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Polycrystalline samples of ternary borides and quaternary borocarbides in the system of R-M-B-(C) (R = rare earth, M = Rh, Co)
were synthesized by the arc-melting method. The molten metal flux growth method using Cu as a flux was also applied to grow
single crystals of these compounds. Hardness test including for anisotropy and thermogravimetric-differential thermal analysis (TG-
DTA) were carried out for obtained crystals. Phase stability of each compound is discussed based on Vickers-micro hardness values
by hardness testing and thermochemical properties declared by TG-DTA measurement.
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Fig.1 Crystal structure of RRh3B (R = rare earth element).

Table 1
RRh3B;.

Boron nonstoichiometry and lattice parameters of

RRh,B, Atomic radius
R of R (nm)*

Range of boron  Range of lattice
-nonstoichiometry parameter (nm)

La 0.183 x=1 0.4251

Ce 0.183 0=x=1 0.4015-0.4213
Nd 0.182 0.70=x=1 0.4175-0.4214
Gd 0.179 0.55=x=1 0.4121-0.4183
Ho 0.174 0.45=x=1 0.4071-0.4151
Er 0.173 0.60=x=1 0.4063-0.4151
Lu 0.172 0.30=x=1 0.4010-0.4126
Y 0.182 0.50=x=1 0.4088-0.4163
Sc 0.164 0=x=1 0.3903-0.4080

* coordination number 12
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Fig.2 Microhardness of RRh3By as a function of B concentration
X in the compound. Values indicated by oval correspond
stoichiometric composition of x = 1 in RRh;Bx. White arrow
represents anomalous softening in the vicinity of x = 0.5 in
RRh.B..
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Fig.3 Electron diffraction patterns of (a-c) ScRh3Bys and (d)
ScRh3Bgs taken along (a) [001], (b,d) [011] and (c) [111]
directions. (e) Lattice image of ScRh3Bgs taken along [011]
direction. Arrowheads in (b,d) indicate the superstructure
reflections. Arrows in (d) indicate diffuse streaks along <111>*
directions.
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Fig.4 TG-DTA curves for YRh;By.

Table 2 Phenomenal temperature and weight gain obtained
from TG-DTA measurements for nominal composition of
YRh3B«(x =0 - 1.0).

X TGA DTA
Nominal

compositiom|(Oxidation onset Weight gain, Weight gain, | Exothermal Endothermal | Oxidized products
temperature, K (1273 K) % (1473 K) % [maximum, K maximum, K

YRh3 478 15.1 11.8 613, 1227 1424 Y203 +Rh
YRhzBo210 504 174 "7 600, 1236 1421 YBO3 + YRhO; + Rh
YRh3Bo.444 515 18.8 1.5 676, 1234 1413 YBOs + YRhO; + Rh
YRh3Bo.706 503 20.1 1.5 674,1216 1363 YBO3 +Rh
YRh3B1.000 541 18.6 14 881, - 1362 YBO3 +Rh
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Fig.7 Scanning electron micrograph of a cube-like ErRh3B single
crystal and its crystal structure.
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(CeCoB, type) Y. )

Fig.8 Scanning electron micrograph of a hexagonal prism
ErRh3B, and its projection of the structure along the c-direction.
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Fig.9 Scanning electron micrograph of a rectangular ErRhsB,4
and its crystal structure.
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Fig.10 (a) Scanning electron micrograph of a hexagonal plate of
PrRhsgB,. (b) An enlargement of the corresponding region
indicated by an arrow in (a) revealing the terrace growth. Crystal
structure of PrRh,¢B; is also presented.
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Fig.11 Scanning electron micrograph of a square plate of
ErRh,B,C and its crystal structure.

Table 3 Crystallographic data and microhardness of single
crystals of R-Rh-B-(C) system compounds obtained by the
molten metal (Cu) flux growth method.

Compound Crystal system, Lattice constant Magnetic and/or Microhardness,
<atm% B or B+C> Space group (nm, °) electric properties GPa
(A) ErRh;B Cubic - Normal paramagnetic
20> Pm3m a=04151 1 9.83 (Hund 9.59 (Er+) (100)86+0.3
- a=053547(3) N
(B) ERh:B, M‘é"z"f',':'c b=0.92824(5) Fe”"’“agr':e:“;;”lfe’ below (001)117£03
<333 Super-lattice, 3a and 6¢ CB_=09:[3]180S;|:;,((§2)) Strong magnetic anisotropy (100) 107:£02
Reentrant type superconductor
(C) ErRh¢B, Tet I 05292 AT'IC'" 83'35 KK
RhyB, etragonal a=0. 1, 30 ml
<4445 P4y [ nme =0.7389 Tez, cooling run 0.84 K (110)11.1:£02
Tez, heating run 0.90 K
RRR: ~8
" a=09697  Anantiferromagnetic phase transition
(D)g? 2‘)337 Oml',%:‘::n"b'c b=05577 is observed at 7 K. The magnetic (001)6.7 £ 0.6
- €=2564 easy axis lies in the a-b plane.
(E) ErRh,B,C Tetragonal a=0.3684 Resistivity at 273 K: 0.147 mQcm "
50> 14/ mmm ¢=1055  Resistvityat42K: 0.107 moem | (00 intomeasure

Table 4 Oxidation onset temperature and weight gain from TG-
DTA measurements for Er-Rh-B system compounds.

Sample Boron content Crystal Oxidation onset ~ Weight gain,
in the compound Structure temperature, K %
(atom %)
ErRhsB 20 Cubic 1303 0.7
ErRh3B; 333 Monoclinic 646 15.44
ErRhsBs4 444 Tetragonal 963 54

*Heating rate: 10 K/min
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D RM2B2(A) & ThCraSiz oD (B) O i 1 o B A A X
MIZRT, Rh IEASK, JE7% A XM T ThCrSix B ObLEW
ZIERTDICIIREBE S, C 2HGSED LK c i)y
FICKE L BIE XS, K&EY A XD Rh bILEWIEK
WS FAHE & 72 0, K5 FAYIT carbon-stabilized type
ThCr2Si> ! RRhoBoC (R = La-Er, Pm %< ) DIERL % 272 [38],

Table 5 Atomic radius of R, M, B and C.

Element Atomic radius (nm)
R La 0.169
Ce 0.165
Pr 0.164
Nd 0.164
Sm 0.162
Eu 0.185
Gd 0.162
Tb 0.161
Dy 0.160
Ho 0.158
Er 0.158
Y 0.162
M Co 0.116
Rh 0.125
B 0.082
C 0.077

Table 6 Phase formation in the system of R-M-B-(C); M = Co,
Rh.

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc

RCo,B,
RCo,B,C
RRh,B,

RRh,B,C
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shrink

Fig.12 Relationship between ThCr,Si,-type RM;B, (A) and
carbon-stabilized ThCr,Si-type RM;B,C (B) compounds.

(a)asmelted o ErRh,B,C
AErRNB,
— O
@ 4
g o ©O
o A Ja A A 9,0 o ‘O, Qafon OO
o)
Z A
S | (b) annealed
€ at 1473 K
A
A A A A L A LA L aa
)

26 (deg.)

Fig.13 XRD patterns of samples; as melted (a) and heat treated
at 1473 K for 20 h in vacuo (b); nominal composition was settled
asEr:Rh:B:C=1:2:2:1inatomic ratio.

oLaRh,B,C

o
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1(1)5 20 008 22?112
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Fig.14 XRD patterns of as melted samples; nominal composition
was settled (a) La:Rh:B:C=1:2:2:1,(b)La:Rh:B:C=
1:2:2:0in atomic ratio.

L Z AT, ErRB2C 1L RMaBoC {LEMIREICH > The b /)
IRpYA XD R 2L ALEWTH S, ErRhaB.C OEZE
MEE B INEC X 5 EB TR <72[40], XRD /& —
Fig13(@ 2T L2 27 — 7 WS X IEEE T2
ErRh2B:C 1T HA THHZ < <, ErRhsB2 284677 L7z, Fig.13 (b)
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1% ErRh2B2C % 1473 K T20 h B2 THIEA L CTAZFERTH
DN, SERITHRE LTz, A RIEEIC ErRhsB: Th o7z,
Z 2T, ROFEFEENEKD LaRhaBoC D as melted 7LD
¥yk XRD v'—7 225D 7= Fig.14(a) 12777, C ORELEA
L ClE ThCraSix BUEEFA DALA TR S 72V [Fig.14 (b) 1.
14(a) 23779 XL 912, LaRhoB2C(O) IZ1E ErRhoBoC DA
BHNDE FITROLNT, XRD E—2 3y ¥ —7Th
%, LaRhoB2C (2%} L, ErRhaB2C &[] U4t CEZe ih TNl
BRI ZABGIRIT A E U hoTn, ZTRETIZ, R
A THED La 2> B AL O F H3H Gd £ TEVM RN A Ui
EWVORER AT, BlEHiE, EYVDOR=Tb, Dy, HolZ>
WTC, AW RRBC N EHR COET 2 G el D,

Table 7 Lattice parameters for RCo,B, and RCo,B,C (R = Gd,
Y).

Expansion
Lattice parameter (nm) (%)
GdC0282 GdCOngC
a 0.35747(8) 0.35492(7) -0.7
c 0.9537(2) 1.0491(5) +10.0
YCOsz YCOzBQC
a 0.35609(2) 0.35104(3) -14

+12.8

o

0.93654(8) 1.0563(10)

Table 8 Micro hardness of RCo,B; and RCo,B,Cy5(R = La, Nd,
Tb, Dy). Unit; GPa.

RCo,B, RCo,B,C,.

R=Lla 4.62(-1.12,+1.34) 592 (-1.22, +1.69)
Nd 5.77 (-1.82, +0.81) 7.23(-1.13, +1.25)
Tb  5.32(-0.55 +1.07) 8.67 (-1.16, +1.62)
Dy 556 (-0.56, +0.91) 6.32(-0.71, +1.02)

Table 9 Phenomenal temperature, weight gain and oxidation
products for RCo,B, and RCo,B,C (R = Gd, Y) obtained from
TG-DTA measurements.

Oxidation ~ Weight gain
onset (K) at 1473 K (%)

Endothermal
minimum (K)

Exothermal
maximum (K)

Weight gain

Sample (maximum)

Oxidized products

GdCoB, 783 336
GdCoB,C 827 293

346% (1322K)  573,951,1019,1195  1334,1383  GdBO;, CoO, Coy0,"
30.2% (1305K)  572,939,1035,1129  1343,1369  GdBOs, CoO, Co;0,"

YCoB, 788 474
YCoBC 833 356

47.7% (1340K)
36.8% (1317K)

985, 1246 1349 YBO,, CoO, Cos0*
558,101,165 1347,1382  YBO,, CoO, Cos0;"

*trace amount

RO ENTT X 912, ErRhaBC OHEE MBI L
TLZETHY, RRBC ALEMHEDOIRLEIZ, EHmO 7
— AU =7 KT D R DAV A AR b Tnb Z
EDMERIZ 7R o 72, T2 D, R OJFE VA AR/hEL< 785
1% & RRBoC DM ZEVEIFR T T2 &0z 5,

BRREROFER, RCoB2(R = La, Nd, Sm, Gd, Tb, Dy,
YIZX LT, C 5 AZHE5HE RCo2B2C (R = La, Nd, Sm,
Gd, Tb, Dy, YHHODOERNHETH DL Z ERnbhrolz,

Table 7 {Z RC0o2B2 & RCo2B2C(R = Gd, Y) DT EHER~T,
RC02B2C Tld RCo2B2 IZbbiit L CTHEF-TEEL ¢ DA 10%LL E
K&EL potz, EEHFEEOKLD(1/2,1/2,0) 4 RZ C HMEA
T52LICE-T, CEZOELRIMET D B & ORICKFE
NAEL, EHFFEOBMET c iiFmicE LS 5l &MmiTIEn
DAER L e o 7241,

RCo02B2 & RC02B2Cos(R = La, Nd, Tb, Dy) Dfifi X % Table
8 |2~ T/rd, RCo2B2 1Z2%F LT, RC02B2Cos DA X 73 FH%f
A9z TRl - 72 [42],

Table 9 {Z1% RCo2B2 & RCo2B2C(R = Gd, Y)IZEIT 5 TG-
DTA OfEF%Z779, C 233> 72 RCo:B2C DR 7 RALMIC
BWT, BALBRMEOIRE SR E Lz, C BB ATD
I T, ALAMOEENRKE LY, BRLBHIAIRE N
LR DER L 72 572[43], C NI D Z & T, M EEN
IvEEr R END,

4. #E

(D~Q)DITN—=THIGONIZMAEE LD D,

(1) a7 A H A MR RRhsBx, RRh3BxCix; R = 7 13870
FOHGE

i) RRhsB 728 Pm 2% < R & T TELNTZ, THMLD
RRh3;B Off X%, R = Sc>Lu>Y>Gd>Nd>La DJIET,
R DFFHEN/NENEHRIFE K E 72572, ScRhsB,
LaRhsB Ofifi &% 10 GPa, 4 GPa TH YV, W#EMIZ 2.5
HFORERH 5,

ii) RRh3Bx IZ8W\ T, x = 0.5 ITHIC R EHIL OB G0 B
SNz, TEM BZRICLE, A A M4 T D
BRANTROIEE oo T, BFTNRES IO T EZRBEN
TWD LR &z,

iii) YRh3(0 at.%B), YRh3Bo2i0(5 at.%B), YRh3Bo4u (10
at.%B), YRh3Bo70s (15 at.%B), YRh3Bi.ooo (B; 20 at.%B) @
R CT — 7 R E T o 72, 230D 1200 K X 0 s&iE )
®D DTA BL O TGA 1 —7'1%, ik CEb %232 CTERK
S b Rh OEETE LN, BICER TR TLE 2T C,
48 Rh T3 2 0RO A > T A 72D METH
%, TEHAERK YRh3Broo O%G OERLERIAIRE A 541 K
Elbml, a7 AhA NEEORDLEIZR TR
DR FEENTZHAEOHOREEN Kb EW D &
NRENT,

iv) 77 RAEY RRhaBxCix (R = La, Ce, Pr, Nd, Gd, Lu,
Y BEO Sc) DAL, 0=x=1 O X7 Ah A
TURES (ZERRE: Pm3m) & & 5 L b o 7=, RRhaBCix D
X LIS DOREE LD L, ROVA XN IVESIFLE,
B OEMENEZ H2I#ENT, h—7BNE0AEFEND
W70, BEAETEHEEZ R LZ, B O¥EE C TER
L 7230 OB LBIAATRE & R DJFEEOBFEMN S, R=
Ce ZHISMT, R DT ERENNIWGEIEE, Bbicxt
LCEVEBZRL, TREVLEETHDZ EPRIER

iz,
(2) A FfEfntEE R-Rh-B (C) RIbAW B Ak fh: R = v LRGSR
DGE

) 20 JiiF%B O35 % ErRhsB @ (100) fORE X 1% 8.6
+0.3 GPa Th 5, 33.3 i1 %B DE k%D ErRhsB: D
WEORFGHIZONTHD E, (001) T 11.7£0.3 GPa,
(100) i C 10.7+0.2 GPa T&H Y, (001) N ORE S 23 L D
KEV, (001) mNO B-B EHEAES DFENEEL TND
LEZOND, 44 7T %E B 2L ELEHTHERD
ErRhsBs D54, F&52EM (110) F 264 28 S0 11.1+0.2
GPa TH YV, ErRmB: D& LS TH-T-, ZDLEW



DA, BIZRhWZHFICF a— Y T2 —FFE L,
FNNEEICHESNTLEI D, SIS AR L
SHWVWEEZBND,

ii) ErRhsB, ErRhiBs, ErRhaBas 045 BifE S OB LB IATIEE 1T,

KIFREO BT 7 2 H A ML O ErRhsB T 1303 K
Emi<, ErRhsB: id@iikiiE %z & 0 BRIORK S i
5L, IRWIESE 546 K THhY, 7724 —NaHD
ErRhaB4 1 2 6 O DOIRE 963 K ThHo7-, BYLFER
I b AT B L EME TS S OB LM =, &
Fhb BEEDOHEITE,

(3) ThCrSi, HFHFH R-M-B (C) R &P, R = A H¥EcFE, M

=Co, RhDEE ;

i) M=Co T, RCo2B2(R=1La, Nd, Sm, Gd, Tb, Dy, Y)

MAELNT-, BFEEO LY K& M = Rh O54,
RRh:Bx #HiFfiTud R THAELNT, CENTESHDHZ &
“C carbon-stabilized type @ ThCr2Si> i RRh2B2C (R = La-Er,
Pm <) Z A TE 72, CITEL BT D (1/2,1/2,0) A
FMZIRA L7, ErRhBoC 1T RMoBoC L EWEEIZSH > T R
DI/ NDFF DA TH D3, 1473 K T20 h HZE
HCMEVLI=E 2 A, BRI L, ThICkEEL T
BN ARD R =La, LaRhB:C #[7 U4 Thnzk
L7 8, Bmne< £ L0 »> 72, RRB.C D%
EWZIEFREDOT7 L —LU—7 2T 5 R DRV A X
NI o TWD Z LI 57,

ii) RCo2B2(R = La, Nd, Sm, Gd, Tb, Dy, Y)iZ, C %/&

MNCHI 2% & RCo2B2C FHDOTERMN AIRE & o T2, E
eAE A% @D RCo2B2 & RCo2B2C(R = Gd, Y) DLl Tl
RCo02B2C fHI2%, #F X33 X ORILBHAR ORI 23 H#iE) Lk
L7ce CB3MMpHZ & T, HOLEMN LM ELEZD
LINRIBREND,

i, SPEEZIT>BDOEREDY O SEM B DR R

ZEhE, FRO)~Q) N —7DMOREHIB T Y,
FHBER I OREERIIRD DN ho T2, RRLTEL,

e

FALKR & mAT BT JET OFF B285L, R —24, OHik &,

FHRERE, NERIROS RICHAE T, F 7= FRBFERT - 5
BEIHTIFFE 27 DAL T AL 8T T 1V T2 720 iz,
ARFGE D — NI HACK TR B ICAT « B84 2 R 7E R
k2 H —OIFEF A FE O R IR 2520 CHEMi L7z,

&7
—>

DIEDO T TITo 7=,

2)

3)

4)
5)

6)

REFZE D —ERIXFAIE: TP19K05643 8 L OY JP20H05258
ZZICRE L TEHER L BT B,
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