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SN Zint FHA & ANEE PR, © 2438 1 IR R 51
YbeMn, ,Sb" ", EugCd,Sbo"** " HICagZn, s_ Cu,Sby""
AR B P BRI R ZTIE T LA E0.7. i fiRiE
() —Js CagZny s_sSbofIF 5T 1, i1t 55 —AHEH 09 5 ik
T AL A Y P A F A RE I I e s TSy, K
THESERZN S, REAFESTS KGR T1.1/2T
(B, BRZn B i ks i T M NG T IR R A,
E fnd 3 ) P M T BRI PH 2o 42 )8 Zn e R 1)
HEAEH.

AR S ) B S 37 B Sr, BussZE B2y, Film
[IRERMLEE IR F PR T ZPE A EE . S it SR e v,
KRSFIEE(Sr, Euli T Ca)fiB 2 RENE i A Zh ) ¢
AR K, CagZng s_sSbo(0<9<0.5) 1 Zn 5t i1 L%
A RA AT LA A8 4k, AR =P T R 215 2
R R RskEE. ZERTmE A TP, BIoTR 3%
I X A4 A R B e B (A5 M 7 A TM, Prg( A=H, 1 4>
JEEL A 142 J&; TM=Zn, Cd; Pn = Sb, Bi){A & i
FPfaE, BRI B R BB g /N 1 RT R 25
SR E e BB Tk B R, T eI
rPAS B AR N R 2 I VA RIS TR A A A T R R
AR, 38 H K YE, Seebeck RN KR LR L 5K
(RIREAR, {BAEIXMA Z HSeebeck R AU i TR [t 15 ¢
VR EE (R4 5 [ B AR AE G R Y 3, X fifif5 CagZn, sSby
r PR RS BIAR KRR T, FRIIFEB 4% L B Cag ,Euy 5
Zn, sSbeMZT(HAES73 K F A% 170.81, X2 HHI9-4-9
AR AR r BT IS A R (L
1 SE5G

(1) B PARAERIITE0,<0.1 ppm(E 4w/ <A
H1, 0.1 ppm=1.65x10" mg/L) FEM hiE4T, SHRIEH
Ca(Alfa, 99%), Zn(Alfa, 99.99%), Sb(Alfa, 99.999%), Eu
(Alfa, 99.9%), Sr(Alfa, 99%). Bt M A ALO-H,
AR IATEZSHIE, A S 5Rpess. )V AE6 h
WFHEZ1175 K, PRiE24 h. RN 5ERE, L6 K/hRER 2=
873 K, 1B k5 h, 10 K/hf&ZES73 K, IR 10 h, V45 H
KA Sy, KA A B, 8 KU P B R,
TSR SR A T S

WA G AT B/ (T EM AL 1750.1 ppm
LR itty, #RHE R D Ca(Alfa, 99%), Zn(Alfa,
99.99%), Sb(Alfa, 99.999%), Eu(Alfa, 99.9%), Sr(Alfa,
99%). R PN, SRIF A A TSI T H
ZSHUE, B TR RRLs. RN SeAE6 hNTHE R
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1173 K, FRi24 h W SERUG, Ph6 K/hFE s 2R 2
873 K, iB k6 h, 10 K/hi#i#H[FE573 K, M A5H KA
b KA B AEFEA AT RIAT

(ii) W 2 Thest(SPS) . FH TP e o
R AR R AE RS SPS1050(Sumitomo  Coal
Mining Co., Ltd.){¥{#% 2834 SPSHHAT ML A . #rk
FE G HI T 205 XRDIGR AR 408, 1575 TE48 W
FHRFEREE IS0, Ha EATSPSHE . Bedh BT
973 K'F, finH40 MPa/fiil7 min, RRMAH 2 B0% EAE
95% LA L IRE SR IR R, KRR i R R TR A X i S
REW, 23 SPSEHEM I AR — A, FEAvA R
I fasE .

(iii) 9T W EE(SEM).  FESEM-48003% %
559 53 18085 (Hitachi), Horiba EX-450BEHZ{(EDS), ¢
AT ICRIIE, UEBH T RS ST FEAE. DRSS S W,
&S1~84.

(V) FRXHRATHML. BT IZRI AT SR
i, HILER N IR SRR R AT 58 T8 T2,
FERAL B P B IR G S RS, REH
HAHA A PR AE B ARG AT X2 i, £ i
%2 DRI Ff (Y ¥ Bruker SMART APEX-II CCD#: i
£, ZMAIELES A A E-HAMo KofEd (= 0.71073
A), BOEIE] 1S s, 0,,,=28.8°. il i APEX24K {4 A IN-
TEGRATERE ¥ #E4 AT S ECH Al o WSl #RUA3LA
KA o 1%, (# FHSHELX(MUAR6.12)F2 Atk 745
FReit, FERi & R b 2 R T RIS B S
. ARSI 153 CagZn, s_sSboRINEL AN T A
Rk H RIS 2 TR 1 CagZny, sSbo b fi XU 25 25 K 2
fh(a=21.830(2) A, b=12.4476(9) A, c=4.5414(3) A)ih
A F RS 5 LIS EA L, AR RS
B S AR X R AT A

(V) MARXSLATHHML. HHEACu Kadfitn
Bruker AXS XS ARNTHHUAEE IR T ic 5 A X
ATHT ISR TERAR AR R FHO.02° 9 ALK L0 s
THEL ]

(vi) #FE HESERAAA T AINETZSCH
LFA4STAES AT TR, i S LU AR & Mpyrocer-
am 9606(212.7x1.98 mm). [F]H 15 LLHAZE C FIARY
FHUD, BESIF Rl i =C xDxp I AR H, Hrhply
b R B, A5 ()3 Y BB 323~873 K.

(Vi) Seebeck ZZAUFNHFHAR. 7R TR )5,
WG RES VIR EA A8 RS AR IED /. K&H



TSeebeck ZEUFNHEBHAR A&, H¥ U R IRAFAETE
A DL T BRSOV M. fdiFHLinseis LSR-3/11001%
P8G5 [R] IR 5 1 Seebeck 2 BUFIHLBHZE, MR IR
JE I Fl o 323~873 K.

(vill) 2RI T TR, ARl 2 B R 4
mmx4 mm A IE R IDEEZ90.5 mmAEE, FHAE
I7 R BIAA AL BE AR . (EFIMMR  K25002E /7K
SN 2R Ge 7R 300~573 KA I 2 3 Bl Pl il i 2 . 1

2 RS

2.1 ShMASEK

CagZny 5_sSby(0<6<0.5) 1AW I 11 2544t Zn
JRF 5 SbJE TR, AHAB 147 ZnSb P i 1438 1 15
SR, TR AL JCRR AR 2 — e BER 1 4544,
WENFTR. 766 = ORI G, FHERAYZn, Syt i 7]
BRZnJRFAE, PR T e 42 RE5H. ofdrh
[ PR Zn 5 ¥k BE P g, IFAH Ak G 52 3 LR A8 (9 A
$54% IR H, [RIBRZnlE TV BE7E CagZn, 5_sSbo(0<6<0.5)
L& st R B e mE o E DY, ok
[ B i T Zn P v B T Al 8 i A A B R Y
T, IR IEEE R AR S, TR B (] B Zn K
S8 CagZn, 5_sSbo(0<0<0.5)F TR H B R B BHAEL, AT
PR AR DR Y SR [33~38 4RI
h, EEAE9-4-9LE KA A W T i I A R B
P E LR & i, RS M TR A ot R e
F. ARG TR HE 0L BB AR T B E 7, FIH
JRSF 500 T SR AREEAE, AR B4R THA)BR Zn i vk B
. HAR ] BR Zn 5 B3/ N 2 T3 3 5
I ELHERAE, (R B RIS KA HOR F BB R LA Ak
G RAA I R — X HZ R PR R R T
HEWPEEEER. EHEuSE T Calii & 1824,
#1457 Cay_ Eu,Zn, sSbyMCay_, Sr,Zn, sSb(x=0.2, 0.4,
0.6, 0.8)55F—ZRFNFEM:, B EVREE 11524 B EuZn,Sb,
FISTZn,Sb, 2 —AH. 1Ky A XGFZRAT I A i 4l
WK, 45520, 7ESt/EuiBZe vk BEx < 0.8, FEN
SEAAH, I REE B IR 3K, AT S0 1) (6K A B O
B X0 (330)fiT S0 S A A A A%, #8724
Wrablm¥E K.

h T I B IR A A AR Ay, B iR
[ 40 Sz b A= A T A ]840 B 1Y Cag_, St Zn,, sSbo L AT,

1 (MU ) CagZng s_sSbo AN R B B Zn 5 7 i R SR 25 e 7
H L. (a) 6=0.5, (b) 6=0. 254 11 FHES FCak 7, ZnFISbIEF 4350 T
DU TR AR 4 O RTS8 T BRZn iR 7 S AR AT Y 31 DU TR A T s A 22

Figure 1 (Color online) Side-by-side structure comparison of Cag
Znys_sSby with 6=0.5 (a) and 6=0 (b), viewed along the ¢ axis. The
Ca cations are removed for clarity, and the Zn and Sb atoms locate on the
tetrahedral centers and vertexes, respectively. The interstitial Zn atoms
are linked by three neighboring tetrahedrons

FEMNA T RS, SRR LR S
FLR TR WL . A I AR A e R STiB ik
FEXTNEx=0.58, MK TR ARKE =0 8B 44Uk B, 1 AliiX
— =5 IR R O] RE S PR S AR K P SRR TR, 3
R B B 22 LU AT R S B A T R A 2, TRIE RS
AIEEAN RS, R, B ARRE S T BEAE AR A R T
B, FEELS RS SO T (B 2R i i AR S A X
N IEF AR PR . Wyckof VB 5 3 R IR R 2
BOE WS 1~S4). R, RGN AESATT TR
KT —sAERAHNGEER. BHik, MESIHRENTE,
p AR PR LA R, R S S B R X N ab
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Figure 2 (Color online) Powder X-ray diffraction patterns of Cay_Eu,Zn, sSb, (a) and Ca,y_,Sr,Zn, sSby (b) (x = 0, 0.2, 0.4, 0.6, 0.8). The simulated
pattern is presented for comparison and the diffraction peaks between 24° and 25° is zoomed in for better illustration

ST, AT AR, B TR W2 RSk e abif, BIZn,SbefE BN BRI, X —
RGPS, X5 ERBARMAS RS —E. XUl BRSNS BRI B T Zn3 B9 7 B AR B A
B, KIGFRYHES 7% CagZn, sSbyiB 245, Mk IRAE T (6], BRSA R T 5 W B A IR BRZn 5. ik R AE du A
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%’5 1 Cag_XSl‘XZn4.SSb9# lﬁ! $ EEI 17? g‘fﬁjﬁ

Table 1 Crystal data and structure refinement for series of Cay_,Sr,Zn, sSby samples

g3 CaS.42(2)Sr0.58(2)2n4.47(2)Sb9 Cas,57(2)Sr0.43(2)zn4,45(1)Sb9 C38.79(2)Sro.21(2)Zn4.44(1)Sb9 Ca9ZH4.45(2)Sb9
Gyt 1776.01 1767.9 1756.7 1747.69
REEK) 273(2) 273(2) 273(2) 273(2)
LEVINAN Mo Ko, 0.71073 A Mo Ka, 0.71073 A Mo Ka, 0.71073 A Mo Ka, 0.71073 A
23[R Pbam(NO.55) Pbam(NO.55) Pbam(NO.55) Pbam(NO.55)
VA 2 2 2 2
a(h) 12.5563(8) 12.538(4) 12.5185(8) 12.5098(10)
b(A) 21.9624(13) 21.963(7) 21.9244(13) 21.9023(18)
c(A) 4.5620(3) 4.5625(14) 4.5571(3) 4.5561(4)
VA% 1258.05(14) 1256.4(7) 1250.74(14) 1248.34(18)
A% (g/em) 4.688 4.673 4.665 4.635
W Z A (em ) 1.6571 1.6294 1.5944 1.5508
R R=0.0378 R,=0.0316 R,=0.0341 R,=0.0350
WwR,” WR,=0.0864 WR,=0.0628 WwR,=0.0615 WR,=0.0732
Rine R=0.0414 R,=0.0377 R,=0.0430 R,=0.0424
wR,” WR,=0.0886 WR,=0.0649 WR,=0.0639 WR,=0.0761

a) R\=3||Fo|—|Fc||[/Z|Fol; b) wR=S[wW(Fo = F VE[w(Fo*) 1% I F 5 TR Ry, % 0T AT AR wR,, YT WEAT S HIwR,

{H; Ry XTI AR (B wR,, XTATHRATE mAYwWR,H

FRIBIFE T CagZng 452,Sbe FSHBZFE M Cag 402
ST 582204 47(2)Sborm R LS AV B ARk, 1 WL S5.
1 T CaoZn,. SbofAFIR LS, [RIBRZn3 3 B A Tk B K gt
TR R 0.5, AIRABASIAE i CagZng 450
Sby, L3I —RIIMABLRL, AT TH Zolk EE RS
F T Cag 402, ST0.582)Z04 47(2)Sbo.  FIRIX —FETFHERE |
B AT LA, EE 5 F s e ) s e T e R R
PR, BRrkUL, BT CagZng,,, SbelE]BRZn R Tk 1Y
W 8 TCHERR 78, AR SCRYZE R OS2 58 1 RS
T BRZn )5 YR EE AT AR T, X XTI AR R AR A
HL MR oY A B2 L

2.2 B TFHREERLER R
BRI AE IR X [6]300~573 KifhAT, Hdss fan
B3R, K£BIECagZn, sSbeas WMk E LN
2x10°° em™, WL SUEWBZMREE N L FF, Bk Tk
B TR, WCag ,Eu, ¢Zn, sSboiB 2kt i rh I 2
1.3x10% em ™.l T4 T R TR0 S Zint ki ik
B YRR T AL E AEEu,, Cdg_,Zn, S, 1k
W B 5 A CHR B Cay_ Eu,Zn, sSboFlCay_ Sr,Zn, 5
SboRH LB ARA 2 B B AU ATR].  IE A0 R bR ARZE R
W S5 SR R, BRI T Srilk BE AR T, 7T LURS i

p%lCay_ St Zn, sSboM K[ BRZn 5 FHk B, I R4S
HzndR R ETE, Zaik B BT iR R A H
TR, FEmESORREG A A B I RIS R AR
23R

BRI R I Zo & B ndn i, (H2
St/BuwiB 4% Hii Tl B R AR AL RE R I, Xt AR
MTLART AR IE 45 SR — 2, BB BRza ik, nl
PIRE BE SRR RS 38, 1545 T AR AR 2540 p IR
1] 4 2R Sl B AR RS B T —
HI S5 BB, (HIREE /R REDA S S B 3
RN, WN7E323 KT, Cag,EuggZn, sSbyFlCag ,SrygZn, 5
Sbof TR 5 KB CayZn, sSbo ML, HEEN
7 em’/(V s)53 BIHRFFRI30H134 em®/(V s). X —25 5L B4k
JC I FH R B RO RN e, T 2 A 45 R 350
SR PR ZJF T MR, X — R BaA T Bk
— BN ERUE, HRE PR Za i PR TSR
FESETH AR FL S P RE TG S A R PR PR R O 4
T S 56 T I

2.3  Seebeck RELFIFHIFILE

Cay_,Eu,Zn, sSbofl1Cay_, Sr,Zn, sSbof) Hi FH K FlSee-
beck RELMIALS R UNE 4R, RSB IRIE 5 3200
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Figure 3 (Color online) Carrier concentration and mobility of Cay_,Eu,Zn,sSby (a, ¢) and Cay_,Sr,Zn, sSby (b, d) (x=0, 0.2, 0.4, 0.6, 0.8)
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Figure 4 (Color online) Resistivity and Seebeck coefficient of Ca,_,Eu,Zn, sSby (a, ¢) and Cay_,Sr,Zn,sSby (b, d) (x =0, 0.2, 0.4, 0.6, 0.8)
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T CagZn, sSboii it K RSP HSH/EuiB 24 IG5, #BHNIT R
RO P E NG, R, KB24CagZn, s ,SbofIH
FHR257E4.0 mQ cm, M4EuMIStB Mk Ex = 0.26F HFH
REEEE.8 A12.0 mQ em. {HJEPEEEusSr 2 AR
s fin, H R R AR R AR H /N, X 2 B T Sr/BuiB 2% [
ot T SO I v B A RAEAIR, X FL B 8 1 AT ™ A= £
TN . BEETRE T, Cay_ Eu,Zn, sSbyf1Cay_ Sr,Zn, s
Sbo A HLFH A58 T, #E723 Kak B fE. HiBHBEIR
JEE B T i DR R A A B SRR B R B e, (A
PR B RS, XTE9-4-9 R 5 Zint AL &)
2 e LT B R B R T, B
FHrSeebeck REIH FFHES, 700 KikFgfH, X
SRR AR S, RIERRAXE,=2x0x T,
Hr o T, 0 W R 1B 4221 S 1k Seebeck F UG (H K
HXF L. AR B2 20.25 eV, 53k
[33]43E—20. %R I B RS B K Seebeck 25X
>k B FEA Cag g,Sto 0sZny sSby, BUE K165 uV/K, EuisZ:
Seebeck R EUAHRXT MG, UNCaggrEug 0320y s sSbyH K
Seebeck RN 160 pV/K. (HAFEEMJE, Sr/Euis 4l
5 CagZn, sSbof L Seebeck IEAE AT a5, H4E
EIRREHFTHIR R A, T8 NR VR E R
WBRAS/N, X SRR, WS, Fibk
BB IR E T R A R BH S, Al BRI KT
AT/, X SR, Sr/BuiB el fgs i
PR AR SE R s, B ANl BRZn i+ b iR A8 1k
TRATREXT SR BB BB S5 A P A g, 2R
FOH BRI

J T A ERAB 2 R PR s PR B R 52
M, 3E 1 SPBALAUFL A T A %5 i 55 Seebeck R L (1 Pi-
sarenkofH 2k, 45SRUANKISAT N, 7323 KA}, CagZn, sSb,
HSeebeck ZEU M64 uV/K, iHid Sr/EuiBs 454 B B 1)

100
901 323K —m*=1.01m,
< 80- = x=0.2
>
2 704 e x=0.4
X —_
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Previous studies suggested that Zintl phases related to the CagZn, s ;Sby (0<6<0.5) structure may be very promising
thermoelectric candidates because of the complex crystal structure and extensively existing transition metal defects.
Studies on compounds YbyMn,,Sby, EusCd,Sby and CayZn, s ,Cu,Sby indicated that they could achieve an optimized zT'
around 0.7. Especially for CagZn, 5_;Sby, a very recent report suggested that a high z7 of 1.1 at 8§75 K could be obtained in
combination of various secondary phases introduced by the variation of Zn contents, which provided a chemical potential
to change the composition. However, to change the composition of CayZn, s sSby is actually very difficult to implement
owing to the narrow homogeneity range. In this work, with Ca substituted by big cations such as Eu*" and Sr*, the unit cell
of CayZn, s ;Sby was expanded, and similar significant enhancement on the thermoelectric performance was resulted.

All syntheses were handled inside a glovebox, then the reactants were loaded in the Nb tube and arc-welded, which were
enclosed in a fused silica tube. The reactions were firstly heated to 1173 K in 6 h and then maintained at this temperature for
24 h. After the homogeneity process, the furnace was slowly cooled down to 873 K at a rate of 6 K/h, followed by another
dwelling for 6 hours and finally cooled down to 573 K at a rate of 10 K/h. At last, the furnace was shut down and the
reactions were opened in the glovebox. The compound were fully characterized by single-crystal X-ray diffraction (SXRD)
and powder X-ray diffraction(PXRD), Energy dispersive spectrometer (EDS) and Hall effect measurement, etc. Single-
crystal X-ray diffraction (SXRD) proves that with the increase of Sr component, the crystal parameters are slightly
increasing. Hall effect measurement show that the substitution of Ca by Eu or Sr can both lead to an obvious decreasing on
the carrier (holes) concentration, and the resultant mobility for Sr/Eu-doped materials is very similar if compared by the
same doping level. It is also noted that neither the carrier concentration nor the mobility seems to vary linearly with the Eu/
Sr-doping contents, which means a saturated state will be eventually approached. This phenomenon is consistent with the
speculation above that the changes on the properties should predominantly originate from the change of interstitial Zn
content, which the size effect dominated. While the decreasing carrier concentrations as well as the increasing mobility and
lattice thermal conductivity all point to a structure modification, the crystal structures of these doped materials were
systematically verified through the single crystal X-ray diffraction.

In conclusion, although a direct measurement on such a small composition variation is very difficult (the X-ray
diffraction results prove it), the significantly reduced carrier concentration and increased mobility as well as lattice thermal
conductivity can still provide some useful hints on understanding the property optimization of these materials. For material
Cag,Eu,3Zn, 5 sSby, high figure of merit with Z7~0.81 has been achieved at 873 K.

Zintl phases, thermoelectric materials, defects, crystal structures, interstitials
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