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The nuclear and magnetic structures of HoNi,B,C have been investigated by neutron-powder-
diffraction methods at room temperature and at 10, 5.1, and 2.2 K. The compound crystallizes with the
symmetry of space group I4/mmm and lattice parameters @ =3.5170(1) and ¢ =10.5217(3) A, at room
temperature. The structure may be regarded as formed of (HoC) layers with the rock salt configuration
alternating with (B)(Ni,)(B) blocks having a fluorite-type arrangement of the atoms. No phase transition
of the nuclear structure has been observed down to a temperature of 2.2 K. Magnetic peaks begin to ap-
pear at about 8 K. The magnetic structure is the superposition of two configurations, one in which fer-
romagnetic sheets of holmium spins parallel to the a,b plane are coupled antiferromagnetically along the
¢ axis (magnetic space group Pm’mm’), and another in which ferromagnetic planes are rotated away
from the antiparallel configuration to give an incommensurate helicoidal structure with a period approx-

imately equal to 12 times the length of the c axis.

INTRODUCTION

The discovery of superconductivity in quaternary in-
termetallic compounds has been recently reported in a
number of publications. A superconducting transition
with onset temperature of 12.5 K has been found by
Nagarajan et al.! in the system Y-Ni-B-C, and it has
been suggested by Cava et al.? that the phase involved in
the transition has the formula YNi,B,C. Superconduc-
tivity at 23 K has been discovered in the system Y-Pd-B-
C by Cava et al.,® but the chemical composition of the
superconducting material has not yet been determined
with certainty. Single-phase quaternary compounds of
formula LNi,B,C (with L=Lu, Tm, Er, Ho, Y, Dy, Tb,
Sm, Ce, and La) have been prepared by Cava et al.? and
found to have transition temperatures of 7.5, 10.5, and 11
K for the Ho, Er, and Tm compounds, respectively, and
up to 16.6 K for LuNi,B,C, with a variation of only 1 K
in going from Lu to Y. The crystal structure of
LuNi,B,C has been determined by Siegrist et al.* by
single-crystal x-ray-diffraction analysis and it has been
found to be a variant of the tetragonal body-centered
ThCr,Si,-type structure with the Ni-B framework
modified by the insertion of a carbon atom in the
lanthanide layer.

A remarkable property of the LNi,B,C compounds is
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that superconductivity is observed not only in the materi-
als which contain nonmagnetic elements, but also in
those with heavy rare-earth magnetic atoms such as Tm,
Er, and Ho. This behavior is similar, in some respects, to
that observed in the RRh,B, (Ref. 5) and RMo¢S; (Ref. 6)
classes of materials (R =rare earth), where the crystallo-
graphic sites occupied by the magnetic ions are thought
to be well isolated from the conduction paths so that the
spin interaction between the local magnetic moments and
the conduction electrons is too weak to inhibit supercon-
ductivity. In a study of the magnetic properties of
LNi,B,C, with L=Tm, Er, and Ho, Eisaki et al.” have
shown that antiferromagnetism and superconductivity do
coexist in these boride-carbide compounds and that their
competition produces a wide variety of interesting phe-
nomena. Experiments with an applied magnetic field
showed strong anomalies near the antiferromagnetic or-
dering temperature, including reentrant resistivity in
some cases. The most pronounced anomalies were ob-
served for HoNi,B,C which, under fields below 0.2 T, has
a transition to a superconducting state at temperatures
well above 5 K. At about 5 K, a sharp resistivity peak
appears, indicating a transition back to the normal non-
superconducting state, associated with antiferromagnetic
ordering of the Ho spins. Finally, at temperatures below
5 K, the compound regains its superconducting behavior.
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TABLE 1. Collection of intensity data.

Monochromatic beam:

Wavelength:

Horizontal divergences:

Sample container:

20 angular range:

311 reflection of Cu monochromator.

1.539(1) A

15,20°,7' of arc for the in-pile, monochromatic beam, and
diffracted beam collimators, respectively.

V cans with 12 mm diameter for the 296, 10, and

2.2 K experiments, respectively. V annular can of 12 and
6 mm diameter for the 5.1-K experiment.

4°-164°, steps: 0.05°.

Scattering amplitudes (1072 cm):

b(Ho)=0.808, b(Ni)=1.03, b(!'B)=0.665, b(C)=0.665,

(Refs. 10 and 11)

Measurements made at 296, 10, 5.1,
and 2.2 K.

Measured value of ur:

b(0)=0.581.

1.33 (at 296 K); 1.45 (at 10 and 2.2 K); 1.15 (at 5.1 K)

What is particularly significant in this compound, com-
pared to other antiferromagnetic superconductors, is that
the reentrant resistivity peak at 5 K is observed even in
the absence of a magnetic field. The only antiferromag-
net to exhibit reentrant behavior is Tm,Fe,Sis,® but in
that case superconductivity is not recovered at low tem-
perature.

In order to understand the anomalous transitions de-
scribed previously, and to relate them to the competition
between magnetism and superconductivity, it is essential
to have a precise knowledge of the nuclear and magnetic
structures of the compounds involved. For this reason,
we have carried out complete, high-resolution structural
analyses of HoNi,B,C at room temperature and near the
transition points of 10, 5, and 2 K, using neutron-
scattering techniques. Preliminary results of this analysis
have shown® that two states of the magnetic structure are
present in this system, an incommensurate helicoidally
modulated one with a wave vector about 12 times the
length of the ¢ axis, and another one which is a commens-
urate antiferromagnet. Field- and temperature-
dependent studies show that initially the amplitudes of

both states are weak and grow together as the tempera-
ture decreases. Superconductivity appears at about 7.5 K
and, upon further cooling, at the reentrant transition
(~5 K) the modulated component decreases sharply in
favor of the commensurate antiferromagnetic component.
Superconductivity then reappears and coexists with anti-
ferromagnetism to low temperatures. From these obser-
vations it was concluded that the modulated state is de-
trimental to superconductivity in this system, since the
misalignment of the spins in adjacent ferromagnetic
planes destroys the antiferromagnetic compensation of
the Ni layers, located between holmium, and produces a
net ferromagnetic component on these superconducting
Ni layers. In the following sections of this paper, we re-
port a detailed analysis of the nuclear and magnetic
structures of HoNi,B,C at appropriately selected temper-
atures.

EXPERIMENTAL

The sample used in this study was prepared by arc-
melting and subsequent annealing, as described in Ref. 2,
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FIG. 1. Powder patterns of HoNi,B,C at
2.2, 5.1, and 10 K. The satellites of the modu-
lated magnetic structure are well separated
from the central peaks due to the antiferro-
| magnetic ordering in the pattern at 5.1 K. In
the pattern at 2.2 K, however, they are closer
to the central peaks and weaker than at 5.1 K,
while the antiferromagnetic peaks have grown
dramatically in intensity.

10 20 30 40 50 60 70
20(deg)



51 NEUTRON-POWDER-DIFFRACTION STUDY OF THE NUCLEAR . ..

using boron in the starting materials that was enriched to
98.5% with the isotope !'B to reduce nuclear absorption.

The neutron-powder-diffraction measurements were
made using the new high-resolution 32-counter
diffractometer of the National Institute of Standards and
Technology, with the experimental conditions listed in
Table I. Plots of a portion of the raw data taken at 10,
5.1, and 2.2 K are compared in Fig. 1 to show the evolu-
tion of the magnetic peaks in the powder patterns. The
diffraction lines observed at room temperature and 10 K
were readily indexed on a tetragonal cell with lattice pa-
rameters close to those determined for LuNi,B,C.* A
few very weak extra lines showed that impurity phases in
the sample are less than about 2% and demonstrate the
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high quality of the sample (one of the impurity phases
was magnetically ordered with a magnetic Bragg peak at
about 20=15.5 and a transition temperature a few degrees
above 10 K). The observed intensities were corrected for
absorption using the measured transmission factors listed
in Table I for the various experiments. All refinements of
the nuclear and magnetic structures were carried out
with the GSAS program of Larson and Von Dreele. !!

A. Refinement of the nuclear structure
at room temperature and at 10 K

The nuclear structure of HoNi,B,C was refined above
the magnetic ordering temperature assuming the symme-

TABLE II. Structural parameters for HoNi,B,C at 296, 10, 5.1, and 2.2 K. (Top) Nuclear structure:
Space group: I4/mmm; Atomic positions: Ho(0,0,0), Ni(1/2,0,1/4), B(0,0,z), and C(1/2,1/2,0). All
magnetic peaks were excluded in the refinenments using the data collected at 5.1 and 2.2 K. (Middle)
Magnetic structure at 5.1 K (5°<260=<100°) and 2.2 K (5° <26 < 80°). The nuclear structure was includ-
ed in the refinements. M1 indicates the antiferromagnetic structure with symmetry of Pm’'mm’ and
ay=by=ay, cy1=cy and M2 the spiral structure with a,,=by,=ay, cyr=ncy, and ¢=360°/n.
(Bottom) Selected interatomic distances (< 3.0) (A).

296 K 10 K 5.1 K 22 K
ay A) 3.5170(1) 3.50866(4) 3.5087(1) 3.50834(4)
cy (0133) 10.5217(3) 10.5274(2) 10.5272(5) 10.5272(3)
Vv (1}2) 130.15(1) 129.588(4) 129.60(2) 129.573(4)
Ho B (Az) 0.18(3) 0.10(3) 0.06(3) 0.14(2)
Ni B (A" 0.53(2) 0.36(2) 0.32(3) 0.40(2)
B z vs 0.3589(1) 0.3592(2) 0.3586(2) 0.3588(2)
B (1}2) 0.77(3) 0.57(3) 0.65(4) 0.61(4)
C B (A) 0.73(4) 0.67(4) 0.72(4) 0.68(4)
R, (%) 5.19 5.41 5.16 5.77
R,, (%) 6.59 7.28 7.08 7.90
X 1.39 1.39 1.73 1.52
5.1 K 22 K
M1 M2 M1 M2
6(°) 30 25.71
n 12 14
iy 0 7.1sin[m*(180—¢/2)]ug 0 8.7sin[m (180—¢/2)ug
i, £7.1(1)up 7.1cos[m(180—¢/2)Jup £8.7(1)up 8.7cos[m (180—¢/2)]up
. 0 0 0 0
Phase fraction (wt. %): 51(1) 49(1) 85(1) 15(1)
R, (%) 8.03 10.44
R,, (%) 9.50 11.85
X 1.94 1.74
296 K 10 K 5.1 K 22 K
Ho-B 2.8964(8) 2.8902(9) 2.893(1) 2.892(1)
Ho-C 2.48690(8) 2.48100(3) 2.4810(1) 2.48077(3)
Ni-Ni 2.48690(8) 2.48100(3) 2.4810(1) 2.48077(3)
Ni-B 2.0988(9) 2.0971(9) 2.094(1) 2.095(1)
B-C 1.485(2) 1.483(2) 1.489(2) 1.486(2)

m=0,1,...,2n—1.
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try of space group 14/mmm and using as initial parame-
ters those found by Siegrist et al. for LuNi,B,C.* This
first set of calculations yielded a reasonable model with
acceptable temperature factors for all the atoms. At-
tempts to refine the occupancies of the atoms showed
that all sites are fully occupied. Similarly, models allow-
ing disordering of the nickel and boron atoms did not
show significant mixing of these two atomic species. The
final results of these refinements are given in the top of
Table II, and selected interatomic distances are listed in
the bottom of Table II. The plot of calculated and ob-
served intensities is shown in Fig. 2 for the experiment at
10 K. The unit cell of the nuclear structure is represent-
ed schematically in Fig. 3(a).

(@)

Cmz |5
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B. Refinement of the magnetic structure
at 5.1and 2.2 K

The magnetic reflections appear first at a temperature
of about 8 K. Generally, they form clusters of three
peaks like the one illustrated in Fig. 4 which occurs at a
20 angle of about 8°. When indexed in terms of the nu-
clear unit cell, the central peaks at each cluster have in-
tegral indices h,k,I which obey the condition
h+k+1=2n+1, while reflections for which h +k
+1=2n are absent. These observations allow us to con-
clude that (i) there is no overlapping of the nuclear and
magnetic reflections; (ii) the central peaks in each cluster
are generated by antiferromagnetic ordering of the spins

FIG. 3. Schematic representa-
tion of (a) the unit cell of the nu-
clear structure of HoNi,B,C; (b)
the antiferromagnetic ordering
of the spins of the holmium
atoms; and (c) the spin
configuration of the magnetic
helicoidal structure. For clarity,
in (b) and (c) only the holmium
atoms are indicated. In (b) the
moments are depicted along the
b axis for clarity only (the a and
b axes are equivalent in the
tetragonal system).

b

©
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FIG. 4. Cluster of the magnetic reflection (001) with the sa-
tellites (001)™ and (001)* measured at 5.1 K with A=1.539 A.
The fitted full width at half maximum of the satellites is 0.58°
and 0.40°, compared to 0.37° for the central peak.

of the holmium atoms; (iii) the antiferromagnetic cou-
pling occurs along the c¢ axis of the unit cell. In the
tetragonal system, the magnetic reflections 00/ have max-
imum intensity when the moments are perpendicular to
the unique axis ¢, with the intensity decreasing to zero as
the angle € between ¢ and the moments decreases from
90° to 0°. Inspection of the powder pattern shows that
the antiferromagnetic reflection 001 at 26=38.3, for exam-
ple, is very strong, thus eliminating the possibility that
the moments may lie along or in the proximity of ¢. In-
tensity ratios sensitive to the spin orientation such as
I1(102)/1(001), I(005-+104)/1(001), and I(113)/1(001)
have observed values of 0.23(2), 0.17(2), and 0.09(1), re-
spectively. The corresponding values calculated assum-
ing €=90° are 0.22, 0.20, and 0.12, while for e=60° one
obtains 0.29, 0.22, and 0.16, respectively. These results,
as well as the final refinement, show unambiguously that
the Ho spins lie on the a-b plane, a conclusion consistent
with the results of field-dependent experiments discussed
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in Ref. 9. We may therefore assume as a model of the an-
tiferromagnetic structure the spin configuration schemat-
ically represented in Fig. 3(b), with the moments parallel
to the a-b plane (and arbitrarily oriented along the b axis
of the unit cell).

As shown in Fig. 4, there are satellite reflections on ei-
ther side of the central antiferromagnetic peaks. Upon
cooling, initially these three peaks have approximately
the same intensity and grow at the same rate. The angu-
lar positions of the satellites are approximately tempera-
ture independent until the reentrant superconducting
transition is reached. Below 5 K the commensurate cen-
tral peaks grow rapidly in intensity, while the intensities
of the satellites decrease sharply and shift weakly toward
the central peaks, becoming barely observable at low tem-
peratures, as shown in the top plot of Fig. 1. The pres-
ence of the satellites indicates that at all temperatures
there is a modulation superposed on the commensurate
ordering described previously. As mentioned above, the
satellites are associated with the reflections of the antifer-
romagnetc structure, indicating that the modulation must
affect the antiparallel ordering of the holmium spins
along the ¢ axis. This may occur either as a rotation of
the spins in planes parallel to the a and b axes with for-
mation of a helicoidal configuration, or as a variation of
the magnitude of the magnetic moments, resulting in a
spin-density wave. Since these two types of modulation
generate the same powder reflections, neither of them can
be excluded a priori. However, in view of the propensity
of the moments to be in the a,b plane, and because of the
ferromagnetic interactions within these planes, the most
likely model for the modulation is a helicoidal
configuration in which successive ferromagnetic planes
perpendicular to ¢ are rotated by a constant angle away
from the antiparallel direction. The satellites are incom-
mensurate with the nuclear reflections, but are approxi-
mately displaced from the positions of the antiferromag-
netic reflections by a reciprocal-lattice vector (0,0,1—12) at
5.1 K, and (0,0,%;) at 2.2 K. This means that the angle
¢/2 of the helicoidal rotation is about 15° and 12.9° for
the two temperatures, respectively, and the wavelength of

J__(C)_M_J\JMWM

(b)

IR

FIG. 5. Calculated profiles of the (a) nu-
clear; (b) commensurate antiferromagnetic;

and (c) incommensurate spiral structures of
HoNi,B,C at 5.1 K.

1
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28(deg)
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the modulation is about 12 and 14 times the ¢ parameter.
The model of the modulated structure adopted in our
refinements [Fig. 3(c)] assumes as an approximation these
commensurate values.

In Fig. 5, the calculated patterns of the nuclear, anti-
ferromagnetic and spiral structures are compared to each
other. As we have noted before, and as shown in this
figure, there is no overlapping of the nuclear and magnet-
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ic reflections, and, at least for the data at 5.1 K, most of
the satellites can also be separated from the central
reflections. This situation allows one to refine each struc-
ture separately, by excluding from the refinement the an-
gular regions affected by the intensities of the phases not
being considered. The parameters of the nuclear struc-
ture at 5.1 and 2.2 K [top of Table II, last two columns]
were obtained by excluding the magnetic reflections and
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FIG. 6. Plot of observed and calculated intensities for the patterns taken at (a) 5.1 K; and (b) 2.2 K. The difference plots are
shown in the lower part of the figures. The marks indicate, from top to bottom, the calculated angular positions of possible
reflections of the nuclear, antiferromagnetic and spiral structures. The large number of marks in the pattern of the spiral structure is
a consequence of the fact that the approximation made in this case uses a unit cell with a ¢ parameter 12 and 14 times that of the nu-

clear structure.
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using as initial model the one obtained at 10 K. The
good agreement between observed and calculated intensi-
ties after these refinements shows that there are no
detectable transitions of the nuclear structure associated
with the magnetic or superconductivity ordering down to
a temperature of 2.2 K.

Refinements of the models of Figs. 3(b) and 3(c) were
carried out adopting the calculated magnetic form factor
for holmium given in Ref. 12. The inclusion of the mag-
netic intensities, however, resulted in unacceptably high
values of the agreement factors and in abnormal values of
the lattice constants and of the instrumental zero point.
The reason for such behavior was identified by noting
that the full width at half maximum of the satellite
reflections is significantly larger than that of either the
commensurate antiferromagnetic or the nuclear peaks,
and thus the same profile parameters cannot be used for
the two sets of reflections. This problem is apparent in
the cluster of the 001 reflections illustrated in Fig. 4, and
may indicate either that spirals with slightly different
values of the rotation angle ¢ coexist in the structure, or
that the domains with spiral structure are sufficiently
small to broaden the satellite reflections. To circumvent
this problem, the antiferromagnetic and modulated struc-

- [(HoC) ¢ (B), (Ni,),, (B),(HoC),, (B),(Ni,),,

in which the chemical composition of each layer is ex-
pressed by the symbols included in parentheses and the
subscripts o and c indicate if the atoms are located at the
origin or at the center of the mesh, respectively. The sub-
scripts x and y specify that one of the Ni atoms of the
(Ni,) layers is located at 4 along the @ axis and the other
at 1 along the b axis. The layers contained in one unit
cell are enclosed in square brackets.'* Sequence (1) may
be regarded as formed by (HoC) layers with the
configuration of the rocksalt structure, alternating with
(B)(Ni,)(B) blocks, having a fluorite-type arrangement of
the atoms with the Ni layer sandwiched between the two
boron planes.

As apparent from Fig. 3(a), boron is coordinated by
four Ni atoms, at a distance of 2.099 A, forming the base
of a pyramid having at its apex a carbon atom with a B-C
separation of 1.485 A. Holmium is 12 coordinated, with
eight B atoms at 2.896 A forming a prismatic cage, and
with four carbon atoms located on the same layer at a
Ho-C distance of 2.486 A. Carbon is at the center of a
distorted octahedron, surrounded by four Ho atoms on
the same plane and by two apical B atoms. Finally, Ni is
coordinated by four B atoms having a tetrahedral
configuration and by four other Ni atoms on the same
plane with a Ni-Ni separation of 2.486 A. The layers are
connected to each other along ¢ by the B-C and B-Ni
bonds, while the connections with the layers are provided
by the Ho-C and Ni-Ni bonds.

By increasing in sequence (1) the number of the rock-
salt layers from one to two, we obtain the sequence:

3707

tures were refined as two separate phases. In order to
reduce the number of variables, the parameters of the nu-
clear structure were kept fixed at the values obtained pre-
viously with the magnetic reflections omitted. The high
angle data were also omitted from these refinements since
the intensities of the magnetic reflections become small as
20 increases. The results of these refinements are given in
the middle of Table II, and in Fig. 6 are shown the plots
of observed and calculated intensities for the 5.1 and 2.2
K experiments, respectively.

As shown in the middle of Table II, the ordered mo-
ment for Ho at 2.2 K is 8.7(1)ug. This is substantially
below the free-ion value of 10uy, indicating that crystal-
field effects are important in this system, as confirmed by
inelastic neutron scattering.!> The intensity of the satel-
lite peaks is only 4% of the antiferromagnetic reflections,
demonstrating that the antiferromagnetic structure is
dominant at low temperatures.

DISCUSSION

The nuclear structure of HoNi,B,C [Fig. 3(a)] may be
described by means of the layer sequence:

(B), [(HoC),, - - - (1)

* [(HoC),,(B).(Ni,),, (B),(HoC),, ](HoC),, - - @)

corresponding to a compound of formula HoNiBC. The
Lu analog of this material has in fact been prepared and
characterized by Siegrist et al.* By extending this pro-
cess to n layers, we form a homologous series of general
formula Ho,Ni,B,C,, of which HoNi,B,C and HoNiBC
are the first and second members, respectively. In their
paper, Siegrist et al. discuss the possibility of forming a
second homologous series by adding NiB layers with Ni
and B in the ratio 1:1. This interesting suggestion would
result in compounds with general formula HoNi,,B,,C
having adjacent boron layers connected either as indicat-
ed in the sequence:

* (B):(Ni,),, (B),(B),(Ni,),, (B), (3)
or in the sequence
* (B)(Ni,),, (B),(B),(Ni,),, (B), . (4)

In the first case, the separatlon of the boron atoms would
be greater than 2.5 A, i.e., too large to form a strong B-B
bond and a stable structure. In the second case, the bo-
ron atoms would be located on top of each other along
the ¢ axis. If we assume a B-B separation of about 1.8 A,
as found in boranes, the structure could be held together
by these bonds, and the distance between two consecutive
(Ni,) layers would approximately be 4 A. Thus far, no
members beyond LuNi,B,C and LuNiBC have been
prepared, but it would be interesting to investigate the
structural and electronic properties of compounds with
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short distances between (Ni,) layers. It is worth recalling
at this point that the thallium and bismuth superconduc-
tors also form homologous series having rocksalt and
perovskite blocks of variable thickness interleaved along
the long axis of the unit cell.!> The magnetic properties
of HoNi,B,C and, in particular, the relationship between
magnetic structure and observed magnetic and supercon-

Q. HUANG et dl. 51

ducting transitions, has been analyzed in detail in Ref. 9
and will not be discussed any further here.
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