Theoretical Investigation on Electronic and Magnetic Structures of FeRh
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In order to clarify the mechanism behind antiferromagnetic (AFM)-ferromagnetic (FM) phase transition, we
investigate the electronic and magnetic structures of FeRh by using first principles calculations with the GGA + U
method. By choosing the appropriate values of the on-site Coulomb interaction () of Fesa and Rhua electrons, we
succeed in explaining the reported AFM-FM phase transition experiments for the first time by obtaining the total
energy difference between the AFM and FM states (AE). Other physical quantities such as the density of states (DOS)

are also consistent with experimental reports.
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1. Introduction

Room-temperature magnetic refrigeration technology
using magnetocaloric materials (MCMs) has recently
gained attention because it is expected to eliminate
refrigerants that are greenhouse gases and improve the
system efficiency of  refrigerators.? Various
performance-enhancing MCMs such as
La(FexSiix)13Hy,2 MnFe(P,Si),Y and so on have been
found so far. Inverse magnetocaloric materials (IMCMs)
such as FeRh% and Mn2-«Cr«Sb? have also been the focus
of attention because of the appearance of the ‘giant’
inverse magnetocaloric effect (IMCE) under a low
magnetic field. In particular, FeRh shows a first-order
antiferromagnetic (AFM)-ferromagnetic (FM) phase
transition at 7 = 320 ~ 370 K without a magnetic field
and exhibits a giant adiabatic temperature change A7xq
(= 13 K) under 1.95 T. Recent studies suggest that A7aa
can be increased up to 18 K per 1 T.® The appearance of
new MCMs and IMCMs that are superior to FeRh is now
expected. It is quite important to understand the why
ATia is large in FeRh. Moreover, it is essential to clarify
the microscopic mechanism behind the AFM-FM phase
transition in order to develop new magnetocaloric
materials.

Since FeRh was discovered by Fallot in 1938,7
various experiments® 19 on its physical parameters have
been performed, such as the difference between the
minimum total energy of the FM state and that of the
AFM state (AE) related to 74.10

Various theoretical investigations have also been
carried out. For example, Kittel proposed the exchange
inversion model.2? There have also been various theories
proposed. However, all of these currently remain the
subject of debate. Several investigations into electronic
and magnetic structures using various band-structure
calculation methods have been reported to date.2)-29 We
should point out here that recent advanced
first-principles calculations202® are not able to
reproduce important physical quantities such as AE. In
particular, if AE calculations are inconsistent with

experiments, its mechanism as an IMCM cannot be
clarified. Generally, in alloys containing 3d and 4d
transition metals, regard for electronic correlation is
known to be important. However, this is not considered
in all of the reported calculations, including Refs.
(26)-(28). Therefore, we treat this electronic correlation
as the on-site Coulomb interaction (Z) and examine the
effect of U on various physical quantities, particularly
AFE. In this paper, we investigate the electronic and
magnetic structures of FeRh and have succeeded in
reproducing the AFM-FM phase transition
quantitatively for the first time.

2. Calculation Method

In FeRh, which is a CsCl crystal with a simple cubic
structure, the magnetic structures in the AFM and FM
states are shown in Fig. 1. In order to treat FeRh in both
the AFM and FM states, the crystal is considered a
face-centered cubic structure with lattice constant a'= 24,
where a is the lattice constant in the case of a simple
cubic structure. The atomic positions of two Fe atoms
are (0.0, 0.0, 0.0) and (0.5a, 0.5 &, 0.5 &). The atomic
positions of two Rh atoms are (0.25 &, 0.25 &, 0.25 a)
and (0.75 &, 0.75 &, 0.75 a).

(a) (b)

Fig. 1 Magnetic structure of (a) AFM and (b) FM
states of FeRh. The blue and violet circles
indicate Fe and Rh atoms, respectively. 1 and |
indicate the directions of the magnetic
moments.

The Vienna ab initio simulation package (VASP) 29,30
with the projector augmented wave (PAW) method3?-32
was utilized for performing the first principles



We used the
exchange-correlation functional3® with the Hubbard U
method (GGA + 0)?? including U and the exchange
parameter (/) for each atomic orbital in the materials,
as our GGA calculation results such as AE (= 31.5
meV/atom) and the magnitude relation of Fe magnetic
moment values between the AFM and FM states (3.12p8,
3.18pB) were inconsistent with experimental results. In
the calculations, the Dudarev approach, which is only
dependent on Usgt = U — BY, was adopted. The
magnitude of I and J for the Fesq electron (Ure, Jre) and
for the Rhua electron (Ukn, Jkn) were set to (2.0 eV, 1.0
eV) and (1.95 eV, 1.0 eV), respectively so that the
obtained physical quantities of the Fe and Rh crystals
(lattice constant, bulk modulus and density of states
(DOS)) using these U and </ were consistent with the
reported experiments. The Methfessel-Paxton method3®
was adopted by choosing the width of the smearing Ac =
0.05 eV. A plane-wave basis set with an energy cutoff
(Eewt) of 830 eV and an 11x11x11 Monkhorst-Pack k
points mesh3? was used.3®

calculations. Perdew-Burke-Ernzerhof

3. Results and Discussion

A comparison of the physical quantities obtained in
the present analysis by using the above GGA + U
calculation method and those reported in experiments is
given in Table I. The calculation results are detailed as
follows. First, the relationship between the total
energies of the AFM and FM states and the lattice
constant 1is investigated by choosing appropriate
magnitudes of Ure and Urn to estimate AE. The obtained
results are shown in Fig. 2. As shown, the AFM state is
stable when the lattice constant is small. With
increasing the lattice constant, the total energy of the
AFM state has a minimum at lattice constant (aarm) (=
2.99 A) and the total energy difference between the AFM
and FM states becomes smaller. When the lattice
constant is increased further, the total energy of the FM
state has a minimum at lattice constant (arm) (= 3.01 A).
Finally, the FM state becomes stable. The obtained
values for aarm and arm are consistent with the
experiment (aarv = 2.981 A and arv = 2.999 A).9 It is
noted that the obtained value for AE (= 2.71 meV/atom)
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Fig. 2 Total energy versus lattice constant. On the basis
of the minimum of the AFM state, the closed
squares and the diamonds indicate the total

of the AFM and the FM states,

respectively.

energies

is consistent with the experimental value AE (= 2.80
meV/atom).1?

The other physical quantities that were obtained are
detailed as follows. The magnetic moments of the Fe and
Rh atoms (mre, mrn) in the AFM and FM states are
investigated. The obtained magnetic moments are
almost identical to those in the experiments.!V The
obtained mre of the AFM state (= 3.31up) becomes equal
to mre of the FM state (= 3.31pp), which is slightly
different from the tendency obtained by the experiment
(mpe of the AFM state > mpr. of the FM state). In all of the
reported calculations2?28, the relationship whereby mre
of the AFM state < mre of the FM state is satisfied.
However, in the present work, the magnitude relation of
the obtained mre values between the AFM and FM

states is approaching that of the experiment.

The obtained relationship between the obtained
values of mre and mrn of the AFM and FM states and the
lattice constant is shown in Fig. 3. With increasing the
lattice constant, () the change in mr. is much larger
than that in mgs, (ii) the change in mr. in the AFM state
is larger than that in the FM state, and (ii) the
magnitude relation of mre values between the AFM and
FM states is reversed near the observed lattice constant.
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Fig. 3 mre and mrn of the AFM and FM states versus
lattice constant.

The critical magnetic field at 0 K (H:(0)) which can
provide us with useful information to understand the
IMCE of FeRh can be obtained by??

H: (0) = AE/ (Mev —Marw), (1
where Mrm and Marum (= O pB) are the magnetization per
atom of the FM and AFM states, respectively. The
obtained H.0) (= 21.6 T) is consistent with the
experiments (= 21.2 T ~ 29.7 T).12,13,14)

The DOS and the partial density of states (PDOS) near
the Fermi level (&r) of the Fe and Rh atoms of the FM
and AFM states were investigated and are shown in Figs.
4(a)-(d) and Figs. 5(a)-(d), respectively. The distribution
of DOS near Fr of the FM state shown in Figs. 4(a) and
(b) and of the AFM state shown in Figs. 4(c) and (d) are
similar to the reported photoemission spectra.l®-19 In
particular, the main peak positions of DOS near Er are
around —5.0 eV to —4.0 eV and around —3.0 eV to —2.0 eV.
Moreover, the obtained ratio of DOS at Er of the FM
state and that of the AFM state (IXEr)rm / DX Ep)arm) (=
4.72) is also consistent with the experiments.!”?:1® The
reason the obtained value of IXEr)rm / DX Er)arm is large



is examined by using PDOSs, as shown in Figs. 5(a)-(d),
respectively. PDOS at Er (PIXEFR) of a Fe atom of the
FM state for the minority spin state is much higher than
that of the AFM state for the minority spin state, while
PIXEr) of an Fe atom for both the AFM and FM states
for the majority spin state is low and PIXZEr) of an Rh
atom of both the AFM and FM states for the majority
spin and minority spin state are also low. Therefore,
D(Ep)rm | DXEp)arm becomes large due to the large
change in the contribution of Fesq electrons to IXEF) in
the AFM-FM phase transition.

The effect of U on AE and mre in the AFM and FM
states is investigated using PDOS. Comparing Fig. 5(b)
with Fig. 5(d), magnetic states of Rh for the AFM and
FM states are nonmagnetic and FM states, respectively.
When the magnitude of Urn is increased to 1.95 eV, the

=

nonmagnetic state becomes unstable and the FM state is
energetically advantageous. As a result, AE becomes
smaller compared with the GGA calculation result. From
Fig. 5(a) and (c), we can see that the Fesq band in the
majority spin state for the AFM and FM states is almost
filled, while that in the minority spin state for the AFM
and FM states is inadequately filled. Similar results (not
shown) were obtained by the GGA calculation. When the
magnitude of Ure is increased to 2.0 eV, Fesq band at Er
in the minority spin state moves to the upper energy
side, which results in a decrease of the occupied Fesq
PDOS in the minority spin state. This leads to an
increase of mre in the AFM and FM states and
improvement of the magnitude relation of mr. values
between the AFM and FM states. From the above results,
the effect of U plays a crucial role in discussing the
AFM-FM phase transition.
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Fig. 4 DOS near EF of (a) the FM state, (b) the FM state
for both the majority spin and the minority spin
states, (c) the AFM state, and (d) the AFM state
for each of the majority spin and the minority spin
states.
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Fig. 5 PDOS near Er of (a) an Fe atom of the FM state,
(b) an Rh atom of the FM state, (c) an Fe atom of
the AFM state and (d) an Rh atom of the AFM
state.

Table I Comparison of physical quantities obtained in the present analysis using the GGA+ U method and

those reported in experiments.

AFM M AE AFM M H0) DEprm/  yeu/ AFNIE) FNiIﬁ)
AAFM arm MmFe  MRh  MFe  MRh DEDary yam) Barm Brm
A A meV  ps UB PB PB T GPa GPa

sfoerskent 2.99 301 271 331 0 331 104 216 4.72 195.7 210.6

Ref. (8)  2.987  2.997

Ref. (9)  2.981  2.999

Ref. (10) 2.80 2.41 142+14  133+20

Ref. (11) 3.30 0 3.17  0.97

Ref. (12) 23.4

Ref. (13) 29.7

Ref. (14) 21.2

Ref. (17) 3.75

Ref. (18) 5.95

Ref. (19) 142 158

1) Ratio of Sommerfeld coefficient y of the FM state and that of the AFM state (yrm/yarm),
ii) Bulk modulus of the AFM state (Barwm), iii) Bulk modulus of the FM state (Brw)



The band structures of the AFM and FM states are
investigated and are shown in Figs. 6(a)-(c), respectively.
The two band structures are considerably different. In
particular, in the FM state, the number of branches
crossing the Fermi surface in the minority spin state is
higher than that in the majority spin state. In the AFM
state, a hole pocket appears at the center of the I point.
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Fig. 6 Obtained band structures of (a) the FM state for
the majority spin state, (b) the FM state for the
minority spin state, and (c) the AFM state.

4. Conclusion

In summary, the electronic and magnetic structures of
FeRh are investigated by using first principles
calculations including appropriately chosen values of U
for the Fesa and Rhaa electrons, and we succeed in
explaining the reported AFM-FM phase transition
experiments for the first time by obtaining A £ consistent
with the experimental reports, also for the first time.
Moreover, other obtained physical quantities are also
consistent with the experimental reports. We will
attempt to clarify the mechanism behind the AFM-FM
phase transition by using the knowledge obtained in the
present analysis.
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