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1B PR b 28 )77 W R 380 % A A B B 1) ) R R
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PERERIE T B, AR A BB 5 T Ga
B P 1) FeMnP,_,Ga, (b &%), KWz &Y H
AR WIS A, ELAE BT -0 R AE A2 5 b 23
B WL AR FOAR ARV 2, 1 3L ) 2 e e il — 25
WFFC. A SCIE H % vz s HLE (DFT) B 78 Feo P 7Y
FeMnP,_,T,(T = Si, Ga, Ge) L &1 J1 24 R
P RE.
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INFIFH ) Feo P 2 (A2 P62m, IR HAH 7S
Fe JR 7 =AP J5 7. Hh="Fe i1 )& T Fe(),
f£3£(0.257, 0, 0) f&fir; =/ Fe il 7 J& F Fe(Il),
£ 3¢(0.591, 0, 0.5) A&hiz; WP R 5 J& T P(I), 1£
2¢(0.333, 0.667, 0) fafz, — P JETJE T P(1), f£
16(0, 0, 0.5) 417, Fe(I) HiEARHIYAS P R 1 2H ik
VUi A4, 3f o B B AR 9 DU A4 A Fe (IT) 51 4T
(T P20 b HEAA, 3g A B ABAR A b HEA
fr. BT AARE T R RS IR AR AL

K1 (MFIER) FeMnP1_,T.(T = Si, Ga, Ge) bk &1
JFRAER (a) o = 0.33; (b) = 0.67

Fig. 1. (color online) Cell structures of FeMnP1_,T% (T =
Si, Ga, Ge) compounds: (a) z = 0.33; (b) x = 0.67.

FeMnP,_,T,(T = Si, Ga, Ge)tk &4 &
1A G5 W 8 ST AE N A A Feo P (3L 7l b R &%
FeMnP;_,Si, '"5720 FeMnP;_,Ge, *2 f] & 1 45
¥, 4 Fe i1 548 3f db Az, Mn 1 548 3¢ Sa £,
[ I 2% 18 B AN [6] 45 A K FE LA R T 51 & A %t
FeMnP,_,T,(T = Si, Ga, Ge) b & ¥ )12 Mg
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1
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Ho e (i =1, ,6) AREKE; O3) NiE
Z0i; Chp, Cro THENFRIEF E Cos = (C1 —
Ci2)/2. TEHF M T ) FeMnP,_, T, (T = Si,
Ga, Ge) ANF ¢/a FEAT 7057 T8, FEXTAS R R AR
J% Fl Murnaghan J5 F2 5t #1245 75 FE 40L& 124 15 8 3
FHTARR . AR B AR R R B AR AT LA
FORNEF B HE LA B = [Cs3(C11+Cha) —
2(C13)%)/Cs, R = (C33 — C11 — Cha + C13)/Cs.
PEH 2 Cs 2 IR RFEA B RIS 3], © KR
N Cs = Cr1 + Cra + 2053 — 4C13, FATEFEL Cop AN
Clya 5370 AR R R AR B 1R A8 T A8 A0 S R R A
ARAFE L HIF R B, R, Cs, Ces, R HH Chy,
Cia2, Ci3, Css, XEEHHE T 2 7N A dn R 1400
%A,
Cu >0, Cpp > |Cha|, C11C33 > (C13)?%,
C33(Ch1 + Cr2) > 2(C13)%. (2)
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By = C33(C1y +g12) - 20123’ (3)
Horr, ¢ = C33(Chq + Cr2) — 2(Ch3)>.

FRPE R A e Ave RoR, Ave = (Gy —
GRr)/(Gv + GRr), 1% 8 Hill 7 {3 U R A A i
PR P IMEE NZ %, ]l Gy = (Gv + GRr) /2,
By = (By + Bgr)/2.

MR E, Atk o A

9Gu By

- 3BH+GH’

3By — 2Gy

U= @B+ G’ )

2.3 HHEKRE

N i TR U SO W R e
DFT 26271 g3tk SR 40M I 7% PELLVASP (Vi-
enna ab initio simulation package) ??) N T H. {fi
FH T SUBE 2 3 AL R 19 Perdew-Burke-Ernzerhof 28
P B SAEAT T 0L P T il 3 o A b A AL
9530 eV, ML IR H A THE I R U SIObR vHE 1
B N1075 eV-atom ™, JE T 2 B AH HAE H JUlesk
FIHE B E N 0.01 eV-A—L A7 B IX R0 1) kS fE
i Monkhorst-Pack ks 77 30 BU, & 2T £
FIWE N1 x 11 x 17. fEMFEERZ B SFAE A

R ) FeMnP, _, T, (T = Si, Ga, Ge) (L &WHUR
[ c/a 754, 1524 E5 ), N Murnaghan
T RER A TR AT A, 19 244 & 1P AR AR A
Rt B, 55 VAR R BN TR AR N A R BN
6 = 0.00—0.05.

3 4RI

3.1 FeMnP,_,T,(T = Si, Ga, Ge)t
BYIEH

F 15 T FeMnP,_,T,(T = Si, Ga, Ge) {t
B RS H B BE R REHE AN Fe, Mn J&F (54210
Bft, FR 5 FeMnP,_, T, (T = Si, Ge) FIFE A
SEIG b PRUE XS L, USSR TS A SR T S, 8
W Xf LAl & H, FeMnP,_, T, (T = Si, Ga, Ge) L&
Wi B K AR, FeMnP, _, Ga,, [0 J5 0BG 5E
¥JKF FeMnP,_,Si, fl FeMnP,_,Ge, HIH%E, ¥
B FeMnP _, Ga,, AW TT B8 AT K 1 R 22 A
T ARG 18201 e A LX) FeMnP;_, Ga,,
Al FeMnP_,Ge,, W& &S H AR, W WL H
T Ga Ji1 A1 Ge J5 7 B EARAHAL, & TP e LU
Bl

£ 1 FeMnPi_,Ty (T = Si, Ga, Ge) th-A 100 A% 5 50 B8R BERE AR 23 IR 110 o5 7

Table 1.
FeMnPi_,T, (T = Si, Ga, Ge) compounds.

Lattice parameters, energy, magnetic moments, and fractional atomic positions of the

a/A c¢/A V/A3fu~1 Ep/eVfu.?! peot/pp-fu. "1

HFe/UB  HMMn/UB  T1 T2

FeMnPq_.Si,

x=0.33 6.12 3.27 35.31 —24.12 4.33 1.466 2932  0.263 0.596

@ = 0.33(Calc.) ?2 6.13 3.27 35.46 — — — 0265 0.598

x = 0.33(Expt.) 32 6.17 3.29 36.42 — — —  0.254 0.588

x = 0.67 6.29 3.10 35.41 —24.02 4.27 1.534 2833 0.255 0.603
FeMnPq_,Gay

x=0.33 6.14 3.36 36.61 —22.74 4.38 1.49 2.96  0.274 0.588

x =0.67 6.56 3.05 37.83 —21.69 4.63 1.68 3.03  0.252 0.623
FeMnPq_.Ge,

x=0.33 6.16 3.33 36.51 —23.46 4.35 1.46 2.99  0.271 0.591

x = 0.67 6.42 3.15 37.39 —22.99 4.44 1.55 2.98  0.250 0.612

x =0.20(22 6.18 3.31 36.43 — — 1.71 3.01  0.256 0.596
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3.2 FeMnP,_,T,(T = Si, Ga, Ge)
B FE MR

HH T Bk b BHE S 52 I BE B IE A T AR, B
DUE % R A R pLbR AR 8 2 1 L. R 2
F3HH T AU FeMnP,_T,.(T = Si, Ga,
Ge) 10 & W 33V 1 2, R U I A6 & 4 i Lk
PERE S PIGEIE.

2 W AR ST E Y FeMnPy 67Si0 33 7 114
A 5 AL E AR o R AR 8RR, B %,
Wi Fh 41 4 () FeMnP, _, T, (T = Si, Ga, Ge)tb &
Wy ) R ST A N i R ) SRR E R A, BRI

a5 B RE R, HR, X T PiMH s
FeMnP,_,T,(T = Ga, Ge) 1L &#) C, MAUHE % =
BUR, PIRESE T H A5 0 A AEAR SR K A AT 4R
I8 3L Xt e FeMnPy_, Ga, 16 & ¥ 1 FeMnP, _, Ge,
BV BRPE R B, R T O 241, H R
B 5 4 T () 388 Jim T 2B SOAR R BAORE [, 32
Ji E5 AT B2 R 2 B A B IR AR AR DL R R 1)
FHREESH &G, YCu KT O, KRR
NG RN B AR, RZ IV X T PR 4 5
FeMnP,_,T,(T = Si, Ga, Ge) b ¥ #6 % W] &
FRI RN BEARFAE.

#*2 FeMnP1 T (T = Si, Ga, Ge) (W& L (FLL: GPa)
Table 2. Elastic constants of FeMnP1_,T, (T = Si, Ga, Ge) compounds (unit: GPa).

C11 C12 Ci3 Cs3 Cyq B R Cs Cse
FeMnPq_,Siy
x=0.33 326.08 132.3  136.83  203.7 133.43 175.62 —0.37 31848  96.89
x=0.33(Calc.) 1] 308.42 120.0 144.04 227.8 119.52  182.3 — — —
@ =0.67 314.07 124.0 130.11  202.0 131.58 169.84 —0.33 321.48  95.01
FeMnP;_,Gay
x=0.33 219.17 68.83 114.53 1504  107.65 130.71 —0.18 130.63  75.17
z = 0.67 21575 79.36  77.01  167.0  90.34  117.11 —0.15 326.95 68.20
FeMnPi_,Gey
x=0.33 282.4  108.1  129.0  197.0 11239 162.54 —0.24 268.60 87.16
x=0.67 265.4 9528 105.45 198.2 108.56 146.89 —0.17 335.32  85.06
%3 FeMnPi_,T.(T = Si, Ga, Ge) (L AWM HERE (FA: GPa)
Table 3. Elastic moduli of FeMnP;_,T, (T = Si, Ga, Ge) compounds (unit: GPa).
By Br Gv Gr Avr Gum By  By/Gu E v
FeMnPq_,Siy
z=0.33 185.3 175.6 102.7 90.07 0.065 96.41 180.5  1.872 2455 0.273
z =0.33(Calc.) 2] 1846 1823 9569 86.70 0.049 91.19 186.1  2.041 2351  0.29
z =067 177.6  169.8 101.4 89.66 0.061 9550 173.7  1.819  242.1 0.268
FeMnP;_,Ga,
z =0.33 131.6 130.7 77.48 54.68 0.172 66.08 131.2  1.985  169.7 0.285
z = 0.67 118.4 117.1 7431 7142 0.020 72.87 117.7  1.616  181.2 0.244
FeMnPq_,Ge,
z=0.33 166.0 162.5 8877 78.68 0.060 83.72 164.3  1.962  214.7 0.282
z =0.67 149.0 1469 88.63 83.21 0.032 8592 148.0 1.722  216.0 0.257
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L IR B0 e P R T FAG B  2 E A
B R Pugh B85 T KB SR HHE, K
LA B PIMEPE S5 AR s ML B By FIBY V) E & Gy
LR oK, M H KU, PITEAM R By /Gu KB R T
1.75. MHEtER ¥ By /Gu BIME/INT 1.75, 1X— 4
FEBACTE SRR 27 gl 02 I SR K 5E 1R
PP 4551 3 Bl o AT LAz B it A K BY D7) £
FEME, X T & ) A B 2 AR R, A v A
BY DI & 0 A 2 Ho A Fa e o, DR Pugh 048 1 E
TR o AT RL R, PITEAEHE R
EC v BIME KT 0.26, T AEPEAS BHARA Lo BN T
0.26.

G55 MORH) G Ak R, O 3R 3 U BE AT 23
Fr. FEHLBCPERE. WIMEE U7 D, FeMnPg6770.33
(T = Si, Ga, Ge) (b & LTI, B NE L
v(Ga) > v(Ge) > v(Si), L FeMnPg 67Gag 33 14

_ 20
i
%
o 10
Q
K
% 0
a §
n
g —10
E
—20 | | |
—4 -2 0 2
E— Erermi/eV
(¢) Spin up + spin down s §=0
T
>
o
n
8
<
3
2
~
%)
o
A
=

TDOS/states-eV—1!

K2 (MTIEM) FeMnPy_, T (T = Si, Ga, Ge) W AYIIEEE

BV EITINE R B AT, FeMnPy ¢7Sio 33 th & 4114)
T 2 AR AL 22 15 11 FeMnPg 337067 (T = Si, Ga,
Ge) tb &AL T WIMEAEME s FOIRES, BT XL
PR BE OB 78 /2 7E Si, Ga, Ge JRFAN 5 7E 108X 2¢
mm DL (R PR A AR B 17 450 1, DR LG AT JHE ) S B I )5+
AL TR AT RE 2 N = 0.67 H b S
HE JEME.

3.3 FeMnP;_,T,(T = Si, Ga, Ge)
BB

NT PR TN IERE, RN T RS 5 £
5 HL PS5 R [ SRR, 4 FeMnP, _, T, (T = Si, Ga,
Ge) L &M ¥ 45 M 3047 T 20 A ihit, B2 (a)
A 2 (b) & R4 43 1) FeMnP,_, T, (T =Si,Ga,
Ge; = =0.33, 0.67) (b EVESHHTEEE, E

20
|
%
° 10
Q
8
] a
w 0k
S~
n
2 10
H

—20 | | |

—4 —2 0 2
E—Eremi/eV
(d) Spin up + spin down Si §=0
— 0, = 0.05

[\~
(=)

TDOS/states-eV !
=
1S

40

w
(=)

TDOS/states-eV 1
[~
S

=
o

(a), (c), (e) = =0.33; (b), (d), (f) = =0.67
Fig. 2. (color online) Density of states of FeMnP1_,T, (T = Si, Ga, Ge) compounds: (a), (c), (e) x = 0.33;
(b), (d), (f) z =0.67.
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H A B FE ) IR B AR R 2 B0 E e Al A B E e
T A, @ e A E BE R R BT RR N
PR A0 S 85U R RIERIEE. A HT AT, PR 5y
FeMnP,_,T, (T = Si, Ga, Ge) b & ¥ Fe, Mn
R Z B A BOR I RN S S, A P Ui 3
HKVE T Fe, Mn J5i 7 3d #UiE H 7 5Tmk, B 1) d
BB FHRE T HAES, S8R T HUEA R
421k, FeMnP;_,Ga, 1 FeMnP,_,Ge, bt &
VIS5 FE B ARTEARAE AL, BT Ga [T L Ge JEF
AN d T, BT E SRR B RS ) 4
RAPIRAS, = F BT &M FEBCe & mtEae
RLEN A £ LI

B2 (c) M 2(d) % 1 T FeMnP_,Si, tt &
YITE B RIEAE (5 = 0.05) IEAZTEAE (6, = 0.05)
PLETETEAE (6 = 0.00)RE FHIHEFERE, H
1E T R 7 B AT G0 19657) 5 R TR AR I X B
24k AE 3B ARG (FE P R I 7R BE B A Fp
B ) N LA AE 4, BT ANHE T
I 45 A0 i H R DR R AR T 7 A R AR 4K B i AN
K, FrLlfiet A BE & AEg A3 AE (28 4k,
EEZEEM. EMEREET, AEs I IEf kg
AE MR/ WE2 (c) FE 2 (d) 7] LLE t, P Fh
Y 5> FeMnPq_,Si, WA YA J5 FE AR K TR
B Fa € ME AT REYE, U0 A B TR R 0 TR R
A e e MR A 5. TR R AT R R
O (AE ~2VCyy62) N B2 %5 FE 1) 56 =1 e 77 7]
Bal, KAK BN (AEs > 0); 1M lEZ KA
5o(AE ~2V Cg62)) T A FE MAEREE 77 M3,
KR Eg 8/ (AER < 0). IR R BAGE KK
Cya VI Co, BI Cog < Cug, XE5ERA B
TR 8 516 FeMnP,_, T, (T = Ga, Ge) 1k
G, KRR AR 2] 7 A F R S50, BRI oR A
HEETHE.

R4 /1 %€ H (force theorem) [B7:381 24 28 K [
ik REEE B AR, TOK A S
JE X T AR AR, Rk RN R E, HA
XTEER I PR A R 2 RO TH 27 I 7 % g,
T A4 22 0 5 B0 /. B2 (e) AT 2 (f) W] BA
EH, PR 42> FeMnP,_, T, 4 & W 78 3% K T b
(116 25 % JZ (TDOS) {H Drermi(Si) < Drermi(Ge)
< Dremi(Ga), RIILN A CS < CSe < CFF f
CSr < C§e < C§}, IX—550 5BAT BT E T
Ras R —E.

4 % #

ARICIE S DFT #F 5¢ T FeMnP,_, T, (T = Si,
Ga, Ge) L&MW J1 24V A KL PERE. 20 Mot
HEERIF: 1) FeMnP,_,Ga, fl FeMnP;_,Ge,
eGP SRS H HL. BB WA . T S5 S T
ForEzi, RIRTE )% FRGE; 2) TEAUMPERE 771,
FAAT R I 12 1) S48 5 FeMnP, _, T, (T = Si, Ga,
Ge) W AEREAT H15, FeMnPy 67T0.33(T = Si, Ga,
Ge) b &3 2 BIH:, HH FeMnPg 67Gag 33 I
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Abstract

Magnetic refrigeration technology is considered as a better alternative to traditional steam compression scheme,
since it has many advantages such as environment friendly characteristic, more compact solid refrigerant, low cost,
etc. The mechanical stability is of essential importance for serving as magnetic refrigerant materials which work under
repeatedly thermal and magnetic cycles. Recent experiment reveals that the polycrystalline FeMnP;_,Si; compounds
are brittle, and even fracture of samples during post heat treatment is observed. Therefore, the improvement of the
ductility of FeaP-Type FeMn-based magnetocaloric materials becomes an important issue in practical application. So
far, there are few studies of the mechanical properties of these compounds. Alloying is an effective method to improve
the mechanical properties of single phase materials, and Ga or Ge could be a better choice to replace the Si element. In
this paper, we study the mechanical properties of giant magnetocaloric FeMnP1_,T, (T = Si, Ga, Ge) compounds by
the projector augmented wave method as implemented in VASP (Vienna ab initio simulation package) in the framework
of density functional theory. It is found that the lattice parameter, total energy, magnetic moment, elastic constant and
the electronic structure of FeMnP;_,Ga; compounds are similar to those of FeMnP,_,Ge,; compounds, therefore, it
is believed that the FeMnP;_,Ga, compounds are candidate refrigerant for room temperature magnetic refrigeration.
The relatively large single crystalline elastic constants of FeMnP1_,T, (T = Si, Ga, Ge) compounds show that this
family of compounds is mechanically stable. This ensures the long-term applicability of FeMnP;_,T, compounds in
magnetic refrigeration facilities. For polycrystalline compounds, we calculate their shear moduli and bulk moduli by
Hill averaging scheme. And according to Pugh criterion, the ductility or brittleness characteristics of FeMnP;_,T,
(T = Si, Ga, Ge) compounds are discussed. All the FeMnPg.6770.33 (I' = Si, Ga, Ge) compounds are ductile, among
them, FeMnPg ¢7Gag.s3 compound shows the best ductility, whereas the ductility of FeMnPg ¢7Si0.33 compound is the
weakest. This result proves that substituting P with Ga could improve the ductility of this class of compound. The
mechanical properties of polycrystalline FeMnPg.3370.67 compounds are close to the ductile/brittle critical point. For
FeMnPg 33T0.67 compounds, the T atoms just occupy the 2c sites of metalloid atom in FexP-type structure, therefore
it is expected that the occupation disorders of P and T atoms at high T concentration could improve the ductility of
the compounds according to the result of FeMnPg ¢7Gag.33 compound. Finally, the self-consistent elastic constants of

different compounds are understood from the calculated electronic density of states and force theorem.

Keywords: first-principles calculation, FeMnP;_, T, (T = Si, Ga, Ge) compounds, mechanical properties
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