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Abstract

Measurements of the magnetic susceptibility y and heat capacity C on single crystals of

the multiferroic TbMnQOj are presented. A non-magnetic isostructural compound, LaGaOs,
was used to isolate the magnetic component of the heat capacity. An anisotropic magnetic
susceptibility, deviations from Curie-Weiss behaviour and a significant magnetic entropy
above the antiferromagnetic ordering temperature 7y; = 41 K are attributed to a combination
of crystal-field effects and short-range order between the Mn moments. Heat capacity in a
magnetic field applied along the a axis confirms the saturation of Th>* moments in 90 kOe.
A hyperfine contribution from the Tb and Mn nuclear moments that may be convolved with a
contribution from low-lying Tb crystal-field levels leads to a low-temperature rise in C(7)/T.
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(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, multiferroic materials have attracted signifi-
cant interest due to the coexistence of (anti)ferromagnetism
and ferroelectricity [1-3]. The discovery of strong coupling
between these properties makes multiferroics potentially
attractive for technological applications [4-7]. A well studied
multiferroic compound is TbMnOj3, which shows coincident
antiferromagnetic and ferroelectric order [8—13]. Importantly,
it is possible to change the electric polarization direction in
this compound by the application of a magnetic field [2].
TbMnOs3 (space group Pbnm) undergoes three distinct
magnetic transitions. At Tn; = 41 K, the Mn>* moments show
sinusoidal antiferromagnetic order propagating along the
crystallographic b axis [2]. The Mn** moments undergo a
further transition at 7np = 27 K, with the moments arranging
in a cycloid in the b-c plane. It is this magnetic order which
breaks inversion symmetry and results in a ferroelectric polar-
ization developing at the same temperature [8, 9, 14, 15].
At Tx3 = 7 K, the Tb** moments order antiferromagnetically
[16, 17]. An x-ray resonant scattering study gave a refinement
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of the magnetic structure of the Mn** moments, with a canting
in the ¢ direction in the sinusoidal order phase and a canting in
the a direction in the cycloidal order phase [18].

There is a strong coupling between the Mn and Tb
moments. The magnetization versus applied magnetic field
data at low temperature for single crystal TbMnO3 show two
sharp metamagnetic transitions with the field applied along
the b axis and are described as being due to reversal of the
Tb moments [2]. The second transition at ~50 kOe coincides
with the ferroelectric polarization flop from the c to the a axis
[19]. There is a change in the orientation of the Mn moments
from a b-c to an a-b cycloidal ordering under these magnetic
field conditions, highlighting the strong coupling between the
Mn and the Tb moments and explaining the resultant modifi-
cations to the ferroelectric properties of TbMnO3 [20].

TbMnOs3 has been studied in some detail. Despite this,
there are still only limited data available for some important
bulk properties. The temperature dependence of the magnetic
susceptibility y has been reported over a restricted tempera-
ture range along some crystallographic directions for single
crystals [2, 19, 21, 22] and thin films [23] while heat capacity
C as a function of temperature has been reported in zero mag-
netic field for crystals [2, 22] and in magnetic field for poly-
crystalline TbMnOj3 [24]. This work aims to fill these gaps in
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the literature. Detailed measurements of the magnetic suscep-
tibility of single crystals of TbMnOj3 are presented along the
three principal crystallographic axes and an analysis using the
Curie—Weiss law is given. We also present heat capacity data
with magnetic fields from 0-90 kOe applied along the a axis,
as well as low-temperature measurements down to 0.6 K. The
non-magnetic isostructural compound, LaGaOs3, was used to
try to isolate the magnetic contribution to the heat capacity
of TbMnO;. The magnetic susceptibility and heat capacity
measurements reveal that short-range magnetic order persists
above Ty and that significant crystal-field (CF) effects are
present in this material up to 200 K.

2. Experimental details

A single crystal of TbMnO; was grown at a rate of 10 mm h™!
using the floating zone method. The growth was carried out
in an Ar atmosphere, using protocols based on previous work
[19]. For magnetic dc susceptibility measurements a single
crystal piece was cut into a rectangular cuboid with dimensions
~2 x 2 x 3 mm?’, with each surface normal parallel to a prin-
cipal crystallographic axis. For the heat capacity measurements,
a single crystal was cut into a thin plate of ~2 x 2 x 0.5 mm?,
with the normal to the plate parallel to the a axis. Polycrystalline
LaGaOj; was prepared by reacting stoichiometric ratios of LayO;
and Ga,0;. The resulting powder was then pressed into a pellet
before sintering at 1400 °C. Magnetic susceptibility measure-
ments were made using a Quantum Design Magnetic Property
Measurement System (MPMS) XL SQUID magnetometer
and the heat capacity was measured with a Quantum Design
Physical Property Measurement System (PPMS).

3. Results

3.1. Magnetic susceptibility

The magnetic susceptibility, y, of TbMnOj3 is highly aniso-
tropic indicating the presence of significant crystal-field effects.
Figure 1 shows the zero-field-cooled warming (ZFCW) and
field-cooled cooling (FCC) y (T) data with a field H = 1 kOe
applied along each of the three principal crystallographic axes.
At low temperatures the largest susceptibility is seen for a
magnetic field applied parallel to the a axis, the direction along
which the Tb** moments have been shown to order in low
magnetic field [19], and suggests that at lower temperatures the
Tb* are constrained to lie preferentially along this axis. The
susceptibility along the ¢ axis exhibits peaks at temperatures
corresponding to the magnetic transitions in TbMnOj3 at Ty
and Ty;. This is the only direction along which there is a clear
signature in y(7) for the ordering of the Mn moments. Features
are seen in the susceptibility along each of the three principal
crystallographic direction around 7Tn3 = 7 K, corresponding
to the independent magnetic order of the Tb** moments. For
Hlla and b the susceptibility is almost reversible while for
Hi|c there is a clear hysteresis between the ZFCW and FCC
data around Ty3. The observed magnetic susceptibility shows
similar behaviour to those published for TbygY(,MnOj3 [25]
and TbgosBigosMnO3 [26], and for TbMnOs3 up to 60 K
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Figure 1. Magnetic dc susceptibility measured as a function of
temperature in a magnetic field of 1 kOe applied along the principal
crystallographic axes of a TbMnOj single crystal. Arrows indicate
the ZFCW and FCC data. Inset: expanded view of the ZFCW
susceptibility for H||c.

[11, 21]. Choosing the maximum in y (7) at 9 K with H||la and
b accounts for the higher value for Tn3 reported in [21].

In order to conduct a quantitative analysis of the magnetic
susceptibility data, measurements in an applied field of 5 kOe
were taken between 2 K and 400 K (figure 2). The inverse sus-
ceptibility in the paramagnetic regime was then fitted to the
Curie—Weiss (CW) law. A CW dependence is not seen along any
of the three directions measured until temperatures much higher
than Ty = 41 K. Particularly interesting susceptibility data was
measured with H||c, where CW behaviour was not observed until
temperatures around 200 K above 7y;. Instead, a broad max-
imum is present between ~40 and 250 K. The results of these fits
are shown in table 1. Since the magnetic susceptibility is made
up of contributions from both the Tb** and Mn** moments, it is
difficult to separate the contributions of each ion from this data.
As such, the values of the effective magnetic moment peg = u/ug
determined, represent the overall moment per formula unit u of
TbMnO; and is given by pZ; (TbMnOs) = p2, (Tb) + p%; (Mn).
For comparison with the values given in table 1, the theo-
retical _effective moment of TbMnO. was calculated as
P =[ &2, U+ 1)) + &7, (n (I + 1))] = 10.89 where
g, and g, are the Land€ g values and J1y, and Jy, are the total
angular momentum for the Tb* and Mn*" ions respectively.
(It should be noted that the errors given for the values of C, 6
and per are the statistical errors from the fits to the data). There is
reasonable agreement between the values of p.g found along the
a, b and c axes and the expected value. As a result of the mag-
netic anisotropy the values of @ are also quite different along the
three principal crystallographic axes, with no value being close
to -Tn; =—41 K.

A Curie-Weiss analysis has previously been carried out on
polycrystalline TbMnO3 [27]. In order to compare our results
with this published data and to validate the single crystal
data presented above, a piece of single crystal TbMnO3; was
crushed into polycrystalline form for susceptibility measure-
ment. The polycrystalline susceptibility is shown in figure 3,
alongside a crystal average calculated as (y, + y» + yo)/3
(where y,, y» and y. are the susceptibilities along the a, b and
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Table 1. Curie constant, C, Weiss temperature, 0 and effective
magnetic moment, peg, for TbMnO3(7xn; = 41 K) obtained from
Curie-Weiss fits to the inverse susceptibility versus temperature for
a single crystal, a crystal average calculated as (v, + y» + x.)/3 and
powder from a crushed crystal piece. The expected pes value for
TbMnOj; is 10.89. The significant differences in @ for H||a, b and ¢
are due to effects of the crystal fields.
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Figure 2. Magnetic dc susceptibility and inverse susceptibility as a
function of temperature for TbMnOs3, along the (a) a axis, (b) b axis
and (c) ¢ axis. Measurements were made in an applied magnetic
field of 5 kOe.

c axis respectively). An effective moment of 10.72(1) was
measured for the polycrystalline sample, in good agreement
with the theoretical value and the value of 10.95 reported
previously [27]. The inverse susceptibility data is linear from
60 K upwards, a temperature which is much closer to 7Ty than
for the single crystal data. The value for € was calculated as
—21.9 K for the polycrystalline sample. The crystal average of
the susceptibility data gives similar results to the polycrystal-
line data. The CW analysis of this data gave pes = 10.87(1),
which is very close to the theoretical value of 10.89 calculated
above. Fitting the crystal average data over the temperature
range 60—400 K does not significantly affect the results of the
analysis, with 8 = -31.7(1) K and peg = 10.88(1) in this case.

The magnetic susceptibility data indicate that immediately
above Ty, a combination of crystal-field effects and per-
haps short-range order between the Mn moments modify the
magnetic response and that a CW behaviour is only seen at
temperature in excess of 200 K. Inelastic neutron scattering

C (emu Fit range
Kmol™) 6 (K) Deft (K)

Hlla 13.33(1)  +17.6(2)  10.32(1)  100-400

H||b 15.15(2)  -9.3(5) 11.00(1)  200-400

Hl|c 16.75(5)  —-128(1) 11.57(2)  250-400

Crystal average 14.78(1) -30.8(1) 10.87(1)  250-400

Polycrystalline  14.38(1) -21.9(1) 10.72(1) 60-400
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Figure 3. (@) Magnetic dc susceptibility and () inverse
susceptibility versus temperature for polycrystalline TbMnO3 and
an average of the data along the a, b and c axes. Measurements
were made in an applied magnetic field of 5 kOe.

has suggested that TbMnOj has a crystal-field excitation at
around 4.50 meV (52.2 K) but there is no detailed crystal-field
scheme published for this material [28, 29]. In the absence of
such information it is not practical to calculate how the CF
effects will modify the magnetic susceptibility of TbMnOs.

3.2. Heat capacity

The temperature dependence of the heat capacity for
TbMnO; in different applied magnetic fields is shown
in figure 4. For practical reasons, the magnetic field was
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Figure 4. Specific heat capacity divided by temperature versus
temperature for a single crystal of TbMnO3, with magnetic fields
applied along the a axis.

applied along the a axis. This is the magnetic ‘easy’ axis for
TbMnO; [16, 19], and therefore reduced the risk of damage
to the delicate PPMS heat capacity sample stage from any
magnetic torque on the crystal. As previously reported, there
are three distinct peaks in the zero-field specific heat, cor-
responding to the magnetic transitions at Ty, Tno and T3
[2]. For successively higher applied magnetic fields, there
is a gradual smearing out of the low-temperature peak cor-
responding to the ordering of the Tb** moments until it has
nearly completely disappeared at 90 kOe (the highest field
the PPMS is capable of achieving). This implies that a mag-
netic field of 90 kOe is sufficient to force the Tb*>* moments
into the saturated paramagnetic state. A measurement of the
heat capacity versus applied magnetic field at 3 K (figure 5(a))
shows a peak at ~20 kOe. This behaviour is reflected by the
metamagnetic transition seen in TbMnOj3 with a similar mag-
netic field applied along the a axis [19]. Another change in the
heat capacity due to an applied magnetic field is the shift of
the Mn?* ordering peak at Ty towards higher temperature.
This behaviour was also reported in the phase diagram of
TbMnOj3, from measurements of the dielectric constant [19].
The heat capacity is still weakly field dependent at 60 K, i.e.
in the paramagnetic state (figure 5(b)).

In order to determine the magnetic contribution to the
heat capacity of TbMnOs, the heat capacity of the non-mag-
netic isostructural material LaGaO3; was measured as a func-
tion of temperature to estimate the lattice contribution to the
heat capacity. The results of these measurements are shown
in figure 6. Since the LaGaO3; and TbMnO3; compounds have
different molecular masses, the temperatures for the LaGaO;
data were normalized by multiplying by the ratio of the
effective Debye temperatures of the two compounds, using
the method adopted by Bouvier et al [30]. with

1
Op(TbMnO;) _ [ (Mi)2 +(Me)3 +3(Mo)2 [*

= , (D)
Op(LaGa0s) | (My)s + (Myy)> +3(My)>

where ©p is the Debye temperature and M is the atomic
mass of each of the constituent atoms. A correction factor of
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Figure 5. Specific heat divided by temperature versus magnetic field
along the a axis for a single crystal of TbMnOs, at (a) 3 K and (b) 60 K.

0.975 was applied to the LaGaO3 temperature values. It can
be seen that there is a non-zero value for the magnetic spe-
cific heat—and therefore magnetic entropy—up to 200 K,
over 160 K higher than the magnetic ordering temperature
Tni = 41 K. This suggests that short-ranged magnetic cor-
relations persist in TbMnOj3 at temperatures well above 7.
The magnetic contribution to the heat capacity, Cpo(T)/T
was integrated with respect to temperature to determine
the magnetic entropy, Spag. For this calculation a point was
added to the data before integration at zero temperature and
zero heat capacity. The measured magnetic entropy reached
a saturation at ~23.4 J mol™' K~!, well below the theoret-
ical maximum entropy of 34.7 J mol~! K~! calculated for
TbMnOj using

Smag(TOMnO3) = RIn(2/ 53+ + 1) + RIn(28 5+ + 1) (2)

To confirm that this discrepancy was not due to a large
amount of magnetic entropy below 2 K, the heat capacity was
measured down to 0.6 K using a He-3 PPMS sample insert
(figure 7). A rapid increase in C(T)/T is seen below 2 K, which
appears to be the tail of a peak located below the temperature
range of the measurement. The entropy associated with this
low-temperature feature amounts to at least 0.7 J mol~! K-
in zero field. Again, a point was added to the data at zero
temperature and zero heat capacity before integration. When
this contribution is considered, the entropy in zero field satu-
rates at ~24.1 J mol~! K~'(figure 8). A similar temperature
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Figure 6. Specific heat divided by temperature versus
temperature in zero applied magnetic field for a single crystal

of TbMnO3, a polycrystalline sample of the non-magnetic
isostructural LaGaO3 and the magnetic specific heat, calculated as

Cunae(TBMnO;) = C(TbMnO;) — C(LaGaOs; ).

dependence for Spyag(7) is seen in a field of 90 kOe with
Smag(T) still saturating well below the theoretical maximum
entropy.

This low-temperature peak in C/T(T) may be the result of
a reorientation of the Tb moments at 7' < Tn3 as reported in
TbFeO3; and TbCrOj3 [31]. Low-temperature studies using a
probe such as neutron scattering are required to verify this
possibility. The weak magnetic field dependence of this fea-
ture suggests it may be a Schottky peak. Such a peak can
arise from a hyperfine contribution to the heat capacity and is
expected to scale as A/T? at temperatures above the Schottky
anomaly, with the coefficient A being related to the hyperfine
field, Hys by

2,2
ﬂl//‘NR(I‘i'l) 2
A= — | Hy, 3

sk \ 1 ) )

where [ and y; are the nuclear spin quantum number and the
nuclear magnetic moment of the ion respectively, R is the
molar gas constant (8.314 J mol~! K™!) and uy is the nuclear
magneton [32, 33]. Fitting to the zero-field low-temperature
heat capacity data gave a value for A of 0.2027(7) J K mol™".
For Tb, I = 3/2 and u; = 1.5 [33]. Putting these values into
equation (3) gives Hys = 3820 kOe. If instead the hyper-
fine contribution is assumed to be due to the Mn ions (with
I =5/2 and u; = 3.461), the hyperfine field is calculated as
1810 kOe. These fields are about an order of magnitude
larger than the values quoted in the literature for Mn ions in
either La;_,Sr,MnOj3 or Sr doped PrysCap4sMnO3s manganite
[34, 35]. The large hyperfine fields are more likely to be due to
electrons in the well screened unfilled 4f shell of the Tb ions
being in reasonable agreement with the values of 3120(20)
and 3205(5) kOe previously reported for Tb in Tb,Fe7C, and
TbAI, respectively [36, 37].

Alternatively, this Schottky anomaly may result from the CF
levels of the Tb ions. For example, in Tb(OH); the low-temper-
ature heat capacity contains a feature that is attributed to low
lying crystal-field levels and hyperfine field contributions [38].
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Figure 7. Low-temperature C/T versus T for a single crystal of
TbMnO3, with magnetic fields applied along the a axis.
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Figure 8. Magnetic entropy versus temperature for TbMnO3 in
magnetic fields of 0 and 90 kOe applied along the a axis. The
horizontal dotted line shows the expected maximum entropy,
calculated from equation (2).

We also note that in some other Tb based materials, for
example TbFe,, the magnetic exchange field significantly
modifies the CF energy level diagram leading to a large reduc-
tion in the contribution to the magnetic entropy at lower tem-
peratures [39]. For TbFe,, only 0.62RIn(2J3++ 1) is seen by
300 K. The ordering temperature in TbMnOs is significantly
lower but similar effects may still modify the CF scheme.
Assuming there is a full contribution to the magnetic entropy
from the Mn moments, we only observe 0.47RIn(2J3++ 1)
up to 300 K. However, a detailed knowledge of the CF levels
in TbMnOs is required in order to build a more quantitative
model of the contributions to Cpae(T) from hyperfine and
CF effects.

It is proposed that the main reasons why the measured
magnetic entropy appears lower than expected are CF effects
which modify the magnetic contribution to the heat capacity
of the Tb moments, short-range correlations between the Mn
moments persisting well into the paramagnetic state above Ty
and perhaps an overestimate in the lattice contribution to the
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specific heat. This suggestion is consistent with the deviations
from CW behaviour seen in the magnetic susceptibility data.

4. Conclusions

The magnetic behaviour of TbMnOj3 is highly anisotropic.
The magnitude of the magnetic susceptibility in the paramag-
netic state suggests that the Tb>* moments are constrained to
lie preferentially along the a axis. The deviations from CW
behaviour observed below 200 K and the heat capacity show
that CF effects and short-range correlations modify the mag-
netic response above 7Tyi. Although TbMnOj is one of the
most widely studied multiferroic compounds, there is little
discussion about the role of crystal-field effects in the magne-
toelectric coupling exhibited by this material. Clear evidence
for magnetic ordering of the Mn moments below 7y is only
seen for H||c. This is the same crystallographic direction along
which the spontaneous electric polarization develops below
Tni. Heat capacity measurements in an applied magnetic field
confirm the proposal that the magnetization saturation seen
for H||a is due to the Tb moments [19].
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