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Crystallography and magnetism of the heavy-fermion compound YbBiPt
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The super-heavy-fermion compound YbBiPt has the largest known linear specific-heat coefficient
y=8 Jmol ™! K2 and the source of this enormous “electronic” specific heat is of great current interest.
Here we describe neutron-diffraction studies that indicate its previously reported crystallographic struc-
ture to be incorrect. We find that the Pt atom is on the unique site and can be thought of as an intersti-
tial in a fictitious rock-salt structure YbBi, which can in turn be thought of as an ordered form of ele-
mental bismuth. We find no evidence of disorder between sites, occupancy on the nominally vacant site,
nor for any tetragonal or rhombohedral distortions or displacements. Furthermore, any ordered mag-
netic moment at low temperature must be less than 0.25u 5. The sample contains 8.1 wt. % elemental Bi,
and if this is typical of other samples, the previously published values for molar susceptibilities and
specific heats should be scaled up by this amount to obtain the intrinsic properties of YbBiPt alone.

The cubic heavy-fermion compound YbBiPt was
discovered in 1991 by Canfield and co-workers"? and has
a very large linear specific-heat coefficient y =8
Jmol 'K ™2 an order of magnitude more than that of
typical heavy-fermion compounds® and three orders of
magnitude larger than that of conventional metals. Yb-
BiPt forms in the C1, or MgAgAs structure type (space
group F43m), which is a common Heusler-alloy struc-
ture,* and in which some uranium-based ternaries such as
the UNiSn form.> There is only one formula unit per
primitive unit cell. It is well known that the conventional
face-centered-cubic unit cell is not the primitive cell, and
typically the simpler primitive rhombohedral cell® is em-
ployed. The atoms are then distributed on three of the
four sites along the [111] long diagonal of the rhom-
bohedral cell is listed in Table I. All four sites have
tetrahedral point-group symmetry 43m, but the sequence
is not arbitrary in the sense that, if three sites are occu-
pied, one can be thought of as an ordered vacancy, two of
the sites have this vacancy as a nearest neighbor, and the
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fourth site is unigue, in that it has no vacant neighbor
sites. A previous x-ray study’ reported that Bi was on
the unique site, and to date two band-structure calcula-
tions”® have assumed this sequence.

In this paper, we describe the results of neutron and x-
ray powder-diffraction studies. For these elements the
neutron-diffraction contrast is approximately twice that
of x rays and opposite in sign. We find that Pt actually
occupies the special site rather than Bi. In addition, we
address a number of other questions. Firstly, the uSR
response’ is reminiscent of spin-glass behavior, and it has
been suggested that this might be due to nonzero occu-
pancy on the nominally vacant site, or to disorder on the
occupied sites. We find no evidence for either. Secondly,
there is evidence from inelastic neutron-scattering stud-
ies'®!! of the crystal-field excitations that the cubic sym-
metry is broken. We find no evidence for this at room
temperature, nor at 0.45 K, even though the “forbidden”
crystal-field splitting is seen at temperatures up to 4 K.
Finally, bulk measurements and uSR indicate that there
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TABLE 1. Definition of sites in YbBiPt.
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Neutrons
X rays

Yb on
Order in Ref. 2 Order reported here unique site

Bi Pt Yb
Pt Bi BI
Yb Yb Pt
1.751 1.554 3.724
1.595 1.539 2.592
1.754 1.554 3.589

Both

is a transition at 400 mK,>° possibly of antiferromagnetic
origin.!> We have looked for magnetic Bragg peaks in
the ordered phase at 50 mK and our data indicate that
any ordered moment must be less than 0.25u 5.

The samples were made by growth in a bismuth flux, as
reported previously."!* For the measurements above 4.2
K, a fine powder was used, but for measurements below
4.2 K the material was not ground and consisted of
thousands of tiny crystals. The reason for this was that
there is evidence that the 400 mK magnetic transition
can be suppressed by grinding. Polycrystalline material
was sealed under helium gas in a thin-walled aluminum,
vanadium, or oxygen-free copper can depending on the
sample environment. Full diffraction patterns were mea-
sured in closed-cycle helium refrigerators at temperatures
between 27 K and room temperature on the HRP powder
diffractometer'* at KENS, the spallation neutron source
at the Japanese National Laboratory for High-Energy
Physics, and at room temperature on the NPD powder
diffractometer’®> at LANSCE, the spallation neutron
source at Los Alamos. In addition, further scans were
made in a dilution refrigerator at 50 mK and 1.1 K on
the BT-9 spectrometer and at temperatures between 0.45
and 10 K in a *He cryostat on the BT-1 high-resolution
powder diffractometer at the Research Reactor of the
National Institute of Standards and Technology (NIST).
The room-temperature x-ray patterns were recorded on a
Scintag XDS2000 powder diffractometer with pyrolytic
graphite monochromator and scintillator detector, using
CuK a radiation. The full neutron and x-ray-diffraction
scans were analyzed using the Rietveld programs
RIETAN (for data taken at KENS) and GSAS for data
taken at Los Alamos and NIST. In the refinements re-
ported here, four banks of data (at +148° and +90°) from
NPD and a single CuK a X-ray scan were used.

Figure 1(a) shows a portion of the room-temperature
data taken on NPD, along with the fitted profile, residu-
als and markers for YbBiPt and elemental Bi. Figure 1(b)
shows similar data taken with x rays. These data were
corefined using GSAS (Ref. 15) and the resultant sample
parameters are listed in Table II. Figure 2 shows the
variation of lattice parameter for YbBiPt between 27 K
and room temperature as measured on HRP. The resul-
tant linear coefficient of thermal expansion for YbBiPt is
a=1.01X10"% K~! between 70 and 300 K. Many
different models were refined. For instance, all three ele-
ments were tried on the special site, and Pt is clearly pre-

ferred, as is clear from the reduced values of )(2 listed in
Table I. This is the case if neutron data alone are used, if
x-ray data alone are used, or if both are corefined. This
conflicts with the previously reported structural posi-
tions, and it would clearly be desirable if the electronic
band-structure calculations”® based on this structure
could be repeated using the parameters listed in Table II.
In fact, placing Pt on the special site makes more sense
from atomic size arguments and fits the trend for other
MgAgAs compounds,’ in which the smaller transition-
metal atom invariably occupies the unigue site, while the
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FIG. 1. Portions of room-temperature diffraction data from
YbBiPt (with Bi impurity from growth flux), measured (a) with
neutrons in NPD Los Alamos and (b) with CuKa x rays. The
refinement is the joint Rietveld refinement described in the text,
with parameters given in Table I. The lower reflection markers
are for YbBiPt and the upper markers are for elemental Bi.
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TABLE II. Crystallographic parameters of YbBiPt at room temperature.

(u?)=0.0074+0.0001 A’
(u?)=0.0073+0.0001 A’

Main Space group F43m .
phase:  Lattice parameter: a=6.59533+0.000110 A
YbBiPt Yb 4d -4-+-1

Pt 4a 0,0,0

Bi 4c oy

(u?)=0.0060+0.0001 A’

Mosaic block size=6.110.1 um (determined from extinction parameter—see Ref. 16)

Minority Space group R3m (hexagonal axes)

phase:  Lattice parameters: a =4.546210.0002 A
elemental c=11.859140.0010 A
Bi* Bi 6c 0,0,z

z=0.23481+0.0004

8.3% by volume (8.1% by weight) [7.7% by volume in X-ray sample].

larger f-electron metal and the group-IV/V elements oc-
cupy the sites with vacancies as neighbors. If the frac-
tional occupancies are allowed to vary freely in the Riet-
veld refinement, the resultant stoichiometry is 1:1:1, to
within errors of 2% for the Pt:Yb ratio and +4% for
the Bi:Yb ratio.

It is instructive to note that the crystal structure is
closely related to the structure of Bi, the elemental im-
purity (from the growth flux) in our samples, as shown in
Fig. 3. Bismuth is rhombohedral and can be thought of
as “distorted” simple cubic. That is, if its ¢ /a ratio were
v/6=2.449, rather than 2.608 as listed in Table II, and its
x position along the trigonal axis ([111] cubic axis) were
rather than 0.2348 as listed in Table II, it would be sim-
ple cubic. Then, if half the sites were systematically re-
placed with Yb, it would have the face-centered-cubic
sodium-chloride structure shown in Fig. 3(b). Finally, if
the small Pt atom is systematically placed in half of the
interstitital sites, one has the MgAgAs structure as
shown in Fig. 3(c), with the sequence along the [111] axis
listed in Tables I and II.

In addition we tried disordering the Yb/Bi sites and
placing some of the Pt on the nominally vacant site. The
motive for this was that such a site disorder could result
in spin-glass behavior in the magnetic degrees of freedom,
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FIG. 2. The variation of lattice parameter with temperature
for YbBiPt, as measured by neutron diffraction on HRP at
KENS (Ref. 13). The dashed line corresponds to a linear
coefficient of thermal expansion of a=1.01X 1073 K1,

as has been discussed in the uSR literature® on YbBiPt.
However, we found no evidence in our data of any such
disorder. Finally, there is no evidence for any splittings
or broadenings of crystallographic lines down to 0.45 K,
even though crystal-field data indicate that the cubic
symmetry is broken, at least up to 4 K. The lowest-
temperature data were taken on many crystals, with so
much preferred orientation that reliable Rietveld
refinement could not be performed. However, we found
no evidence for systematic broadening or splitting in any
of the diffraction lines. Rietveld refinements were done
on _the room-temperature data assuming both tetragonal
(I4m?2) and rhombohedral (R3m) distortions of the
parent cubic space group. These are the two maximally

(b) NaCl

structure

(c) YbBiPt
(MgAgAs
structure)

FIG. 3. The relationship between (a) the structure of Bi
(rhombohedral with space group R3m), (b) the fictitious
sodium-chloride structure compound YbBi, and (c) the struc-
ture of YbBiPt as reported in this paper. Note that (b) is ob-
tained from (a) by compressing the ¢ axis until it reaches the
ideal cubic value of V/6q, replacing every other Bi with Yb and
displacing them to 1 (as opposed to +0.2348) along the trigo-
nal axis. (c) is obtained from (b) by placing a Pt atom in every
other interstitital site. In terms of the coordinates listed in
Table 1, the origin is in the center of the cell for (a) and (c).
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nonisomorphic subgroups of F43m, and they correspond
to strains along the cubic [111] and [100] axes, respective-
ly. As might be expected, given that no splittings could
be observed, there are no significant distortions. Nor
were there any significant displacements within the unit
cell, for instance the x parameters in R 3m remained fixed
at multiples of % To summarize, there is no diffraction
evidence for any site disorder, lattice distortions or
symmetry-breaking atomic displacements within the unit
cell, from the data reported here, at any temperature be-
tween 0.45 and 300 K. Of course, there could still be lo-
cal symmetry-breaking distortions, or the crystal-field
splitting could be associated with broken symmetry in the
magnetic degrees of freedom.

In order to check the stoichometry of our samples, wet
chemical analysis and x-ray microprobe analysis were
also performed, though both turned out to be less sensi-
tive than the Rietveld refinement of diffraction data.
Nevertheless, an excess of Bi, consistent with the values
given in Table I, was observed in the wet chemical
analysis. The presence of the elemental bismuth was also
observed by x-ray microprobe analysis. This shows the
presence of inclusions a few tenths of a mm in size, within
the crystals of YbBiPt. Within experimental error there
is no sign of any Yb or Pt dissolved in the Bi phase. The
presence of Bi is more important than one might think at
first. Many of the thermodynamic properties, like
specific heat and magnetic susceptibility, have been re-
ported? as a molar quantities, presumably with sample
weights determining the molarities. In particular, the
high-temperature magnetic susceptibility has been some-
thing of a puzzle: it obeys a Curie-Weiss law with
effective moment of 4.2u g, 92.5% of the full Hund’s rule
moment for Yb3". As all the available crystal-field levels
have been accounted for by 80 K or s0,!” one would ex-
pect to observe the full Hund’s rule moment of 4.54yup. '
The fact that our sample, which was made by the same
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method as others in the literature, contains a nonmagnet-
ic impurity at the 8.1 wt. % level accounts for a large
part of this discrepancy. If this is the case for the other
samples for which data have been reported, then the in-
trinsic molar susceptibilities and specific heats of YbBiPt
are almost 10% larger than those reported in the litera-
ture.

The other question that can be addressed by means of
neutron diffraction regards the nature of the ground
state, below the 400-mK phase transition.? The exact na-
ture of this transition is as yet unknown, but there is good
evidence that it is magnetic.!> We therefore conducted a
search for magnetic Bragg peaks at 50 mK, using the
BT-9 spectrometer at NIST. Data were also taken at 1.1
K, and these were subtracted from the 50-mK data. No
extra magnetic signal was observed between Q =0.28 and
2.83 A™!. Error analysis of the hypothetical 100 magnet-
ic reflection, with the known spectrometer resolution in-
dicates that the limit of observability in our experiment is
0.25up. This is not inconsistent with the estimate from
uSR measurements, indicating that the ordered moment
is 0. 1up or less.
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