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Large anisotropic magnetocaloric effect in all-sputtered epitaxial terbium thin films
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We present an experimental investigation of the magnetic and magnetocaloric properties of sputtered epitaxial
and amorphous Tb thin films. We grew epitaxial Nb (50-nm)/Tb (100-nm) bilayer thin films on Al2O3(112̄0)
substrate using DC magnetron sputtering at high temperature, with excellent crystalline quality of the hcp
Tb(0001) layer. While the amorphous Tb thin film exhibits more isotropic magnetocaloric properties, we show
that the epitaxial Tb thin film displays large anisotropic magnetocaloric properties, with a large maximum
magnetic entropy change of 6.27 J kg−1 K−1 at the Néel temperature as well as a large relative cooling power
of 225 J kg−1 with a magnetic field change �H = 20 kOe applied along the in-plane direction. These large and
anisotropic magnetocaloric properties are much larger than those measured for the amorphous Tb thin film,
or previously reported for Tb-based thin-film structures. Our findings highlight the opportunities for growing
epitaxial rare-earth thin films using sputtering techniques and demonstrate the importance of crystallographic
control on the magnetocaloric effect in Tb thin films.
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I. INTRODUCTION

Investigation of the magnetic refrigeration based on the
magnetocaloric effect has attracted increasing experimen-
tal [1–4] and theoretical [5] interest over the last three decades
due to the prospect of exploring novel magnetic refrigerants
and achieving energy efficient and environmentally protective
refrigeration technologies [6,7]. Since the discovery of the
sub-room-temperature giant magnetocaloric effect (MCE) in
a Gd5(Si2Ge2) alloy by Pecharsky and Gschneidner [8], ef-
forts have been directed towards exploring several material
classes with giant magnetocaloric properties close to ambient
conditions [9–19]. Among the rare-earth (RE) metals, Tb is
one of the more interesting since it offers a large magnetic
moment and has the advantage of combining the properties
of a relatively high Curie temperature (TC = 220 K) as well
as a strong magnetic anisotropy unlike Gd [20–22]. Further-
more, bulk Tb displays a transition from the paramagnetic
(PM) to the ferromagnetic (FM) phase via a basal-plane
helical antiferromagnetic (HAFM) phase in the tempera-
ture interval from the Néel temperature TN = 230 K to the
Curie temperature TC = 220 K [6,23,24]. Therefore, the mag-
netocaloric properties of bulk Tb have been the focus of
increasing research interest, evidenced by many experimen-
tal [21,25,26] and theoretical investigations [27–30]. Initial
experimental work by Nikitin and Tishin [21] has shown
that bulk single-crystal Tb exhibits a large maximum mag-
netic entropy change (−�Smax

M ) of 15.7 J kg−1 K−1 at TN =
230 K and for a magnetic field change �H = 60.2 kOe.
Later, followup experiments investigated the magnetocaloric
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properties of Tb-based bulk intermetallic compounds, such
as single-crystalline Tb2PbSi3 [31] and Tb5(Si0.5Ge0.5)4 [32]
compounds, as well as polycrystalline Tb3Co [33] and
TbCoC2 compounds [34].

In a similar vein, the role of nanostructuring on the
magnetocaloric effect has also attracted recent experimental
and theoretical interest [35–37], in an aim to obtain novel
materials exhibiting unique magnetocaloric properties [35].
Indeed, recent studies of different classes of thin-film ma-
terials have revealed the critical role of size, strain, and
interfacial effects in tailoring the magnetic properties to
enhance the magnetocaloric properties [38–47], thus high-
lighting the potential of thin films for novel magnetocaloric
applications [35]. Moreover, it has been demonstrated that
reducing the dimensionality of Tb-based structures plays an
important role in tailoring their magnetocaloric properties,
as reported experimentally for Gd1−xTbx heterostructure thin
films [41,42] and Tb-doped Gd2O3 nanoparticles [48], and
theoretically for single-crystal Tb thin films [28–30]. Never-
theless, growing high-quality epitaxial Tb thin films remains
challenging from an application-minded point of view since
advanced crystal growth techniques such as molecular beam
epitaxy [49] and pulsed laser deposition [50] are generally
required. On the other hand, the magnetron sputtering tech-
nique is more desirable for magnetocaloric applications, as
it allows for easily scalable production; however, it can be
difficult to achieve high-quality epitaxial films from sputter-
ing. In this paper, we demonstrate the successful growth of a
hcp-Tb(0001) thin film with excellent crystalline quality on a
sapphire substrate simply using the sputtering technique, and
present an experimental comparison of the magnetocaloric
properties of sputtered epitaxial and amorphous Tb thin
films.
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II. SAMPLE FABRICATION

To elucidate the structural dependence of the magne-
tocaloric properties in Tb thin films, we investigated two
different samples, epitaxial and amorphous 100-nm-thick Tb
films grown on a Nb (50-nm) buffer layer. Each sample
was deposited onto a Al2O3(112̄0) substrate using a DC
magnetron sputtering system with base pressure lower than
3 × 10−8 Torr. Prior to deposition, the sputtering targets of
Nb and Tb were presputtered under deposition conditions for
15 min. For the epitaxial sample, the Nb and Tb layers were
deposited at a substrate holder temperature of 400 ◦C in an
Ar gas atmosphere with a pressure fixed at 2.7 mTorr. The
amorphous Tb film was deposited under identical condition
but the substrate holder was at ambient temperature. During
the sputtering deposition, both samples were grounded and
in rotation to ensure good layer adhesion as well as homo-
geneous layer thickness. For the epitaxial sample, the Nb
(50-nm) layer was sputter deposited in two steps: the first 5 nm
of the Nb layer were deposited using at DC-sputtering power
of 25 W, while the second 45 nm were deposited using a DC-
sputtering power of 100 W. The first step at a DC-sputtering
power of 25 W enables a relatively low sputtering rate of 0.13
Å/s, which helps initiate a good epitaxial growth of Nb on
Al2O3(112̄0) substrate. For the amorphous sample, the entire
Nb (50-nm) buffer layer was deposited using a DC-sputtering
power of 100 W. Moreover, for both epitaxial and amorphous
films, the 100-nm-thick Tb layer was then sputter deposited
using a DC-sputtering power of 50 W. Later, each sample
was capped with a 3-nm-thick MgO layer, grown by radio
frequency (rf) sputtering at room temperature (RT) using a
rf power of 150 W. The MgO capping layer helps prevent
Tb oxidation. Sputtering rates for Nb at 25 and 100 W, Tb at
50 W, and MgO at 150 W were 0.13, 0.51, 0.67, and 0.13 Å/s,
respectively, as determined by performing low-angle x-ray
reflectivity measurements on thicker calibration films.

The epitaxial growth of both Nb films on sapphire sub-
strates and RE films on Nb films has been extensively studied
in the literature [49,51–53]. It was previously reported that bcc
Nb(110) grows epitaxially on Al2O3(112̄0) substrate [51,52],
and that hcp RE(0001) grows epitaxially on bcc Nb(110)
following the Nishiyama-Wasserman orientation [49,53]. To
investigate the epitaxial nature of the Nb/Tb bilayer thin films
sputter deposited at 400 ◦C, we performed specular θ -2θ x-ray
diffraction (XRD) measurements. As depicted in Fig. 1(a),
the specular XRD pattern contains the Al2O3(112̄0) substrate
reflection, along with the bcc Nb(110) and hcp Tb(0002)
reflections, thus demonstrating the epitaxial growth of the
Nb/Tb bilayer film sputter deposited at 400 ◦C. As shown in
the Supplemental Material, Fig. S1 [54], the rocking curve
across the Nb(110) and Tb(0002) peak gives full-width at
half-maximum (FWHM) of 0.09◦ and 0.563◦, respectively,
indicating an excellent crystalline quality of both Nb(110) and
hcp Tb(0001) layers. More importantly, the high-crystalline
quality of our sputter-grown hcp Tb(0001), whose lattice
structure is schematically represented in Fig. 1(b), is com-
parable to the one usually achieved with advanced crystal
growth techniques such as molecular beam epitaxy [49] and
pulsed laser deposition [50]. To further confirm the hexagonal
structure of the epitaxial Tb layer, we measured in-plane XRD

2θ (deg)

FIG. 1. (a) X-ray diffraction profile measured for the Nb (50-
nm)/Tb (100-nm) bilayer sputtered on the Al2O3(112̄0) substrate at
400 ◦C, showing that the growth of the Tb epitaxial layer is oriented
along the [0001] crystallographic direction. (b) Schematic represen-
tation of the Tb hcp lattice structure. The c, a, and b directions are
parallel to the [0001], [112̄0], and [11̄00] crystallographic directions,
respectively.

φ scans for the in-plane (112̄0) and (11̄00) Tb planes, along
with the (0001) plan of the sapphire substrate (see Supple-
mental Material, Fig. S2 [54]). We first identified in-plane
diffraction peaks at 50.72◦ and 28.44◦ for the Tb(112̄0) and
Tb(11̄00) reflections, respectively, in agreement with data re-
ported in Ref. [55]. One can see from Fig. S2 that well-defined
sixfold symmetry peaks, with 60◦ separations in the φ axis, are
clearly observed for both Tb(112̄0) and Tb(11̄00) reflections,
thus confirming the hexagonal structure of the epitaxial Tb
layer. Moreover, Fig. S2 shows that the respective in-plane
peaks of Tb(112̄0) and Al2O3(0001) are separated by 5◦ in
the φ axis, in agreement with previous studies [56]. We also
performed specular θ -2θ XRD measurements on the Nb/Tb
bilayer thin films sputter deposited at RT. The specular XRD
pattern contains no discernible reflections for Nb and Tb,
thus confirming the amorphous, or at least strongly disor-
dered, bilayer deposited at RT (see Supplemental Material,
Fig. S3 [54]).
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FIG. 2. Temperature dependence of magnetization measured for
the studied epitaxial Tb film under an applied magnetic field of 500
Oe oriented along the (a) a, b, and (b) c directions. (c) Temperature
dependence of magnetization measured for the studied amorphous
Tb film under an applied magnetic field of 500 Oe oriented along
out-of-plane and arbitrary in-plane directions.

III. MAGNETIC AND MAGNETOCALORIC
MEASUREMENTS

To investigate the magnetic and magnetocaloric proper-
ties of the studied films, we performed both temperature-
and magnetic-field-dependent measurements using a Quan-
tum Design vibrating sample magnetometer system. For all
the magnetic measurements, we removed the diamagnetic
signal coming from the substrate by subtracting the measure-
ments performed on a reference Al2O3(112̄0) substrate under
the same conditions from each data set. We first measured the
temperature dependence of magnetization for the epitaxial Tb
film under an applied magnetic field of 500 Oe oriented along
the three principal crystallographic directions, namely, the a,
b, and c directions, as depicted in Fig. 2. Note that the unit
emu/g is used to represent the magnetization of Tb. Knowing
the volume of the Tb film (100 nm × 5 mm × 5 mm), the
mass of the latter was calculated using the Tb density value
of 8.23 g/cm3 from Ref. [57]. Since the applied magnetic
field of 500 Oe is much larger than the maximum criti-
cal field of Tb Hmax

cr = 190 Oe [58], the basal-plane HAFM
structure of Tb in the temperature interval between TN and
TC is expected to be destroyed, and a direct paramagnetic
to ferromagnetic phase transition is expected to take place
at TN [6].

One can see from Figs. 2(a) and 2(b) that a broad para-
magnetic to ferromagnetic phase transition is observed at TN

for the epitaxial Tb film. By determining the minimum of
the derivative of magnetization with respect to T , we found

a TN value of 232 K for the epitaxial Tb film, in agreement
with previous studies on bulk single-crystal Tb [6,23,24].
Furthermore, Figs. 2(a) and 2(b) show that the magnetization
change at the phase transition with magnetic fields oriented
along the in-plane a and b directions is significantly enhanced
compared to the field being along the out-of-plane c direc-
tion. This implies a strong in-plane magnetic anisotropy for
the epitaxial Tb film and an easy axis lying in plane, which
is consistent with the literature [6,25]. Moreover, one can
see from Fig. 2(a) that the magnetization curves measured
along the in-plane a and b directions are very similar, how-
ever, with a slightly weaker magnetic anisotropy along the
in-plane a direction at the ferromagnetic phase. Surprisingly,
this finding is at the opposite of what was reported for bulk
single-crystal Tb, where the magnetic anisotropy was slightly
weaker along the b direction at the ferromagnetic phase [22].
This discrepancy might be ascribed to the thin-film effects,
such as strains and dislocations, in the studied epitaxial Tb
film.

We further measured the temperature dependence of mag-
netization for the studied amorphous Tb film under an applied
magnetic field of 500 Oe oriented in plane and out of plane.
As shown in Fig. 2(c), a broad paramagnetic to ferromagnetic
phase transition is also observed at TN for the amorphous
Tb film with an easy axis of magnetization lying in plane.
Nevertheless, the magnetization change measured for the
amorphous Tb film is four times lower compared to the one
observed for the epitaxial Tb film along the in-plane direc-
tions. This finding could be explained by the disordered nature
of the amorphous Tb layer, which leads to an increased defect
density and therefore to a lower magnetization. Surface rough-
ness and grain microstructure effects might also explain the
low magnetization of the amorphous Tb layer, in agreement
with previous studies [59–62]. Moreover, we found a TN value
of 227 K for the amorphous Tb film from the minimum of
the derivative of magnetization with respect to T . Hence,
the slight difference between the TN values of both epitaxial
and amorphous Tb films is attributed to their different crystal
structures. More importantly, the difference in magnetization
change at the phase transition between the in-plane and out-of-
plane directions measured for the amorphous Tb film is three
times smaller compared to the one observed for the epitaxial
Tb film, indicating that the latter exhibits a much stronger
in-plane magnetic anisotropy.

To determine the saturation magnetization and coercive
field as a function of the magnetic ordering, we performed
temperature-dependent hysteresis loop measurements where
the magnetic field is applied in plane for both the amorphous
and epitaxial Tb films. Figure 3(a) shows that both studied
films exhibit a square hysteresis at T = 150 K with the mag-
netic field oriented in plane, thus confirming that both films
show a ferromagnetic order below TN with in-plane magnetic
anisotropy. We measured a saturation magnetization MS of
183 emu/g for the epitaxial Tb film at T = 150 K, which
is smaller than the MS of 260 emu/g previously reported for
bulk single-crystal Tb [22]. On the other hand, we measured
a much smaller MS of 68 emu/g for the amorphous Tb film
at T = 150 K, which might be attributed the increased defect
density in the amorphous film. Moreover, coercive field HC

of 852 and 2620 Oe are measured at T = 150 K for the

124404-3



MOHAMMED SALAH EL HADRI et al. PHYSICAL REVIEW MATERIALS 4, 124404 (2020)

FIG. 3. In-plane magnetic hysteresis loops for the epitaxial Tb
film (magnetic field oriented along the a and b axes and the amor-
phous films). The magnetic hysteresis loops are measured at 150 K
in (a) and 300 K in (b).

epitaxial and amorphous Tb films, respectively, which is also
in agreement with an increased defect density in the amor-
phous film. To confirm the paramagnetic phase at T = 300 K,
we also performed RT hysteresis loop measurements for both
Tb films. One can see from Fig. 3(c) that the RT hysteresis
loops are linear, which is a signature of paramagnetic be-
havior. The hysteresis loops measured for the epitaxial and
amorphous Tb films along the out-of-plane direction can be
found in the Supplemental Material, Fig. S4 [54].

We further studied the MCE in the studied epitaxial
and amorphous Tb films by measuring the magnetization
isotherms for temperatures ranging from 150 to 300 K in
steps of �T = 5 K. The applied magnetic field is swept from
0 to �H = 20 kOe using a moderate sweeping rate of 100
Oe/s, and is oriented along the in-plane and out-of-plane
directions. The example magnetization isotherms measured
for the epitaxial and amorphous Tb films under the applied
magnetic field oriented along the a and in-plane directions,
respectively, are shown in Fig. 4. One can see from Fig. 4 that
the magnetization curves with T below TN exhibit a nonlinear
behavior and a tendency to saturate under the applied mag-
netic field, which is a signature of ferromagnetic behavior.
The magnetization isotherms measured for the epitaxial Tb
film along the b and c directions, and for the amorphous
Tb film along the out-of-plane direction can be found in the
Supplemental Material, Fig. S5 [54].

Based on the magnetization isotherms, the magnetic en-
tropy change −�SM due to an applied magnetic field from 0 to
�H is then obtained using the Maxwell relation, which can be
approximated for data taken a discrete field and temperature

FIG. 4. (a) [respectively (b)] Magnetization isotherms of the
studied epitaxial (respectively amorphous) Tb film as function of
the applied magnetic field from 0 to 20 kOe with a sweeping rate
of 100 Oe/s. The applied magnetic field is oriented along the a
direction and an arbitrary in-plane direction for the studied epitaxial
and amorphous Tb films, respectively.

intervals as [39]

�SM (T,�H ) = μ0

∑

j

Mi+1(Ti+1, Hj ) − Mi(Ti, Hj )

Ti+1 − Ti
�Hj,

(1)
where μ0 is the permeability of free space, Ti+1 = T + �T

2 ,
and Ti = T − �T

2 . Two major sources of uncertainty can influ-
ence the accuracy of the calculated magnetic entropy change
values, namely, the magnetic measurement itself and the film
thickness determination. Note that we used an oscillation am-
plitude of 2 mm for all the magnetic measurements. Since
the length of the sample is 5 mm, the typical uncertainty
on the magnetic measurement itself is about 6%, as pre-
viously reported in Ref. [63]. On the other hand, we have
carefully calibrated the deposition of Tb at room temperature
and 400 ◦C by performing low-angle x-ray reflectivity mea-
surements. However, the typical error on the Tb calibration,
and therefore on the Tb layer thickness, is about 5%. By
taking into account both sources of uncertainty, we estimate
a total error of about 11% on the calculated magnetic entropy
change values. Figure 5 shows the magnetic entropy change
calculated for both epitaxial and amorphous Tb films as a
function of temperature, under an applied field change interval
of �H = 20 kOe oriented along the in-plane and out-plane
directions.

One can see from Fig. 5 that the epitaxial Tb film exhibits
large anisotropic magnetocaloric properties. A large magnetic
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FIG. 5. Temperature dependence of the magnetic entropy change
−�SM measured for the studied epitaxial and amorphous Tb films
under an applied field change interval of �H = 20 kOe.

entropy change peak is measured under an applied magnetic
field oriented along the in-plane a and b directions, with a
large maximum magnetic entropy change (−�Smax

M ) of 6.27 ±
0.69 and 5.61 ± 0.61 J kg−1 K−1, respectively, and at a peak
temperature T S

max = TN = 232 K. These values are slightly
lower than those reported for single-crystal bulk Tb [9,21,26],
but are much larger than those reported for Tb-based thin-
film structures such as [GdxTb1−x/Ti] multilayers [41] and
GdxTb1−x alloy films [42] (see Table I). Note that no MCE
anomalies were measured for the studied epitaxial Tb film
near TC = 220 K, thus confirming the destruction of the basal-
plane HAFM structure between TN and TC, as well as the
direct paramagnetic to ferromagnetic phase transition at TN.
On the other hand, the −�SM peak measured for the epitaxial
Tb film under an applied magnetic field oriented in the out-
of-plane c direction is drastically damped out and exhibits
a much smaller −�Smax

M value of 1.11 ± 0.12 J kg−1 K−1 at
T S

max = TN = 232 K. Such a small −�Smax
M value is roughly

5.6 times smaller than the one measured with a magnetic
field oriented along the a direction, which demonstrates the

strongly anisotropic MCE in the studied epitaxial Tb films.
Figure 5 shows that the amorphous Tb film which, in contrast
to the epitaxial Tb film, exhibits a much lower magnetic en-
tropy change under an applied magnetic field oriented along
the in-plane direction, with a maximum −�Smax

M of 1.98 ±
0.22 J kg−1 K−1 at a peak temperature T S

max = TN = 227 K,
which is three times smaller than the one measured for the
epitaxial Tb film with magnetic fields oriented along the a
direction. Finally, the amorphous Tb film shows a −�Smax

M
value of 0.67 ± 0.07 J kg−1 K−1 with magnetic fields oriented
in the out-of-plane direction, which is roughly three times
smaller than the one measured for the amorphous Tb film in-
plane direction. These findings reveal the large and anisotropic
nature of the MCE in the epitaxial Tb thin film, in contrast to
the one in amorphous Tb thin film. Finally, we measured the
relative cooling power (RCP), which is an important parame-
ter quantifying the efficiency in terms of heat transfer between
the cold and hot ends in an ideal thermodynamic cycle. The
RCP can be calculated using the following equation:

RCP = −�Smax
M × δTFWHM, (2)

where −�Smax
M is the maximum magnetic entropy change and

δTFWHM is the full-width at half-maximum of the magnetic
entropy change curve. Hence, we found large RCP values of
225, 199, and 18 J kg−1 for the epitaxial Tb film at 20 kOe
applied magnetic field along the in-plane a, b, and c directions,
respectively. These findings further confirm the anisotropic
nature of the MCE in the studied epitaxial Tb film. Moreover,
these RCP values measured for the a and b directions are
significantly larger than those reported for other Tb-based
thin-film structures [42] (see Table I). We have also found
lower RCP values of 86 and 25 J kg−1 for the amorphous Tb
film with 20 kOe applied magnetic field along the in-plane
and out-of-plane directions, respectively, thus confirming the
absence of anisotropic and large magnetocaloric properties in
the studied amorphous Tb film.

IV. CONCLUSION

In conclusion, we have experimentally investigated the
magnetic and magnetocaloric properties of sputtered epitaxial

TABLE I. Main magnetocaloric properties of the studied epitaxial and amorphous Tb thin films and of other Tb-based materials reported
in the literature, such as single-crystal bulk Tb [9,21,26] and Tb-based thin-film structures [41,42].

Materials T S
max (K) −�Smax

M (J kg−1 K−1) �H (kOe) H direction References

230 3.8 12 H ‖ a [9]

Single-crystal bulk Tb 232 9 20 [26]

230 15.7 60.2 [21]

232 6.27 ± 0.69 20 H ‖ a This work

Epitaxial Tb (100 nm) film 232 5.61 ± 0.61 20 H ‖ b This work

232 1.11 ± 0.12 20 H ‖ c This work

Amorphous Tb (100 nm) film 227 1.98 ± 0.22 20 H ‖ IP This work

227 0.67 ± 0.07 20 H ‖ OOP This work

Amorphous [Gd90Tb10/Ti]60 multilayers 83 9 70 [41]

Amorphous Tb80Gd20 (100 nm) film 232 2.76 20 H ‖ OOP [42]
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and amorphous Tb thin films. We successfully grew epi-
taxial hcp Tb(0001) layer on Al2O3(112̄0) substrate with
excellent crystalline quality. We showed via magnetometry
measurements that the epitaxial Tb thin film displays large and
anisotropic magnetocaloric properties, with a large −�Smax

M
of 6.27 J kg−1 K−1 near TN = 232 K as well as a large RCP
of 225 J kg−1 with a magnetic field change of 20 kOe applied
along the in-plane a direction. On the other hand, we demon-
strated that the amorphous Tb thin film displays lower and
more isotropic magnetocaloric properties, with −�Smax

M of
1.98 J kg−1 K−1 near TN = 227 K and RCP of 86 J kg−1 with
a magnetic field change of 20 kOe applied along the in-plane
direction. Our findings highlight the opportunities for growing

epitaxial rare-earth thin films using sputtering techniques and,
more importantly, show the importance of crystallographic
control on the magnetocaloric effect in Tb thin films.
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