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Rotating field entropy change in hexagonal TmMnQj; single crystal
with anisotropic paramagnetic response
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The anisotropy of magnetic field-induced entropy change, —AS, was investigated in a hexagonal TmMnO;
single crystal at a temperature range of 2-50 K. The value of —AS along the ¢ axis reaches a maximum of
8.73 J/kg K at 17 K in a field of 70 kOe, which is 20 times larger than that along the a axis. Our finding suggests
that the rotating field entropy change —AS®(«) from the a to ¢ axis is attributed not only to magnetocrystalline

anisotropy, but to thermal fluctuations.
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I. INTRODUCTION

The magnetocaloric effect (MCE) is currently attracting
considerable interest from both fundamental and practical
points of view. Magnetic refrigeration has potential application
in many fields due to combined energy and environmental
advantages. In the last decades, MCE research has mainly
focused on materials with magnetic phase transitions involving
the paraprocess'™ under magnetic field variation near the
transition temperature. Alternatively, magnetic refrigeration
can also be achieved by arotating field MCE based on changing
the magnetic anisotropy energy in a constant magnetic field,’
which is attractive due to the simplification and possible
miniaturization of the device.? Recently, this kind of MCE is
explored in NdCos,> BaCog ¢:Zn; 3gFe160,7,” and Er,Fe4B,?
single-crystal near-spin reorientation transition in the vicinity
of room temperature. However, it is also meaningful to
study low-temperature refrigerants for ultralow-temperature
refrigeration. Recently, giant rotating field entropy change,
which is dominated by magnetocrystalline anisotropy, was
observed in a single crystal of orthorhombic TbMnO; at
low temperature.” On the basis of a single ion anisotropy
model, magnetocrystalline anisotropy is determined not only
by the 4f charge distribution of R3* ions, but also by
the crystal structure.'®!" The investigation of rotating field
entropy change, —ASR, in materials with various R** ions
and structures can give a deeper insight into the contribution
of magnetocrystalline anisotropy to the rotating field MCE
effect.

In this paper, we investigated the rotating field entropy
change in a TmMnOj single crystal. The reason for choosing
a TmMnOs single crystal is twofold. First, the prolaticity of
the Tm3* ion 4 f electron cloud is significantly different from
that of the Tb3* ion (i.e., the first one is oblate and the last
one is prolate); consequently, a change of sign for single-ion
anisotropy is expected.'”> Second, in contrast to TbMnO3,
TmMnOs3 has a hexagonal structure with P63cm symmetry
under normal pressure.”> TmMnOs belongs to the series of
hexagonal RMnO3 (R = Ho-Lu) compounds, where Mn>*
ions form geometrically frustrated triangular sublattice packed
along the c axis.'* The magnetic frustration of the Mn3*
sublattice arises from the triangular geometry'> and forms
120° antiferromagnetic (AFM) ordering at low temperature.'*
The Neel temperature in TmMnOj is reported to be 81 K'6 for
ceramics and 82 K'7 and 84 K'® for single crystals. However,
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this transition is not obvious in thermal magnetization curves
because it is suppressed by the dominant Tm** moments.
This noncollinear magnetic structure is very stable, even
in a magnetic field of 10 T.'® Unlike the Mn** sublattice,
the magnetic ordering of Tm** ions in TmMnO; cannot be
identified above 1.8 K from thermal magnetization curves.!®
However, Mossbauer spectra reveal that magnetic moments of
Tm>* at 4b sites partially order along the ¢ direction below the
ordering temperature of Mn>* due to the Tm-Mn interaction,
whereas the moments at 2a sites remain paramagnetic down
to 4.2 K.'° Notably, crystal field plays an important role in the
low-temperature range,'®?’ which may generate significant
magnetic anisotropy. Owing to the anisotropic paramagnetic
response, we find that magnetocrystalline anisotropy alone
is insufficient to fit the rotating field entropy change, and
thermal fluctuations should be taken into account in hexagonal
TmMnOs; single crystals.

II. EXPERIMENTAL

TmMnO; ceramic was prepared with the starting material
Tmy03 (>99.9%) and MnO, (99.9%). Then, it was pressed
into pellets and sintered in air for 48 hours using the solid-
state reaction method at 1200°C. X-ray diffraction (XRD)
showed the prepared sample was single phase with P6s3cm
crystallographic symmetry. The ceramic was compressed into
rods under hydrostatic pressure and sintered at 1400 °C for
48 hours. A TmMnOs single crystal was grown by the floating
zone method with four ellipsoidal mirrors (Crystal Systems
Inc., FZ-T-10000-H-VI-VP). A back-reflection Laue XRD
experiment was carried out to check the single crystallinity
and determine the crystallographic direction. Magnetization
measurements were performed on a commercial supercon-
ducting quantum interference device (SQUID) magnetometer
(Quantum Design, MPMS-XL).

III. RESULTS AND DISCUSSION

The thermal magnetization curves along the a and ¢ axes of
the TmMnOj; single crystal are shown in Figs. 1(a) and 1(b),
respectively. The measurements were carried out in a field
of 100 Oe after zero-field cooling (ZFC) and field cooling
(FC), respectively. As illustrated in the insets of Figs. 1(a)
and 1(b), the inverse magnetization vs temperature curves
above 200 K were fitted by a Curie-Weiss law. Significantly
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FIG. 1. (Color online) Thermal magnetization curves along the
a axis (a) and ¢ axis (b) in a field of 100 Oe. ZFC and FC curves
are shown as red and blue dotted lines, respectively. The inset shows
the 1/M and temperature relation with the corresponding Curie—
Weiss fitting curves.

large anisotropy can be discerned from the fitted Curie—Weiss
temperature, — 168 and — 35 K for a and c axes, respectively.
An early report explained that the anisotropic Curie—Weiss
temperature between the two directions was caused by the
aspherical crystal field of Tm** ions.?! The negative Curie—
Weiss temperature reflects the AFM interaction in the system.
Due to the paramagnetic behavior of Tm** ions, as discussed
below, a steep increase in magnetization was observed with
decreasing temperature, implying that a large change in
entropy could be expected.

Figures 2(a) and 2(b) describe the representative isothermal
magnetization curves along the ¢ and ¢ axes of the TmMnOs3
single crystal in a field up to 70 kOe with a step of 2 kOe and
in a temperature range from 2 to 50 K with an interval of 2 K.
Data for increasing and decreasing the magnetic field at 2 K,
as shown in each figure, demonstrate a little hysteresis loss in
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FIG. 2. (Color online) Representative magnetization isothermals
for the (a) a axis and (b) ¢ axis in a temperature range of 2-50 K.
Both increasing and decreasing field results are shown at 2 K.
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FIG. 3. (Color online) Magnetic entropy change A S as a function
of temperature for the (a) a axis and (b) ¢ axis in various magnetic
fields.

the cycling process. A much larger value of magnetization was
observed along the ¢ axis with a magnitude of 4.9 up per unit
cell in 70 kOe at 2 K.

Magnetic field—induced entropy change —AS was calcu-
lated from the isothermal curves with the following equation
based on a Maxwell relation

[ (%)
AS(T,H) = ) am
o \0T Jy
ZXH: M|riar — Ml7_aT AH, (1)
_\(T+AT)—(T - AT)),

where the second term is used for numerical calculation by
using the slope of two adjacent data points to approximate the
gradient of (AM/9T)y. In this case, AT =1 K and AH =
2 kOe, from which the calculated —AS vs temperature is
shown in Figs. 3(a) and 3(b) for a field along the a and c axes,
respectively. Peaks appear within the range 15 ~ 17 K for the
c axis with a value of 8.73 J/kg K in a field of 70 kOe, whereas
—AS for the a axis is almost zero in the whole temperature
range.

We use the rule suggested by Gschneidner et al.?’ to
calculate the refrigeration capacity (RC) by integrating the
area under —AS vs T curves, using the temperature range
at half-maximum of the peak (Fig. 4). The two directions
manifest obvious anisotropy with values of RC in a field
of 70 kOe equal to 6.2 J/kg and 211.6 J/kg for a and ¢
axes, respectively. Single crystal with anisotropic MCE is a
promising choice for the new type of magnetic refrigeration
by simply rotating the magnetic field or refrigerants.

In order to investigate the rotating field entropy change
ASR at 16 K where the entropy change shows the largest
anisotropy, we measured the isothermal magnetization at
adjacent temperatures 15 and 17 K (AT = 1 K) in fields
up to 50 kOe with a step of 2 kOe (AH = 2 kOe) applied
along the ac plane separated by 10°, in the ¢ to a direction.
We define that « = 0° and 90° denote the ¢ and a directions.
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FIG. 4. (Color online) Refrigeration capacity (RC) for (a) the
a axis and (b) ¢ axis vs magnetic field.

These are displayed in Fig. 5. The entropy change AS(«) for
each angle « at 16 K in a field of 50 kOe can be calculated
by Eq. (1) using the data in Fig. 5. By choosing a direction as
the starting angle, the rotating field entropy change A SR(«) at
16 K can be expressed as the equation

ASR(@) = AS(a) — AS(90°). 2)

In Fig. 6(b), —ASR(«) in a field of 50 kOe is shown as squares.
A gradual increase in —ASR(«) can be seen as the magnetic
field is rotated from the a to ¢ axis and reaches a maximum
value of 5 J/kg K.

We try to build the direct bridge between the rotating
field entropy change —ASR(«) and the magnetocrystalline
anisotropy in the TmMnO; single crystal. By using the
coherent rotation model described in Ref. 9, the magnetocrys-
talline anisotropy constant at 16 K is obtained by fitting
the magnetization curve for the hard axis (a axis), which
is shown in the inset of Fig. 6(a). The corresponding result
for the rotating field entropy change is displayed in Fig. 6(b)
as a blue line. As shown in Fig. 6(b), the fitting values are
much smaller than the experimental data, suggesting that the
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FIG. 5. (Color online) Isothermal magnetization curves within

the ac plane at (a) 15 K and (b) 17 K. 90°and 0° correspond to the a
and c directions, respectively.
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FIG. 6. (Color online) (a) Rotating magnetization curve from the
a to ¢ axis in a field of 50 kOe at 16 K with the experimental result
(squares) and fitted curve (line). The inset shows the fitted hard axis
(a axis) magnetization. (b) Rotating field entropy change —A SR ()
from the a to ¢ axis in a field of 50 kOe at 16 K. The result from
isothermal magnetization curves is shown as squares. The blue and
red lines represent the results from the coherent rotation and PM
models, respectively.

magnetocrystalline anisotropy constant is underestimated, and
an additional contribution to rotating field entropy change
should be considered.

Due to the stable magnetic structure of Mn>* in a high
magnetic field, Tm?* makes a major contribution to the
magnetization in TmMnOj3. However, the magnetic ordering of
R3* in the hexagonal RMnOs family generally arises at a much
lower temperature than Mn3* due to the weaker R-R exchange
interaction.”>?* As reported in Ref. 19, only the Tm?*
magnetic moments at 4b sites order partially, whereas those
at 2a sites are totally paramagnetic down to 4.2 K. TmMnO3
shows linearly increasing magnetization with magnetic field
at 16 K, which is also a sign of paramagnetic behavior in
Tm3* moments. Because of the highly paramagnetic (PM)
behavior, the coherent rotation model is not enough to describe
the entropy change in our system. Here, we introduce the PM
model in which we use a Boltzmann distribution to assign spin
direction.

The a and c directions are taken as the x and z axes
in the spherical coordinate system. Because the rotating
magnetization curve shown in Fig. 6(a) is sinusoidal, we keep
the first two terms in magnetocrystalline anisotropy energy.
First, we can write the unitary condition as

Ao// exp <_

x dodp = 1,

Kisin?0 + K, sin*0 — uggJ x HcosT
kgT
3)

where Ay is the unitary constant, K; and K, are the first- and
second-order magnetocrystalline anisotropy constants, 6 and ¢
are elevation and azimuth angle of the magnetic moment, and
I' is the angle between the magnetic moment and magnetic
field. Then, we can get the projected magnetization along a
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magnetic field of arbitrary direction,

Kisin?6 + K, sin*0 — pupgJ x HcosT
kgT

We used the measured magnetization (108.96 emu/g) in a field of 130 kOe along the ¢ direction at 16 K to approximate the
saturation magnetization ugJ. Since the difference in magnetization between 15 and 17K is very small, the magnetization data
at 16 K are approximately assumed to be the average magnetization data measured at 15 and 17 K, as shown in Fig. 6(a). By
fitting the rotating magnetization data in a field of 50 kOe shown, as squares in Fig. 6(a), according to Eq. (4), we obtain values
for K| and K, that are 1.49 x 10% and — 6.7 x 107 erg/cm?, respectively. The fitted result is displayed in Fig. 6(a) as a red line,

M(H):AO//uBngcosF X exp (— >d9d¢>. @

which is in good agreement with the experimental data.

The magnetocrystalline anisotropy energy of TmMnOj3 in a field of 50 kOe for arbitratry direction can be written as

Ex = AO/ (K, sin29+Kzsin49) X exp (—

K, sin?0 4+ K, sin*@ — uggJ x HcosT

= ) dode. )

As the magnetic field is rotated within the ac plane from the a to the c axis (i.e., from[6 = 90, ¢ = 0] to [0 = @, ¢ = 0]), the

rotating field entropy change can be expressed as

(6)

* dE E - F
_ASR(@) = / _dEg|ne.0 _ K| H(a,0) K|H(90,0).
90

T

Figure 6(b) displays the result of Eq. (6) as ared line. The good
consistence between the calculated result and experimental
data obtained from the isothermal magnetization curves
suggests that the giant anisotropy of the magnetocaloric effect
in a TmMnOs; single crystal with anisotropic paramagnetic
response is attributed not only to the magnetocrystalline
anisotropy, but also to thermal fluctuations.

IV. CONCLUSION

We investigated the anisotropy of entropy change —AS
within the ac plane of a TmMnOj single crystal. The value of
—AS along the c axis is much larger than that along the a axis
in a temperature range of 2-50 K. By theoretical analysis of the

T

rotating field entropy change —A S®(«) from the a to ¢ axes at
16 K, we found that the contribution of the magnetocrystalline
anisotropy is insufficient to account for the rotating field
entropy change, and thermal fluctuations should be taken into
account from the anisotropic paramagnetic response.
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