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We present study of the anisotropic magnetocaloric effect in TbNiAl crystallizing in the hexagonal ZrNiAl-
type structure. TbNiAl orders antiferromagnetically below TN = 47 K and undergoes second magnetic
phase transition to another antiferromagnetic structure at T1 = 23 K. Magnetization and specific heat mea-
surements on single crystal revealed strongly anisotropic magnetocaloric effect. The large effect occurs
for field applied along the hexagonal c-axis whereas the entropy change is almost zero for the perpendic-
ular field direction. Plateau-like character of the determined temperature change is observed between
5.30.Sg
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. Introduction

Magnetic refrigeration techniques based on the magnetocaloric
ffect (MCE) represent a promising alternative to conventional gas
ompression technology and other cooling technologies in different
emperature regions. The magnetocaloric effect is characterized by
he isothermal entropy change �S or adiabatic temperature change

T when varying external magnetic field. The very broad discus-
ion of different aspects of the magnetocaloric effect can be found
.g. in work of de Oliveira and von Ranke [1] and book of Tishin and
pichkin [2]. The search for better working substances is essen-
ial for further improvements of magnetic refrigeration. One of the
romising ways is based on employing anisotropic properties of
he magnetic refrigerant [3–6]. Large MCE can be associated with
apid changes of either the anisotropy energy or the angle of the
agnetization vector. It is also known that the �S measured with

he magnetic field applied along the easy magnetization direction
s remarkably larger than that along the hard direction [7]. Consid-
rable MCE in some material can be thus achieved only rotating the
rystal, from the hard to the easy magnetization direction without

hanging the applied magnetic field. The magnetic entropy change
ue to this rotation is equal to the difference of entropy change
aused by the field applied along the hard and easy directions.

∗ Corresponding author.
E-mail addresses: jirka.kastil@centrum.cz, jirka.kastil@gmail.com (J. Kaštil).
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As the large MCE occurs at temperatures around the magnetic
phase transitions, the characterization of magnetocaloric materials
generally becomes associated with a detailed study of the nature of
these phase transitions and the magnetic order, which is also inter-
esting from a fundamental point of view. The RNiAl compounds
exhibit complex magnetic properties with multiple phase transi-
tions. The presence of multiple phase transitions can be generally
of high importance in the search of materials showing table-like
MCE. Very broad temperature region with large entropy change
was observed and widely discussed in (Gd,Er)NiAl compounds [8].
As inferred from magnetization measurements on polycrystalline
samples, large MCE exhibits also other RNiAl compounds: DyNiAl
[9], HoNiAl [10] and TbNiAl [11]. All these RNiAl compounds crystal-
lize in the layered hexagonal ZrNiAl-type structure, which suggests
possibility of a strong magnetocrystalline anisotropy as observed
e.g. in all uranium compounds with this crystal structure [12].
Strongly anisotropic MCE was really recently observed on DyNiAl
single crystal [13]. In this work, we focus on TbNiAl which exhibits
the strongest uniaxial magnetocrystalline anisotropy among the
RNiAl series [14]. The neutron diffraction measurements revealed
that TbNiAl orders antiferromagnetically with the propagation vec-
tor (1/2 0 1/2) below TN = 47 K and undergoes second magnetic
phase transition to another antiferromagnetic structure at T1 = 23 K

[14,15]. The triangular arrangement of Tb atoms within the basal
planes causes a geometrical frustration of 1/3 of the Tb magnetic
moments between TN and T1. The frustrated moments change
the propagation at T1 leading to magnetic structure where all
Tb moments have the same magnitude at 2 K. All the magnetic
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Fig. 1. The magnetization isotherms measured with the magnetic field applied par-

slope of the �S(T) dependence occurs then below ∼25 K what is
presumably related to changes of magnetic structure below T1. The
entropy change of sample oriented perpendicular to the c-axis is
plotted in Fig. 4. The values are near zero in the whole temperature
932 J. Kaštil et al. / Journal of Alloys a

oments are aligned along the hexagonal c-axis in both magnetic
hases [14,15]. The metamagnetic transition to collinear ferromag-
etic order occurs in magnetic field of Bcrit = 0.4 T applied along
he c-axis. The magnetization data point to very strong uniaxial

agnetocrystalline anisotropy with the anisotropy field above 35 T
14]. The lattice parameters of TbNiAl are close to the forbidden
/a ratio in the hexagonal ZrNiAl-type structure [16]. The tempera-
ure dependence of the lattice parameters then shows an abrupt
ransition around 100 K, keeping however the unit-cell volume
nchanged. This structural transition has no significant impact on
he magnetic properties [16]. Therefore, we did not investigate the

CE at temperatures around this structural transition and present
easurements around and below TN only. Both the entropy and

emperature changes are evaluated from magnetization and spe-
ific heat data.

. Experimental

Polycrystalline sample was prepared by arc-melting under an argon atmosphere
rom the stoichiometric mixture of pure elements (3 N for Tb and Ni, 5 N for Al). Sam-
le was remelted several times to ensure the homogeneity. The TbNiAl single crystal
as grown by Czochralski method from a 7 g melt of stoichiometric mixture of pure

lements in a tri-arc furnace with a rotating water-cooled copper crucible under
protective argon atmosphere. The tungsten rod as a seed and 10 mm/h pulling

peed were used. The Laue back-scattering patterns were used to check the single-
rystalline state and to orient the crystal before cutting different pieces used in the
easurement. The phase purity of the samples was verified by the X-ray powder

iffraction.
Despite the relatively large number of studies using different experimental tech-

iques, the specific heat of TbNiAl was not reported up to now. The structural
ransition observed in TbNiAl around 100 K [16] could be a reason. We have experi-
nced that the thermal contact between the sample and the sample holder is usually
trongly impaired when cooling below the transition. To avoid these difficulties with
he structural transition, we have performed the heat capacity measurement with
he sample covered on the bottom side by a Stycast epoxy. The Stycast coating does
ot affect the heat conduction to the sample significantly, as proved by numerous
tudies [17]. The heat capacity was determined using the relaxation method in a
uantum Design Physical Property Measurement System (PPMS) in temperature

ange from 4 to 70 K. The measurement was done on ∼7.9 mg polycrystalline sam-
le placed on ∼0.94 mg of Stycast® 2850 FT. The heat capacity of the pure Stycast
as then subtracted from the measured data.

The magnetization was measured on several samples. The single-crystal mea-
urements were performed on a nearly cubic piece of 1.6 mm3 oriented with the
exagonal c-axis parallel or perpendicular to the applied magnetic field. The mea-
ured data were corrected for the demagnetization field using the demagnetization
actor of 0.3 that reflects the nearly cubic sample shape.

Further magnetization measurements were performed (i) on two bulk pieces
∼6 mg) randomly cut from the polycrystalline sample, labeled P1 and P2 in further
ext, and (ii) on a fine powder sample with grains randomly fixed by a non-magnetic
lue. The magnetization isotherms were measured using the PPMS equipment in
he temperature range from 70 to 4 K in magnetic fields up to 2 and 5 T for the
olycrystalline samples and single crystal, respectively.

. Results and discussion

The magnetization isotherms measured on the single crystal
ith the hexagonal c-axis oriented along the magnetic field direc-

ion are plotted in Fig. 1. To reflect better the physical properties,
he data presented in this figure are corrected for the demagnetiza-
ion field. The metamagnetic transition to the ferromagnetic state at
K occurs around Bcrit = 0.2 T. This value is smaller than previously
ublished value of Bcrit = 0.4 T [14], what can be ascribed to a certain
ample dependence of this quantity. The value of Bcrit decreases
ith increasing temperature, in agreement with previous results

14]. Above Bcrit, the magnetization curves exhibit a slight increase,
ending to reach 9�B/f.u. which is expected for Tb3+ ions. The mag-

etization isotherms measured on single crystal oriented with the
-axis perpendicular to the applied field are plotted in Fig. 2. We do
ot observe any metamagnetic transition up to 5 T and the magne-
ization in 5 T reaches 1.7�B/f.u. at 4 K what is in agreement with
reviously published data [14].
allel to the hexagonal c-axis of TbNiAl. The data measured at 4 K are shown as white
circles to make the metamagnetic transition more visible. The demagnetization
correction was applied (see text).

We should also mention, that the metamagnetic transition
as observed in magnetization measurements presented in Refs.
[11,14] as well as in our measurement shows significant hysteresis.
The correctness of the entropy change evaluation in systems with
hysteresis has been widely discussed in the last years [1,2,18–20].
The hysteresis is however observed only at low temperature in
TbNiAl and therefore has no effect on evaluation of the entropy
change where the MCE is significant in our case.

The entropy change �S was calculated from the magnetization
isotherms (without demagnetization correction) by using equation
derived from the Maxwell relation:

�SM(Tav, H1) =
∫ H1

0

M(Ti+1, H) − M(Ti, H)
Ti+1 − Ti

dH. (1)

The entropy change calculated for the single crystal oriented
with the c-axis parallel to the applied field is shown in Fig. 3 for sev-
eral magnetic field changes. Negative values of �S in all presented
magnetic field changes correspond with the ferromagnetic state
that is established by the metamagnetic transition below 1 T. The
maximum entropy change for the field change of 2 and 5 T reaches
8 and 15 J kg−1 K−1 at 49 K, respectively. The abrupt change of the
Fig. 2. The magnetization isotherms measured with the magnetic field applied per-
pendicular to the hexagonal c-axis of TbNiAl. The demagnetization correction was
applied.
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Fig. 3. The entropy change calculated from the magnetization isotherms for field
applied parallel to the hexagonal c-axis of TbNiAl.
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ingly only slightly smaller than our present results obtained for the
ig. 4. The entropy change calculated from the magnetization isotherms for field
pplied perpendicular to the hexagonal c-axis of TbNiAl.

egion as the antiferromagnetic structure remains almost intact by
agnetic fields applied perpendicular to the c-axis.
The heat capacity of TbNiAl measured in zero magnetic field

s plotted in Fig. 5. We observe two well pronounced anomalies
ith shape typical for a second-order phase transition. The tran-

ition temperatures of TN = 46 K and T1 = 23 K deduced from these
ata are in a good agreement with magnetization, susceptibility
nd neutron diffraction results [14,15]. To evaluate the tempera-

ure change, �T, due to MCE, the zero-field entropy of TbNiAl was
etermined by integrating the heat capacity data. The entropy in
certain magnetic field was then obtained as a sum of this zero-
eld entropy and the entropy change obtained from magnetization

ig. 5. The heat capacity of TbNiAl (full symbols) and of LuNiAl (dashed curve).
he magnetic transitions at temperatures T1 and TN are clearly seen. The total and
agnetic entropy of TbNiAl are shown in the inset.
Fig. 6. The temperature change calculated from the zero-field heat capacity and the
entropy change determined from magnetization data (see also Fig. 3).

data by the Maxwell equation (1). The temperature change was
finally calculated as the difference between the temperatures at
which the entropy in zero field and given magnetic field are equal.
This way of estimating the temperature change accounts only the
change due to the magnetic subsystem. However, our heat capacity
measurements on the nonmagnetic analogues (YNiAl, LuNiAl) sug-
gest that the contributions of the lattice and conducting electrons
are not significant as the measurements in 0 and 5 T do not differ
within experimental errors. The evaluated temperature change can
be taken as a good estimate. The obtained �T vs T dependence for
magnetic field applied along the c-axis is shown in Fig. 6. For field
change of 5 T, the maximum temperature change of �Tmax = 5 K
occurs at 53 K. The maximum of �T is at temperature, which is
4 K higher than the temperature of maximum of |�S|. This is due
to the fact that the temperature change strongly depends also on
the heat capacity curve Cp(T) (see Fig. 5). The same entropy change
results in a larger temperature change when the heat capacity and
hence the slope of the S(T) curve is smaller. The temperature change
at temperatures between TN and T1 for field change of 2 T has a
plateau-like character. The temperature change at temperatures
between TN and T1 for field change of 5 T very slowly decrease with
decreasing temperature. The slope of the �T vs T curve is abruptly
changed at T1 and �T quickly drops to zero for both field changes.
Let us now turn to polycrystalline samples. Previous study of MCE
in polycrystalline TbNiAl [11] revealed the entropy change surpris-
easy magnetization direction H||c. We have performed magnetiza-
tion measurements on several types and pieces of polycrystalline
samples as described above. The measured magnetization curves
(see Fig. 7) show striking difference between the fixed powder and

Fig. 7. The comparison of magnetization measured on different samples at 4 K. The
measurement on single crystal with orientation of the c-axis parallel and perpen-
dicular to the magnetic field, the fixed powder and two pieces randomly cut from
the as-cast ingot (see text).
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Fig. 8. The entropy change calculated from the magnetization isotherms measured
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n the fixed powder for a field change of 2 T. The curve has a similar shape as mea-
ured on the single crystal, however, the maximum value is almost a half of the value
btained on the single crystal.

ulk pieces as well as between different bulk pieces, presumably
ue to strong texture present in the bulk pieces. The magnetization
urves of the randomly oriented powder are similar to those pub-
ished in the previous studies [15,16,22] except for data in Ref. [11]

hich resemble more the easy-axis single-crystal data. As the sam-
le form is not described in Ref. [11], we tend to assume that the
ata were obtained on a free powder or a bulk piece with a strong
exture similar to our P2 sample.

The entropy change determined from magnetization curves
easured on the fixed powder which should represent an ideal

olycrystal is plotted in Fig. 8. It shows similar character as that
btained on the single crystal for H||c but the values are sub-
tantially reduced. The maximum entropy change for field change
f 2 T reaches −4.1 J kg−1 K−1 at 49 K. The corresponding value of
Smax = − 8.2 J kg−1 K−1 measured for single crystal thus represents

00% increase compared to this ideal polycrystal which is much
ore than 40% increase found in DyNiAl [13].
The relative cooling power, RCP, calculated as the product of

Smax and the full width at half maximum of the �S vs T plot, is
nother quantity used when comparing different magnetocaloric
aterials. We can roughly estimate the RCP values of TbNiAl single

rystal with field applied along c-axis to be 190 and 630 J kg−1 for
he 2 and 5 T change, respectively. The RCP value of 70 J kg−1 can be
stimated for polycrystalline TbNiAl and 2 T field change.

Our results revealed a strongly anisotropic MCE in TbNiAl. The
ingle-crystal magnetocaloric characteristics show 100% increase
ompared to an ideal polycrystal. Furthermore, we have found that
he magnetic and magnetocaloric phenomena measured on several
ulk “polycrystalline” pieces are rather different. These small bulk
ieces presumably contain large singlecrystalline grains or exhibit

arge texture. The measured data are then close to results obtained
n the single crystal. This can occur in any anisotropic material
nd should not be forgotten when evaluating “polycrystalline” data
easured on a bulk. It could be also of importance when designing

eal cooling matrices.
The magnetocaloric effect of TbNiAl is well comparable with

ther materials considered as good magnetic refrigerants. For
xample, the RCP values for 5 T field change of Gd, Gd5Si2Ge2
r MnFeP0.45As0.55 lie in the range between 400 and 600 J kg−1

23–25]. TbNiAl can also be compared with the materials which

xhibit the MCE in the same temperature range. DyNi reaches
he maximum value of �Smax = 12.5 J kg−1 K−1 at 60 K [26] and the
orresponding RCP = 375 J kg−1 for the field change of 5 T. �Smax

n DyAl2 reaches about 19 J kg−1 k−1 around 60 K for the field
hange of 5 T [27]. Measurements of the isostructural DyNiAl single-

[

[

[
[
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crystal revealed �Smax = 22 J kg−1 K−1 at 30 K for field change of
5 T when direction of the field is parallel to the hexagonal c-axis
[13]. DyCuAl is also isostructural to the TbNiAl and undergoes mag-
netic phase transition at 28 K. The maximum entropy change of 10.9
and 20.4 J kg−1 K−1 for field change of 2 and 5 T, respectively, was
reported [27]. The ordering temperature in Gd1−xSmxMn2Si2 with
x = 0.6 was found to be 48 K and the maximum entropy change is 0.9
and 1.6 J kg−1 K−1 for a field change of 2 and 5 T, respectively [28].

4. Conclusions

Magnetization and specific heat measurements performed on
single crystal revealed strongly anisotropic magnetocaloric effect
in TbNiAl which orders antiferromagnetically below TN = 47 K and
undergoes metamagnetic transition to ferromagnetic state in fields
below 1 T. The large MCE occurs for field applied along the hexag-
onal c-axis whereas the entropy change is almost zero for the
perpendicular field direction. The easy-axis magnetocaloric char-
acteristics show 100% increase compared to an ideal polycrystal.
We have found also huge differences between several bulk poly-
crystalline pieces due to presence of large crystal grains or sample
texture.
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