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Giant anisotropy of magnetocaloric effect in ThMnQj; single crystals
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The magnetocaloric effect (MCE) in TbMnOj; single crystals was investigated by isothermal magnetization
curves for the ab plane at low temperatures. Large magnetic entropy change, AS), = —18.0 J/kg K, and the
refrigerant capacity, RC = 390.7 J/kg, are achieved near the ordering temperature of Tb** moment (7°) under
70 kOe along the a axis. Furthermore, the TbMnOj single crystal exhibits a giant MCE anisotropy. The difference
of ASyand RC between the a and b axes is field and temperature dependent, which reaches maximum values
of 11.4 J/kg K and 304.1 J/kg, respectively. By taking magnetocrystalline anisotropy into account, the rotating
A S)ywithin the ab plane can be well simulated, indicating that the anisotropy of A S),is directly contributed from
the magnetocrystalline anisotropy. Our finding for giant MCE anisotropy in TbMnOj; single crystals explores
the possibility of using this material for magnetic refrigerators by rotating its magnetization vector rather than

moving it in and out of the magnet.
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I. INTRODUCTION

The magnetocaloric effect (MCE) describes the temper-
ature change of magnetic materials in an adiabatic process
caused by magnetic entropy change ASj under external
magnetic field. Materials with MCE may provide a better
way for refrigeration due to such properties as cleanliness
and high energy efficiency. To improve the efficiency of
magnetic refrigeration, it requires magnetic refrigerant with
a large magnetic entropy change. Giant magnetic entropy
change around room temperature was obtained in materials
with the first-order magnetic phase transition, such as the
Gd-based alloys Gds(Si,Ge;_,)s,' the Mn-based Ni-Mn-Ga
alloys?> and MnFeP45Asgss,> the Fe-based LaFe;;_,(Al,
Si),,* as well as (Laj_,M,)MnO3; (M = Na, Ag, Ca, Sr,
and Ba etc.).%' Although numerous studies on MCE have
been concentrated on exploring new materials with giant MCE
near room temperature for domestic applications, large MCE
in the low-temperature region from about 30 K down to
sub-Kelvin temperatures is also essential for utilization in
certain fields such as liquid hydrogen economy and space
application.!! Manganites may be promising candidates to
satisfy this requirement because the transition temperature
can be easily tuned by element substitution'?> or pressure.'?
RMnOj3; compounds with R as heavy rare-earth elements show
low magnetic phase transition temperatures as the ionic radius
of R decreases.'*

Although the relationship between the magnetic phase
transition and MCE is well known, the contribution from mag-
netocrystalline anisotropy (MCA) has not been sufficiently
investigated. For most magnetic materials, the contribution
from MCA to MCE at Curie temperatures is consider-
ably lower than that from the paramagnetic-ferromagnetic
phase transition. However, in the region of the spin-
reorientation transition, the anisotropic and rotating MCE
can be quite large. The contribution from the magnetization
vector rotation to the total MCE is known to be higher for
materials with high values of derivatives of the MCA with
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respect to temperature.'> In the case of orthorhombic per-
ovskite TbMnOj3 single crystals, Mn** moments go through
incommensurate antiferromagnetic (AFM) order below Ty ~
42 K and spiral magnetic order below Ts ~ 27 K, respectively.
The magnetic spiral structure lies in the bc plane with the
propagating vector along the b direction. This magnetic
modulation can be switched to the ab plane by external
magnetic field along the a or b direction.'® The spiral magnetic
structure results in multiferroic properties.!” However, the
effect of this special magnetic structure on MCE is not well
understood yet. In this work, we present a study of the MCE in
TbMnOj single crystal near the ordering temperature of Tb>*
moment (T;b) with magnetic field along both a and b axes.
The reason for choosing TbMnOj5 single crystals is twofold.
First, as the temperature is lowered, ordering of Tb*+ moments
emerges accompanying the complex interplay between Tb>*
and Mn**.!® This transition causes a considerable increase
in magnetization, and, consequently, a large ASy at low
temperatures is expected. Magnetic interplay between Tb>*
and Mn** moments is observed belowT°. As Tb** moments
can be easily aligned along external magnetic field, a small
magnetic field is needed to induce reorientation of Mn3*
moments, which also contributes to the magnetic entropy
change. Second, due to the large MCA of TbMnOj; single
crystal, large MCE anisotropy and rotating MCE are expected
in TbMnOj single crystals. The MCE anisotropy can facilitate
magnetic refrigeration through simply rotating the sample
instead of moving it in and out of the magnet.

II. EXPERIMENTAL

A TbMnOj; single crystal was grown by use of the floating
zone method with four ellipsoidal mirrors (Crystal Systems
Inc., FZ-T-10000-H-VI-VP). Powder x-ray diffraction con-
firmed that the sample was single phase and showed Pbnm
symmetry. Back-reflection Laue x-ray diffraction experiment
was carried out to check the single crystallinity and determine
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the crystallographic direction. Magnetization measurements
were performed on a commercial superconducting quantum
interference device (SQUID) magnetometer (Quantum design,
MPMS-XL).

III. RESULTS AND DISCUSSIONS

The thermal magnetization curves for a and b axes were
plotted in Figs. 1(a) and 1(b), respectively. The measurements
were carried out under a magnetic field of 1 kOe after
zero field cooling (ZFC) and field cooling (FC) processes,
respectively. With decreasing temperatures, a large increase
in magnetization can be seen clearly. The kink point at 9 K
indicated by the arrows in Fig. 1 corresponds to the ordering of
Tb3*+ moments (T;b). From the thermal magnetization curves,
AFM ordering of Mn** moments at Ty ~ 42 K and spiral
magnetic order at 7g ~ 27 K cannot be observed in these
two directions. In order to see the nature of the transition
clearly, temperature dependence of 1/M is plotted in the
inset of Figs. 1(a) and 1(b). By fitting the experimental data
above 100 K with the Curie-Weiss law, we get the effective
magnetic moment e = 10. 75 and 11.9 g, and Curie-Weiss
temperature, 8, = 20 K and —60 K for the a and b axes,
respectively. The effective magnetic moment is contributed by
both Tb>*+ with 9.5 3 and Mn** with 4.94 5. The considerably
large difference between u.f and 6, for the a and b axes
indicates significant magnetic anisotropy between the two
directions.

Full M versus H loops for each temperature were measured
near TAT,b from 2 K to 40 K with an increment of 2 K
through increasing magnetic field H from O to 70 kOe and
then decreasing down to 0 kOe. The representative isothermal
magnetization curves along the a and b axes with a magnetic
field up to 70 kOe were plotted in Figs. 2(a) and 2(b),
respectively. Almost no hysteresis loops can be observed
from the isothermal magnetization curves except those at
2 K and 4 K for the b axis, which can be seen clearly in
the inset of Fig. 2(b). The a-axis magnetization curves below
T;b(9 K) show a sharp step in magnetization around 14 kOe
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FIG. 1. (Color online) Thermal magnetization curves under FC
and ZFC processes for (a) the a axis and (b) the b axis. The inset
shows the relation of 1 M with temperature and the corresponding
Curie-Weiss fitting curves.
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FIG. 2. (Color online) Representative magnetization isothermals
at various temperatures for (a) the a axis and (b) the b axis. Both
increasing and decreasing field measurement processes are included
for each temperature. The curves at 2K and 4K for the b axis are
shown in the inset of (b) for clarity.

and subsequently approach saturation magnetization up to
71pup/f.u. (formula unit) at 2 K. This step corresponds to
a switch of the spin spiral modulation from the bc plane to
the ac plane, which is induced by an external magnetic field.
However, the two steps appear in the isothermal magnetization
curves along the b axis below Tgb. The first step around 8 kOe
is induced by a small change in the magnetic modulation
vector. The second step occurs at 48 kOe due to the switch
of the spiral magnetic plane as in the case of a axis.!*?°
It approaches saturation but with a much smaller value
of 4.7up/fu.at 2 K, suggesting a strong antiferromagnetic
interaction along the b axis (6, = —60 K).

The magnetic entropy change AS, produced by the
variation of external magnetic field from O to H can be
calculated from the following equation:

H /38
ASy(T.H) = Su(T.H) — Sy (T.0) = / <ﬁ> a:
0 T

ey

By using the Maxwell’s relation:

aS oM
G-,
H), \aT ),

One can obtain the following expression:

H
ASM(T,H):/ <%) dH. 3)
o \oT ),

The magnetic entropy change A Sy, can be calculated from
magnetization isothermals by Eq. (3). Figures 3(a) and 3(b)
show AS), as a function of temperature under an external
magnetic field from 0 to 70 kOe along the a and b axes,
respectively. In the temperature region of 3-5 K, positive values
of AS); were observed for certain fields, which are more
evident along the b axis. The positive magnetic entropy change
at low temperatures is directly related to the magnetic spiral
structure lies in the bc plane with the propagating vector along
the b direction. Below T1°(9 K), the strong antiferromagnetic
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FIG. 3. (Color online) Magnetic entropy change versus tempera-

ture in various magnetic fields for (a) the a axis and (b) the b axis and

(c) demonstrates the corresponding difference in A Sy, between the a
and b axes versus temperature.

coupling along b axis results in an antiferromagnetic ordering
between Tb’* and Mn®* ions. An applied magnetic field
will destroy the antiferromagnetic ordering and, consequently,
induce a positive magnetic entropy change.?' Due to the easy
magnetization of a axis, a small field can induce the AFM-FM
transition. Therefore, the positive magnetic entropy change
occurs only at low fields. If the magnetic field is higher than
20kOe, the magnetic ordering will be induced to ferromagnetic
one, and, consequently, the magnetic entropy change becomes
negative. On the other hand, the AFM state is much more
robust for the b axis and the positive magnetic entropy
change persists until 70 kOe. Noticeably, the spiral magnetic
structure of Tb?* and Mn>* ions brings new features for the
TbMnOs single crystal. This spiral magnetic structure makes
the AFM-FM transition much easier for Tb>* in TbMnO; than
those with linear magnetic structures at low temperatures.??
The metamagnetic-like transition further induces the spin re-
orientation of Mn** moment.'® Consequently, small magnetic
field can induce large AS), in TbMnOj; single crystal due to
the combination of the above two transitions. Although the
metamagnetic-like transitions occur, the hysteresis loss can
be ignored from the full M versus H loops except that at 2
and 4 K for b axis. The reversible magnetic entropy change
makes TbMnOj suitable for magnetic refrigeration at low
temperatures.

For both directions, ASy, shows a broad peak in the vicinity
of T,Eb and the peak broadens asymmetrically toward the
higher-temperature region. The maximum value of A Sy under
70 kOe reaches —18.0 J/kg K for the a axis. By comparing
with HoMnOj single crystal with similar magnetic transitions,
it was found that the maximum value of ASy,under 70 kOe
for TbMnOs single crystal along a axes is larger than that
of HoMnO3 (—13.1 J/kg K) near the transition temperature
of Ho** although the magnetic moment of Tb** (9.5up) is
smaller than Ho3* (10.5u5).%

By comparing AS), for the a and b directions, a giant
anisotropy of ASy was observed in TbMnOs3 single crystal.
Figures 3(c) shows the difference of ASj between the a
and b directions as a function of temperature under different
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FIG. 4. (Color online) (a) Maximum and (b) RC for the a and b
axes as well as the difference between the two axes.

magnetic fields. The corresponding difference of the peak
values between the two directions is dependent on external
magnetic field and reaches maximum of 11.4 J/kg K around
52 kOe [Fig. 4(a)].

It is proved that the refrigerant capacity, RC, is related
not only to the magnitude but also to the peak width of
ASy. RC can be obtained by numerically integrating the area
under the ASy, versus T curves, using the temperatures at
half-maximum of the ASjy peak as the integration limits,
suggested by Gschneidner et al.”* Figure 4(b) demonstrates
the values of RC as a function of applied field along the a
and b axes. Although the difference of AS), between the a
and b axes reaches a maximum under the magnetic field of
52 kOQe, the difference in RC increases monotonously with
increasing magnetic field. The TbMnOj single crystal shows a
larger refrigeration capacity along the a axis (390.7 J/kg) than
along the b axis (86.7 J/kg) under 70 kOe.

In order to further investigate the origin of MCE anisotropy
of the TbMnOj single crystal, the magnetization curves were
measured by rotating the sample from the a to the b axis. The
representative magnetization versus angle curves are shown
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FIG. 5. (Color online) Representative rotating magnetization
curves for (a) 14 K and (b) 16 K. The inset of (a) and (b) shows
the fitting result for the curves under 50 kOe.
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in Figs. 5(a) and 5(b) for 14 K and 16 K, respectively, which
were acquired by rotating the sample from the a axis (0°) to
the b axis (90°) with an increment of 10°. It is difficult to
describe magnetocrystalline anisotropy energy for TbMnO3
single crystal because of its complex magnetic structure with
both Tb** and Mn’** as magnetic ions. Based on the angle
dependence of magnetization (Fig. 5), we can simply assume
a uniaxial magnetocrystalline anisotropy for TbMnO3 with
the crystallographic direction a as the easy axis. The energy
of the system can be written as:

E=Ex+Ep
= K;sin®a + Ky sin*a — MgH cos(0 —a), (4)

where K| and K, are the second- and fourth-order magne-
tocrystalline anisotropy constants. #is the angle between the
a axis and the magnetic field, and « is the angle between
the a axis and the magnetization vector. The saturation
magnetization Mg can be obtained from magnetization curve
at high fields along the a axis. We can get the direction of the
magnetization vector by minimizing the energy in Eq. (4) and
calculate its value under each field. The fitting result of rotated
magnetization under 50 kOe as a function of angle matches
well the experimental data [inset of Figs. 5(a) and 5(b)].

The magnetocrystalline anisotropy constants can be ob-
tained from magnetization curves along the hard magnetization
axis, i.e., 6 = 90°. In the case of & = 90°, by minimizing
the total energy, g—f = 0, we obtain the relationship between
magnetization M and magnetic field H along hard axis as
follows:

2K, 4K, = 4
H=="">M+—M", 5
Mg M

As shown in Fig. 6, a linear relationship between the mag-
netization M and the magnetic field H along hard axis implies
that the contribution of the fourth-order magnetocrystalline
anisotropy constant K, can be neglected. For simplicity, we
just take K into account. By fitting the magnetization curves
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FIG. 6. (Color online) The function of magnetization versus
magnetic field for (a) 14 K and (b) 16 K. Both the experi-
mental data (black dotted line) and the fitting data (red line)
are shown.
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along the hard b axis, we got K| = 5.77 x 107 erg/cm?® and
5.74 x 107 erg/cm? at 14 K and 16 K, respectively.

The contribution of magnetocrystalline anisotropy to rotat-
ing MCE under adiabatic magnetization of a single crystal can
be written as follows:

ASF(H,0,K)) = ASy(0) — ASy(90°)

Y dEx(H,0,K))

n /9 . T

102 s 22 o
— Ky x sin“ «(H,0) — sin“ «(H,90 )’ ©)
T

where o can be got by minimizing the energy in Eq. (4). We
use the average magnetocrystalline anisotropy constant of 14 K
and 16 K as that for 15 K. The calculated results demonstrate
that ASR () gradually decreases while rotating the sample
from the a to the b axis under the magnetic field Fig. 7.
The good consistence between the calculated results (red
line) and the experimental data obtained from the isothermal
magnetization curves (black dots) supports that the giant
anisotropy of the magnetocaloric effect in the TbMnOs single
crystal is directly related to its magnetocrystalline anisotropy.
The giant MCE anisotropy of the TbMnOj; single crystal
at low temperatures is largely due to Tb?* ions. The ions
of Tb>* have large angular momentum that is not quenched
by the crystal electric field because of shielding from 5s and
5p electrons. The 4f orbital assumes a preferred orientation
along the magnetic moment as a result of the spin-orbital
coupling, which results in a large magnetocrystalline magnetic
anisotropy and giant anisotropy in ASjsas a result. Knowing
the heat capacity of the TbMnOj single crystal, C,~5J/mole
K,'6 and its magnetic entropy change A Sy, we can estimate the
adiabatic temperature change AT, by the following relation:

T
ATy = ——ASK. (7
Cp

The maximum adiabatic temperature change of ATy ~ 6
K can be achieved when the single crystal is rotated by 90°
from the b to the a axis under a magnetic field of 50 kOe
(Fig. 7). In addition to the traditional magnetic refrigerators via
an order-disorder magnetic phase transition, our experimental
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FIG. 7. (Color online) Rotating ASK (6) as a function of rotating
angle 6 with the b axis as the starting direction under 50 kOe.
Experimental data and calculated results are shown in the black dots
and red line, respectively.
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and theoretical results in anisotropy of MCE provide an
alternative way for using the rotating MCE in magnetic
refrigerators.

IV. Summary

A TbMnOj; single crystal shows significant anisotropy in
peak AS) and RC, which reach 11.4 J/kg K and 304.1 J/kg,
respectively. This anisotropy can be well fitted using uniaxial
magnetocrystalline anisotropy. The giant MCE anisotropy in
TbMnOs; single crystal suggests that it can be used as a
candidate for magnetic refrigerants at low temperatures by
rotating it in a magnetic field, which is easier than moving it in

PHYSICAL REVIEW B 83, 184431 (2011)

and out of the magnet. Although the major investigations on
MCE are focusing on the contribution of the exchange energy
change during the order-disorder magnetic phase transition,
the studies of MCE anisotropy in TbMnO3; can open new
arena in developing magnetic refrigerators.
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