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Ab initio mechanical and thermal properties of
FeMnP,_,Ga, compounds as refrigerant for room-
temperature magnetic refrigeration

Shuang Ma,? B. Wurentuya,? Xiaoxia Wu,© Yongjing Jiang,® O. Tegus,? Pengfei Guan®
and B. Narsu @ *2

Density functional theory was used to identify possible Fe,P-type giant magnetocaloric FeMnP;_,Gay
compounds. The calculated formation energies, elastic constants and phonon spectra confirm the
energetic, mechanical and dynamical stability of hexagonal FeMnP,_,Ga, compounds in both the
ferromagnetic and paramagnetic states. The predicted magnetic moment, elastic properties, and Curie
temperature of FeMnPq ¢;Gag 33 are close to those obtained for FeMnPg 6;Geg 33 compounds using the
same calculation scheme. The entropy changes and latent heat of FeMnPg ¢;Gag 33 are similar with those
of FeMnPgg,Gepzs. The electronic density of states and charge density analysis indicate that the
FeMnP;_,Ga, compounds have similar electronic structures to those of FeMnP;_,Ge,. These results
predict that FeMnP;_,Gay is a possible candidate refrigerant for room-temperature magnetic refrigeration.

Introduction

Hexagonal Fe,P-type transition metal FeMn-based magneto-
caloric materials (FeMnP;_,T,, T = As, Si, Ge) are driving
tremendous research interest because of their promising
application in solid-state refrigeration as energy efficient,
environment friendly alternative to the traditional gas-
compressor based cooling scheme.'® This family of materials
exhibit a first-order magnetoelastic transition close to room
temperature.'®** Significant exchange striction, in which the
hexagonal lattice parameter ¢ decreases and a increases with
a very small volume change, is observed during the para-
magnetic (PM) to ferromagnetic (FM) transition.'®"® This leads
to large local strain in the polycrystalline samples, and therefore
good mechanical stability across the phase transition becomes
very important for FeMn-based giant magnetocaloric (GMC)
materials because they work under repeated magnetic and
thermal cycles.>®'%**

To obtain materials with good performance in magnetic
refrigeration, extensive experimental investigation of
FeMnP, ,Si, compounds has been performed.*>*"” The
thermal hysteresis decreases to less than 1 K and the isothermal
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entropy change |Sis,| increases to ~9.0 J kg~' K" around the
Curie temperature,” which can be continuously tailored.*>'**®
However, the weak mechanical stability across the phase tran-
sition restricts the applicability of FeMnP; _,Si, compounds in
practical devices. One way to optimize the mechanical stability
of FeMnP, ,Si, compounds is to dope them with interstitial B
atoms.'>*»1%1820 Another viable way to improve the mechanical
properties of these compounds is to replace Si atoms with other
elements to adjust the bonding between atoms.>** Si and Al
have been suggested to be the most ideal substitutes for the
toxic As element in MnFeP; ,As, compounds,”?* although
experimentalists have failed to alloy Al into hexagonal Fe,P-type
magnetocaloric materials. From the viewpoint of alloying, Ga is
a possible candidate because it has a similar outermost elec-
tronic structure and atomic size to Ge. However, no theoretical
investigations have been performed to determine the structural,
magnetic, and electronic properties of FeMnP; ,Ga, and
FeMnP; _,Ge, compounds.

Here, we report the possibility of developing GMC
compounds by alloying Ga into hexagonal Fe,P-type
compounds by quantum mechanical calculations. The static
and dynamic stabilities of FeMnP; ,Ga, compounds in
different states are verified by total energy and elastic constant
calculations. In addition, the mechanical properties of
FeMnP, ,T, (T = Ga, Ge) in different magnetic states are eval-
uated. The thermodynamic properties of FeMnP; ,Ga,
compounds were calculated and they are compared with those
of FeMnP; ,Ge, compounds to determine the possibility of
using them in magnetic refrigeration.

This journal is © The Royal Society of Chemistry 2017
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Computational details

The Fe,P-type hexagonal structure has the symmetry of space
group P6()2m, in which three atoms occupy four different crystal
sites. Usually, the Fe atom prefers the 3f (x4, 0, 0) site and the Mn
atom occupies the 3g (x,, 0, 0.5) site.*® There are two different
atomic sites for the metalloid atoms, namely, 2¢ (0.333, 0.667, 0)
and 1b (0, 0, 0.5). Local occupation disorder of P and Si atoms at
2c and 1b sites in FeMnP, _,Si, compounds was observed in the
experiment.”® However, site occupation order between 2c and 1b
sites is expected for FeMnP, ,Ge, and FeMnP, ,Ga,
compounds because of the larger atomic radii of these dopant
atoms than P and Si atoms. Therefore, we chose the occupation
of Ga (or Ge) atom at the 1b site for x = 0.33 and at the 2¢ for x =
0.67. The FM state was calculated self consistently with the
primitive cell (half of the cell shown in Fig. 1), while the PM state
was modeled by an antiferromagnetically ordered 1 x 1 x 2
supercell structure (Fig. 1). Antiferromagnetic model is usually
used to simulate the paramagnetic state of transition metals and
their alloys, and it can practically capture the physics observed in
experiment.””>* The magnetic moments of the transition metal
atoms were set to be parallel in the primitive cells and an anti-
parallel alignment of magnetic moments between primitive cells
was established to form the antiferromagnetic (AFM) order. In
this case, the long-range FM order along the c¢ axis is broken, but
short-range magnetic order still exits,* so this supercell struc-
ture models the magnetic state just above the Curie temperature.

The total electronic energy was calculated by the projector
augmented wave method®" in the framework of density func-
tional theory,*»** as implemented in the Vienna ab initio
simulation package (VASP).>*** The exchange correlation effect
was evaluated by the generalized gradient approximation
parameterized by Perdew, Burke, and Ernzerhof.*® The accuracy
of PBE functional for FeMn based Fe,P type alloys has previ-
ously been confirmed."”** The scalar relativistic scheme was
used and the spin-orbit coupling effect was omitted. Mn
(3d%as"), Fe (3d74s"), P (3s°3p®), Ga (3d'%4s%4p'), and Ge
(3d"°4s”4p?) electrons were treated as valance states.’” The
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Fig. 1 Cell structure of hexagonal phase FeMnP;_,Ga, compounds.
For the case of x = 0.33, Ga occupies the 1b site, and for x = 0.67, Ga
occupies the 2c site. For the FM state, the magnetic moments of the
unit cells are aligned parallel, and for the AFM state the magnetic
moments in the upper and lower unit cells are aligned antiparallel.
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cutoff energy of the plane wave basis was set to 530 eV, and the
convergence criterion of self-consistent electronic relaxation
was set to 107> eV per atom. For ionic relaxation, the force
convergence criterion of 0.01 eV A~ was used. The Monkhorst-
Pack scheme?®® was used for Brillouin zone sampling, with an 11
x 11 x 17 k-point mesh for the FM state and an 11 x 11 x 9 k-
point mesh for the AFM state. With these computational
settings, the total energies of compounds with different
magnetic states were calculated for different volume V and ¢/
a values. The equation of state was fitted with the Murnaghan
equation,® and then the bulk modulus and the equilibrium
volume were obtained. The five independent elastic constants
were calculated by the energy-strain method used in ref. 40,
with isochoric strain ¢ of 0.00 to £0.05. The phonon spectra
were calculated by phonopy code.** For FM and AFM states, 72
atom and 144 atom 2 x 2 X 2 supercells were used, respectively.
An accurate prediction of the thermodynamic properties should
be based on the quasiharmonic approximation (QHA)* with
a direct ab initio phonon spectrum calculation.** However, this
is a very difficult task for multicomponent compounds with
large unit cells. An alternative method is based on Debye
theory.** This method has been used to calculate the thermo-
dynamic properties of the FeMnP, _,Si, system** and gives good
agreement with the properties obtained from the QHA.>*

Therefore, the thermodynamic properties of the FeMnP; _,-
Ga, compounds were calculated by the quasiharmonic Debye-
Slater model implemented in the Gibbs2 code.*

Results and discussion
Structure and stability

FeMnP, T, (T = Si, Ge, As) compounds crystallize in a hexag-
onal structure with space group P6()2m. They exhibit a first-
order FM to PM transition at the Curie temperature. Lattice
constant a decreases and c¢ increases with almost zero change in
the volume during the phase transition. For FeMnP,gGeg o
compounds, the experimentally observed lattice constants
a and c are 6.18 and 3.31 A for the FM state and 6.06 and 3.46 A
for the PM state, respectively. The calculated a and c values for
33 atom% Ge compounds are very close to the experimental
results, as listed in Table 1. A small increase in the cell volume is
observed in FeMnP,Ge,, compounds*® across the FM-PM
transition, although the compounds with the AFM configura-
tion have smaller cell volumes than those with FM order. This
deviation can be understood by the anharmonic effect. Taking
into account thermal expansion, the cell volume of FeMnP, ¢,-
Gey 33 calculated with AFM order (i.e., the PM state) will increase
to 36.93 A%, which is larger than the value of 36.51 A® obtained
for FM order at 0 K. The total and local magnetic moments of
FM FeMnP, ¢,Ge, 33 obtained from the calculation are very close
to those from experiments (Table 1). Unfortunately, no experi-
mental local magnetic moments of PM FeMnP; _,Ge, have been
reported, and thus quenching of the local moment at 3f (Fe)
cannot be verified. DFT level calculations of PM state in Fe,P*
and FeMnP, ,Si, (ref. 8) indicate that the magnetic moment at
3f sites will disappear in the PM state. Hence, our results are in
agreement with those calculations. A recent experimental study
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Table 1 Lattice parameters (a, ¢, V), magnetic moments, energy Ep, and factional atomic positions x; (Fe) and x, (Mn) of the FeMnP;_,Gay,
compounds. For reference, both the theoretical and experimental values of FeMnP;_,Ge, compounds are shown

14
. . (10\3 E, (eV HMtot
Mag. Ord. a(A) c(A) per f.u.) per f.u.) (ug per f.u.) tre (Up) tvn (1B) Xy X,
FeMnP, ,T,
x = 0.33 Ga M 6.14 3.36 36.61 —22.74 4.38 1.49 2.96 0.274 0.588
AFM 5.83 3.67 35.90 —22.68 0.00 0.00 2.83 0.262 0.570
Ge M 6.16 3.33 36.51 —23.46 4.39 1.46 2.99 0.271 0.591
AFM 5.86 3.61 35.71 —23.38 0.00 0.00 2.80 0.262 0.575
FeMnP, sGe, ,*
FM (10 K) 6.18 3.31 36.43 — — 1.71 3.01 0.2558 0.5956
PM (295 K) 6.06 3.46 36.70 — — — — 0.2527 0.5916
x = 0.67 Ga M 6.56 3.05 37.83 —21.69 4.63 1.68 3.03 0.252 0.623
AFM 6.66 2.91 37.27 —21.52 0.00 1.29 2.99 0.256 0.622
Ge ™M 6.42 3.15 37.39 —22.99 4.44 1.55 2.98 0.250 0.612
AFM 6.47 3.10 37.51 —22.70 0.00 1.49 2.95 0.251 0.614

“ Experimental results for Mn, ;Fe, oP, sGey, compounds. FM are the values at 10 K and PM are those 295 K from ref. 46 and 47.

of FeMnP, 5Si, s compounds suggested that DFT calculations
underestimate the magnetic moment of PM compounds at the
3f site.” However, we attribute this discrepancy between theory
and experiment to local disorder of P and Si atoms in
FeMnP, 5Sio.s compounds. Because Fe moment quenching at 3f
site is not observed in the AFM state for FeMnP,;;Ge
compounds (Table 1), there is a strong local environment
dependence of the magnetic moment at the 3f site in this class
of compounds. The significantly lower, but not zero, Fe moment
at 3f site in PM FeMnP, sSi, s compounds™ can be easily
understood. The predicted relative positions of 3f and 3g sites
(%1 and x,) for FeMnP, ¢,Ge, 33 are significantly different from
the experimental values shown in Table 1, which can be
ascribed to Fe/Mn disorder and the lower concentration of Ge in
Mn, 1Feq 9Py sGey , compounds.

For the FeMnP; ,Ga, compounds considered in this study,
the structural and magnetic parameters are very close to those
obtained for FeMnP; ,Ge, compounds. This is in accordance
with our expectation because of the similar atomic sizes and
electronic configurations of Ga and Ge, with the only difference
between these atoms being that Ga has one less p electron.
Interestingly, a decrease in the ¢ parameter and expansion is
observed across the FM-PM transition in both FeMnP, 35Ge ¢,
and FeMnP,, 33Ga, ¢, compounds. This has not been reported in
experiment and should be further discussed in detail.

The atomic distances between the four components of the
compounds were measured from the fully relaxed cell structures
with different magnetic order, and they are listed in Table 2.
Experimental observation shows that the interplane metal-to-
metal and metal-to-metalloid distances D(Fe-Mn), D(Fe-Ge),
and D(Mn-P) increase while the intraplane atomic distances
D(Fe-P) and D(Mn-Ge) decrease across the FM-PM phase
transition. Ab initio calculation and AFM modeling of the
FeMnP, ¢,Ge, 33 compounds show the same trend for variation
of the atomic distances with the phase transition. These
conclusions are still valid even though the volume expansion

27456 | RSC Adv., 2017, 7, 27454-27463

effect was taken into account. For instance, the predicted Curie
temperature T, is 590 K and the corresponding coefficient of
thermal expansion (CTE) is approximately 3.6 x 107> K™ ' (see
Fig. 5). Considering thermal expansion, D(Fe-P) at 590 K is
2.240 A, which is still smaller than D(Fe-P) = 2.271 A of the FM
state at 0 K. Similarly, the relaxed D(Fe-Mn) of the AFM
FeMnP, ¢,Ge, 33 compounds at 590 K will be larger than that
obtained for the FM state at 0 K, even though the calculated
D(Fe-Mn) for AFM is smaller at 0 K. The predicted evolution of
the atomic distances of the FeMnP; ,Ga, compounds shows
almost the same features as those of FeMnP,_,Ge,. Interest-
ingly, FeMnP, 35Gays; and FeMnP, 33Gey6; compounds show
the opposite atomic distance evolution trend during the phase
transition. This result can be attributed to ¢ decreasing with the
phase transition.

To evaluate the stability of the predicted FeMnP, ,Ga,
compounds, the formation energies were calculated by

AEFeMuP, Ga, = EFemnp, Ga, — EFe — Evn — (1 — X)Ep — XEGa

here, Ere, Emn, Ep, and Eg, are the energy per atom for a-Fe, a-
Mn, white phosphorus, and a-Ga, respectively. Fig. 2 shows the
c/a dependence of the formation energy of FeMnP, ,Ga,
compounds with different magnetic configurations. The FM
state is energetically more stable than its AFM counterpart. The
energy difference between the two magnetic states E = Expy —
Epy is 0.02 eV per atom for FeMnP, ;Gag 33 and 0.06 eV per
atom for FeMnP,;;Gagey, suggesting that FeMnP,;3Gager
could have a much larger T, than FeMnP, ,Ga, 33.

The negative formation energies of all of the compounds in
the different magnetic states indicate that alloying of these
elements is an exothermic reaction. The formation energies of
the FM and AFM states of FeMnP,,,Gag 33 are —0.224 and
—0.206 eV per atom, respectively. These values are close to those
obtained for the FeMnP,4,Gey33 compounds, as shown in
Fig. 2(a). The absolute values of the formation energies of
FeMnP, ;;Ga, ¢, are smaller than those of FeMnP, ;Ga, 33. The

This journal is © The Royal Society of Chemistry 2017
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Table 2 Atomic distances (D in A) of FeMnP,_,Ga, and FeMnP;_,Ge, compounds
Mag. Ord. D(Fe-Mn) D(Fe-P) D(Fe-Ga/Ge) D(Mn-P) D(Mn-Ga/Ge) D(P-Ga/Ge)
FeMnP, ,T,
x =0.33 Ga FM 2.561 2.254 2.376 2.502 2.530 3.925
AFM 2.565 2.180 2.384 2.520 2.505 3.830
Ge FM 2.581 2.271 2.358 2.500 2.522 3.927
AFM 2.575 2.192 2.367 2.511 2.486 3.832
FeMnP, 3Ge, "
FM (10 K) 2.672 2.358 2.2874 2.5026 2.499 —
PM (295 K) 2.686 2.311 2.3039 2.5225 2.476 —
x = 0.67 Ga FM 2.662 2.247 2.496 2.473 2.560 4.081
AFM 2.617 2.236 2.519 2.518 2.531 4.094
Ge FM 2.694 2.246 2.451 2.491 2.534 4.024
AFM 2.622 2.244 2.476 2.501 2.523 4.011

“ Experimental results for Mn, ;Fe, oPy 3Gey, compounds. FM are the values at 10 K and PM are those 295 K from ref. 46 and 47.
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Fig. 2 c/a dependence of the formation energies of FeMnP;_,Ga,
compounds in different magnetic states. The formation energies of the
FeMnP,_,Ge, compounds at equilibrium are also shown for compar-
ison. (a) x = 0.33. (b) x = 0.67.

formation energy curves of the FM and AFM states of
FeMnP, ¢,Ga, 33 overlap around c/a of the equilibrium AFM
state, which suggests that the FM to AFM transition could occur
by simple axial elongation. The curves of the FeMnP, 35Gay 67
compounds show different characteristics. According to the
analysis presented above, the predicted FeMnP, ,Ga,
compounds are energetically stable.

Mechanical properties

Magnetocaloric materials work in a repeated thermal and
magnetization cycle, so good mechanical stability around their

This journal is © The Royal Society of Chemistry 2017

phase transition temperature is required. In addition, for crys-
tals with hexagonal symmetry, a dynamical stability condition
of C44 >0, C11 > C1z, C11C33 > (C13)27 and C3;3 (C1q + Crp) > 24(013)2
must be satisfied.* The calculated elastic constants of the
FeMnP, ,Ga, and FeMnP;_,Ge, compounds are listed in Table
3. According to the elastic constants, the predicted FeMnP,_,-
Ga, compounds are mechanically stable. In combination with
the formation energy analysis, we can conclude that the
hexagonal phases of the FeMnP; _,Ga, compounds are stable in
both the FM and AFM states. Namely, this class of compounds
could exhibit a FM to PM transition similar to those of
FeMnP; ,Ge, and FeMnP, _,Si, compounds.

For both the FeMnPys,Gags; and FeMnP, o Geg 33
compounds, there are marginal decreases in the bulk modulus
B and shear moduli C,, and Cgs with the FM to AFM transition.
However, there are large differences in the Cg and ¢ axial
compressibility values of the hexagonal crystals of both the
FeMnP, ¢,Ga, 33 and FeMnP, ¢,Gey 33 compounds in the FM
and AFM states, suggesting that the magnetic order has a strong
effect on the crystal structure (¢/a) of this class of compounds.
For FeMnP, ;;Ga, ¢- and FeMnP, ;;Ge, 67, the elastic constants
show the opposite trend for the FM and AFM states compared
with those for the compounds with lower Ga and Ge concen-
tration. This can be ascribed to the opposite trends of the lattice
parameters during the phase transition.

Exchange strain (lattice parameter changes) is always
accompanied by the FM-PM phase transition. Therefore, mag-
netocaloric materials should be sufficiently mechanically stable
to bear a large internal strain. The polycrystalline bulk and
shear moduli obtained by different averaging schemes,***!
Young's modulus E, Poisson's ratio v, the Debye temperature 6p,
and the Griineisen constant v are listed in Table 4. According to
the Pugh criteria,”® the FeMnP; ,Ga, and FeMnP; ,Ge,
compounds with x = 0.33 are ductile (B/G > 1.75 and v > 0.26) in
the FM state and brittle (B/G < 1.75 and v < 0.26) in the AFM
state. The situation is reversed for x = 0.67, where the FM state
is brittle and AFM state is ductile.

The cases investigated in this study are the two extreme cases
where Ga (or Ge) only occupies the 1b or 2c site. According to

RSC Adv., 2017, 7, 27454-27463 | 27457
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Table 3 Elastic constants (in GPa) of FeMnP,_,Ga, and FeMnP;_,Ge, compounds
FeMnP, _,T, Mag. Ord. Ci1 Cia Ci3 Cs3 Cus B R Cs Ceo
x = 0.33 Ga FM 219.3 68.96 114.5 150.2 107.7 130.7 —0.18 130.6 75.2
AFM 240.6 94.74 88.86 227.1 95.1 139.1 —0.04 434.2 72.9
Ge FM 282.4 108.1 129.0 197.0 112.4 162.5 —0.24 268.6 87.2
AFM 273.5 103.2 102.8 260.1 104.5 158.2 —0.03 484.7 85.3
x = 0.67 Ga M 216.0 79.61 76.97 169.6 90.3 117.1 —0.15 327.0 68.2
AFM 214.0 97.57 87.06 152.3 97.92 120.5 —0.27 267.9 58.2
Ge FM 265.4 95.28 105.5 198.2 108.6 146.9 —0.17 335.3 85.1
AFM 229.2 91.53 117.7 168.9 104.1 141.0 —0.18 187.9 68.8

the current result, we speculate that site occupation disorder of
P and Ga/Ge elements may increase the ductility of compounds
with x = 0.33 in the AFM state.

Phonon spectra

The phonon band structures and densities of states of
FeMnP, ,Gao 33 compounds in different magnetic states are
shown in Fig. 3. No imaginary frequency was observed in
phonon modes for both FM (Fig. 3(a)) and AFM (Fig. 3(b)) states,
confirming the dynamical stability of the compounds in
different magnetic state. Comparing the phonon DOS of
compounds in different magnetic state, the acoustic modes in
the low frequency (0-2 THz) part are similar. The optical modes
are reasonably different for FM and AFM states, especially the
optical mode between frequency range 9.5-14 THz. In the
moderate temperature, the difference between low frequency
part of optical phonon modes for FM and AFM states deter-
mines the evolution of thermal properties of the compounds
across FM-PM (AFM) phase transition. From Fig. 3(c) one can
find that the phonon of AFM state is a bit softer than that of FM
state for frequency larger than 2 THz. A small difference in
optical modes of FM and AFM states for frequency above 2 THz,
thus a small difference in the vibrational entropy and the heat
capacity C, is expected in the isothermal process. The quanti-
tative analysis on thermal properties of the compounds is given
in next section.

Electronic structure

To understand the structural and magnetic properties calcu-
lated above, the electronic density of states (DOS) and charge
density difference (CDD) were analyzed. In the total DOS (TDOS)

of FeMnP, _,Ga, and FeMnP, ,Ge, compounds with different
magnetic states shown in Fig. 4, the overall shapes of the TDOS
are similar for FeMnP, ,Ga, and FeMnP, ,Ge, compounds,
although the Fermi level of FeMnP; ,Ga, moves towards
a lower energy state because Ga has one less electron than Ge.
This leads to a larger DOS value at the Fermi level for
FeMnP, ,Ga, compounds, and thus results in smaller shear
moduli compared with those of FeMnP; ,Ge, (Table 3).*
According to the force theorem,® alloy system having larger
density of state at Fermi level is more sensitive to lattice strain
and endows the system with smaller elastic modulus.
Comparing TDOS of FeMnP,¢,Gags; in different magnetic
states, one can find that AFM state always has larger DOS value
at Fermi level than that of FM state, namely AFM state should
have smaller shear moduli. This qualitative analysis is in line
with the self consistent results of shear moduli C,4 and Cgg for
FM and AFM states.

The two spin channels are symmetric for the AFM state of all
of the compounds, indicating disappearance of the overall
magnetic moment of the AFM cell. Because of the breaking
symmetry, several bands split and new states appear close to the
Fermi level as the compounds undergo the FM to PM transition.
Comparing the electronic DOS of the AFM and FM states,
significant electronic redistribution occurs during the phase
transition.

To estimate the evolution of the bonding characteristics and
local magnetic moment with the phase transition, the site-
projected density of states (pDOS) of FeMnP, ,Ga, are plotted
in Fig. 5. In the FM phase, Mn and Fe share almost all of the
pDOS peak for both x = 0.33 and 0.67, that means there is
strong covalent-like bonding between Fe and Mn. As the FM

Table 4 Polycrystalline bulk modulus (B) and shear modulus (G) in GPa under the Voigt, Reuss, and Hill averaging schemes, Young's modulus (E)
in GPa, Poisson'’s ratio v, Debye temperature 6p in K, and Grlineisen constant v for the FeMnP; _, T, compounds

FeMnP, _,T, Mag. Ord. By By Gy Gr Ayr Gy By By/Gy E v [ %
x = 0.33 Ga FM 131.6 130.7 77.48 54.68 0.17 66.08 131.2 1.985 169.7 0.284 441.7 1.82
AFM 139.3 139.1 81.69 80.27 0.01 80.98 139.2 1.718 203.5 0.256 486.5 1.83
Ge FM 166.0 162.5 88.77 78.68 0.06 83.72 164.3 1.962 214.7 0.282 493.6 1.85
AFM 158.3 158.2 92.08 90.96 0.01 91.52 158.3 1.729 230.2 0.258 515.3 1.85
x = 0.67 Ga FM 118.7 117.1 74.31 71.36 0.02 72.83 117.9 1.692 182.0 0.244 445.0 1.85
AFM 124.9 120.5 71.83 64.11 0.05 67.74 122.7 1.811 171.6 0.267 427.0 1.83
Ge FM 149.0 146.9 88.63 83.21 0.03 85.92 148.0 1.722 216.0 0.257 480.3 2.22
AFM 142.3 141.0 75.43 62.10 0.10 68.77 141.7 2.060 177.6 0.291 432.2 1.98
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order breaks, the pDOS behaves differently. For FeMnP, 4,-
Gag 33, the spin-up and spin-down channels of Fe become
symmetric, indicating disappearance of the local magnetic
moment at the 3f Fe site. For FeMnP, 33Ga, 67, the pDOS of Fe is
still asymmetric and has a certain local moment. While the
bonding characteristics between Mn and Fe significantly
change during the phase transition, only the spin-down chan-
nels of Fe and Mn have obvious overlap in the pDOS peaks.

Fig. 6 shows the charge redistribution characteristics with
the FM-PM transition. Comparing the CDD in the ac plane of
FeMnP, ,Ga, 33 in the FM (Fig. 6(a)) and AFM (Fig. 6(c)) states,
there is significant redistribution of electrons around Fe.
However, no significant electronic redistribution close to Fe is
detected for FeMnP, ;3Ga, ;. These results indicate that occu-
pation of P atoms on different sites is crucially important for the
magnetic properties of this family of compounds. Surprisingly,
the electronic distribution between Fe(]) and Mn atoms with
different magnetic polarization is symmetric for AFM
FeMnP, s,Ga,y 33 (Fig. 6(c)). However, asymmetric electronic
distribution between Fe(|) atoms and Mn(1) and Mn(| ) atoms
is observed for FeMnP, 33Ga, 67, where the magnetic moment of
3f Fe survives during the phase transition. There is more elec-
tron density between Fe(]) and Mn(|) atoms than between
Fe(])and Mn( 1) atoms. This picture indicates that the 3f-Fe site
of FeMnP, ¢,Ga, 33 cannot show spin polarization in the AFM
states.

From the viewpoint of the energetics,"** FeMnP, ,Ga, 33 in
the AFM state shows shrinkage in the basal plane, and thus
a large overlap in the electron cloud between Fe and P occurs.
Hence, the kinetic energy, which is lower for the spin-
degenerate states and leads to a decrease of the magnetic
moment, becomes the dominant term in the total energy.
Asymmetric electronic distribution in the rectangle formed by
two Mn atoms and two P atoms is also detected, indicating the
strong influence of the magnetic order in the electronic
distribution.
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Spin Up

—.; a4l
3 (b) FeMnPo.33Ga().67 Spin D
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Fig. 4 Calculated TDOS of the FeMnP;_,Ga, and FeMnP,_,Ge, compounds. (a) FeMnPq g,Gag 33, (b) FeMnPg 33Gag 7. (€) FeMnPg 6,Geg 33. (d)

FeMnP0_33Geo_67.
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Comparing CDD in Fig. 6(a) and (c), denser charge is
observed around Ga for AFM state, indicating that Ga-Fe and
Ga-Mn bonding is strengthened. In other words, the redistri-
bution of charge around Ga is responsible for the splitting and
right shift of optical mode (~10 THz) of Ga in AFM state. Due to
the shrinkage of Fe-P distance in AFM state, the covalent like
interaction between Fe and P become stronger (CDD between Fe
and P become much denser for AFM state) and thus the vibra-
tion frequency of optical mode of P and Fe increased reasonably
from ~11.5 THz for FM state to ~13 THz for AFM state.

Thermodynamic properties

Materials for magnetic refrigeration usually work under
constant pressure and elevated temperature. Therefore, the

FeMnP, ,;Ga;

Gibbs free energy of compounds with different magnetic order
are calculated and compared for elevating temperature to
determine T..”® The Gibbs free energy is expressed as

G(P,T;m) = ml}’n[U(V; m) + Fup(V, T;m) + Fy(V, T;m)
+ PV, T;m)V]

where m represents the FM or AFM magnetic state. The vibra-
tional free energy was estimated by the Debye model,*> and the
free energy of thermal electronic excitation was calculated
within the single electron excitation picture.**

Another term that should be taken into account for the PM
state is the magnetic entropy. The static energy of the PM state
was simulated with an ordered AFM cell and did not include the
entropy contribution from magnetic disorder. The magnetic

Slicel
- 1.000e-1

- 5.000e-2
- 0.000

--5.000e-2
--1.000e-1
--1.500e-1

--2.000e-1

Fig. 6 CDD of FeMnP;_,Ga, compounds in the FM and AFM states. (a) Ferromagnetic state of FeMnPg ¢;Gag 33, (b) ferromagnetic state of
FeMnPg 33Gag e7. (c) Antiferromagnetic state of FeMnPg ¢,Gag 33. (d) Antiferromagnetic state of FeMnPg 33Gag 67
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entropy of the PM state can be estimated using the mean-field
approximation:** Sy, = kg > In(u; +1), where u; is the
magnetic moment at the ith site. The total Gibbs free energy of
the PM state then becomes G(P,T) = G(P,T,AFM) — Sy,,T.

The Gibbs free energy difference AG(P,T) = G(P,T,AFM) —
G(P,T,FM) — S, T was calculated for FeMnP; ,Ga, as a function
of temperature. AG(P,T) for FeMnP, ¢,Ge, 33 is also shown in
Fig. 7(a) for comparison. AG(P,T) gradually decreases and
intersects with the abscissa axis at a certain temperature, which
defines T, as shown in Fig. 7(a). The decrease of AG(P,T) at
elevated temperature is mainly from magnetic entropy, but the
non-constant slope of AG(P,T) suggests that the anharmonic
effect is still playing a considerable role.

The predicted T, for FeMnP, ¢,Ge, 33 is 590 K, which is close
to the measured T. = 405 K for FeMnP,, 4,Ge, 33 compounds and
T. = 580 K for FeMnP, 5Ge, 5 compounds,**** verifying that the
present scheme can give a reliable prediction of T,.. The differ-
ence between experiment and theory could be ascribed to the
missing entropy contributions from spin wave excitation and
phonon-phonon interactions. The T, values of FeMnP; ,Ga,
are 500 and 770 K for x = 0.33 and 0.67, respectively, indicating
T. increases as a function of the Ga concentration. Similar
characteristics have also been found for Fe,P;_,Si,*
FeMnP, ,Si,," and FeMnP; ,Ge, (ref. 46 and 47) compounds.

The temperature dependence of the total entropy of the
compounds is plotted in Fig. 7(b). The entropy change of
FeMnP, ¢,Ge, 33 around the phase transition is AS = 66.69 J K"
kg !, which is comparable with the experimental value of 49.74

J K kg ' for Fe;;MngoPysGeo, at T. = 278 K.*°
~ L
. 60F (a) FeMnP _Ga, .,
g a0l FeMnP .. Ga,
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FeMnP, ¢,Ga, 53 exhibits an entropy change of AS = 69.34 J K™*
kg™' around 7T,, which is similar in magnitude to AS of
FeMnP, ¢c,Geo 33 and close to the experimental value for
FeMnP, ¢,Sigs3 of AS = 58.6 ] K ' kg '.** FeMnP,3;Gao 6y
shows a much larger entropy change than FeMnP, s;Ga, 33 of AS
=89.26 J K ' kg™

The entropy change can be divided into the vibrational and
magnetic entropy changes: AS = AS,j + ASn. Here, the
contribution of thermal electronic excitation is omitted because
it is too small to have a measurable effect. For FeMnP, ¢-Ga, 33
and FeMnP, 4,Ge, 33, the AS,;, values are —2.78 and —4.56 J K *
kg ! for the FM-PM transition, respectively. And AS,;, = —20.4 ]
K kg ' for FeMnP, 33Ga, 6, and thus adding the magnetic
entropy term ASy, the total entropy change becomes 89.26 J K~
kg~ '. Therefore, the magnetic entropy is playing major role on
the entropy change of the compounds. And further, the
decrease in the vibrational entropy is partially account for the
relatively higher 7. for FeMnP, ,Ga, and FeMnP; ,Ge,
compounds than that of FeMnP, _,Si,.>**

Fig. 7(c) and (d) shows the temperature dependence of the
heat capacity under constant pressure and the linear CTE,
respectively. They are discontinuous at T, which is a feature of
first-order phase transitions. For first-order phase transition,
the latent heat is defined as L = AS x T,.. The estimated latent
heats for FeMnP, _,Ga, are 34.67 (x = 0.33) and 68.73 k] kg ™" (x
= 0.67), and the value for FeMnP, ¢,Ge, 35 is 39.35 kJ kg~ .

The jump in the CTE does not contradict with experimental
observations of a very small volume change of ~1% at T, for
FeMnP, ,Si, and FeMnP; ,Ge, compounds.”* Assuming that

1000} () A s=89.26 7K kg .
_ 1 0-1 -
800lA S =6934 T K kg

= -
600} T
|
ASS66.69I K" ke'
I ! !
|
I !
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Fig.7 Calculated Gibbs free energy G (a), entropy S (b), specific heat at constant pressure Cp (c), and linear CTE (d) as a function of temperature.
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FeMnP, ¢,Ge, 33 is in full FM order just before the phase tran-
sition and in the PM state just above T, the volume per unit
formula at T, = 590 K for FM order is 38.83 A® and that for AFM
order is 38.57 A%, The change in volume is at most ~1%, which
is still in line with experimental findings. Similar results were
obtained for the FeMnP, ,Ga, compounds.

Conclusions

Density functional theory was used to investigate the mechan-
ical and thermophysical properties of Fe,P-type FeMnP; , T, (T
= Ga, Ge; x = 0.33, 0.67) compounds, and thus identify the
possibility of substituting phosphorus with gallium rather than
silicon or germanium and obtaining GMC compounds with
better mechanical stability with FM to PM phase transitions.
The predicted formation energies, elastic constants and
phonon spectra show that the different magnetic states of the
hexagonal phase of FeMnP; ,Ga, are energetically and
mechanically stable. The predicted magnetic moment, Curie
temperature, and entropy change of FeMnP, s,Ga, 33 are very
close to those of FeMnP,4,Geyss, a well-known GMC
compounds. Therefore, it is expected that FeMnP; ,Ga, could
be a candidate for room temperature magnetic refrigeration.

The relatively large single crystalline elastic constants show
the mechanical stability of this family of compounds in both the
FM and AFM states. This ensures the long-term applicability of
FeMnP; ,Ga, in magnetic refrigeration facilities under
repeated thermal and magnetic cycles. Both FeMnP, ,Ga, 33
and FeMnP,s,Geq 33 show good ductility in the FM state.
However, their AFM states are brittle. Conversely, the FM states
of FeMnP, ;;Gag¢; and FeMnP, ;;Ge, s, are brittle and their
AFM states exhibit good ductility. However, it is expected that
the occupation disorder of P and Ga/Ge could increase the
ductility of the compounds in the AFM states. Our DFT calcu-
lations indicate that elements like Ga with three valence elec-
trons could also be alloyed into the hexagonal phase of FeMn-
based Fe,P type GMC compounds. Experimental synthesis of
FeMnP; ,Ga, compounds, and thus verification of their mag-
netocaloric properties, is expected.
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