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Abstract

Recently, a reversible and a giant rotating magnetocaloric effect has been pointed out in the multiferroic TbMn,Oj5 single
crystal, opening the way for new designs of low-temperature magnetic cooling. In this paper, we report a preliminary theoreti-
cal work with the aim of enlarging our understanding on the electronic, magnetic and accordingly magnetocaloric features
of the TbMn,O5 compound. Particularly, the TbMn,0O5 magnetic anisotropy is analyzed in terms of X-ray magnetic circular
dichroism (XMCD) and X-ray absorption spectroscopy (XAS) spectra.
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1 Introduction

The discovery of new multiferroic compounds exhibiting
a strong magnetoelectric coupling has aroused great inter-
est since the beginning of the century, justified both by the
fundamental issues involved and the prospects for techno-
logical applications [1]. The interest of these compounds
lies in the coupling between orders, magnetic and electrical,
with the possibility, from a static point of view, to manipu-
late the magnetization by applying an electric field [2]. The
more recent discovery of magnetoelectric excitations has
opened up a new field investigation [3]. In multiferroics,
these hybrid excitations called electromagnons can be under-
stood as magnons excited by the electrical component of a
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wave electromagnetic and are the signature in the dynamic
regime of magnetoelectric coupling [4, 5]. Understanding
the mechanisms behind these new excitations is one of the
recent challenges of condensed matter physics, and the pos-
sibility of modulating these excitations via a field electric
and/or magnetic is also an avenue explored for future appli-
cations to be defined in the field of information transport,
magnetic refrigeration and spintronic devices for example.
These materials in which the magnetism and the ferroelec-
tricity are coupled have been widely studied [6-8]. Studies
on RMn,O; oxides have shown an important magnetocaloric
effect (MEE) that is associated with a unique commensu-
rate—incommensurate magnetic transition [1-9].

In this way, by using relatively low magnetic fields a
highly reversible switching of electrical polarization was
reported in TbMn,O5 [10]. On the other hand, it was recently
shown that the same compound unveils a giant and revers-
ible rotating magnetocaloric effect (RMCE). Habitually,
this compound exhibits an insulating behavior. Its crystal-
line structure consists of edge-shared Mn*"Og octahedra
arranged along the c-axis and linked by pairs of Mn3+05
pyramids [11-14]. The multiferroic TbMn,0O5 material is
characterized also by different exchange interactions involv-
ing Mn**, Mn** and rare earth R** ions sublattices, leading
to a complex magnetism character. As a result, TbMn,0O;
reveals various magnetic and electric phase transitions [15,
16]. At Ty=43 K, it shows an incommensurate antiferro-
magnetic (ICM) state with a propagation vector k (0.50, 0,
0.30) that transforms into a commensurate antiferromagnetic
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(CM) phase at T\;=33 K with k=(0.5, 0, 0.25), while a
ferroelectric order takes place at Tz =38 K [15].

Recently, it has been demonstrated that a large thermal
effect can be simply produced by rotating the TbMn,Os sin-
gle crystal within the ac plane in relatively low constant
magnetic fields rather than using the conventional magneti-
zation—demagnetization method [1]. Under a constant mag-
netic field of 2 T, the resulting maximum entropy change
from the rotation motion is more than 6 J/kg K, while the
associated adiabatic temperature change is found to exceed
8 K. Such a large RMCE was attributed to different factors
such as strong magnetocrystalline anisotropy, low specific
heat as well as the enhancement of the magnetization under
magnetic fields lower than 3 T. In this work, the first princi-
ples calculations (DFT) are used to investigate the electronic
and magnetic properties of TbMn,Os; we aim at opening the
way for the understanding of the physics behind the RMCE
in TbMn,Os single crystals and the promising RMn,O5 fam-
ily of multiferroics [16].

2 Computational method

The TbMn,0O5 compound crystallizes in an orthorhombic
symmetry with Pbam space group (number 55). Its lattice
parameters are given by: a=7.2643 A, b=8.4768 A and
¢=5.6700 A [17]. The electronic and magnetic properties of
TbMn,O5 have been studied using ab initio calculations with
full-potential linearized augmented plane wave (FP-LAPW)
[18] involving the gradient generalized approximation GGA
[19], GGA + U and spin—orbit coupling.

Conventional approaches such as the local density approx-
imation (LDA) [20], or that of generalized gradients (GGA)
[21], used in density functional theory (DFT), are standards
and widely used as an approach to describe the ground state
of a large number of insulating, semiconductor and metallic
systems. However, it seems to us that they are insufficient to
obtain a satisfactory qualitative description of the structure
electronics and magnetic properties of correlated systems, so
it is necessary to go beyond the DFT to properly treat strong
electronic correlations. Several corrections have been devel-
oped to provide solutions to this DFT deficiency.

Among those which have been applied, we find the
GGA + U method [22, 23], where "U" is the Hubbard param-
eter which designates the intra-atomic Coulomb interaction
applying to localized orbitals (in general d or f) to correct
errors in the DFT.

In TbMn,Os, U is equal to 8 eV for Tb and 4 eV for
Mn, while J is assumed to be zero for both atoms [19]. The
total and partial electron densities are calculated at equilib-
rium state. The self-consistent calculations are considered
to converge with a convergence criterion fixed by a variation
of the sixth decimal place in the electronic charge density
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and with 7 x 6x9 Monkhorst—Pack mesh implemented in the
code WIEN2k [24]. In this work, calculations are performed
on the Pbam orthorhombic structure of TbMn,O5 reported
in Fig. 1 using the reported crystallographic parameters in
ref [17].

To determine the magnetic anisotropy, we have utilized
DIPAN program implemented in WIEN2K code [18] that
calculates the magnetic dipolar hyperfine field and the dipo-
lar magnetocrystalline anisotropy.

It is theoretically possible to measure the XMCD signal
of any compound having at least one paramagnetic moment
and for which the spin—orbit coupling is not zero. The analy-
sis of XMCD spectra allows, with the "sum rules," to go
back to the moment of spin and orbit of the studied element
TbMn,O:s. It is necessary for that, firstly, to have the absorp-
tion field in zero field and calculate its integral; secondly, to
make the difference of the two absorptions obtained for the
two polarizations, it is the signal XMCD [24]. This signal
is employed to estimate the value of the spin and orbital
moments in TbMn,0O5 compound.

Also, the XMCD spin moment sum rule to the M, s
edges of Tb is used for the calculation of orbital and spin
moments. Considering the transition 3d (¢ =2) into 4f final
states (/=3) with the number of holes n=4 1+2-n,, the
following equations are obtained [25]:

my = (u, [ R){Lz)

- —2(( / doo(u™ ;r)) / / do(u* + m)
M,+M5 M4+M5

* (14— ny)
(1
ms = (u,/h)(Sz) = <7/ do(u* —u”) - 6/ do(u* - /4‘)>
M5 M4

/ ( / do(u* + M—>> o (14— ny) (1 + 10((T2) /(S
MA4+M5
@)

Fig. 1 Orthorhombic structure of TbMn,Os; the blue arrows indicate
the magnetic structure of manganese ions
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where the Sz and Lz are the spin and orbital moment of Tb
atoms, respectively.

3 Results and discussion

The compound TbMn,Os has an orthorhombic struc-
ture consisting of octahedra of Mn4+06 and bipyramids
of Mn3+O5 linked by their edges and their corners. This
structure is illustrated in Fig. 1. Perfect knowledge of the
magnetic orders of the Mn** and Mn** ions is essential for
a good understanding of the multiferroic character of the
compound TbMn,Os.

This material has several magnetic transitions. Below
10 K, the magnetic order of the Tb ion spins appears and
adopts an antiferromagnetic order. Given the complexity of
these magnetic orders, we will simplify the diagram of these
configurations by looking at the ab plane, in which the ion
spins Mn are almost confined.

The front view of the ab plane shows that the crystal
structure of TbMn,O5 is formed by two loops of manga-
nese ions. Each loop consists of a chain of manganese ions
Mn**-Mn**-Mn**-Mn**~Mn>* which forms a pentagonal
loop. The two loops share two neighboring Mn3+05 pyra-
mids. However, if an antiferromagnetic coupling between
two neighboring spins is established, it should favor an
antiparallel arrangement along the entire chain. However,
this is not the case. Indeed, geometrically, one cannot form
an antiferromagnetic order along a loop formed by five man-
ganese ions. This creates a frustrated magnetic structure
which gives rise to more complex magnetic orders.

Figure 1 shows the magnetic configuration of TbMn,O5
in the commensurable antiferromagnetic phase, the spins of
which are ordered antiparallelically along the zigzag chain
along the b-axis. The neighboring pairs Mn**—Mn** are
alternately coupled in a quasi-ferromagnetic and quasi-anti-
ferromagnetic manner along the axis a (ellipses in red and
blue dotted lines).

3.1 Electronic properties

As we had discussed previously, TbMn,O5 crystallizes in
an orthorhombic structure of space group Pbam. The man-
ganese in this structure have two valences: Mn>* and Mn**,
corresponding to two crystallographic sites. The cations
Mn** have an octahedral environment of six oxygen (Fig. 2).

The octahedra are joined together by a ridge and form
continuous chains along the c-axis. The Mn>* environment
has pyramids with a square base of five oxygen.

They are organized in dimers in which the two pyra-
mids share an edge. Octahedra and bipyramids constitute
the elementary building bricks. Along the c-axis, there is

02z

Fig.2 Basic structural units of distorted Mn;O5 octahedra and Mn,O¢
square pyramid

Table 1 Atoms positions in

TbMn,0; Ton Name Position
Tb>* Tb (x,y,0)
Mn** Mnl 0,0.5,2)
Mn** Mn2 (x,y,0.5)
(o) 01 0,0, 2)
0 02 (x, y,0)
(0] 03 (x,y,0.5)
O 04 x,Y,2)

an alternation of planes of pyramids Mn3+05, octahedra
Mn**Og and rare earth Tb>*.

The crystallographic sites and the coordinates of the ions
in the mesh are given in Table 1.

In order to explain the impact of electronic structure on
the magnetic properties, we have calculated the total and
partial densities of states (PDOS) of TbMn,O5 with GGA
and GGA + U approximations as they are displayed in
Fig. 3(a) and Fig. 3(b). The lower valence bands situated
in the range (—7.0 eV) to (—5.0 eV) are due to the Tb-f
states. The main contribution to the magnetism comes from
4f states of Tb atoms.

The detail of the structure strongly depends on the nature
of terbium. It is not only the order of moments of Tb** which
differs from one compound to another of the same family,
but also the order of moments of Mn can also be influenced
[15, 26]. This indicates the role of Tb in the magnetic order-
ing of manganese ions. Indeed, with its strong spin—orbit
coupling, the Tb>* ion has a strong anisotropy. Since that
of manganese ions is much weaker, it is expected that the
magnetic order in TbMn,O5 will depend on the anisotropy
of terbium.

The filling of the d orbitals in a pyramidal environment
with a square base and in an octahedral environment is done
by respecting Hund’s rule. (The energy of repulsion is mini-
mized by adopting a maximum spin state.)
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Fig.3 a Total density of states for TbMn205 with the GGA approximation. b Total and partial density of states for TbMn,O5 with the GGA+ U

approximation

The environment of the terbium, having eight first neigh-
bors, and the nature of the 4f orbitals being more complex,
the estimation of the degeneration and the filling of these
orbitals require more detailed calculations based on a precise
crystallographic structure. The nature of the occupied 3d and
4f orbitals and the fine crystallographic structure are essen-
tial parameters for the calculation of the exchange integrals.

The Pbam symmetry of TbMn,Os allows a position free-
dom of Mn>* ions along the pyramid axis. Such motion
alters the Mn—O bonds and thus the hybridization between
the manganese 3d and oxygen 2p states. It is worth noting
that the U value is taken from ref [27].

The density of states for Mnl shows that the t,, level
gives rise to two levels: a level which remains stable with a
pure metallic character dxy and a level formed by the two
hybrid molecular orbitals with a metallic character dxz and
dyz; this level is a little destabilized because of the decrease
in the binding character metal ligand. The level eg generates
an undisturbed level formed predominantly of dx>-y?, and a
dz? level which is stabilized (see Figs. 4 and 5).

3.2 Magnetic properties
In order to well understand the magnetic interactions in the

TbMn,O5 compound, we have calculated the values of Tb
and Mn spins and their orbital magnetic moments [28]. The

Fig.4 Energy levels and filling
of 3d manganese orbitals in a Mnl
pyramidal (left) and octahedral
(right) environment
Energy é
Pyramid
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sign of the XMCD signal and that of its integral give the
relative orientation of the magnetic moments between them
and with respect to the applied external field.

For the total magnetic moment given in the self-con-
sistent field (SCF) calculation, it is difficult to distinguish
between the contributions from the spins and orbitals since
it is equivalent to the difference between up and down spin
densities of state.

For these reasons, XMCD can give more details about
the value of spin—orbit coupling and calculate separately the
spin and orbital moments. The absorption and dichroic spec-
tra XAS and XMCD of TbMn,Os are shown in Fig. 6(a) and
Fig. 6(b). At the M edge, the absorption spectrum presents a
peak situated at 1208.0 eV. At the L, edge, the spectrum pre-
sents one contribution at 1244.5 eV. The integral of XMCD
and XAS allows the calculation of orbital m., and spin my
moments.

The number of 4f electrons (3d) is calculated by inte-
grating the 4f-projected (3d) density of states inside each
atomic sphere. According to relations (1) and (2) and using
GGA approximation, the values of m_; and m are given in
Table 2 for both Tb and Mn atoms. These values indicate
on the strong contribution of Tb ions to the total magnetic
moment [29]. On the other hand, the obtained moment for
Tb compares well with that experimentally reported in Refs
[1] and [30].

; Mn2

Energy

(\\
Octahedron i i i by

dey de  dyz
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Fig.6 a X-ray magnetic circular dichroism (XMCD) spectra of TbMn,Os. b X-ray absorption spectroscopy (XAS) spectra of TbMn205

In TbMn,O5 compound, giant magnetocrystalline ani-
sotropy is remarked where the magnetization tends to
orient preferentially along the a-axis [1, 30] (along the
b-axis for HoMn,O5 [32]). As mentioned before, the DFT
calculations using xdipan program enabled us to deter-
mine the minimal energy corresponding to the easy axis

of magnetization. Thus, the magnetic anisotropy is defined
as:

AE =E(easy axis) — E(hard axis).

The spin—orbit term is included to observe the change
in density of states. For 4f states and 3d states, it is known
that there is a competition between the spin—orbit effect and

@ Springer
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Table2 The orbital and spin moments of Tb, Mnl and Mn2 atoms
for TbMn,O5

XMCD Experimental
Tb
Tb Mnl Mn2
Spin moment (uB) 6.9 -2.01 1.44 -
Orbital moment (uB) 1.69 —-0.15 0.06 -
Total moment (uB) 8.59 - - 9.34 [31]

Table 3 Magnetic anisotropy of TbMn,O5 using GGA and GGA + U

Direction E,,J/m’)
GGA GGA+U

[001] —0,8625 x 10° —0,7853 x 10*
[100] —0,2985 x 10* 0,1474 x 103
[010] —0,7825 x 10° —0,6890 x 10*
[110] —0,1311 x 10* 0.2292 x 10*
[101] —0,4524 x 10° 0,6133 x 10*
[011] —0,6167 x 10 —0,7190 x 10*
[111] —0,2786 x 10° 0.19058 x 10°

the crystal field. The latter is usually strong in the case of
3d states (transition metals). Also, the rare earth elements
require a spin—orbit calculation. So, it is highly important
to see the charge distribution in 3d and 4f states in the
case of spin—orbit coupling (SOC). To understand the ani-
sotropy shown by TbMn,Os, we calculated the energy of
the compound following each axis using DIPAN package
implemented in WIEN2k program. The calculation consists
to compute the total energy for different axes to find the
minimal one. For TbMn,0Os, the lower value corresponds
to the a-axis, confirming early reported experimental works
[1,33].

The Hubbard U potential makes it possible to localized f
and d states or the electrons which are delocalized.

The localization of these bands which are responsible
for the magnetisms makes it possible to better calculate the
magnetic moment and the most stable magnetic phase, as
well as the spin orientation of each electron which gives
access to the orientation of the magnetization in the com-
pound. In fact, we obtain the most probable value of mag-
netic anisotropy energy (MAE).

It seems from Table 3 that the calculations without apply-
ing the potential U give the easy magnetization axis on the
a-axis, while the correction U gave a minimum energy on
the [011] axis or the (001) plane.

It should be noted that the magnetic anisotropy is given
by the Wien2k code using the DIPAN package, which just
gives an anisotropy contribution; in particular, it is the ani-
sotropy created by the network. For the correction U, the
easy magnetization axis is located between the z-axis and the
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yz plane, which confirms the non-collinearity of the spins of
magnetic atoms [34].

4 Conclusion

In summary, our preliminary calculations using the density
functional theory study of TbMn,Oj unveil that it is pos-
sible to determine some key parameters such as magnetic
moments and electronic structures that are of great interest
for the investigation of its entropic behavior (MCE). Particu-
larly, the obtained magnetic moments as well as the aniso-
tropic energies are in fair agreement with previous experi-
mental reports. However, the main challenge remains the
simulation of some important magnetothermal parameters of
TbMn,Oj5 such as specific heat, entropy and adiabatic tem-
perature changes. This point is currently under investigation
in our group, and any relevant results will be published in a
forthcoming publication.
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