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Thermoelectric and Magnetic Properties of Borides
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This article reviews several prominent physical properties of borides with network-like (i.e., cluster and planar) features in the
crystal structure; namely, thermoelectric and magnetic properties. There are impactful thermoelectric power generation applications
envisaged which need high temperature materials. Borides possess generally large Seebeck coefficients and relatively small thermal
conductivities despite their strong covalent bonding and thermal stability. Several recently discovered promising thermoelectric
boride systems will in particular be reviewed. The magnetism of boron-containing compounds has been a long researched topic, and
I will review some magnetic phenomena in especially boron-rich compounds. The Bi2 icosahedra cluster has been indicated to be a

novel mediator of magnetic interaction in dilute magnetic systems.
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Fig.3 (a) Electrical resistivity and (b) Seebeck coefficients of
YB,47 and YBys in comparison with YBgs, and ErBgg[23].
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Table 1 Some extracted physical parameters of YBgs, YBas,

SmBe[7,21,23,24].

e | To(K) |y (mdmoliK?) | &(A) ZTmax SE Xk
YBas | 8.1 x 108 3.2 2.14 0.1@990 K 7,23
YBes | 13 x 108 1.9 0.56 0.0035@1035 K 7,24

SmBe2 | 7.4 x 108 247 0.33 0.13@1050 K 7,21

(extrapolated value
~0.4@1500 K)
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Fig.4 (a) Electrical resistivity, (b) Seebeck coefficient, (c) power

factor of YB44Si, along (1) and perpendicular (II) to the growth
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Fig.6 Tunable p-type and n-type Seebeck coefficients of ZrBo.x
(1.88 < x < 2.75)[34].
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@ building defect 2354 L THMEIT/ERZ KIZLTWDH Z &
DRI X 72[40],

INHDILEWETT T v 7 ARRIEIZ L > TSP S L
2 03[41], MPIRAHREE B 2 57 building defect DFEA 7%
B SGMEIZE - T, HIEITE 5 & 5127 572[42], building
defect DIENEAE R OWMEIZIBWNT, F—/La TnEL T OHME
REESOED BN/ 2oT, £ LK, oz 1, 2%
@ building defect IZL > T, HEDOKERT AXZRMOE—2
DWHEINTLEI Z b0, LailEIC /572 “lost
entropy” Dk P L72[42],

vappl—VY—%FHLEZY—F) 7L 7 ¥Rk
(TDTR) {2 & ¥, building defect % HF 3+ 25 L H LRV o
TmAIBs X 7 2 fdb DEMRE R A MIE L7z, a-TmAIBs IZFBW
T, F ./ A4 —/L building defect A EMRIER % 30 %L 5
EFZ LTWA Z &N ST - 72 (Fig.8) [43], S EIDJE
PALEWZ BT D RNE, REEOHIBEIEIC L 2 BER /T 2
— X Ol E R LTl D EBREN,

2 . PP i
100 1000 4000

Time delay (ps)

Fig.8 Thermoreflectance signal of TmAIB4, where the defect-free
sample shows a faster decay, ie., higher thermal
conductivity[43].

3.2.2 {#EARBIZED T4/ VERK
PrRhssB2 1%, PrR:B2JED 7 1 v 712 Rh @A I L
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VIR EREEE A LILAMTH D, LRI B,
7T I AETHERBEREIT > T\ 5H[44], FEiRE 1B
NG, Rh BITBWT T & AICHLE LB R E
BT DT ENTREINTVD, HBiEROBRERO B afpih
—F Y7L XU RAREICLY, PrRusB, DEYRERIT 1.39
W-(mK)y!' &R Bz, TOMEE, wECEE S
DIERIEEZFFOR T A MEEW AlB2 X° o-TmAIB4[43] & L
B LTHRD T/hEW(Fig9), 29 LZBASHZ Rh JF+F0
KGRSO THNT + / VBELRE LTER LTS Z &
DIRHE S T2 [45].
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® PrRh, B,
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T

Thermal conductivity (W m™ K™)
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Fig.9 Thermal conductivity of several layered borides[45].

4. RoLHOHE

4.1 CaBsRHEIZHITZEEBWHEDIER

CaB6 |2 341> La % 2flid Ca ¥ MCE#H F—F LT, &
FR=TFTHZLT, ECHEBETLETHIHIILPPDLT
B T ORI N B9 5 Z & 23 Nature [ZLARTHRE S, A
By hr= AR EOBATHHRPCREEREEZED T
[46], ZDHEGIL, 7T v 7 AfEMRE O ARIZEE T2
T & TIERALARTE 2T 78 - 72[47,48]

WEED -0, BB CalaBs fifmNBER S, BibA
TR NIZFER, WM La & 051 %0 1.5 % K—7 L7z
CaBs 2B W TLHETIOHE & FEL @B E N B S iz
(Fig.10), L2 L, I AREZ LI, I bDfEmaEf
ETENT 5 Z & C, La D R—7DREEITE D BT, Figl0 @
L ITEBMENR R HATLE ZERAMENEZ, £LT,
W O—HOWETIIRE L TWIITNE S, R o g
REMIAM TR bi ks, La R—7 LzsbB2 e L ¢,
HEFEVEV LLETIE Fe 2~0.010 Wt%F2ES A L, Veif#%IC Fe R
iR IRELE & 2 0.001 W% ARICIHZ TWD Z & 23
B ANT 7R o 12[47,48],

Thbb, BEINTOEREPEARMSIZER LT
HERBEEINDZ ENAHEENT, Fe AN ERINTL
FIOAB=ANELTIE, 77 v 7 ARERICER RN
BUSIZ £ o T Fe RflinsdeE U CREMEBTIZ ‘A v ¥ &
NOMGNIERENT-[47,48], ZOMRBUT LY, Ml F—F
SINTVBREHZBNTO R, REEMEZ BT 2HmRH 5
Db, FEREW 2R MDHFE L THIETE %, 2%0, K
—FENTEHIMEL 2o TWARBIT LY R A ~ XK
SR, FEREN AR S C L D Z LIS
NEZ HIT2[47,48], RO EHEBRIERICE Y, SPEH
MATITARHT LT D 2 & bR S 7=[49],

F7z, N2 REEN CanlaBs (IZFERI L TV D CaBaCo I8
Wb, BIBRBEMENSE S22, ZcBE LTy, &

———r—y
La
9949 0.0051

Ferromagnetic 1

HCllwash ]

“Diamagnetic]

3G,
a La g, ]
0.9949 " 0.0051" 6 ®

Ca la B ]

0985 0015 6

Magnetization (emu/mol f.u.)
(=]
[=
T

-6 -4 2 0 2 4 6
Magnetic field (T)

Fig.10 Magnetism of Ca,.xLa:Bs before and after HCI washing
[47,48].

HORBHEKORR, MBEEVETEH S, 8@ o K
PETH D Z & bRSNIZ[50],

4.2 RUVREZAERI SRAE—IC L HHMHEERNE

T HHEAR AL OREIZE LTI, RB2, RBs, RBs, RBi2
X UHE LT, RB:C2, RNiB:C 5%, 3.2.1 Hid RAIB4 72 £,
ZHITHRE SN TE[3,51,52], 25D KT ARET
WAy, ISR 1@ ICRENZR S OO G2 KR
2,
AIEFTITRIS, SR MBI D RRICT +—H AT
b, RUFRIE_THEIET T A X —(Bi) 5T RBso(RBwuSi2)
R RiB2CoN 72 ED LR LI BN T, REAIR AR
MEERZRTZONBH SN TE[1,3,51-55], 29 L%
R UbEERiEch Yy, MEORE f BEFRICBWT, %
A EAER BN T HIEEIC XL D RKKY HAEMRIZHE
BTV EBEZLN, £, HTHEETOHRERRTHY,
dipole-dipole FHEMEM & 55 <, FILL TV 5 —HioR\ VBEAHE
HAERIXBE R BGTH B,

TR BRI OB TR L Can R &2 fg a9 5 [1,52-56],
RBso (RB4aSiz) SR IZHB W T, TbBasSiz DT /LB T AV A MNIZIE
WO T >0 A B LTS, TbBwuSi:id 14.5 KT T
SOBRBEPER 72 Bnfe 2 L 2 L, B bR IcB W THIG T 25 2 #
WM REBEEREN SN T YL, Figll © X 9 i

B
w2 +=
T T

38
T

Magnetization (u_/Tb atom)

1 (Tb Lu)B Si |
I-x x° 44 2
o & = A R SR
0 1 2 3 4 5 6
Magnetic field (T)
Fig.11 Magnetization curves of (Tb,Lu)B44Si, with the dashed

lines indicating the critical field Hc[57].



Gmmmﬁuﬁ#@@@P~f%K%ﬁbfﬁBf,%ﬁm
Br He DIENZAL LN E NS ZENgnotz, T OFFE
’@Mﬂ%%#%i547—%&ﬁ %%ot%@fhé_
& MREE ET2[57], ESR OfER & 6 Ao T[58], RBw4Siz
DFERIEIZBNT, ¢ T 1 WTiITAR v R Z TR
LTV DA TR T D A B2 D7 ST E N 58 BEEE DR
KHFEA LTS Z EAURIRENTZ[57], i, RR@%
@ﬁ@ﬁ%®ﬁﬁfiﬁ<,0%@ﬁi%ﬁ%ﬁ ot
B IE - +HiKY7 7 A% —8HM, WA AEER %ﬁijl\ LT

DT LR S NT[53,57].

— T, RixBuCN IZBWT, VAT r v v AFRFOKRKE
ém;of CATu vy MARTFEELRVWEEZ SR T
72723, Hirt, Dyo7aBnC:N OERAREI L, BKAIMEZOH
i-%ﬁ R EW TR biL, SR UM B — IR
SMEERNBHSNTZDT, AH=XLDBELEL L HITH
3%, RiaBnCoN Off A& ICE L TiE, Figl2 OffiAK
DX oI, B THEEE, 2 SO AT AB ICA K
w7 LIz X 9 Rlidsla LT 5, R RmiED S v e
L T, Dy #H[56]% il & L T (Fig.12) Ri.B22CoN (28 W T,
thermal remanent magnetization O BF [ %% F1 D1 )5 2% In =
o10exp[-C(oty I/(1-n)]X° “FF HIEE” {RAFIEDAFAE R & H3
W, AT ITRANRRTHD ZERRBINTND
[Mﬁﬁ%oXEyﬁixﬁﬁﬁiﬁiékbmu,ﬁh&7
FANL—va UREELET, 0 EA LTS A TJER
%@ %%%W@Wﬁﬁ%ﬂ,gﬁﬁ%W#wﬂ& VAR

THDLT, KLBMIAEAL TN ZENREBIND,

zﬁ%%®ﬁm,BuE*+ﬁmﬁﬁx& BLELTED,
NIV, Bp 7 7 AX —PEKHEAEEREZHE L TND I &
MR X3 72[54,56,59],
Ri.BnCaoN RIE, B2 & OBIMEE O FE M 22 7T
b, 2 RIEMBRAE L T TRARTHD Z EDRBEI N
[59].

50107 e R

30107 -

4010 Ll ' 1 I - Ll 1 L I T T | W

10° 10 10

Fig.12 Relaxation curves of thermal remanent magnetization of
Dyo.74B22C,N[56]. The inset shows the arrangement of rare earth
atoms in the crystal structure.

FFET &L LT, DyouBnCoN OREKAIFHAEANEH A,
INFETHLN T DR AN A LEE R (kO h c—
FiN (F 2 ) —U A ZREE 0 =-439K), N> FEEEEIC
X9, RKKY HENERANEL TRWIESRE TH D Z L IFER
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SNz, BDTZHIT, BT R OEH OBEEAHEAEH OB,
I 7B RKKY fHEAEM & dipole-dipole FH A{EH D fE T4
% Figl13ic7my 425 E, —#O BplE ~+HIKZ Z
AL =" G RN ENG E R D RNy D, F
7o, HAEFEHOKE E S, DyouBnCaNIZH51T 5 dipole-dipole
MAEEAZREL DS, EBEOMAEERLY 1 fi/hsnz e
b4y 72 [56],

LEXY, B E-HEHESEKHEERZT L, iR
THHRBRENETH D Z ENRBENTEY, 5% E DI
MBEPEABHIIE T & D ATREMED B 5,

oL B B B B

401

301

T (K)

Gd T Dy Ho Er Tm Yb

Fig.13 f-electron dependence of RKKY and dipole interaction
normalized at the Er phase, in comparison to characteristic
magnetic interactions for various higher borides[56].

5. 53

B UFREEWIZB T, ot EiEE R SICERT 5,
BRI R 2 50 - BVE M E OB A RO M E CIE R I BLBR R W
PEEMNR RS> TS, Krio, BVEICK WL, ®IRTA v
R FOFHCABRBICAND Y, EVERERAEMEREEET
LR VFRILEMOBRBIIBEE TH D, Y 72 Ehos HIEM &
AT 40 FOBEMEREDE R INTE SmBe 72 &, AH=X
L OB G BRZE L, B, ERMICERTEVIETH
%, ¥77, MREMEEIZBW TS, B IE_FHEESBLH
FAERZN L, BEERT 2RI ERTH D 2 LIVRE X
NTEL, FlEmERFHRERE & HIC, ITHORITIEE
EWIfFEh B,
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