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Fig. 1. Four main negative thermal expansion mecha-

nism.
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1E5Z fil 5 Feo (MoOy) 3 il A K H4 2 v 508 & i,
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B2 7R B2 ) Fea (MoOy) 3 fi A4 M7k i R 1,
Fe 53 il 6 AN AUR T RCALIE i FeOg /I, Mo
5 B 4 AR T ER AL B MoOy DY T4, Mo-
O-Fe J¥ My S8 500, fA LR 180 ©. AN\ 44
I BN A DY T A4 e 2, A W T A4 LY A )\
TSR T A,

K2 (MTIEG) EZHH Fep(MoOy)s s i 4 &
Fig. 2. (color online) The crystalline structure of or-
thorhombic Fea(MoOy4)s.
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#mffl) Monkhorst-Pack 28R4 1) k sUgE AT A7 LI XA
o3 1381 L R 55 N 0.05 eV, X S R ARAIE
REVS S B B B 1 () BE 208 0.01 meV. & i iy
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Fig. 3. The TG-DSC curve of Fea(MoO4)3 sample in

an Ar atmosphere.

Bl 4251 T Fea(MoOy) s fEAHAZIHR EE 510 °C Al
J5 2% 4B TE S XRD AT 5 i 48, 38t 5 bR ik
PDF < fxf b, KIAHZE T G Feo(MoOy)s ¥ 440
FH, EARAS RNV (25 (A8 P21 /a) #92Y, AHAR
Ja NIESSH (A5 1818 Pben) #7818 5 BoR 1l

A 710 C

M A 650 °C

A M L2 590 °C

A A AA AA A AAe A\ 530 °C

‘ o 400 C

i

= o __300°C
o 200 °C
g 25 C

PDF#83-1701>P 2, /a
L T I VN

PDF#85-2287>Pbcn
1 I | I 1
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20/(%)

4 BRURIEAIA Fea(MoO4)s MR XRD i
Fig. 4. The High temperature XRD spectra of mono-
clinic and orthorhombic Fes(MoO4)3 phases.
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=, 2180 ] -
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2160 - ) ) ) *{1110.0 >
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B 5 Fea(MoOy4)s FEMAFIELE T XRD REFG1E43 211 & i
Fig. 5. Lattice parameters refined from XRD spectra of

Fea(MoOy4)3 sample at various temperature.

Hi 12 XRD AT 5 1% 2045 45 2] 1 & 8 L a, b, M
em LR FR VS50 BE AR ¢ &, HoH SR LE 25,
200, 300 F1400 °C VYL AL KE1£45 211 B 1H
439N 125.21°, 125.24°, 125.26° F1125.31°. MK
AT LLE ), AR T 510 °C B, B8 5 R T,
FRAH Fea(MoOy)s fmfiiZ 4 a, b, ¢ & [ [F] 14 Hh 3
K, IR E K. #H M, 75T 510 °C Y, B
FHIRERIT R, 1B AH Fea(MoOy)s I f i S 5 2
& M AT A, Hb, BB/, o ML
g/ Ja RSB, AR 0] B A IR R ) T R T RN,
RIH IR 1 SR IR PR

3.2 IF X tHFey;(MoOy)s B JR T F1 EE F
Z51h

FLHE 25 3 F T RS AH Fea(MoOy)s il
W ZH (B4 R B IR Wyckoff £i7 B 414
i) BT SRR SB0ME B2, g5 R EOR, TR EE A
WAERT SRR L, IFEARZERFFE 2% LN, d
Mo Fe 5 —A—MALE, Wyckoff £ B /& 8d, £~
H 8 NEM Fe JiT, Mo H 2 MM &, Wyckoff
KL E 730N 4e, 8d, KA 4414 Mo(1) JRT, 8
MEM B Mo(2) ¥, OF 6 >—MAL B, Wyckoff
AL B A2 8d, Fonin N 6 A~ — A B V& A 8
ANEEH O JHT.

F1 IEZAHH Fea(MoOy)s ML) I IR T4 bs
Table 1. The optimized atomic coordinates of or-
thorhombic Fea(MoOy4)s3.

frE X Y Z
Fe 8d 0.3808 0.2495 0.4652
Mol 4c 0 0.4742 0.2500
Mo2 8d 0.3551 0.3959 0.1177
o1 8d 0.1410 0.0840 0.0915
02 8d 0.0637 0.3653 0.1239
03 8d 0.2583 0.3190 0.0086
04 8d 0.4075 0.0848 0.3349
05 8d 0.4755 0.3205 0.0727
06 8d 0.3301 0.3618 0.2999

2 Fea(MoOg)3 IEACARLE ML G & i 2 BOR s s
181 132] fryss Lo
Table 2. The comparison of the calculated lattice pa-

rameters and the experimental values (321,

Vo /A3 a/A b/A c/A
A 1178.42 13.1437 9.4228 9.5204
SEISE 1110.55 12.8687 9.246 9.3336
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645 7 1E &2 AH Feo (MoOy)s [ &k HL 1 3
W T A NEF AR
Fey(MoOy)s N4 B 1.82 eV 2L Sk, H e k
A BE T B AR EEA AR, Ui BB A RAE, 1
PESZ B Fe TTHR 1), Fe MIMLH N 4.33up. VAT KRR
TAE NS HF i, T A% S S
Iy WAl R AE 1.826.72 eV AL B X ], #r
7R 32 AT PUAS X Sk 0, 52 —16.5, —6.9,
—6.3 DL} —5.4—0 eV XA U, FRATT 24 70 38
TAEEME R B SER7 IR, Flt BT
W BN RRE 5T 2 3d5, BT AT R HIES,
Horb Fe-3d B Wé ) FEUIE #4548, B BEM T
EH . WA T 1.82—6.72 eV [X [H
F T A5 % B B Fe-3d S HL T Mo-4p/4d 35
TFATO-2p & HLF oIk, Mo-4p/4d 25 H T F1 O-2p
SHTPRUEEHERT Fe-3d SH FAO-2p &
HFHIPEFR. il —16.5 eV I A g 32 ok
B O-2s 2 HL 7 A1 Mo-4p /4d 75 H 7 1 5Tk, —6.9 Al
—6.3 eV B NI B Fe-3d, Mo-4d 1 O-2p HL, 1
ATTER. ORI MHEAN #5r —5.4—0 eV XA H
FA LW F T Mo-4d/4p & F. Fe-3d &
THO-2p & HLTTTHR, JF H Mo-4d/4p HHLE 5
O-2p 5% B B B A AR [F] 1)y 98 F12RAL R AR, P
FRMHE. HFHO-2sFH T Mo-dp SH T2
[ A7 AE BRI A ELAE . 2R Mo—O B R Bl ALty
BEPE T, AHEE T O-25 F1 Mo-4p/4d 7 HL 1~ X4 5 Al
SR TR, Fe 19 3p M 3d HL T A% 4 5 A5
FITTHER /N, BT PA Fep(MoOy)s H Fe—O 850 2155 T
Mo—O ##.

150 —— Total
0 a@, %MW
—150 ¢ .Fe — . .
i Lr A —3d :\MM)M
il MR |
8T |
- 2t °© __ 3
VS T 1L
N nousasm—— TS
o O —2s
0 AI}/ 2 WL/\/M A
-2 15 “10 = 0 5
(E—Ep)/eV
6 (WH:[J%ZE) FGQ(MOO4)3 SUH HL T A RN H
TAREE

Fig. 6. (color online) Total and partial density of states
(DOS) of Fea(MoOy4)s. The vertical dashed line de-

notes the Fermi level.

N T S M R A TE SZAH Feo (MoOy) 3 R SRR
P, FATL 1T Fe Al Mo 5 & Bl O 22 [] f L 17 2 5
Sy, B 7 R, LA Fe-O-Mo #4888 70 8 - 1 i
LR AT B AR A, e rh B 0 AR R LA
FEAE0—4.382 e/ A2 Z IR [1A5 ). W LATE ML A H,
Mo 1 O 2 [A] HiLfif 2 /38 7E O A [, He ATz (A
BT =S, 1M Fe 1O Z A 7 =% ENT
0.4382 e/A? T B &, Wi 2 18 5B T 1 &
TETHE AT EA MoO, PYTHI A H1 1) Mo—O 4 (1 5%
JE EL58 T FeOg J\ TH 1 H ) Fe—O 42, A1 H1 1H HL T
AEE s 1R—E.

LR /A 2

4.382
3.944
3.505
3.067
2.629
2.191
1.753
1.314
0.876

0.438
0

7 (MTIR ) Fea(MoO4)s i Bl Fe-O-Mo M
BATC VT 1 FRLAT R 4R AT

Fig. 7. (color online) Two-dimensional distribution of
the electronic charge density in Fe-O-Mo bridge oxy-

gen unit.

3.3 IExX#HFe;(MoO,)s IEFBEIXR
MEFSEBE

B8 (a) 45 i T 1E A8 M Fep(MoOy )3 ¥ 58 —
A LM IX LAk R BREG B0 78 T (B B 28, X LA
B SR T 2 A v ORI BB Bk B
LO/TO 7+ %¢. B 68 MR 7, BIkA 33 /A
SRR 201 376245
IR IR FRAE 23 8 (R R Doy, JGF A
Bl 204 MIRBN B, IRHERF IR AR, 455 R
FFIERR R G FARAE T f0] S g o F
I' = 25A4(R) + 26B14(R) + 25B24(R)
+ 26B34(R) + 26 B1y(I) 4+ 25B2,(1)
+ 26B3,(I) 4+ 25A,, (9)
XH R R AT ) b 8 i VR 2L A PEAE
Ay RIRN P& FNLLAN A Bt My =50 AR
Sy WFRICHN Biy, Bow M Bs,.
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Xof TR A 448 41 2 [X 38 R0 AR AE U8 A7 (29790 em 1) R
o R 45 415 B0 [X 35, Mo—O 4 [ 1 45 41% 50 5 ik B
K, T Fe—O 8 IR BN TR 40/, X Bt 545 2
{1 Ak A 206 91 20 [X 3R S 36 b 14000 43 ) 06 7 24
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Mo, OMFe#Z 5 7 2 iRz, 5LWNEL
350 cm™! (Mo=0 & i#kzh) £ &, EKW FeOg J\
TR MoO. DY [ A Py 35 52 B0t 25 b 4R 3. 7EfICRE
X35k (< 300 cm™1) Xf B4 Fe, Mo F O J5i 1R I H
(R HEF RSB R B AR RSN
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Fig. 8. (color online) (a) Phonon dispersion curve,

(b) total phonon density of states and partial phonon
density of states of Fea(MoOy)s.

3.4 IE3Z#H Fey(MoOy)s B 51 B8 Rk A/ B
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a, = YOy /(BV), FATRKH %2 Mok 250 1
i 0 BR T CB I GE B ) Griineisen 3 30 vi(q) =
—dInw(q);/01n V; FKe itk 75 IR 3 455 =0t 47 i ik
TR, H w(q); FRER i SCH FAERR g B
BARNAE, V R REFR. Griineisen 2EUN I F
T SCREHE R R I B2 K I 577 AR TRk, AR
RoThRERR. B9 H T &A1 3XAE T MRS
Griineisen REIR K. ATLLEH, I S BRA 5N
Griineisen R #HOG7 SCHE 1 7E 24.4—198.8 cm ™!
H1262.1—330.9 cm ™~ PIAMCAI X 30 B, 1 v 431X
WG AR T RO A 77 A 41 [ Griineisen 5 3L,
W BRI 1) 75 AR A AR R 1 U2 IR AT A % D
BRAR. IR FRERAIX 1) ' 25 S50 47 B K o ik s K P B
% Ravindran %5 12 i 78 Zn(CN)o 52 K AL 52
HH I B AR AR ARG 2 ) C=N W B2 G 1) ~F- 5% 5%
T IK A DTk BT 5T 45 R 2 — B0, 1 H 5 Liang
25 101 3@ o 7 2 BRI 78 ZrWo O A HFW, Og 511
AT 4 AR A 27 SO0T 70 82 K 2 i 65 K ) S
B IR — B0 ) P AR SO ) B 22 SCLE Tt
T 1] Griineisen 273 78 —3.6, —2.5 F1 —2.7, &
B = AN P 257 St 2 XA R 1 47 B K 77 A 5
T8 0 2% AN P 5 SO 5 SCAE Tk B % B AR
B 1 Griineisen RE /T H, MFHE KN 24.7 cm ™
AR 2022 3 (J& T By AR %o B 8 47 (1)
Griineisen FRE —57.5. FrLLX AN 1) A 22 306

Griineisen %L

—57t
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BlO 7 FCAEEM IR A T sFTX R AL Griineisen %

Fig. 9. The negative Griineisen parameters for or-

thorhombic Fea (MoQOy4)s at I' point.
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1EZEAH Fea (MoOy )3 I ZAKAT A B K B TR,

B —, X BA & 1 Griineisen 281223
X R ARER T df i N R B IR BN 1 O o AR BT
oy g B U IRAT N RO HLEE. B 10 B T E
IV Sim PR AR 2 SCAE 24.7 em AR
TR RGN R, & A E T 1) Wyckoff
A B VA& TG OUAREE B b, A o [ A 7 Sk 3R
AR RARENTT 1A, W LATE W E 2] FeOg /\ TH 14
1 MoO4 VY [ 4 #H 2 1 M 4 I 2 B T Fe-O-Mo
)32 2 AR [r) HR 5.

10 (MTFIEA) FHN FeOg-MoOy £ TH 15 T H%3)
Ji 1) (F5 kAR R FARE T5 7, SR AR AR R AN F
Wyckoff fi7)

Fig. 10. (color online) The vibrational direction of
atoms in FeOg octahedron or MoOy4 tetrahedron (The
arrows indicate the direction of atomic vibrations,

atomic labels refer to different Wyckoff positions).
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Fig. 11. (color online) The vibrational amplitudes of
the atoms with the different coordinates at the range
from 800 to 1000 K.
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Fig. 12. Schematic diagram of FeOg-MoO4 polyhe-

dron rotation.
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Abstract

Monoclinic Fez(MoQO4)s sample is synthesized by the hydrothermal method, and characterized via high temperature
X-ray diffraction and thermogravimetric-differential scanning calorimetry. It is observed that the reversible phase tran-
sition between the low-temperature monoclinic and high-temperature orthorhombic phases occurs at about 510 °C. The
cell parameters at different temperatures are calculated by the Rietveld refinement method. In a temperature range from
25 °C to 400 °C, the a, b and c crystallographic axes with the monoclinic phase gradually expand. On the other hand,
in a temperature range from 530 °C to 710 °C, the orthorhombic phase exhibits a negative thermal expansion (NTE)
behavior, in which the b and ¢ axes gradually contract but the a axis first contracts and then expands a little. Atomic and
electronic structures are investigated using first-principle calculation. Results indicate that the Mo—O bonds are much
stronger than the Fe—O bonds in Fez(MoO4)3 and the MoOy tetrahedrons are more rigidly than FeOg octahedrons. To
reveal the relationship between NTE and polyhedral distortion, the phonon density of state of Fea(MoQOy4)s is calculated
using the ab initio method. The experimental Raman spectrum positions can be identified in the calculated dispersion
of the total phonon density of states (DOS). Meanwhile, by calculating the Griineisen parameters for phonon branches
at I" point, the optical branch with the lowest vibration frequency is believed to have the largest negative Griineisen
parameter. Furthermore, we analyze the vibrational behaviors of atoms, and find that oxygen atoms have different
vibrational eigenvectors from Fe or Mo atoms. and more obvious amplitudes than Fe or Mo atoms. Therefore, it is
concluded that the transverse vibration of the oxygen bridge atom between the MoO4 tetrahedron and FeOg octahedron,
the soft distortion of FeOg octahedrons, and the rigid rotation of MoO4 tetrahedrons jointly lead to the negative thermal

expansion of Fea(MoO4)s,.
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