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Structural Phase Transition of (Fe;_;Mn,).P;_,Ge, Alloys
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R. KOLANO AND A. KOLANO-BURIAN
Institute of Non-Ferrous Metals, J. Sowiiiskiego 5, 44-100 Gliwice, Poland

The paper presents results of the ab initio electronic structure calculations performed for the
(Feo.5Mno.5)2P0.67Geo.33 alloy, a member of (Fei—Mn;)2P1-,Ge, family of alloys showing a giant magne-
tocaloric effect. Calculations confirmed the strong relationship between the magnetic state and crystal structure
of the alloy. To investigate the isostructural phase transition driven by external magnetic field observed in
(Feo.oMn1.1)Po.sGeo.2 we utilized the fixed spin moment approach. Total energy analysis confirmed the occurrence

of isostructural phase transition.

PACS: 71.20.Be, 75.20.Hr

1. Introduction

Magnetic refrigeration at room temperatures attracts
recently high interest due to discovery of new materials
showing giant magnetocaloric effect (MCE) [1-3]. The
magnetocaloric materials for technological applications
must satisfy two criteria: the magnetocaloric cycle must
occur at ambient temperatures and with application of
magnetic field achievable using permanent magnets. Ma-
terial satisfying both criteria is the GdsGesSis alloy re-
ported fourteen years ago [1] and the MnFeP;_, As,, alloy
discovered in 2002 [3]. Due to high cost of gadolinium and
toxicity of As the wide scale application of both materials
is questionable. Recently it has been discovered that the
replacement of As by Ge or Si atoms does not change the
magnetocaloric properties of the material but eliminates
the toxicity problem [4]. Liu et al. [5] investigated a par-
ticular composition of Mnj 1Fep 9Py sGego optimal for
MCE, with MCE ~ 75 J/(kg K). They reported that the
material is single phase both in high temperature (HT)
paramagnetic (PM) state and in low temperature (LT)
ferromagnetic (FM) state but in between the first-order
isostructural transition occurs as a function of temper-
ature or magnetic field. The HT and LT phases are of
the same symmetry but have different lattice parame-
ters and internal atomic coordinates [5]. The first-order
structural phase transition accompanying the magnetic
transition results in an enormous change of the magnetic
entropy induced by magnetic field giving the giant mag-
netocaloric effect.

* corresponding author; e-mail: jozef.deniszczykQus.edu.pl

In the paper we report the preliminary results of
our ab initio investigations of Mn; gFe; ¢Pg ¢7Geg 33 al-
loy. The aim of our study was to get more insight
into the origin of the simultaneous occurrence of struc-
tural (first order) and magnetic (second order) phase
transition in MngFe;_,P;_,Ge,. With this aim we
have performed electronic structure calculations for the
Mnl,()Fel_()P()_(WGe(),gg alloy in FM (LT) and PM (HT)
structures using the ordinary mode of ab initio calcula-
tions and the fixed-spin-moment (FSM) mode [6] which
is a standard technique for searching of magnetically dis-
tinct states of studied system.

2. Computational procedure

The electronic structure calculations were performed
using the WIEN2k code [7] based on the full-potential lin-
earized augmented plane wave (FP-LAPW) method [8].
The electronic states were partitioned into core states:
([Ne] for Fe, Mn, P and [Ar] for Ge); local orbitals [8]
(3s, 3p for Fe, Mn and 3d for Ge) and valence states
(3d, 4s for Fe, Mn, 3s, 4p for P and 4s, 4p for Ge).
The core states were treated in a fully relativistic man-
ner while for the local orbitals and valence states the
scalar-relativistic approximation was applied. The GGA
exchange-correlation (XC) potential was used in the form
given in [9]. Atomic muffin-tin spheres radii were taken
as 1.85 a.u. for Fe, Mn and 2.4 a.u. for P, Ge. The k-
-mesh with 63 k points in the irreducible wedge of the
Brillouin zone was used. Other parameters influencing
the computational precision [7] were fixed to assure the
total energy precision of 1 mRy.
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3. Results and discussion

The MngFe;_,P,_,Ge, alloys crystallize in hexago-
nal structure of FesP type (space group No. 189). The
unit cell of the structure consists of three formula units.
Six Fe atoms are located at triple 3f — (27, o/, 1/2),
(gcg, yg, 1/2), (1 - yg, 1- x{, 1/2) and triple 3g —
(xéll’ yf? 0)7 (xga ygv 0)7 (1 _yg’ 1 _mgly’ 0) positions
while three P atoms occupy single 1b — (0, 0, 0) and
double 2¢ — (1/3, 2/3, 1/2), (2/3, 1/3, 1/2) sites. In
undistorted structure the internal atomic coordinates sat-

isfy relations: y! = zf = 0, 2] = 4, 9 = 29 =
and z{ = yJ. The calculations were performed as-

suming the experimental lattice parameters reported for
Mnj 1Feg.9Pp.sGego in [5]: for the paramagnetic (PM)
structure the parameters measured at 295 K (ag = by =
6.061 A, ¢y = 3.460 A) and for ferromagnetic (FM) struc-
ture the parameters measured at 200 K (ag = by =
6.161 A, ¢y = 3.338 A) were used. The distribution
of atoms over lattice sites (3f, 3g, 1b, 2c) was assumed
according to the preference established on the basis of
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neutron diffraction measurements [5]. We have started
our ab initio investigations applying the internal atomic
coordinates determined experimentally [5] (for FM struc-
ture: 2/ = yJ = 0.2558 and z? = yJ = 0.5949; for PM
structure: z/ = ¢/ = 0.2527 and 29 = y§ = 0.5916).
Calculations performed for Mn1,0F61,0P0_67G60,33 in FM
and PM structures with the use of experimental struc-
tural data have revealed that substantial forces are ex-
erted on iron (3f-site) and manganese (3g-site) atoms for
both spin-polarized and paramagnetic solutions. Before
we started the FSM calculations we have performed the
relaxation of atomic positions for both structures and
considering the ferromagnetic (ferro) and paramagnetic
(para) solutions. After relaxation coordinates of 1b and
2c sites did not change. Replacement of smaller P atom
by a greater Ge one have led to displacement of neigh-
boring Fe and Mn atoms. Directions and magnitudes
of displacements depend on type of structure (PM, FM)
and on the magnetic state (para, ferro). The relaxed in-
ternal parameters ¢ and y§* (i = 1,2 and o = f, g) are
collected in Table.

TABLE

Parameters of the internal atomic coordinates obtained after relaxation of atoms to equilibrium positions.

Structure z! yl s yl xd yd z yg
PM ferro 0.2407 0.9858 0.0142 0.2549 0.5852 0.9830 0.0170 0.6022
para 0.2471 0.9960 0.0040 0.2511 0.5773 0.9566 0.0434 0.6207
FM ferro 0.2456 0.9878 0.0122 0.2578 0.5914 0.9845 0.0155 0.6070
para 0.2477 0.0019 0.9981 0.2458 0.5695 0.9431 0.0569 0.6264

The relaxed internal parameters y;* do not sat-
isfy relations characteristic for undistorted structure of
Fe;P-type and deviate noticeably from those determined
experimentally [5] for PM structure in paramagnetic
state and for FM structure in ferromagnetic state. The
results of relaxation collected in Table clearly show that
atomic positions in 3f and 3g sublattices in both struc-
tures (PM, FM) depend on the magnetic state (para
or ferro). The correlation between atomic positions
and magnetic state may be related to the isostructural
phase transition observed in Mnj 1Feg 9Pg.sGeg.o at tem-
peratures near Tc. In the relaxed structures we have
obtained the local magnetic moments for Mn and Fe
equal: ppe = 1.45 up, pvn = 2.79 pp in FM struc-
ture; ppe = 1.36 up, pyvn = 2.76 pup in PM structure
(experimental values are: ppe ~ 1 up, iy =~ 3 pp). In-
duced magnetic moments of P and Ge atoms are of order
of 0.1 UB-

Figure 1 shows spin-resolved atomic partial densities
of states (DOS) in Mn; oFe; ¢Po.67Geo.s3 calculated for
FM and PM lattice structures. The two isolated sub-
bands located below the main complex of valence band
(VB) are formed of P 3s states (at higher binding energy
(BE)) and Ge 4s states (at lower BE). The main com-
plex of VB is composed of two clearly separated parts.

At the lower part of VB the P 3p and Ge 4p states hy-
bridized with 3d states of Fe and Mn form the subband
of 4 eV width. Strong hybridization of Ge 4p states may
indicate covalent bonding of Ge with surrounding atoms
(Fe, Mn, P). Upper part of the VB is constructed essen-
tially of the TM 3d (TM = Fe, Mn) states. The band
structures obtained for PM and FM structures differ only
near the Fermi level in the minority spin channel. Deep
valley, present at the Fermi level (ep) in the minority spin
DOS of FM structure, in the PM structure is filled by
antibonding d-states of Fe. The shift of the antibonding
3d-states of Fe below e affects the bonding properties of
the FM and PM structures. Our calculations have shown
that after transition to the Pauli paramagnetic state the
minority spin antibonding 3d states will shift to higher
BE but remain about er while the majority-spin 3d states
will shift above ep. Both shifts will change the bonding
of TM atoms with surrounding atoms which may result
in isostructural reconstruction of unit cell upon changes
of magnetization.

To verify this hypothesis we performed the FSM calcu-
lations. In the standard spin-polarized calculations the
number of electrons in both spin channels are determined
self-consistently with the constraint that ny +n is equal
to the total number of electrons in the system. In the
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Fig. 1. Spin-resolved partial atomic density of states
calculated for Mni oFe1.0Po.67Geo.33 alloy in FM and
PM types of lattice structures. Energy scale zero shifted
to the Fermi energy.
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Fig. 2. FSM results for internal energy as a function of
total spin moment (M) in Mn; oFe1.0Po.67Geo.33 alloy
calculated for FM and PM lattice structures.

FSM mode of ab initio calculations an additional con-
straint is imposed on the total magnetic moment, i.e.

J. Deniszczyk et al.

ny — ny must gain a specified value. In terms of the
Stoner model, the FSM mode of ab initio calculations
can be considered as simulations of an effect of static
external magnetic field on paramagnetic material. The
FSM calculations make possible determination and anal-
ysis of the internal energy and local magnetic order as a
function of the total magnetic moment.

Figure 2 presents the magnetization dependence of
the total internal energy of Mnj oFe; gPg.67Geg 33 alloy
calculated for FM and PM lattice structures using the
FSM method. FSM calculations have shown that at the
Moy = 3.5 pup the Mnj gFe; gPo.67Geg.33 alloy may un-
dergo the structural phase transition from FM-type at
higher to PM-type at lower values of total magnetic mo-
ments. Below critical value of magnetic moment the El
vs. Mot curves for both structures have a plateau indicat-
ing possibility of metastable magnetic order of FM and
PM structures in this range of total magnetic moment.
The FSM calculations have shown that the reduction of
the total magnetic moment is realized by the reduction
of iron local magnetic moment. Below Mo =~ 3.5 up
the iron magnetic moment polarizes oppositely to that of
manganese and its magnitude grows.
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