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Abstract—We report on the magnetostriction of hexagonal HoMnO3; and YMnOs single crystals in a wide

range of applied magnetic fields (up to H = 14 T) at all possible combinations of the mutual orientations of
magnetic field H and magnetostriction AL/L. The measured AL/L(H, T) data agree well with the magnetic
phase diagram of the HoMnOj single crystal reported previously by other authors. It is shown that the non-

monotonic behavior of magnetostriction of the HoMnOj crystal is caused by the Ho’" ion; the magnetic
moment of the Mn>" ion parallel to the hexagonal crystal axis. The anomalies established from the magne-
tostriction measurements of HoMnOj; are consistent with the phase diagram of these compounds. For the
isostructural YMnOj single crystal with a nonmagnetic rare-earth ion, the AL/L(H, T) dependences are

described well by a conventional quadratic law in a wide temperature range (4—100 K). In addition, the mag-
netostriction effect is qualitatively estimated with regard to the effect of the crystal electric field on the hol-

mium ion.

DOI: 10.1134/S1063783418030228

1. INTRODUCTION

In the last few decades, multiferroics combining
the magnetic ordering with ferroelectricity have been
intensively investigated due to their potential applica-
tion in functional elements, converters, and data stor-
age devices [1—5]. The attention to these materials is
related to the possible control of the electrical proper-
ties of these compounds by a magnetic field and vice
versa; therefore, it is interesting to examine the main
possible mechanisms of their interplay at the micro-
scopic level.

The RMnO; (R = Gd—Lu, Y, or Sc) manganites
are multiferroics [6, 7]. These materials can crystallize
in the two structural types: rhombic or hexagonal. The
ordering type depends on the rare-carth element
radius. When R is the ion with a small ionic radius
(R=Ho—-Lu,Y, Sc, or In), RMnO; crystallizes in the
hexagonal packing with the specific gravity P63cm.
When R is the ion with a large ionic radius (R = Gd—
Dy), RMnO; crystallizes in the orthorhombic struc-
ture with the specific gravity Pbnm. In addition, as was
found in [8], hexagonal RMnO; with a small radius of

ion R becomes orthorhombic if the high pressure (4
GPa) and high temperature (1000°C) are simultane-
ously used [8]. The systems of both types were investi-
gated in detail in [1, 2, 6—18].

The magnetic phase diagrams of hexagonal
RMnO; are fairly complex [6, 7, 11]. It was concluded
that these systems have at least two magnetic ordering
types related to the 4fand 3d subsystems. In addition,
it is well-known that the hexagonal manganites are
antiferromagnets, as well as ferroelectrics with the
high ferroelectric ordering temperatures in the range
from 590 to 1000 K. The antiferromagnetic order is
established at low temperatures (below 100 K) and
coexists with ferroelectricity.

Hexagonal HoMnO; is a ferroelectric below 830 K
and an antiferromagnet below 7y ~ 76 K. As follows
from the data reported in [6], the manganese magnetic
moments can occupy two positions: in the P63cm
magnetic structure (33 K < 7'< Ty) in zero external
magnetic field (the Mn3* ion spins are perpendicular
to the hexagonal crystal axis) and in the P63cm config-
uration (5.2 K < 7'< 33 K) in zero external magnetic

520



MAGNETOSTRICTION OF HEXAGONAL HoMnO; 521

field (the Mn spins are parallel to the hexagonal crystal
axis). The magnetic structure of the intermediate
phase is described by the P6; symmetry group, which
has the lower magnetic anisotropy [6, 7]. In addition,
in the specific gravity P63cm, possibly only a third of
Mn3* ion spins are directed along the hexagonal crys-
tallographic axis, whereas in the P63cm phase the
Mn3* spins are rotated in the plane by 90° [19—21].

However, the role of Ho’" ions in the magnetic
ordering of the HoMnO; single crystal remains
unclear. Most data are indicative of the fact that the
Ho?*" moments align along the hexagonal axis. Sugie
et al. [22] proposed the model of noncollinearity of
ordering of Ho** ions in the hexagonal plane. In addi-
tion, the neutron scattering experiments suggested the
antiferromagnetic ordering of a part of Ho’* moments
along the hexagonal axis in the region below or close
to the temperature of spin reorientation of Mn3" ions
[23, 24].

Symmetry of the hexagonal HoMnOj single crys-
tals forbids the direct magnetoelectric interaction;
therefore, it is reasonable to explain this coupling by
the magnetoelastic effect [25]. As was mentioned in
[6], the phase diagram in itself is insufficient to estab-
lish whether the magnetoelastic coupling plays a deci-
sive role. For this reason, it was necessary to measure
the magnetostriction effect. However, in [6, 7], these
measurements were only performed for one direction
in the hexagonal HoMnOj; single crystal. In addition,
the applied fields were insufficient and corresponded
to a small part of the magnetic phase diagram.

In this work, we measured the magnetostriction
effect with all (five) possible configurations magnetic
field—AL/L in applied magnetic fields of up to 14 T in
a wide temperature range. In addition, to elucidate the
role of Ho*" ions, we performed the analogous mea-
surements on the hexagonal YMnO; single crystals,
i.e., on the single crystal with magnetic Ho*' ions
replaced by nonmagnetic Y** ions. This approach was
used earlier in studying the bulk magnetic coupling
constants in YbInCu, [26].

2. EXPERIMENTAL

High-quality HoMnO; and YMnO; hexagonal sin-
gle crystals were grown by optical zone melting using a
Crystal System Corp. FZ-4000 four-mirror furnace.
The growth conditions were almost identical to those
described in [27]. The obtained rods were first very
fragile; therefore, the samples were annealed in air for
8 h at a temperature of r = 800°C and then cooled in
the furnace. X-ray diffraction analysis confirmed that
the lattice parameters of the single crystal correspond
to those reported in [27]. The X-ray fluorescence data
showed that after the second centimeter of the growth,
the Ho : Mn and Y : Mn ratios became equal to unity
and remained invariable for the rest of the growth
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time. The samples were oriented along the Kikuchi
lines using scanning electron microscopy. Then, cubic
samples were cut from the rod and oriented along the
orthogonal crystallographic axes ¢, a, and b', where ¢
is the six-order symmetry axis, a is the second-order
axis, and b' is perpendicular to a and ¢. The magnetic
measurements were performed on a Quantum Design
PPMS 6000 facility and a vibrating sample magne-
tometer [28]. The magnetostriction was measured at
the Laboratory of High Magnetic Fields and Low
Temperatures (Wroclaw, Poland) on an experimental
setup based on an Oxford 15 T superconducting sole-
noid [29]. The magnetostriction was measured for five
configurations of the directions between the striction
effect (AL/L) and applied magnetic field (H) for the
HoMnO; crystal and three configurations of the
YMnO; single crystal.

3. RESULTS AND DISCUSSION

Figure 1 shows magnetization M as a function of
applied magnetic field H in the HoMnO; single crystal
at different temperatures. When the magnetic field is
applied along the hexagonal c axis, the magnetization
curve exhibits the behavior typical of the spin-flop
transition. The M(H) dependences become mono-
tonic above 30 K, which is the temperature at which
the magnetic crystal symmetry group changes from
P63cm to P63cm. When the magnetic field is applied
along the a axis, the M(H) plots contain no features.
These results agree well with the data from [22].

Figure 2 shows the temperature dependence of the
magnetic moment in an applied magnetic field of H =
0.1 T. Obviously, the critical points in the plot are
observed when the magnetic field is applied along the
c axis. The first such point near 7= 4.7 K corresponds
to the first reorientation of manganese moments
and/or ordering of Ho*" ions [7]. The second point at
T = 37 K corresponds to the reorientation of manga-
nese ions from the P63cm to P63cm configuration.
The Neel temperature corresponding to the ordering
of manganese ions at 7 = 76 K is not clearly seen,
because of the strong paramagnetic contribution of
Ho?" ions. When the applied magnetic field is directed
along the second-order axis, the M(H) plot contains
no anomalies.

The transverse magnetostriction of the HoMnO;
single crystal is illustrated in Fig. 3. One can see the
nonmonotonic behavior of the magnetostriction for
all the three possible configurations of the magnetic
field direction (striction, Fig. 3). The magnetostric-
tion is minimum in the temperature range of 7= 4.2—
6 K, i.e., near the first critical point in the M(H)
dependence (Fig. 2), which, as was mentioned above,
corresponds to the first reorientation of the manga-
nese moments or ordering of Ho** ions. In this config-
uration, the magnetostriction is ~10~>, which is typical
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Fig. 1. Dependence of magnetic moment M on magnetic field H at different temperatures along the @ and ¢ axes for the hexagonal

HoMnOj single crystal.
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Fig. 2. Temperature dependence of magnetization M in a magnetic field of # = 0.1 T along three crystallographic axes. Inset:
details of magnetization near the critical temperatures along the c axis.

of 4f'and 3d elements. Both the manganese and hol-

mium ion can be responsible for this effect.

Figure 4 shows the longitudinal magnetostriction
effect in the HoMnO; single crystal. The low-tem-

perature portion of the plots was described well in [6,

7] for the AL/L || c and H || ¢ configurations; however,
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the behavior of magnetostriction in the range of strong
(over 7 T) magnetic fields was not presented in these
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Fig. 3. Transverse magnetostriction of HoMnOj at different temperatures in different configurations. Inset: calculated magneto-

striction of the Ho>* subsystem in the crystal electric field approximation.

works. It can be seen from our data that after the
growth of magnetostriction and attaining the smooth
maximum, the magnetostriction decreases both along
the six- and second-order axes. In addition, note that
in the cc configuration in a field of H = 14 T, the mag-
netostriction changes its sign. At temperatures above
T =30 K, the plot has no anomalies. Another import-
ant moment is that the effect value of 4 x 107 is typi-
cal of 3d elements, such as Mn3®* ions, and 4felements,
such as Ho*' ions. It is worth noting that the non-
monotonic behavior of magnetostriction is only
observed at temperatures below 7= 30 K, i.e., below
the temperature of spin reorientation of manganese [6,
7]. We conclude that, in the first approximation, Mn3*
ions are responsible for the observed effects.
Although, as was mentioned above, the rare-earth
metal ions are usually responsible for the behavior of
magnetostriction, which is different from the qua-
dratic type. Therefore, we may also assume that the
holmium ion determines the shape of striction curves,
but, since the effect is observed at temperatures below
the spin-reorientation transition of manganese, we
may also assume that there is the correlation between

PHYSICS OF THE SOLID STATE  Vol. 60

No.3 2018

manganese and holmium ions. The character of inter-
action between 3d and 4f elements remains understud-
ied, although it is of great importance for physics of
magnetic phenomena.

To check this conclusion, we performed the mea-
surements on the hexagonal YMnO; single crystal, the
structure of which is the most similar to the investi-
gated HoMnOj; single crystals (Fig. 5) among the
compounds without the magnetic 4f ion. All the
AL/L(H, T) dependences are monotonic in all the
experimental configurations. This allows us to con-
clude that the Ho*' ions determine the behavior of
magnetostriction, but only when the magnetic
moment of Mn3" ions is parallel to the hexagonal crys-
tal axis (P63cm configuration).

Comparison of the magnetostriction plots for the
HoMnO; and YMnO; single crystals showed that the

main source of the investigated effect is the Ho" sub-
system. The magnetostriction in the crystals with 4f
ions is governed by two different mechanisms: the sin-
gle-ion magnetostriction caused by the crystal field
and the two-ion exchange magnetostriction [30].
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Fig. 5. Transverse and longitudinal magnetostriction of YMnOj at different temperatures in different configurations.

The R*' ions in hexagonal RMnO; can occupy two
nonequivalent positions. The crystal electric field

(CEF) parameters B," for these positions were calcu-
lated for YbMnO; by Divi§ et al. [31]. We recalculated

the B" parameters of Yb** to the parameters of Ho*"

and obtained a set of CEF parameters for two non-
equivalent Ho®" positions.

Fabreges et al. [32] showed that in YbMnO; the
interaction between the Mn>* and Yb*' subsystems
can be described by the molecular field of Mn3* ions
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affecting the Yb’* subsystem. This molecular field
tends to align the Yb>* magnetic moments perpendic-
ular to the Mn** magnetic moment. We applied this
approach to our system and obtained the model Ham-
iltonian for the Ho subsystem

H =Y BlO" = glgJiH

(D
- Z gJ“'B']lHextemal )

where the first term is the contribution of the crystal
electric field, the second term describes the interac-
tion between Mn and Ho magnetic subsystems, and
the third term is the energy of the external magnetic
field.

Using Hamiltonian (1) and McPhase program
[http://www.mcphase.de], we calculated the stress
tensor components. These components make it possi-
ble to qualitatively describe our results on the mea-
sured magnetostriction. The results of the calculation
are shown in the inset in Fig. 3. Obviously, the calcu-
lations for the L || cand H || b at T= 4 K configurations
agree well with the experimental data. Therefore, we
can state that the anomalies in the magnetostriction
data are caused by the crystal electric field in the pres-
ence of the molecular field of the Mn3* subsystem.

To more deeply understand the magnetostriction
behavior, it is necessary to analyze the Ho—Mn inter-
action in more detail. Our simple model has only a
narrow range of applicability, especially considering
that we ignored the exchange magnetostriction. More-
over, the crystal-electric-field parameters calculated
by us for HoOMnO; from the parameters of YbMnO,
[31] cannot be considered strictly determined;
therefore, additional optical or neutron spectroscopy

experiments are needed to establish the B para-
meters.

4. CONCLUSIONS

We can state that Ho’" ions strongly affect the
magnetostriction effects in HoMnOj;: these ions affect
the coupling mechanism in the hexagonal HoMnO;
single crystal. It is worth noting that the effects were
observed in the phase diagram region where Mn* ions
are antiferromagnetically ordered. Further investiga-
tions are needed to develop a microscopic model for
describing the coupling in the investigated com-
pounds. The interaction between 3d and 4f ions
remains understudied and is of great importance for
physics of magnetic phenomena. The RMnO; hexag-
onal manganites can be suitable objects for solving this
problem.
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