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The compounds of the R-Rh-B and R-Rh-B-C (where R =

rare earth element) systems are interesting because of their various

properties such as magnetism, superconductivity, coexistence of magnetism and superconductivity. A slow cooling method using
molten copper as a flux was applied for crystal growth in the system R-Rh-B-(C). Ternary borides: Single crystals of RRhyB, (R =
Sm, Dy, Er, and Tm), RRh;B, (R = Gd, Dy, Er, Tm, Yb, and Lu) and RRh;B (R = Sm, Gd, Er, and Tm) were successfully obtained.
New compound of ternary boride PrRh4 3B, and quaternary borocarbides RRh,B,C (R = Er, Gd) were also obtained by this method.
The properties of the obtained single crystals, including their anisotropic properties have been clarified.
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IIET, B{EOERENE, B NT A REMT,

HENIINLEEAIETCT T v 7 ZAHY, BET 56
B ESNTERE[]L, —FHIZBWC, E@L-4E%

77y 7 ACLT, @RMEAEMOART AR, UYL R,
W=, R EOHEREERLT DL ENARETHD, T2
TiX, AR T 7 v 7 ZAEJERWT, HE DN EBRITE
DHLATE R-Rh-B%R &, EH PR L7 R-Rh-B-C FDILEY)
BB OB RIZOWTREY,
FHETER, YA, Ao ko EInsbE
N IIRENE, BIRE L W o TR TEIBRD L 725 B R
%w FFIC R = Er lCH1T 2 HMIE 7§ (pt) BLD ErRh,B, 1358
Ttk & IR B D HLAFIK, re-entrant superconductor & LT H
S, ZOYMENFEBOFHTEN =X F v I~=T U TV
&@iﬂ624 EEOLIL, ZOAEMORERERELT
Rl —BEEVE CRA Tz, T5H L, HE TR B HLIES
(bet) D> ErRh B, 23MF B, ZAUTBEMBEEAR TR < B
RHBLEERTH-T=, BwmrbE X, Cu 2L T 5
WAGEIR 7 7 > 7 AEEER L, WIS AR T
BT HZEI2E-T, BWET S ptBYLEY O HiESR %

ZEICHIDTERBI Lz, RIS, WL Cu 2L,
B LWZTEHRA T A R PrRhygBy, #H LWTTHRA 75— 3o
K RRh,B,C (R = Er, Gd) #4537,

R-Rh-B-(C) R DbAEWMOBERE R E BIZ, E£T77
7 A ROBHR L BEREREEORFT LT, B O
FhEdR ORI, KRR, BERAIMEE, Eﬁi&ﬂé’] ez yte
DUV TH~TZ[5],

2. EBAE

2.1 HB#EFERERK

RIA FEEDIHAITIE 999 % Er(7a v 7)), 999 %
Rh(B3R), 99.8 % BUIAR), Ruh— o REEIHAITIL,
TIBHITINZ T 99.999 % CAK) Z Rkt LTHWE=, £
LOFRIZFEDOR T E 72D X OICFED Bio Tz, FFEEHK
ZTERRE) &7 7 v 7 2 GRED, HIZE 99.999 % Cu
(BR), ZIBA L, ESHET LI F(99.5 %) & o~ U &ICH
LANT, EEFRNT vy @B I e Tk L7130
A A% 100 ml'min' OFHETHLARRS, kox o~ B
300 K-h' @B T 1673 K £ THEVEIR L, [FIERE T 10 h %
FiL, 5 Kh' OFET 1273 K ETHRE L, F0%, FOE
WEE-> TERETHA L, Fo~vBEX2ED, 1Ty
MROBEICEZRY HLTE—A—IZB L, iz inz T
7T w7 AD Cu BENL, BT AHEERETRDHEL,
KPe, WLz, 77 v 7 ABRRICBITS, FEO AT
LOIEDFEDY ORMAFHELEL, 7T v 7 AEROFIEE
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Fig.1 Schematic arrangement of the growth apparatus and
flowsheet of the growth procedure.

2.2 MR

5 o7 B AL 2 R ARE 7 BRMEE (SEM) 2 W CTElEE L
Too AL HTIE, B2 EAKICBEN LFERE T 7 X~ - ]
TIN5 64T (ICP- AES) 2 IV TAT o 72, BRGSO RIS
FERTIZ Mo Z MR & 3 2 BLiE & X #REIHT (XRD)IEIZ £ 0 170,
FEem T BRGNS A — & — & RJE LTz, superconducting
quantum interference device (SQUID) %% FV>Y, 0.2-20 mT O
BEGEIIMO T CREFOBRE— A v M7, B0 E
SIEHUE OIR AR AT 2 i 15T, 273 K 705 1.5 K O
FHCHIE L7z,

3. EERER

3.1 739V REREDER

7 T v 7 AEFEE TIUXE IR HTS (high temperature
solution) Vi T 5, Fig2 I3 X512, FdBEREFEMT 5
JHEL LTI, Btk A-B—C, 7T v 7 A#&JEHE D-E,
REZEE FoC BB LD, I I CITEENRREIEICHL
STy TOFETIE, 77 v 7 AERBEREE KL b X

liquid
unsaturated solution
liquidus
} me’gastable
A _Jregion

Temperature

Solid
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Fig.2 Binary phase diagram showing schematically three
possibilities for crystal growth from HTS (high temperature
solution). Slow cooling: A-B-C, flux evaporation: D-E and
temperature gradient transport: F-G.
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INTHEN LTI, T OERIROWRE %8 U CGRfafn ) ORE
Z (AR O) BiEfl & LTITHEE S, 79 v 7 2&R
2L, BRobEE B EHTHEENEE, BEMoLEeh
DiEGh & LT 28I, A e L TADAE R0 pE
EEREIFFIZRO 5D, 207D, BHEOLAEWIIXd
LEGEIE T T v I A RINT B PHERNEETH L, AUF
T, 77 v 7 RELTHTIEBOEROT-DODERE
Al, Sn, CulZ2WTAT»o7z, 77 v 7 AD Al(mp. 893 K,
b.p. 2743 K) DFAITIT Al Rh, 23T L, JEEF O Rh 282 C
WHE I N7, Sn i, BlSA 505 K &RFICIRS, Whahd 2543
K EEWZ END, RBOIRERHZIA b, 77
v AL LTINS -T2, LinL, 79927 A% Sn &L
725 A 21X BrRhy Sy ¢ ITH L7z, 20X 912, AlH Sn b
AREZFTRATA FOBRHAT 7 v 7 2L LTQEBIGERE L,
RETHDILERLEOMIT (IR, ZROEVEHDL HD
OMbEMEK LTz, —J7, Culmp. 1356 K, b.p. 2843 K)
7T w7 AL LEEAITIE, Cu-Rh, Cu-B OILEMIT
TEE L 72\, Cu-Br BUTIIMLAWMBIFET 528, HriiRE i
AREBRTHREEZKTTS RBKUTTHY, LB
Mofz, Al SnTHEE L TRISHEDIRW Cu 27 T v 7 AT
AWl & 2 A, MR & LCRRE L7z,

3.2 H#HERFREHO®KE

FEO—2>ThH iR U FEB) ITHFICEAMS QT3 K E2H L
LS LZERTTETH D, Cu lZkT D B ORMEZED
5 Ene, HEEBRERCE T 2 REERFREL 1673 K &
L7, REBROEE, WREFKLTWLIOIRIEEALEER
THETH D, BILHLILEREEMEOTRY, B MR O @K
DREIZHET 5 &, @REIEROMEIL 1~4 HT1KV, &8
DEED Z OFZ TIHEEROBMZEE bRV, WIRORM, 2
BYELZZET DL, WRAEORIZMEICHET & HEE X
ATz, BLHE S DN AR O WR T CWR SN AR - THT 32 0 &3k T
B0, 77 v 7 ALHEEREERLL D LT HLEW
ORI EN TN &ENEBHTH S, #lxiE, ErRhyB, &
Cu lZOWVWTHDE, HBICRBITAHEIXH%9.99 gem™,
8.96 grem™ TH B, WHEOMEIZE L TIX, #1x1F, ErRhB,
HfEdh% Cu 77 v 7 A THA44A, Er, Rh, B, Cu %%
34¢g 83g 085g 100gH =, WHELEMOLIZERL
T 1:8, ENELT 1179 Thotz, BWEHIREZEHOBES L,
Boh s EiEmIIERRK L 2ol

3.3 Er-Rh-BRILEVMDBRMER I T VI REICKDHE
EREERK

Fig.3 IZ Er-Rh-B O =50 RRERTH L, Z0RHR T A K&
L T ErRhB,(44.4 at%B), ErRh;B,(33.3 at%B), ErRh;B(20
at%B) MAFFEL, ZHOIXIRRER O Rh (2 & Lo DI
R LTS, WAL Cu 27597 AL LT, Thb=
LW OHE R 2B R CTE 72, B 5015 Bk Ok
PEIE, TR TO BARERAEZ R TOD DRl E &
L, BEEREV, FIZ, WERNOBHZEM»S B THlRE
LTWBADT, ZOINBENEIT L7220, 5o B SEERIT
MO B IFHEOWE Z FFITITH) 2N T,

=517 ErRhB, it % Figd (OnT, REOTEBILER
ZaRTHICAR (RKE S 5 mm) TH H[6-9], EHN-H
FEmOILSFHRITIE & A EE AL (ErRh:B = 1:4:4) ThH o
oo BOIEBLOT 7 v 7 ZFNTKERT S Al, Cu DEAIL
B BN oT-, Figd |2, ErRhB, OfEfEEE %277, Rh
L BMORANITERD Y 5 2% —L ) Er uEH NaCl B
Bl L, &fs L CHMETKETFOfEE L >TNT, a=
0.5304(1) nm , ¢ =0.7395(2) nm TH 5, {LEHTIZED D
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B &% 444 at% TH Y, BlZZ D&M FIZHBITS Rh & B
MORRDBSLTTEREEY T A X —DKICHELS Bbo> T3, &
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ErRh, e’ JERNB,
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_ _ ErBgg
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Fig.3 Tentative phase diagram of Er-Rh-B system.

Fig.4 Scanning electron micrograph of a rectangular ErRh,B,4
and its crystal structure.

Pseudohexagonal unit cell
(CeCosB, type)

o COOLING
e HEATING ®
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| | I | { |
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Fig.5 The electrical resistance of ErRh4B, single crystals at
low temperatures.

SIEPLORERIEMEZ Fig5 127”7, T, = 8.55 K TR
BL, T,=084 K CBEENHN, FLEIZRD, T, XHK
BB TO084 K, FIRBETO0IOK THY, ATV A%
77, RRhB,BLAMDHFE % R = Er OffliZ, R = Sm,
Dy, Tm CT#7z,

ErRh;B, (ZBA L CTIE, ZfEamE0ARICE T 2 W10
HDHPEFEREBR L2 o 72, BN ST
Mtk EOFAEOFHEE R L L b, BEORFELIR X
LN TEENH D, Fig6 IZRT X D1, ErRh;B, DHfESIE
SR TEB IR E R T ARAR (EURARR) TH bz
[11-16], B KOFEEHE TEN 2 mm, £EH 5 mm TH D,
ErRh;B, O #& A& % Fig6 &7 7, HEAMRICBEL a=
0.5355(1) nm, b = 0.9282(1) nm, ¢ = 0.3102(1) nm, g =
90.89(3) °Th b, AHEEDWDWD CeCosB, B DK%
HEARIZELS &, 20 a@iORIE2Z20F I, bMORs%
3L, ¢ x b 2K L 2> TWb, ErRhB, O
fEERiEElL, Br & B 2267 dfE s, Rh OHANLRDEMHRA
HIZHVIRTZ L TRV TR Y, BARARRER LAY &
W25, 3a, 6clTBIETRBRISN, LEWHICED DB
X 333 at% TH Y, B IXZOILEWMD Ik THIZ S, o
F VAR B> TV 5D, Z (LA ORISR
FHECRRCHE A b iR, BIRICE, (KBS (B =
20, 10, 2, 1, 0.2 mT) OHINT T, #ALOBPEEIT-T2, D
R A Fig7 \ORT, y BEO Uy OEEHEHEE R LTS
gy N7z, c BHZRITD y OBIZEET D &, BENXT
MDBIZOH ye 1T LTz, BIRE Tl Curie-Weiss HIINZHE 5 B

Monoclinic unit cell (Erlr,B, type)

®Er z=0
o Rh z=1/2
e B z=0

Fig.6 Scanning electron micrograph of a hexagonal rectangular ErRh;B;, and projection of the structure of ErRh;B, along the c-direction.
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Fig.7 Magnetic properties of ErRh;B..

BB TE T2, T>180 K THRMER T — A b e DIE%E
KDDL 9O ug THY, ZOEMEIIT N E T LD+ i DGR
B 9.59 ug ZL T TEIS, BENS TR BITON xe i
Curie-Weiss H|2>5H440 4, T, = 27 K CTEBIITRE Lk KEZ
LD, ZD%, p TBECKTE L BITKTT 5, MM
FIZBTF B EBr A 4 OEFIOARR EM: (¢ B 5 I iE—&ot
HILZELS), Er A A R OEBEDIT S (c MiO#HRIL a, b #l
DFNL EHBLTMNIZBERL TV bD EEZBND,
—J7, bHNIERIT D b IEETHE, HZOHLDOR yclTlk
L THREWIZ/N SV, ZOMEITRERT L & HIETL,
60 K TR\ CHRIAWE/NKRICET 5, 40 K LLF T,
D FREDETICONTAMIC ER L TLCEHR2 D, cfilie b
I OMRFINIRE B2 LT, BMERSENT c #iTH
-7, RRhB, BULAW D H L% R = Er OfhlZ, R = Gd,
Dy, Tm, Yb, Lu C/&7-,

ErRh;B O HfEEL % Fig.8 IR, $RETEBENLREZ R
FHR(—LOE S 1 mm) THOHN72[7], ErRh;B O ffkiE
a7 Al A N (ZEMRE: Pm3m) DX IT R T a =
0.4146(1) nm ThH D, MHED 8 DRI Er, HELONALEIC
Rh, RLIEIC B BAET 5, HEffictEz bo, LEYw
FIZED S BEIF20 at% TH Y, BITHIEKRSS 7 A X —IF
FRICED2BEICITEL TR LT, BE N IMLEICFAET
LZDHTHD, BERHNITHERNMEE R LT, AOBKRE— A
Vb pgDEERDD L 983 up TH Y, TOHfEIZTLE Y
LD+3 EOBFRIE 9.59 up L IFIFE LV, BXIEHIOIRERK
FHIEIAZ ) v 7 (BBN) THD, TD%, ShiEmARRICE
T HMREEITo IR, ZOAEMIZEL XA e v O KIE
RRBNRFHFEND Z & BN 7=2[17-19], Fig.9 IZ ErRh;B I
BiT2D BEx ERTFEROBMRERT, Xu7Ah 4 MNiH
ErRh;B, 1347 230 OFEAR O, BEx TWxi£06 <x <
LIZBWTELETH D, 77 v 7 AETIE, Fig9 oOMIIR
T Lo, EHMBROIEA LVELNARNE W D AN ELR
%\, RRh;B B EMOHfEME%Z R = Er OffliZ, R = Sm,
Gd, Tm THE7-,

#%\Z, ErRh,B,, ErRh;B,, ErRh,B @ 3 EEO(LEMD
HAEBIZE L TN ME % Table LIZE L9 5,

Fig.8 Scanning electron micrograph of a cube-like ErRh;B
and its crystal structure.
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Fig.9 Lattice constant of ErRh;Bx as a function of boron content:
20 at% B (x = 1.000), 15 at% B (x = 0.706), 10 at% B (x = 0.444), 5
at% B (x = 0.210) and 0 at% B (x = 0). ®@; The second phase
appears, 0; corresponds the lattice constant of single crystal
ErRh;B.

Table 1 Properties on single crystals of R-Rh-B-(C) system
compounds obtained by the molten metal flux growth method.

Crystal system, Lattice constant Magnetic and/or

Compound
Space group (nm, °) electrical properties
Reentrant type superconductor
Tet | =0.5304(1 » O
elragona a " ATe1, 30 mK
ErRh4Bs Tez, cooling run 0.84 K
P4;/nmc ¢=0.7395(2) Te2, heating run 0.90 K
RRR: ~8 [=R (300 K) / R (Te1)]
a=0.5355(1)
Monoclinic b=0.9282(1) Ferromagnetic order is
ErRhzB, observed below
C2/m ¢ =0.3102(1) Te=27K
/=90.89(3)
Cubic - Normal paramagnetic
ErRhsB Pm3m a=04146(1) Jerr 9.83 (Hund 9.59 (Er*"))
PrRhasBz Orthorhombic a=0.9697(4) An antiferromagnetic phase transition
b=0.5577(2) is cbservgd at 7 K. The magnetic
(New compound) Fmmm c=2.564(3) easy axis lies in the a-b plane.
ErRh2B>C Tetragonal a=0.3685(1)
RRR: ~1.5 [=R (300 K) / R (4.2 K)]
(New compound) 14/ mmm c=1.0552(1)

3.4 BRMEBISVIRRKIZEBHLLASA K, Ko
h—i{ FOER, BiE&iE

WElL7Z Cuke 75 v 27 A& LT, Pr-R-BOBRLFHLE
W) o BifE Y (Fig.10) Z2157-[20-22], BJK A, ANATBIZITVIR
P (ERN 10 mm) Th D, (LFoHr OfEFITE AL DLF
K PrRhsB, 7> 5 Rh 232K L7 PrRhy B, DAL % /R
L7z, ZOLEITR iR (ZEHMEE © Fmmm) I L, #T
EHIT a=0.9697(4) nm, b=0.5577(2) nm, ¢=2.564(3) nm
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2884 28 8Ky

OPr oRh -B

Fig.10 (a) Scanning electron micrographs of a hexagonal
plate of PrRh,gB,. (b) An enlargement of the corresponding
region indicated by an arrow in (a) revealing the terrace
growth. Crystal structure of PrRh,¢B; also presented.

c
!
.
@ (6) g &' Ofr
(R ORh
[ S R B

6883 28 KU

Fig.11 Scanning electron micrograph of a square plate of
ErRh,B,C and its crystal structure.

Thsd, MmEdEX, NFHHR CeCoB, LML X H 7
PrRh;B, EIRHEE DMV IR L HA L L, TO cEiFmod 1/4,
34ADEEDE ZAIZ RWET DL R DENHEAAENTZFET
HD. AMEAWITFERMEEICEB L, BEKE—AL FOHE
1$42 us T, 1&”’ir¢éfmmﬂﬁ36ﬂ3’ifbf%??%bg
HLRLOEWE, tho R TIEREH TR,

W Cu 77y 7 AL LTC, FTLOWUTRDOAR T H—N
A K ErRh,B,C D EifE k& 157-[23-27], HifEs (Fig.11) 10U
DOFCR e R~FE, $1.0 x 1.0 x 0.02 mm®) TH Y, &EON
RERT, HERITORE, ZOLAPWIE ThCrSi, Bl A
ETDEFRERICBL, BTEHT a=03685(1) nm, ¢ =
1.0552(1) nm THh 5, EFHHED (001) mANIZE T 5 EXIEGT
% 273~1.5 K OHiH TR/ FER, SBOICHMIE L,
1.5 K £ THA LG CIBEEEZITEI S wn,
RRh,B,C BULEWM D EFEGL % R = Er O, R = Gd TH7Z,
FICT7 — 7 WS EZ2 D THHEA Y RRh,B,C DS

5RO E T 72K, R = La~Er(Bu, Tm ZR<) KO
Y THHLI ERmhol,

B&%iZ, #LAY PrRhysB,, ErRh,B,C DHHELIZHOWNT
MBI FER%E Table 1 IZF LD D,

4. FEH

R-Rh-B &, R-Rh-B-C JRIZTFET LG B & % TR
EET T v I AEICL-THDLIZLE2RR, 7T v I ADE
R, BERLMEOBRFNLEFL, GO HERERORMREM
PEE, BEEEEO-YHAOEEERZ, TORE, R-
Rh-B- (C) RILAMBEOR % LV REHICT A Z E N TE T,
A, FHEDMTo-EROFERIL, UTA)~G)ITRT
MIRE A Z Uik U CHRERS 25 LTz 6 20 am<e,
ORI HHOEREZZRITLL S L2848, EiceE
77w AEOEHINKRECANTHDLZ EEFEFELTW
%

(1) & M CEEEZa T 5LEW T,
EEzwEA iz v

S OV

(2) HEVPMREDKERTHEOMAEDEN LK LILE
WC, WE-EEEEZEA LIz < v

Q) LAV EHERT D XREOPIAERE LT VLD EE S,
WR-EEEE A EH Lo 50

(4) DIREROILEY Th > T, W ORR-EEE A
MATERWHREA LS5

(5) HWEA L, AR R =N T 2L A FE
MRCARR L, IR S IR b E R LS b W0

(6) ZILRDOFALE M DRI

E#51%, 44T -7- R-Rh-B %, RRh-B-CH, BLO®
DD ZIER[28-381F K RIC LIZ RO EREZBE LT, &
EéE77/&X{£@%JﬂTT AR EEE LN 2

IZHRRIZHER LCW5b, FHbEoRRIL, HaBrofR
mmﬁﬁb,ﬁ%m%ﬁ%%ﬁ&%&ﬁﬂw%%u%%ﬁé
DTHETHD[39], BEEHELIX, ZOFEOLOFRELEZF
WGBSR L TWL Bl TH 5,

EiE=

AT O—FIIR A TR, R C OfiBhEZ T TiT-o 7z,
ARFZEIL, BEXBISTRENTWS X512, BEL OfRE
BLOEMBEDO W25 THEDHLZENTE R, ZWHh
WTlEWiehxlz, RiEEf <, LEVEHFOEEER L
AN
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