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ARTICLE INFO ABSTRACT

Communicated by S. Das Sarma We report a theoretical study of the magnetocaloric effect of Terbium (Tb) thin films due to finite size and

Keywords: surface effects in the helimagnetic phase, corresponding to a temperature range from 7.=219 K to 7, =231 K, for
Magnetocaloric effect external fields of the order of kOe. For a Tb thin film of 6 monolayers submitted to an applied field (AH=30 kOe,
Rare Earth AH=50 kOe and AH = 70 kOe) we report a significative change in adiabatic temperature, AT/AH, near the Néel
Magnetic measurements temperature, of the order ten times higher than that observed for Tb bulk. On the other hand, for small values of
Thin Films

the magnetic field, large thickness effects are found. For external field strength around few kOe, we have found
that the thermal caloric efficiency increases remarkably for ultrathin films. For an ultrathin film with 6
monolayers, we have found AT /AH = 43 K/T while for thicker films, with 20 monolayers, AT/AH = 22 K/T. Our
results suggest that thin films of Tb are a promising material for magnetocaloric effect devices for applications at
intermediate temperatures.

1. Introduction

The magnetocaloric effect (MCE) is a phenomenon that enables the
temperature of a material to be altered by the application of external
fields. Specifically, a magnetic field acting on a substance alters its
magnetic state and, consequently, it changes the internal magnetic
energy, so that heat is lost or absorbed reversibly. Under adiabatic
conditions, when a magnetic field is switched on or off rapidly, the
release or absorption of heat is manifested as an increase or reduction
in temperature. Recently, the MCE has attracted the interest of both
physicists and engineers: physicists because of potential applications in
the study of interactions and changes of magnetic structures in
magnetic materials, whereas engineers are hoping to be able to
construct new devices and cooling systems [1]. Also, due to the
discovery of the giant MCE near room temperature in bulk
Gds(Si,Ge,_,), by Pecharsky and Gschneidner's [2,3], the interest in
the magnetocaloric effect was sparked. This made the prospect of
commercializing magnetic cooling to be tenable. Numerous magneto-
caloric materials have been studied to date in bulk form [4—7], silicides,
transition metal intermetallics, lanthanides, Heusler alloys, and man-
ganites. In contrast, investigating the magnetocaloric effect and related
materials remains a novel endeavor for nanoscience or in the limit of
ultrathin films. Indeed, exploring the magnetocaloric effect via nanos-
tructuring or ultra thin films, falls securely within the grand challenges
of nanomagnetism and their frontiers.
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In this context, it is the aim of this work to contribute in some way
to the studies of MCE in ultrathin films of rare earth materials. Here we
restrict our study to Terbium, due to its large magnetic momentum and
interesting magnetic phase transitions (heat capacity of a magnetic
material usually shows a peak at its transition temperature) [8]. In a
general way, heavy rare earth elements and their compounds are
considered to be the best-suited materials for achieving a large MCE
[9]. Rare-earth metals have many different magnetic structures result-
ing from the competition between the crystal field and exchange
interactions. When a magnetic field is applied it gives rise to a third
interaction and the magnetic structures are more complicated [10-12].
In the absence of an applied magnetic field, for example, the Terbium
orders in a basal plane helical phase in the temperature interval from
231 K (Néel temperature) to 219 K (Curie temperature). The helix turn
angle 5¢ [13] varies between 20.5° and 17°. Therefore the helix period
corresponds to nearly eighteen atomic layers and one might expect
strong surface effects for films in this thickness range. When a magnetic
field is applied in the basal plane other magnetic structures are
observed including a basal plane ferromagnetic phase, a fan phase
and a helifan phase [14]. In thin films, when the thickness is
comparable to the periodicity of the ordered structure, it is expected
that even the magnetic arrangement itself can be strongly modified.
Rare earth helimagnets such as Ho, Dy, and Tb represent the best
candidates to put into evidence such finite-size effects. This finite-size
effect is caused by the reduced number of atoms in the direction
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perpendicular to the film surface that leads to a decrease of the total
magnetic exchange energy.

The MCE is an effect where a variation in the temperature of the
magnetic material (AT) is linked to an adiabatic change in an external
magnetic field strength. This variation of temperature is a function of
both the initial temperature, and the change in the intensity of the
applied magnetic field, AH = H;-H,, H; and H; are the initial and final
measures of the applied field. A positive MCE corresponds to having
both AT > 0 and AH > 0. An alternative definition of the MCE is the
change in the magnetic entropy for an isothermal change of the applied
field strength.

The reduction of the Zeeman energy splitting of the energy levels,
for ferromagnetic materials, results from both effects of reducing the
external field, and the reduction of the thermal value of the magnetic
moment, when measured in the field direction. Due to the exchange
coupling, the internal fields are very large at low enough temperatures,
and an applied field affects the magnetic order mainly in the thermal
region around the Curie temperature 7. In the ordered phase,
dAT/dT > 0, with a maximum value at T = T, [15]. The helimagnetic
materials have an abundant phase diagram, and as a consequence a
complex MCE arises. In the temperature interval where a magnetic
ordering appears, the applied field can modify the magnetic structure,
without discernible changes in the average value of the magnetic
moment per atom. Also, it is possible to observe both positive and
negative MCE, since the effect of an applied field on the magnetic
entropy is dependent upon the field strength.

The adiabatic temperature change can be measured directly or
indirectly by using heat capacity and magnetization data [16]. In a
material displaying MCE, the alignment of randomly oriented magnetic
moments by an external magnetic field results in heating of the
material. If the magnetic field is subsequently turned off, the magnetic
moments randomize again, which leads to cooling of the material. The
MCE of the Gd(Si, Ge), [17,18] have been extensively studied due to
their potential use for magnetic refrigeration applications near room
temperature, as we have pointed above. These compounds undergo a
first-order phase transition and exhibit a large MCE. Measurements of
the MCE in polycrystalline Ho [19] displayed MCE maxima at T,=20 K
(AT=4.6 K for AH=60.2kOe) and at Ty=132K(AT=4.5K for
AH=60.2 kOe). Recent works demonstrated that thin Dy [20] and Ho
[21] films display MCE of the same order of magnitude found in giant
magnetocaloric effect (GMCE) materials. The enhancement of the
MCE, relative to the bulk Dy and Ho values, is more pronounced for
small values of the external field strength, where in ultra-thin films, the
helical state forms and the film behaves as a ferromagnetic.

In this paper we are interested to investigate the thickness influence
on MCE of Terbium thin films, in the frontier between nanometric 6—
20 monolayers) and bulk structures, in the temperature range from
220 K to 230 K. These films have an hcp crystal structure, characterized
by the stacking of atoms in planes of hexagonal symmetry, along the ¢
direction. The space group of Tb is P6,/mmc. The plan of this paper is:
In Section 2 we present the theoretical model used here. Section 3 is
devoted to present the results and a discussion about the MCE in
Terbium thin films. Finally, in Section 4 we present the conclusions of
this paper.

2. Theoretical Model

We investigate a c-axis thin film, consisting of a stacking of atomic
layers with equivalent spins, infinitely extended in the x-y directions.
The spins in each monolayer are exchange-coupled with the spins in
the first and second neighbour monolayers, as shown on Fig. 1. The
anisotropy is uniform throughout the film and the near-surface spins
have reduced exchange energy. The magnetic Hamiltonian is given by:
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Fig. 1. Magnetic structure of the helix phase of terbium. Our model considers
interactions up to next-nearest neighbours.
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In Eq. (1), J; and J, describe the exchange interaction between the

nearest and next-nearest monolayers respectively, 7(11) denotes the
total angular momentum per atom in the n-th monolayer. The
coefficient K(T) describes the hexagonal anisotropy and the last term

is the Zeeman Energy, where the external field H is applied in one easy
direction in the hexagonal plane, making an angle of 30° with x axis.

We use the Tb bulk energy parameters [22], where the modulus of
the total angular momentum is J = 6, J; = 47 kg, J, = —J;/4 cos(T),
where ¢(T) is the temperature dependent helix turn angle [23], g = 3/2
is the Landé factor, corresponding to a saturation magnetic moment
per atom of 9.7 ji,. The parameter K¢ is obtained from the fit of the
experimental curves of the temperature dependence of the hexagonal
anisotropy [24].

We use a self-consistent local field model which incorporates the
surface modifications in the exchange field and the thermal average
values ((J(n)); n = 1...N) and the orientation of the spins in each layer
((¢,); n = 1...N) [25,26]. However, the surface effects are not necessa-
rily restricted to the surface layers. The number of layers modified by
surface effects depends on the way the effective local field relaxes
towards the bulk pattern in the middle of the film.

We calculate the MCE numerically as a function of the magnetiza-
tion. If the magnetization is a continuous function of the temperature
and magnetic field, then the adiabatic temperature change is given by:

AT __/”f T oM(T, H) dH
ad m C(T.H),\ o J,

@

From Eq. (2) it is easy to state that a material should have large

MCE when (W((’TT‘H))H is large and C(T, H) is small, at the same
temperature [27]. Starting the process from H; = 0 to H = H; we obtain
AT, (T, H). Here (W)H is the temperature derivative of the

magnetization along the external field direction and C(7, H) is the
heat capacity expressed by [28]:

oS(T, H)
oT "

C(T, H) = T(
(3)

where the total entropy S(T, H) of a magnetic material is, at constant
pressure, the sum of the lattice, electronic and magnetic contributions:

ST, H) = Syae(T H) + S (T, H) + Sg,o(T. H) )
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In this work we ignore the field dependence of the electronic
entropy (due to its small contribution to the total entropy). Thus the
magnetic contribution is given by:

U+l g —HIkgT
1 ‘B

Sttag = = He 7% | iz

ra 2 (5)
where Z = Y ¢ "% is the partition function, H is the Hamiltoninan
that describes the energy of the system (given by Eq. (1)), T is the
temperature and kg is the Boltzmann constant. The lattice contribution
is given by:

3
Opl/T
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e —1

(6)

where R is the gas constant and ), is the Debye temperature, which for
Tb is ©,, = 158 K [22]. For a review on the magnetocaloric effect with
special attention to nanoscale thin films and heterostructures see ref.
[29,30].

3. Results and Discussion

In this section we show the numerical results of the MCE, for
different applied fields and thicknesses of Tb thin films. Our studies
revealed that the efficiency of the MCE in nanofilms of Tb has a strong
dependence with its thickness. We note, too, that dependence of field in
MCE decreases continuously with increasing thickness of film, ap-
proaching the standard value for bulk when the film becomes too thick
(in a nanometric scale).

We show on Fig. 2 the variation of AT,,(K) for films of Tb with 6, 10
and 20 monolayers for an external field of AH=1 kOe. We have chosen
a small value of H because the thin film effects on the MCE properties
are more visible for small values of the external field. We found
significant AT(T, H)/AH values: 43 K/T for 6 monolayers thin film,
40 K/T for 10 monolayers thin film and 22 K/T for 20 monolayers thin
film.

In order to stress the thickness influence on the MCE, we show on
Fig. 3 the variation of AT, ,(K) for a 6 monolayer Tb film and for bulk
Tb, at an external field of AH = 1 kOe. We found that the peak value of
AT, (K) for the thin film is nearly two times larger than the correspond-
ing bulk value.

We can also observe, Figs. 2 and 3, the dependence of the Nel
temperature with the film thickness, where for thick films it approx-
imates bulk 7, and for thinner films the temperature decreases. Near
the Nel temperature the bulk and thin film values of the helix turn
angle are similar, ¢(7) ~ 20°. Consequently, a complete helix corre-
sponds to around eighteen atomic layers. One might then expect to find
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Fig. 2. (Color online) Adiabatic variation of the temperature as a function of T for a
Terbium film with thickness of 6, 10 and 20 monolayers, for an applied field of AH=1
kOe.
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Fig. 3. (Color online) Adiabatic variation of the temperature as a function of T for a
Terbium film with thickness of 6 monolayers and bulk, for an applied field of AH=1 kOe.
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Fig. 4. (Color online) Isofield magnetization curves for external field H = 1 kOe. The
magnetization is shown in units of ug.
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Fig. 5. (Color online) C(H,T) for an applied field of AH = 1 kOe.

bulk MCE properties for films with more than 20 monolayers.

The key feature for thin film effects is the field dependence of the
field derivative of the adiabatic temperature rise, as seen from Eq. (2),
(dT/dH)y = -T(OM(T, H)/dT),/C(T, H),. The number of modified layers
by the surface effect depends on the way the local effective field relaxes
the spins in the middle of film. In this manner, changes will occur in
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Fig. 6. (Color online) Monolayers dependence of the value AT(T, H)y,,, for an external
field AH=1 kOe, AH=3 kOe and AH =5 kOe.
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Fig. 7. (Color online) Adiabatic variation of the temperature as a function of T for a
Terbium film with 6 monolayers for applied fields (AH=30kOe, AH=50kOe and
AH=70 kOe).

magnetic phases of thin films, compared with the bulk and conse-
quently on the values of (0M(T, H)/dT),, significantly affecting the
value of AT,,. As a result, the adiabatic temperature change is larger
than the corresponding value for bulk.

On Figs. 4 and 5 we show the contribution of isofield magnetization
and heat capacity for AT, ,(K) for films of Tb with 6, 10, 20 monolayers
and bulk, for an external field of AH=1 kOe, where we can observe that
for thicker films, these contributions resemble those of bulk. This fact
makes the AT, ,(K) of thick films close to that of volume, imposing a
theoretical and practical approximation for MCE simulations in Tb
nanofilms.

We show in Fig. 6 that the MCE efficiency, AT(T, H)/AH, increases
as the thickness is reduced. For instance, for a thin film of 6
monolayers, we have approximately: 43 K/T, 19 K/T and 14 K/T for
external applied fields of AH=1LkOe, AH=3kOe and AH=5 kOe,
respectively. For a thin film of 18 monolayers, we will have efficiencies
of approximately: 26 K/T, 15 K/T and 12 K/T for external applied fields
of AH=1kOe, AH=3 kOe and AH =5 kOe, respectively. Therefore, the
finite size enhancement of the MCE is larger for a small field strength.

On Fig. 7 we depict the adiabatic temperature variation for a Tb film
of 6 monolayers subjected to external fields (30 kOe, 50 kOe and
70 kOe), with values of AT(T, H)/AH equal to 39 K/T, 25 K/T and
19 K/T, respectively, where we observed that the dependence of the
MCE on the applied field is much stronger than the obtained for bulk
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Tb. Near the Nel temperature, the value found for AT,, is approxi-
mately ten times higher than that obtained for polycrystalline samples
of Tb [22]. This effect is referred as giant magnetocaloric effect
(GMCE), a name proposed by Pecharsky and Gschneidner in 1997 as
they investigate GdsSi,Ge, [16]. From the previous results we can
conclude that Tb thin films are indeed a promising magnetocaloric
material for applications at intermediate temperatures. From the
experimental point of view, the standard procedure to grow the Tb
films is the molecular beam epitaxy (MBE) method [31,32]. The film is
grown on a sapphire substrate where it is deposited niobium (Nb) to
provide a chemical buffer between the sapphire and the reactive rare
earths. Finally, a layer of nonmagnetic yttrium (Y) is deposited on the
Nb to provide a structure with a growth plane with similar structure
and a grid parameter for the basal plane of the rare earth layers.

4. Conclusions

In conclusion, the present study demonstrated that the MCE
efficiency of Tb is significantly enhanced by finite size and surface
effects. Confinement in rather thin films, with thickness below the helix
period, favors a ferromagnetic state. This is due to the fact that near-
surface spins are more easily turned in the direction of the external
field. Near the surfaces the turn angle is smaller, due to the lack of
second neighbors which favors a ferromagnetic-like configuration in
the whole temperature range from the Curie temperature to the Nel
temperature, leading to a giant MCE. The present results suggests that
thin films of Tb might be a promising material of MCE devices for
applications at intermediate temperatures, for example, the cooling of
natural gas to liquid form, so that it can be cost-effectively shipped to
long distances. Finally, we hope that our results can stimulate the
experimentalists to probe the findings presented here.
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