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Magnetization, specific heat, and thermal conductivity of hexagonal ErMnQ; single crystals
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We report a study of magnetism and magnetic transitions of hexagonal ErMnOs; single crystals by
magnetization, specific heat, and heat transport measurements. Magnetization data show that the c-axis magnetic
field induces three magnetic transitions at 0.8, 12, and 28 T. The specific heat shows a peak at 2.2 K, which is due
to a magnetic transition of Er** moments. For low-T thermal conductivity («), a clear diplike feature appears in
the « (H) isotherm at 1-1.25 T for H || ab, while in the case of H || ¢, a steplike increase is observed at 0.5-0.8 T.
The transition fields in « (H) are in good agreement with those obtained from magnetization, and the anomaly of
« can be understood by a spin-phonon scattering scenario. The natures of magnetic structures and corresponding
field-induced transitions at low temperatures are discussed.
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I. INTRODUCTION

Multiferroicity has attracted many research interests due to
its potential applications in magnetoelectronics, spintronics,
and magnetic memory technology [1-5]. Hexagonal (h-)
manganites RMnO; (R =Y and rare-earth elements) have
been found to be typical examples of type-I multiferroics, of
which ferroelectricity and magnetism originate from differ-
ent physical mechanisms, usually leading to a rather weak
magnetoelectric coupling [6,7]. This is the main limitation
for the practical usage of type-I multiferroics, whereas, recent
experiments have confirmed #-RMnO; being the special one
of type-I multiferroics, which exhibits significant magneto-
electric coupling between the c-axis polarization and the ab-
plane staggered antiferromagnetic (AF) magnetization [8—11].
So far, plenty of works, both theoretical and experimental,
have been systematically carried out to discover the hidden
multiferroic physics in A-RMnOsz [11-30]. In particular,
some special experimental techniques such as high-resolution
neutron diffraction, synchrotron x-ray diffraction [11,15],
inelastic neutron scattering [13,27], femtosecond pump-probe
differential reflectance spectroscopy [16], optical transmission
spectroscopy [20], Raman and terahertz spectroscopies [21],
ultrasound measurement [14], thermal conductivity mea-
surement [12,17-19], etc., all revealed a strong spin-lattice
coupling in A-RMnOj3;, which may play the key role in
generating the strong magnetoelectric coupling. Meanwhile,
the magnetic properties of #2-RMnOj3 are rather complicated
because of their special crystal structure.
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These materials are crystallized in the hexagonal lattice
with the space group P6s3cm at room temperature [31,32].
The Mn** ions locate at “6¢” positions with symmetry m and
the R** ions locate at “2a” and “4b” positions with symmetry
3m and 3, respectively. Besides, the Mn* ions are arranged
into a triangular-lattice layer in the ab plane with AF nearest-
neighbor interaction. Therefore, the geometrical frustration
of magnetic moments is introduced in - RMnOs. Once the R
sites are occupied by rare-earth magnetic ions like Ho>*, Er**,
Yb3t, etc., the multifold ordering and the 3d-4 f interaction
between the R** and Mn** sublattices accompanied with the
inherent geometrical frustration can give rise to complicated
magnetic phase diagrams and magnetic transitions [19,33-35].
It is known that the magnetic structures of R>* or Mn** in
the ground state have six possible space groups labeled with
I'; (i =1-6) [33,36-40]. However, there is great difficulty
in experimentally distinguishing these spin configurations,
resulting in an obstacle in understanding the low-7" magnetic
structures and the transitions induced by the magnetic field.
In particular, it is rather unclear or controversial on the mag-
netisms and spin configurations of the rare-earth sublattices.
Because the Mn** moments form better magnetic ordering
compared to the rare-earth moments, the total magnetic signal
of some symmetry sensitive methods like neutron scattering
and magnetic second harmonic generation (SHG) method is
dominated by the Mn** moments, leading to much difficulty
in determining the magnetic contribution of R** ions using
these direct experimental techniques [35]. But in most cases,
the anisotropic measurements like magnetization, thermal
expansion, etc., all supported an easy-axis magnetic ordering
along the c axis for the rare-earth sublattice [34,35,39,41-45].
This kind of anisotropy can be explained by the 3d-4f
interaction between Mn>* and Rt moments, that is, the R3*
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FIG. 1. Possible magnetic structures with moments paral-
lel/antiparallel to the ¢ axis for rare-earth sublattice in ~-RMnO;
denoted by four one-dimensional representations 'y to I'4.

moments can form magnetic ordering in the Mn** molecular
field and their orientations are clearly coupled to the Mn*"
ones through an energy term of anisotropic nature [15,46].
Moreover, because the R3*(2a) and R3*(4b) are located at
different Mn>* environments, the magnetic ordering of the
R3*(4b) can be triggered by the Mn>" ordering at a rather
high temperature via a strong 3d-4 f interaction. In contrast,
the coupling between the Mn>" and R3*(2a) moments is neg-
ligible in comparison with the R**(2a)-R**(2a) interaction,
and the magnetic ordering of R3*(2a) usually occurs at very
low temperatures. Among the set of irreducible representations
I'; to ['g, the four one-dimensional representations I'y to Iy, as
shown in Fig. 1, are always sufficient to describe the magnetic
ordering of R** moments (parallel/antiparallel to ¢ axis),
while the two-dimensional representations I's and I'¢ with
the ab-plane ordering and the combinations of representations
with lower symmetries are not needed [35].

Here, we focus on the magnetic properties and magnetic
transitions of hexagonal ErMnOs. It is known that ErMnOj3
undergoes a ferroelectric transition at 7, = 833 K and keeps
the space group P6scm below T.. The magnetic ground
state of ErMnO; has been studied by using magnetization,
optical second harmonic generation, and neutron diffraction
measurements [35,39,41-43,47]. It was proposed that the
Mn** moments form an AF order with a P6}c'm spin structure
at Ty = 79 K; simultaneously, the Er3+(4b) moments form
the magnetic order with the same P 6;¢’m spin structure at Ty;
with lowering temperature, the Er**(24) moments order into
a P63¢’m’ spin structure at 10 K with spin alignment in the ¢
axis; the long-range order of Er’*(2a) moments at low tem-
peratures can induce a second magnetic transition of Er’*(4b)
and Mn*" due to the 4 f-4 f and 3d — 4 f magnetic interac-
tions [35], that is, the Er**(4b) moments can transform from
P6,c’'m to P63¢'m’ accompanied with the synchronous tran-
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FIG. 2. (a) Powder x-ray diffraction of ErMnOj; single crystals.
(b),(c) X-ray diffraction pattern of (004) plane and the rocking curve
of (004) peak. The full width at half maximum (FWHM) of the
rocking curve is shown in panel (c).

sition of the Mn** moments from P 64c’'m to P63c¢'m’ at 2 K.
Finally, the ground-state magnetic structures of Er’'(2a),
Er**(4b), and Mn*" sublattices were all proposed to possess
the symmetry of P63¢'m’ [35]. With applying a magnetic field
along the c axis in the ground state, the Er** moments undergo
a ferromagnetic transition from ferrimagnetic arrangement to
a full polarization [35].

In this paper, we report a systematic study of magnetization,
specific heat, and low-T' heat transport of ErMnOs3 single
crystals at low temperatures and in high magnetic fields. It is
found that the magnetization for H || ¢ displays three magnetic
transitions at 0.8, 12, and 28 T, respectively. Apparently, the
previously proposed ferrimagnetic P63¢’m’ ground state of
Er’t sublattices cannot be used to explain these magnetic
transitions. Combining the results of magnetization, specific
heat, and thermal conductivity, we discuss the ground state and
magnetic-field-induced transitions.

II. EXPERIMENTS

High-quality ErMnOj single crystals were grown by the
floating-zone technique [48]. Chemical compositions of the
as-grown crystals were checked by x-ray fluorescence pattern
(XRF). The samples used for XRF were cut along the cross
section of the single-crystal rod from five different positions
with a thickness about 1.5 mm. An averaged molar ratio of
Er:Mn in these crystals was confirmed to be 0.99:1, which is
very close to the nominal composition. To confirm the phase
purity, some single-crystal pieces were ground into powder
to be characterized by x-ray diffraction (XRD). As shown
in Fig. 2(a), the powder diffractions show a pure phase of
these crystals. Moreover, the phase and single crystallinity of
the crystals were also checked by the Laue photograph and
x-ray rocking curve measurements. As the representative data,
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FIG. 3. (a),(b) Temperature dependence of the magnetization and
the inverse magnetization of ErMnO; for magnetic field (0.1 T)
applied along the ¢ and a axes. Inset to panel (a): temperature
dependence of dM/dT. The minimum at 2.2 K indicates the
magnetic-order transition of Er**(2a) moments. In panel (b), the
arrow indicates the slope change of M~!(T') at ~79 K, which should
be corresponding to the Néel temperature of Er**(4b) and Mn**
moments.

Figs. 2(b) and 2(c) show the (00%) Bragg peak and the rocking
curve of (004), respectively. Very narrow width of the rocking
curve (FWHM = 0.06°) demonstrates the good crystallization
of the crystals.

The samples used for magnetization, specific heat, and
thermal conductivity measurement were carefully checked
by x-ray Laue photograph and cut precisely along different
crystallographic axes. The magnetization was measured in
a commercial SQUID-VSM (Quantum Design) and a self-
built pulsed magnetic-field platform. The specific heat was
measured in a commercial physical property measurement
system (PPMS, Quantum Design). The thermal conductivity
was measured by using a conventional steady-state technique
in a 3He refrigerator equipped with a 14 T magnet at the
temperature range of 0.3-30 K and a “He pulse-tube refrig-
erator for zero-field data above 4 K [17,18,49,50]. All these
measurements were carried out with increasing temperature of
magnetic field after cooling the samples in zero field.

III. RESULTS AND DISCUSSION

A. Magnetization

Figure 3 shows the temperature dependence of the magne-
tization and inverse magnetization along the ¢ and a axes
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FIG. 4. (a)—(g) Temperature dependence of the magnetization of
ErMnO; in the c-axis magnetic fields. (h) A comparison among all
M(T) curves. The squares and diamonds indicate two anomalies,
respectively, and the dashed lines show the evolution of the anomalies
with increasing field, which are in good agreement with previous
reports [35,39]. Besides, the arrow indicates another anomaly of
M(T)in 7 T field. All the anomalies are determined from d M /dT.

at 0.1 T. As shown in Fig. 3(b), the M~!(T) curve with
H || c exhibits a clear change of slope at Ty = 79 K while that
with H | a displays a simply paramagnetic behavior, which
agree well with a previous report [39]. It is already known
that the Mn*" moments have easy-plane anisotropy in the
triangular-lattice ab plane and form an AF long-range order
at Ty, in which the neighboring moments are rotated by 120°
and can be canceled out [35,42,51]. Meanwhile, because of
a strong 3d-4 f interaction between the Mn*" and Er’*(4b)
moments, the ordering of Mn>* sublattice can drive Er**(4b)
moments to order into a P6,c’m state with spin alignment
along the ¢ axis [35]. With lowering temperature, as shown in
the inset to Fig. 3(a), the dM /dT curve shows up a minimum
at2.2 Kfor H || ¢, indicating a magnetic transition of the Er*t
moments.
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FIG. 5. Temperature dependence of the magnetization of
ErMnO; single crystals in the a-axis magnetic fields.

Figure 4 shows the evolution of M(T') with changing fields
for H || c. Similar data can be found in an earlier literature,
which were obtained with both increasing and decreasing
temperatures after field cooling [35]. It is found that the M(T)
curve in a field of 0.003 T shows a clear peak around 2 K,
as shown in Fig. 4(a). It seems that this peaklike feature
is due to an AF transition, and the magnetic ground state
of ErMnOs is a kind of AF state. However, by slightly
increasing the field to 0.01 T, the peaklike feature disappears.
It would be strange if an AF state could be destroyed by such
a small magnetic field. Figure 4(h) shows the evolution of
M(T) curves with changing field. It can be easily found by
using the derivative data dM /dT (not shown here) that the
M(T) curve for uoH < 1 T shows up a minimum, which
defines a transition temperature 77. With increasing field, 7}
slightly moves to higher temperatures. Moreover, the 1 T curve
shows up a steplike increase at 7, = 2.2 K, which should be
associated with a field-induced ferromagnetic transition of the
Er*" moments, and the transition temperature 7> shifts quickly
to higher temperature with increasing field. These results agree
well with previous reports [35,39]. In addition, it is notable that
in the M(T) for 7 T || ¢ another ferromagneticlike transition
is observed at 4.8 K, as shown in Fig. 4(h). Therefore, the
ground-state magnetic structure of ErMnO3 is confirmed to
experience at least two magnetic transitions in a c-axis field. In
this regard, the ferrimagnetic P63¢’m’ spin structure proposed
previously cannot be the actual magnetic ground state of Er**
moments in ErMnO; [35].
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FIG. 6. (a),(b) Low-temperature magnetization curves M (H) of
ErMnO; in magnetic fields along the ¢ and a axes, respectively.
(c) A comparison between the c- and a-axis magnetization. (d) The
differential results of dM/d H. Inset to panel (a): low-field data of
the magnetization at 1.8 K that exhibit a small hysteresis. The arrows
indicate the direction of sweeping field. There is not any hysteresis
in all other curves.

In the case of H || a, as shown in Fig. 5, there is no
clear anomaly in M(T) curves for the fields up to 7 T.
The magnetization in the a-axis field looks like a simply
paramagnetic behavior.

Figure 6 shows the magnetization curves at low tempera-
tures with magnetic fields along the a or ¢ axis. For H || ¢, the
M (H) curve at 1.8 K shows two steplike increases at 0.003 and
0.8 T, which agrees well with previous reports [35,39]. With
increasing temperature, the low-field transition disappears and
the high-field one moves to higher fields. Here, a hysteresis
loop can be seen at the low-field transition with a very small
coercive field and remnant magnetization. This feature has
a good correspondence to the peaklike feature in the M(T)
curve. Note that such a small remnant magnetization cannot
be associated with normal ferromagnetism or ferrimagnetism
and is probably caused by a kind of weak ferromagnetism
due to spin canting [52,53]. Increasing temperature to 5 K,
this small hysteresis disappears. Similar results have been
found by Sugie et al. [41]. Nevertheless, such a small
hysteresis loop is incompatible with the previously proposed
ferrimagnetic P63¢’m’ ground state of Er’t sublattices [35].
Besides, it is found that the high-field increase also has good
correspondence with the transition at 7, in the M(T) curve
for H || c. In contrast, the M(H) for H || a behaves more
simply, which is in good accordance with the results of M (T).
However, the slope of M(H) for H | a at 1.8 K shows
significant difference before and after 1 T, indicating a possible
magnetic transition of Er*™ moments. Figure 6(c) shows the
comparison between the c- and a-axis M(H) curves at 1.8 K.
Because the Mn®'* moments are 120° ordered in the ab
plane, the net moments of total Mn>* ions can be ignored
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FIG. 7. (a),(c) Low-temperature magnetization curves M(H) of
ErMnO; obtained in pulsed high magnetic field along the ¢ and a
axes. (b),(d) The differential results of d M /d H for the ¢ and a axis
M (H). The arrows in panel (b) indicate three magnetic transitions at
0.8, 12, and 28 T.

in comparison with that of the Er’™ ions. Therefore, the low-T
magnetization is mainly contributed by the Er’* moments. It
is a puzzle that the magnetization for H | a is much larger
than that for H | c, although the spin-easy axis of rare-earth
ions is believed to be along the ¢ axis due to the existence of
a c-axis molecular field from the Mn®* moments [35,47]. A
possible reason is related to the quadrupolar charge-density
distributions of 4 f shell of rare-earth ions, as proposed by
Skumryev et al. [54].

The magnetization was also measured in pulsed high
magnetic fields up to 50 T. As shown in Fig. 7(a), the M(H)
curve with H || ¢ at 1.4 K shows three anomalies, which are
clearer in the differential data. The dM/dH curve shown in
Fig. 7(d) exhibits three maximums at 0.8, 12, and 28 T (denoted
by H., H., and H_3, respectively). This indicates that the
ground-state magnetic structure of ErMnO;3 can experience
three field-induced transitions for H || ¢. In the case of H || a,
the M(H) curve at 1.4 K shows a steady increase with
increasing field, but the slope of M(H) undergoes a clear
change at 1-2 T.

B. Specific heat

The low-T specific heat of ErMnO; single crystals in
magnetic fields parallel to the c or a axis are shown in Fig. 8.
Here, the zero-field data are consistent with the results in
literature [39,54]. It is found that the zero-field specific heat
significantly deviates from the pure-phonon behavior below
10 K. With further lowering temperature, a humplike feature
is observed around 3 K. In addition, a clear peak is observed at
2.2 K, which corresponds to the low-7 anomaly in M(7T") and
should be caused by a change of magnetic state of the Er** mo-
ments. With applying a c-axis field, this peak becomes wider
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FIG. 8. Low-temperature specific heat of ErMnOj single crystals
with magnetic fields along the ¢ or a axis. The insets show the low-
temperature data.

with increasing field for uogH < 0.1 T; for field above 1 T,
the peak is strongly enhanced and behaves like the feature of
a first-order phase transition and moves to higher temperature
with further increasing field. In addition, it is found that the
transition temperatures agree well with the magnetic transition
at T; inthe M(T) curves. In the case of H || a, the specific-heat
peak is gradually suppressed and nearly smeared out at 1 T.
Besides, the broad hump becomes stronger and moves to
higher temperature with increasing field, behaving like a
Schottky anomaly.

C. Thermal conductivity

Figure 9 shows the temperature dependence of the a-axis
and c-axis thermal conductivities (k, and «.) of ErMnOj; single
crystals in zero field, in comparison with those of YMnOs,
TmMnOs3, and HoMnOs; [17,18]. It is found that the « (T") of all
these materials show a clear dip (or kink) at Néel temperature
of the Mn>* moments, caused by a drastic phonon scattering of
the critical spin fluctuations [55,56]. At low temperatures, the
k(T) behave rather differently with the variation of R3** jons.
For YMnOj3; and TmMnO3, the «(T') show clear phonon peaks
at temperatures of 10-20 K. While in the case of HoMnO3 and
ErMnOs, the phonon peaks are wiped out and the ¥ show much
smaller magnitudes at lower temperatures. In detail, a strong
dip appears at ~4 K in the «(7T") of HoMnO3, which is related
to the AF ordering of Ho** moments [9,17]. While in the case
of ErMnOs, the x(T) shows a distinct curvature at 1-2 K,
which should be related to the magnetic-order transition of

174425-5



J.D. SONG et al.

. (W/Km)

0.01 s -

K (W/Km)

0.01 L

FIG. 9. Temperature dependence of the a-axis and c-axis thermal
conductivities of ErMnOj; single crystals, compared with the results
of YMnO3, TmMnO3, and HoMnO; [17,18]. The dashed lines show
a T? temperature dependence.

Er’T moments. Magnetic excitations, either magnons or short-
range fluctuations, can act as scatterers of phonon. In YMnOs,
the Y31 ions are nonmagnetic. While for TmMnO3, the Tm’t
moments do not form long-range order until 0.3 K [18,39,43].
Because of lacking magnon excitations from the R3T spin
system in YMnO3 and TmMnOs3, it is understandable that
the low-T' « of YMnO3 and TmMnOj are significantly larger
than those of HoMnO3 and ErMnOs. That is, the magnetic
excitations of rare-earth sublattice in HoMnO3; and ErMnOj;
can strongly scatter phonons at low temperatures.

In passing, it is notable that the «(7') of YMnO; and
TmMnOs at subKelvin temperatures approximate 72 rather
than 7 behavior, suggesting the microscopic phonon scatter-
ing is not negligible also for these two materials, although
the scattering is much weaker than that in HoMnO3; and
ErMnOs. Previous inelastic neutron scattering experiment on
YMnOj; has revealed strong spin fluctuations at temperatures
as low as 5 K because of the geometrical frustration of Mn>"
moments [57]. Probably this kind of spin fluctuations existing
at low temperatures can scatter phonons. In this regard, the
theoretical analysis for describing this scattering effect is
called for.

Figure 10 shows the «(T) of ErMnO; single crystals in
magnetic fields parallel to or perpendicular to the ¢ axis.
With applying a 14 T field along the ¢ axis, as shown in
Figs. 10(a) and 10(c), the low-T « are strongly enhanced
because of the suppression of magnetic excitations in high
field; besides, both the «,(T) and «.(T) exhibit a clear
shoulderlike feature at the temperature range of 5 to 10 K.

PHYSICAL REVIEW B 96, 174425 (2017)
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FIG. 10. Temperature dependence of the a-axis and c-axis ther-
mal conductivities of ErMnOj; single crystals in magnetic fields.

A similar phenomenon has been observed in the case of
HoMnO3 and TmMnOj; [17,18]. For H || a or [210], as shown
in Figs. 10(b) and 10(d), a low magnetic field can clearly
suppress the x at subKelvin temperatures. The curvature in
k(T) extends to lower temperatures with increasing field,
which has some correspondence with the results of specific
heat for H || a. With increasing field to 14 T, the low-T « geta
significant recovery; in particular, a clear phonon peak appears
at ~14 K in the «,(T) for 14 T || a.

Figure 11 shows detailed magnetic-field dependence of
thermal conductivities at 7T <2 K. For H | ¢, the «(H)
display a slight decrease at low field and a steplike increase at

(@ Hite _ooos

FIG. 11. Magnetic-field dependence of thermal conductivity of
ErMnOs single crystals at T < 2 K.

174425-6



MAGNETIZATION, SPECIFIC HEAT, AND THERMAL ...

ﬁiﬁﬂ

Hile ¢ .
l A t V'Y 1
0T
@ Er(2a)
@ Er(4b) 1 %o ‘

® Mn

.0 - M}«" ,,

4««4««

FIG. 12. Magnetic structures of rare-earth moments in ErtMnOj3
at low temperatures and those in a c-axis field.

0.5-0.8 T, as shown in Figs. 11(a) and 11(c). The « increases
gradually with further increasing field and then exhibit a
broad-valley-like feature around 12 T. It is found that these
changes of k(H) for H || ¢ have good correspondence with
the anomalies in the c-axis M(H) at H.,; and H.,. In the
case of H | ab, as shown in Figs. 11(b) and 11(d), a diplike
feature is observed in the «(H) isotherms at ~1 and 1.25 T
for H || a and [210], respectively, and the dip fields H, are
nearly independent of temperature. A similar phenomenon,
associated with a spin re-orientation of Mn>* sublattice with
90° rotations in the ab plane, has also been detected in the
case of HoMnO3 and TmMnOs3 [9,17,18]. Further increasing
field can effectively suppress the magnetic excitations and the
spin-phonon scattering is weakened, leading to the gradual
recovery of k.

D. Ground state and magnetic transitions

Based on the above data, we proposed that the ground-state
magnetic structures of Er** moments in ErtMnO3 should not be
the ferrimagnetic P63¢’m’, which can undergo only one field-
induced transition in H || ¢. Among the four one-dimensional
states, only P6,cm’ can be used to explain the experimental
results. As shown in Fig. 12, with applying a c-axis field,
the Er’*(2a) moments are polarized along the ¢ axis at H,;,
and the magnetic excitations can be effectively suppressed,
leading to a quick increase of k. Then, the Er’*(4h) moments
can undergo a spin-flop transition at H,, before coming into
the spin polarized state at H,.3. Note that the transition at H,,
does affect the «, as shown in Figs. 9(a) and 9(c). Finally, the
Er’* (4b) moments are fully polarized at H,s.

In addition, it was reported that the magnetic transition
of Er’**(4b) can be triggered by a change of Mn*" order
and vice versa because of a rather strong 3d-4 f interaction
between Mn>T and Er’*(4b) sublattices, while there is no
coupling between the Mn** and Er**(2a) sublattices [35,47].

PHYSICAL REVIEW B 96, 174425 (2017)

Therefore, it is deduced that the magnetic structure of Mn3t
should have corresponding spin reorientation at H,, and H,3,
which needs a further study using more specialized methods
like second harmonic generation (SGH). In the case of H || ab,
it is suggested that all the Er** moments should be polarized
at a low transition field with a synchronous spin reorientation
of Mn** moments, resulting in a diplike decline of « at the
magnetic transitions.

E. A comparison of the rare-earth ordering in
HoMnOj3; and ErMnO;

In the family of #-RMnO3 with magnetic rare-earth ele-
ments, there are a wealth of magnetic orders, magnetic phase
transitions, and magnetoelectric physics, and different R can
lead to rather different behaviors in these physical properties.
Among these members, TmMnOj3 has been understood pretty
well. In TmMnO3, the Mn** moments form the long-range
order with P6,c'm spin configuration at Ty = 84 K. At
low temperatures, there is no evidence of the long-range
order of Tm>t moments till 0.3 K, but it was found that
the Tm**(4b) moments form short-range AF order below
Ty [18,39,43,54,58]. With applying a c-axis magnetic field
in the ground state, the Tm>*(4b) moments can be polarized
along the magnetic field together with a spin re-orientation of
the Mn>* sublattice from P6,c'm to P63c'm’ state [18,39,43].

ErMnO3; and HoMnOj; were found to exhibit very compli-
cated H-T phase diagrams [34,35]. As mentioned above, it
was originally proposed that at the ground state of ErMnOQO3,
the Er*T(4b) and Er**(24) sublattices have spin configuration
of ferrimagnetic P63¢'m’ [35]. However, the magnetization
and thermal conductivity data in the present paper indicate
that the ground state of Er**(4b) and Er**(2a) sublattices are
more likely P6/,cm’. The a-axis field can induce one transition
of Er** sublattice, accompanied with the spin re-orientation
of Mn>t sublattice, while the c-axis field can induce three
magnetic transitions .

The phase diagram of HoMnO; has been studied ex-
tensively and was found to be rather controversial. The
magnetic order of Mn>* moments forms at Ty = 76 K. At
lower temperatures, the Mn>* sublattices can undergo two
spin re-orientations at Tsgz = 33 K and Ty, = 5.4 K, and the
magnetic structure of Mn>* in the ground state was confirmed
to be P63cm [33,41,59-61]. However, the magnetic orders
of Ho** moments are still under debate. One supposition
is: both Ho’*(2a) and Ho " (4b) moments form AF P6ycm’
state at the temperature regime of Ty, < T < Tyg; at lower
temperatures, the Ho** moments undergo a magnetic-structure
transition from P6jcm’ to P63cm state at Ty,; hence, the
Ho**(4b) moments are ordered along the ¢ axis with AF
intra- and interplane couplings and the Ho>*(2a) moments are
disordered in the ground state [9,15,60,61]. Another picture
is: the magnetic order of Ho>™ moments does not change
at T < Ty,, and both Ho**(2a) and Ho’*(4b) sublattices
have the long-range magnetic order with P6,cm’ state in the
ground state [62]. In addition, the magnetic phase diagram
of HoMnOj; sketched by dielectric constant measurement
indicates that the ground state of HoMnOj3; can undergo
three field-induced magnetic transitions in a c-axis field up
to 8 T [34]. Our previous thermal conductivity measurement

174425-7



J.D. SONG et al.

T T T T T 4I T T 4
10} @ —
S HoMnO3 o«
£ =
0 25
S5 =
= H/l a 1T
°
—— 14K S
0 L L L L 0 ©
80 10 20 30 40 0
06 _
—~ 6f S
=) [y
= 0.4 =
2 Ny
=, Hilc | 02T
©
— 14K E
0 ! ! ! ! ! ! ! ! O ©
0 10 20 30 40 500 10 20 30 40 50
10F - - 1F ' ' 310
(e) 0]
S
X1 J 41
T H/la Hilc
e —o—0.36 K —o—0.36 K
—o—1.95K —o—1.95K
0 5 10 150 5 10 15
w,H (T) uH (T)

FIG. 13. (a), (c) Low-temperature magnetization curves M (H ) of
HoMnO; obtained in pulsed high magnetic field along the a or ¢ axis.
(b),(d) The differential results of d M /d H for the a- and c-axis M (H).
Inset to panels (b),(d): low-field data of d M /d H . The arrows in panels
(b),(d) indicate the magnetic transitions. (e),(f) Low-temperature field
dependence of «, for field along the a or ¢ axis. Data are taken from
Ref. [17].

indicated three dips in the low-T « (H) curves with H || ¢ [17],
as shown in Fig. 13(f). Two low-field sharp dips can be clearly
associated with magnetic transitions, but it was not confirmed
in Ref. [17] whether the broader one at 8 T is also associated
with a magnetic transition because of lacking the high-field
magnetization measurement.

In the present paper, the high-field magnetization and
thermal conductivity of ErMnQOj3 are able to reveal some new
information on the magnetic ground state and field-induced
transitions. In this regard, it is really useful to carry out the
high-field experiments for other 4-RMnO;. Here, we also
measured the magnetization of HoMnO3 in high fields up to
50T, as shown in Figs. 13(a)-13(d). The data indicate that the
magnetic structure actually undergoes four transitions in the
c-axis magnetic field. Three low-field transitions are coincided
with those in the x(H) and dielectric constant measurements,
and the fourth transition is located at very high field. With
applying an a-axis magnetic field, both the M(H) and «(H)
curves show an anomaly at the same transition field. Based
on this, it is suggested that the magnetic structure of Ho’"
moments in HoMnOj; should adopt P6cm’ state, which is
similar to the case of ErMnQOj3. But the magnetization process
in H || c for these two materials actually have some difference.

PHYSICAL REVIEW B 96, 174425 (2017)
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FIG. 14. Magnetic structures of rare-earth moments in HoMnO;
at low temperatures and those in a c-axis field.

Unlike the case of ErtMnOs, Ho’*(2a) in HoMnOs should
have a two-step magnetization in H || c. As shown in Fig. 14,
the magnetic transitions of Ho®* moments in H || ¢ can be
understood as following: At H,j, the H03+(2a) moments first
undergo a 90° spin-flop transition from the c axis to the ab
plane; with increasing field to H,,, the H03+(4b) moments
undergo a 90° spin-flop transition from the ¢ axis to the ab
plane; then, the Ho’*(2a) moments can be fully polarized
along the ¢ axis at H,3; finally, all Ho®" sublattices are fully
polarized along the field at H.4. With applying magnetic field in
the ab plane, the Ho** moments can be polarized at transition
field H., simultaneously, the Mn>* sublattice can undergo a
spin re-orientation. With the high-field magnetization data,
it is clear that the 8 T minimum in the low-T «(H) curves
(H || ¢) indeed indicates a field-induced magnetic transition.
In addition, we can make a step forward in understanding
the nature of ground state and the magnetic transitions of
HoMnOs;. In addition, these results indicate that the spin
anisotropy of Ho*™ may not be Ising like.

These differences in the ground states and magnetic
transitions among i-RMnOj are directly caused by different
rare-earth ions, which mainly results in different magnetic
interactions between the Mn>t and R3*t(4b) or R3t(2a)
moments. For example, the differences in the magnetization
process of Ho**(2a) and Er**(24) should be attributed to a
difference in anisotropy energy. That is, the R**(2a)-Mn*"
interaction in HoMnOs is stronger than that in ErMnQOj3, which
is directly caused by different rare-earth ions. In addition, the
k(H) of HoMnO3; with H || ¢ show clear different features
at the transition fields of Ho’*(2a), in comparison with the
case of ErMnOsj. In detail, the x(H) of HoMnOs3 in H || ¢
show two diplike features at H.; and H,,, which indicates
that a synchronous spin re-orientation of Mn** should be
triggered by the field-induced transition of Ho® " (2a) moments.
In contrast, the x(H) of ErMnO3 with H | ¢ show a rather
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weak field dependence at low fields followed by a steplike
increase at the polarization transition of the Er*t(2a) moments,
which indicates there is no accompanied spin re-orientation of
Mn** with the magnetic transition of Er**(2a). This difference
reveals a difference in the R3*(2a)-Mn®* interaction for
HoMnOj; and ErMnOs.

IV. SUMMARY

In conclusion, we carried out detailed measurements on
magnetization, specific heat, and thermal conductivity of
ErMnOs at low temperatures and in high magnetic fields. It is
found that the magnetic structure of ErtMnOj3 undergoes three
transitions at 0.8, 12, and 28 T for H || c. This indicates that
the ferrimagnetic P63¢’m’ spin configuration cannot be the
actual ground state of Er’* sublattices. Meanwhile, M(H),
C,(T), and k(H) for H | a all show clear changes around
1 T, which confirms the presence of a magnetic transition.
Based on present experiments, we conclude that the ground
state of Er" moments is likely P65cm’. In addition, the

PHYSICAL REVIEW B 96, 174425 (2017)

difference in M(H) and «(H) of HoMnO3; and ErMnOj3 can
be well understood by a difference in the R**(2a)-Mn**
interaction caused by different rare-earth ions. It is concluded
that varying rare-earth ions in 2- RMnOj is sensitive in control
of the magnetic interactions between Mn** and R3*(4b) or
R3*(2a) moments, which offers an effective way to improve
the physical performance of these materials.
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