, the reflections with even % [i.e., (020),
(040), and (060)] which have zero intensities at H=0 are
found to appear in a field-induced state. In order to reveal the
evolution of the magnetic state of Er;Co the intensities of
several magnetic reflections were measured as a function of
the external magnetic field. As follows from Fig. 3(c), the
integral intensity of reflections (101) and (001) remains al-
most constant under magnetic field applied along the b axis
while the application of the magnetic field along the ¢ direc-
tion changes the intensities of (010) and (110) dramatically.
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FIG. 3. (Color online) (a) The schematic representations of
Bragg reflections measured at 7=2 K in the (hk0) plane in the
magnetic field 6.5 T applied along the b direction (a) and in the
(h01) plane in the field 6.5 T applied along ¢ direction (b). Crosses
and circles correspond to nuclear and magnetic reflections, respec-
tively. (c) The integral intensity of some magnetic reflections versus
magnetic field applied along different axes as labeled. The intensity
of (010) reflection is reduced by four times. (d) Field dependencies
of the magnetization measured along the main crystallographic di-
rections of the single crystal Er;Co at 7=2 K.

The integral intensity of the (110) decreases gradually with
increasing field up to 6.5 T. The intensity of the (010) mag-
netic reflection goes rapidly down to zero in relatively weak
magnetic field uoH =1.2 T, which is indicative of the meta-
magnetic phase transition from the antiferromagnetic to fer-
romagnetic alignment of the projections of Er magnetic mo-
ments onto the ¢ axis. With further increase in the magnetic
field, Er magnetic moments rotate in the direction of the
applied field. These results are in agreement with the behav-
ior of the magnetoresistance measured along different axes
of Er;Co. As was shown in Ref. 7 the application of a mag-
netic field along the ¢ axis leads to the sharp fall (by about
7%) of the magnetoresistance in the same field interval while
along the easy b axis, the insignificant change in the magne-
toresistance (less than 0.5%) was observed in fields up to 1.5
T. According to the periodic field model, the application of a
magnetic field at low temperatures may lead to the phase
transition from a commensurate to incommensurate structure
in the case of non-Kramers R ions. However, our single-
crystal neutron diffraction measurements show that the mag-
netic structure of Er;Co remains commensurate under appli-
cation of a magnetic field up to 6.5 T (see Fig. 3). In our
opinion, this is because of Kramers character of Er’* ions.
The shape of the magnetization curves measured along the
different axes of Er;Co does not allow one to distinguish the
metamagnetic behavior [Fig. 3(d)]. The M(H) dependencies
measured along the a and ¢ axes at T=2 K do not exhibit
any visible features that is in agreement with previously re-
ported results in Refs. 7 and 8. Bearing in mind the data
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obtained for other metamagnetic materials'# an absence of
distinct indications on the metamagneticlike transitions in the
magnetization measurements along a and ¢ axes may be as-
sociated with the superposition of several contributions to
the magnetization change in the same field interval. The
magnetic structure of Er;Co implies an incoherent behavior
of Er,. and Erg; moments under application of a low mag-
netic field along ¢ or a axis. Owing to the combination of
spin-flip processes within subsystem of Erg, moments and
the rotation of Er,. moments such a magnetization process
cannot be described as a simple spin-flip transition or spin-
reorientation transition. The increase in the field along c or a
axis results apparently not only in the appearance of the nu-
clei of a new field-induced phase and the growth of the vol-
ume of nuclei via domain (interphase) wall motion as in
other metamagnets,'* but simultaneously leads to increase in
the magnetization within nuclei.

The nearly constant values of the intensity of magnetic
Bragg peaks in the field applied along the b axis implies that
the increase in the magnetization in this direction is not ac-
companied by substantial changes in the magnetic structure
unlike the ¢ direction. In a low-field region, the magnetiza-
tion process along the easy b direction occurs apparently via
domain-wall movement as in conventional ferromagnet. We
did not make the neutron diffraction measurements in the
field applied along the a direction. However, bearing in mind
zero-field picture (see Fig. 2), i.e., the presence of AFM
alignment of projections of the magnetic moment onto axis
a, as well as the magnetoresistance data,” one can suggest
that the magnetization process would be similar to the Hllc
case.

In order to confirm the suggestion about the field-induced
spin-flip transition along the ¢ axis it is important to classify
the possible spin configurations in terms of the representa-
tional analysis. The Er;Co space group Pnma consists of
eight symmetry operations which leave the propagation vec-
tor k=(000) invariant. Thus the little group G, has eight as-
sociated irreducible representations which can be found in
Kovalev tables'> or calculated directly by means of SARAA
program.’ The decomposition of the magnetic representation
of the space group Pnma with k=(000) for Er 4c and 8d sites

iven by I, =TW42rMpar®er®erorid
+2r DT T, 3r“ +3r“>+3r<”+3r 1>+3r 43T
+3FZI)+3F(1), respectlvely The basis vectors a55001ated w1th
the irreducible representation for 4c and 8d atomic sites are
summarized in Table I. An analysis of the basis vectors com-
binations revealed the magnetic state with the ferromagnetic
arrangement of projections of Er magnetic moments along b
or ¢ direction (zero-field or field-induced magnetic state) can
exist in case of irreducible representations I'5 and I';, respec-
tively. As one can see from the Table I, the ferromagnetic
structure (I';) with the resultant moment along the ¢ axis
may be obtained from the initial ferromagnetic structure (I's)
with the net moment along the b axis by spin-flip processes
occurring for some Er magnetic moments under influence of
the magnetic field. The simulation of the magnetic structure
induced by the application of the magnetic field along the ¢
axis shows the presence of a nonzero intensity of (0k0) re-
flections with even k and zero intensity of the reflections
with odd k, which is in agreement with our neutron diffrac-
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TABLE 1. Basis vectors for Er atoms in 4c and 8d sites for two spin configurations, zero-field (I's) and
field-induced (I";) states. The irreducible representations and the propagation vector follow those of Ref. 15.
Atom numbers correspond to that in Figs. 2(a) and 2(b).

IR BV Basis vector components for 4c sites
1 2 3 4

(T's) U 020 020 020 020
(I'7) i 200 200 200 200
133 002 002 002 002

Basis vector components for 8d sites
5,9 6, 10 7,11 8, 12
(I's) W 100 100 100 100
W 100 100 100 100
- 010 010 010 010
(T7) — 100 100 100 100
—i 010 010 010 010
s 001 001 001 001

tion data obtained in the external magnetic field.

In summary, single-crystal neutron diffraction in magnetic
fields together with magnetization measurements have been
performed for the study of the peculiarities of the magneti-
zation processes along different crystallographic directions
of Er;Co. Our study proves that the ground state of Er;Co is
noncoplanar ferromagnet with commensurate magnetic
structure [propagation vector k=(000)]. Bearing in mind the
data obtained for other R3;Co compounds with non-Kramers
(Ho and Tb) (Refs. 5 and 6) and Kramers (Dy and Nd) (Refs.
3 and 11) ions the results obtained in the present work sup-
port the suggestion about the non-Kramers character of the
rare-earth ions as a key factor determining the incommensu-
rability of the magnetic structure of R;7 compounds at low
temperature. Despite an absence of visible features on mag-
netization curves measured along b and ¢ axes of the Er;Co

single crystal, the neutron diffraction measurements per-
formed under application of a magnetic field have revealed a
substantial difference in the magnetization process along
these axes. Unlike the easy b axis along which the increase
in the magnetic field does not change substantially the neu-
tron scattering, the magnetic field ~1.2 T applied along the
c axes is found to lead to a metamagneticlike transition from
the antiferromagnetic alignment of magnetic-moment projec-
tions to the ferromagnetic one. The magnetization process
along the a axis is suggested to be analogous to that observed
along the ¢ direction.
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