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Magnetic structures of the rare-earth borocarbidesRB,C, (R=Tb, Dy, Ho, and Er)
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The ordered magnetic structures of the title compounds have been determined from powder neutron diffrac-
tion measurements oh'B-enriched samples down to 4 K. The lowest temperaRteTb, Dy, and Ho
magnetic structures all have(@ 0 1/2 propagation vector. Thf€, is antiferromagnetic, but Dyf, and
HoB,C, have a net ferromagnetic moment resulting from four noncollinear magnetic sublattices that are
consistent with either of two models for antiferroquadrupolar ordering of thetdtes. ErBC, has a com-
mensurate two-sublattice antiferromagnetic structure at 4 K. Intermediate magnetic structures are also observed
for R=Ho and Er over narrow temperature intervals. These are sinusoidally modulated spin density waves
with propagation vector).11, 0.11, 0.04 and(0.11, 0.11, ® respectively.

INTRODUCTION were carried out using the refinement programLpPROF®
with a pseudo-Voigt peak shape function and a refined poly-
Rare earth borocarbid€®B,C, (R=Y, La-Lu)! are of in-  nomial background function.

terest for their electronic and magnetic properfiés, par- The crystal structures of theB,C, (R=Thb, Dy, Ho, Er)
ticular, a recently discovered antiferroquadrupolar order at aphases were found to be isostructural with tetragonal,CeB
unusually high temperature of,=24.7K in DyB,C,.3®  (Ref. 6 down b 4 K and the refined parameters are listed in
These materials contain planar BC sheets of fused 4- an@lable I. Additional magnetic diffraction peaks are observed
8-membered rings withR cations located between the atlow temperatures in all cases and have been used to deter-
8-membered rings of successive sheets. It was originally pranine the magnetic structures described below.
posed that the B and C atoms are paired in the 8-membered
rings® however, two recent neutron diffraction studies of
CeB,C, have shown that an alternating arrangement is TbBC,
formed, as shown in Fig. 1 These rare earth borocarbides  Magnetic measurements have shown that JbBorders
are metallic conductors and ¥8, and LUB,C, become su- antiferromagnetically afy=23.5K2? The neutron diffrac-
perconducting belowT,=3.6K and 2.4 K, respectivef. tion pattern at 4 K(Fig. 2 contains intense magnetic Bragg
Other RBC, compounds show magnetic ordering transitions
below 30 K and are not superconductigollowing recent
evidence for antiferroquadrupolar order in D¥B (Refs.
3-5 and HoBC,,° we have used high resolution powder
neutron diffraction to determine the magnetic structures of
these two borocarbides and those of the adjacent rare earth
elements Tb and EL!B-enriched samples have been used to
avoid the strong neutron absorption 98 in natural boron.

EXPERIMENTAL

PolycrystallineRB,C, (R=Tb, Dy, Ho, Er) samples were
prepared by arc-meltm5 g pellets of the powdered elements
(99.9%R, submicron 99.999% graphite, 99.1% boron-at
a water-cooled copper hearth in an argon atmosphere. The
samples were remelted several times to improve homogene-
ity. Preliminary x-ray-diffraction measurements showed all
of the samples to be-98% phase pure. Powder neutron dif-
fraction patterns were collected on instrum@&ib at the
ILL, Grenoble, France. The samples were placed in a sealed
vanadium can within a He cryostat. The profile was recorded
in the range 2=0-160° with a neutron wavelength of
1.5943 A for TbBC,, DyB,C,, HoB,C, and 2.3985 A for FIG. 1. (001) projection of the RB,C, structure
ErB,C,. Rietveld analyses of the neutron diffraction patterns(R/B/C=gray/white/black circles
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TABLE I. Refined structural and magnetic parameters from fits to powder neutron diffraction proflR&,06§. The crystal structures
are tetragonal, space gro®g/mbm R on 2(a) sites(0,0,0; B andC atoms on 4K) sites &, 1/2—x, 1/2). The magnetic parameters are
the totalR momentu and the net ferromagnetic moment ffeatom we , anglesf; and 6, as defined for model& andB in Fig. 4, the angle
between the moments and thexis, 6., and the independent components of the magnetic propagation végtly K,). The weighted
profile R-factor and the overall goodness-of-fit parameter are also given.

R Tb Dy Ho Er

T (K) 4 4 185 4 5.4 4 135
a(A) 5.354814) 5.34644) 5.347818) 5.340764) 5.340786) 5.3346Q4) 5.336195)
c(A) 3.575262) 3.5460%5) 3.5479@06) 3.5235@2) 3.523324) 3.4942%7) 3.494369)
X 0.363Q1) 0.36333) 0.3630Q1) 0.36231) 0.36424) 0.36322)
Xc 0.16131) 0.16123) 0.16211) 0.16131) 0.16213) 0.16182)
Magnetic phase (A) (B) 1 (A) 111 (B) \Y 1l ]

(and model

n(mg) 6.261) 8.3(6) 8.2(6) 7.8(1) 7.81) 5.977) 9.084) 7.837)
() 0 248 189 1.81) 1.1(1) 0 0 0

6, (deg 180 568) 41(8) 70.48) 48.46)

0, (deg 180 1428) 120(8) 134.67) 105.67)

0. (deg 90 90 90 72.9%) 73.14) 90 0 0

Ky 0 0 0 0 0 0.108&) 0 0.11181)
k, 1/2 1/2 1/2 1/2 1/2 0.04@8) 0 0

Rwp (%) 8.07 39.8 40.0 18.1 8.32 8.23 12.4 11.4 16.3
X2 7.62 0.88 0.88 3.11 8.67 8.45 13.6 2.44 2.57

dResults are from the fits to the difference between the 4 and 18.5 K profiles.

peaks that are indexed by tii@ O 1/2 propagation vector. electronic quadrupoles of the By 4f° states>*®° The pow-
The intensities are fitted by a two-sublattice model with mo-der neutron diffraction study of Dy, was hampered by
ments lying in thexy plane (Table ). The moments are the moderate sample absorption of natural (B which a
coupled antiferromagnetically to their nearest-neighbors irtorrection was applied to the datand the presence of sev-
the[110] and[001] directions. A field-induced ferromagnetic eral weak additional diffraction peaks from an unidentified
component has been reported for this compaubdt this is  secondary phase. At 18.5 K, betwegg andTq, no lattice

not observed in the present zero field study. distortion or magnetic peaks are evident, and the refined
structural parameters are similar to those of the oREJC,
DyB,C, materialg(Table )). At 4 K, the appearance of many magnetic

epeaks evidences a complex magnetic structkig. 3). The
Hlagnetic peaks are all indexed by@0 1/2 vector, show-
Ing that there are four spins in the basis set. Two mo#dels
and B, shown in Fig. 4, can describe the diffracted intensi-

Previous magnetization, electronic conductivity and sp
cific heat measurements have revealed a ferromagnetic tra
siton at Tc=15.0K? and a second transition atq
=24.7 K which is assigned to long range ordering of the
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FIG. 2. Fitted neutron diffraction profile for ThB, at 4 K. FIG. 3. The fit to the difference between the 4 and 18.5 K

Upper/lower markers correspond to nuclear/magnetic reflections. profiles of DyBC..
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FIG. 4. (001 projections of the alternative magnetic models for 3 o L ]
DyB,C, and HoBC,-Ill; (a) model A and (b) modelB. The posi- (&} r ]
tions of theR spins in theax ax 2c magnetic supercell are (D, 0, 0 Coo S e e s E
0); 2(1/2, 1/2, 0; 3(0, 0, 1/2 and 41/2, 1/2, 1/2. HoB,C, has - b e e e .
additional out-of-plane spin components indicated by-thand — — e M b Aot P -
symbols; these are absent for D¥B. Thex andy axes are shown. C 3
L1 11 l 1oa 1| | 13 11 I 1Lt 1 l L1 11 | - I 111 l—
0 10 20 30 40 50 60 70

ties. These contain four noncollinear sublattices in xiye 0
plane, and give equivalent fits when the angles between spinib) 29(deg)
are fixed at9;= 0,=90° because of the high crystal symme-

: : . FIG. 5. The | I ion of the fitted neutron diffracti
try and the powder averaging of diffraction data. © oW ange region of ‘e THed NeLTon cirracton

. . . profiles for HOBC, at (a) 4 K (upper/lower markers for nuclear/

The two magnetic models were f'tteq_to the dlfferencemagnetic Il phasgsand(b) 5.4 K (upper/middle/lower markers for
between the 4 and 18.5 K profiles. Refining theand 6, clear/magnetic IV/imagnetic Il phases
angles independently leads to magnetic intensities that are
slightly inequivalent, but there is no significant difference corded at 4.0 and 5.4 K to determine magnetic phases Ill and
between the qualities of the two fits as shown in Table L|v. The 4.0 K pattern of phase Ill is comparable to that of
Both arrangements produce a net moment parallel to theyB,C,, and is again indexed by(@ 0 1/2 vector and most
symmetry axes of the arrangements in Fig. 4, which is idenof the intensities are fitted by the two models of four sublat-
tified as the[100] direction from the magnetization results of tices lying in thexy plane. However, additional magnetic
Yamauchiet al, reported during the course of this wdtk. peaks evidence a furthé® 0 0) antiferromagnetic compo-
Their spontaneous moment of 2.4 and the saturated mo- nent to the ordering parallel tg, as indicated by thet/—
ment of 8.5.g in the a-direction are in good agreement with symbols in Fig. 4. The two models again give very similar
the values from model& andB. Both of these arrangements fits to the data withy?>~8.6 for both[Fig. 5a)]. The refined
are consistent with antiferroquadrupolar ordering; of spins Jhet moments are both close to the measured spontaneous
and 3 in modeA or of spins 1 and 4 in modd, with refined  magnetization of 1,85 in the[100] direction at 1.5 K and
angles between sping=[180°—(6,+ 65)/2] of 81(11)°  the angles between the in-plane spin components ¢gare
and 10011)°, respectively. Yamauctet al.* have reported a =7g(1) for modelA and 1031) for modelB. Refining these
powder neutron fit of modeA, refined with the constraint models with the latter angles constrained to be exactly 90°
$=90°. gave significantly worse fits witly?~11.7.

The 5.4 K pattern of HORC, contains contributions from
magnetic phases Il and IV. This phase coexistence is in
keeping with the first order nature of the transition found by

The magnetic phase diagram has recently been deteheat capacity measurements. The contribution from phase il
mined from magnetization measuremehts zero field, was fitted using the above model, and the remaining peaks
HoB,C, is paramagnetic down to 5.8 K in zero field, mag- from phase IV were found to be satellite type reflections,
netically ordered phase IV exists between 5.8 and 5.0 K, anthdexed by an incommensurati, (k, k,) vector. The inten-
phase Il is stable below 5.0 Kmagnetic phase labels are sities of these peaks were fitted by a sinusoidal antiferromag-
taken from Ref. & Powder diffraction patterns were re- netic model, in which magnetic moments of sinusoidally

HoB,C,
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varying amplitude alternate between tf10] and [110] L B B B L B L RIS L
orientations, close to the propagation direction. The possibil-
ity of an additional component parallel ®© could not be 1500

tested properly because of the presence of such a compone
in magnetic phase lll. The fit to this profil&ig. 5(b)] is less

good than the others reported here, and further variable tem
perature experiments are needed to confirm the details of thi&
HoB,C,-IV magnetic structure.
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Magnetization measurements show that zero-field mag-
netic transitions occur at 13.0 and 14.6 Roth the interme-
diate pha_se II] and the low temperature phase_ll are a}ntifer- ! '210' ' I4|ol ' .6|0. ' I8IOI ' 'ul)(; I l112(; l l1110l l I160
romagnetic. Figure 6 shows the neutron diffraction profiles at 20(deg)
4, 13.5, and 20 K. Magnetic structure Il was determined "
from the 4 K neutron diffraction pattern. The magnetic peaks 800
are characterized by th@ 0 0 vector and the magnetic
structure is a simple, two sublattice arrangement in which the
spins at(0,0,0 and(0,0,1/2 in the basic unit cel(Fig. 1) are
parallel toc and —c, respectively. The magnetic peaks from
ErB,C, at 13.5 K[Fig. 6(b)] are satellites of those observed 400
at 4 K[Fig. 6(a)]. The phase llI reflections are indexed by an
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The electronic distribution within these rare earth boro-
carbides may be written aR3+(BZC§’)e*. The Bzcg’
sheets are isoelectronic with graphite, and the additional 800 RS EEEEE R R e e
electrons partially fill a broad band of borocarbid®&-and
metald states'! The localized 4" configurations of th&R®*
ions can thus interact through direct dipolar interactions and
by the RKKY (Ruderman-Kittel-Kasuya-Yosiglaechanism
through the conduction electrons. Two parallBC), rings 400
sandwich eactR3* ion (Fig. 1) producing a strong crystal
field of 4/m symmetry which can interact with the magnetic
dipole, favoring alignment parallel or perpendicularct@nd
the electronic quadrupole, depending upon tli& donfigu-
ration. 0

The variety of magnetic structures found in tR8,C,
series forR=Tb to Er reflects variations in the above Lo T 0 e T A it T
interactions. For Th, Dy, and Ho, local anisotropy causes 0 20 40 60 80 100 120 140
the moments to lie perpendicular to A simple collinear (¢ 20(deg)

antiferromagnetic arrangement with propagation veg FIG. 6. Fitted neutron diffraction profiles for Es8, at (a) 4 K,

1/2) is f_o_und for TbEQC?’ but in DyB,C, af‘d HOEQ.CZ'”I’ (b) 13.5 K, and(c) 20 K. Upper/lower markers correspond to
competition between different exchange interactions or ex:

. . - ““nuclear/magnetic reflections.
change and quadrupolar interactions results in four-sublattice
arrangements with a net ferromagnetic moment. FoLE;B

the anisotropy causes the moments to lie para||e|ct0 similar propagation vectors to which the moments are essen-
which favors a simple two sublattice antiferromagnetic ar-tially parallel for HoBC,IV, but perpendicular in
rangement for the low temperature phase Il. HOBIII also  ErB,Cxlll.

has an ErBC,-Il type antiferromagnetic component so that Two models consistent with antiferroquadrupolar order
the moments are tilted by 16° out of thxg plane. Thec-  are supported by the magnetic diffraction data from ByB
aligned magnetic components in the latter two materials apand HoBC,-1ll. Model A reflects antiferroquadrupolar order
pear to stabilize sinusoidally modulated antiferromagnetidn the c-direction, whereas i the order is along thgl/2,
structures over narrow intermediate temperature regions df/2, 1] vector of the structural unit cell. Both of these ar-
width 0.8 K for HoB,C, and 1.6 K for ErBC,. These have rangements are physically plausible as the interad®rag-
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oms are coordinated to B and C atoms in comrfeight for ~ fraction experiments on single crystals will be needed to re-
modelA and two in modeB) so that the antiferroquadrupo- solve these issues.

lar coupling can propagate by a slight distortion of the BC
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