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Electronic origin of negative thermal expansion
in samarium hexaboride revealed by X-ray
diffraction and total scatteringf
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Samarium hexaboride, SmBg, is a negative thermal expansion (NTE) material whose structure is similar to
other known NTE materials such as the family of Prussian blues. In the Prussian blues, NTE is due to a
phonon mechanism, but we recently showed from DFT calculations that this is unlikely in SmBg (Li et al.,
Phys. Chem. Chem. Phys. 2023, 25, 10749). We now report experimental X-ray diffraction and pair
distribution function analysis of this material in the temperature range 20-300 K. The interatomic
distances shown by both methods are consistent with the NTE instead arising from an electronic effect,
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by which the samarium atoms lose electrons and thus have a smaller ionic radius as the temperature
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1 Introduction

Samarium hexaboride, SmBg, has a very simple cubic crystal
structure (Fig. 1, space group Pm3m), which consists of By
octahedra whose corners are linked together with B-B bonds,
and with the samarium atoms lying in the large cavities of m3m
point symmetry. SmBg has many interesting features,® includ-
ing as a topological Kondo insulator with strongly correlated
electrons and a narrow band gap.®™*> However, here we are
primarily interested in its anomalous property of showing
negative thermal expansion (NTE).

NTE was first observed in SmBg in 1999," and is confirmed
in the present study. Whilst most materials show positive
thermal expansion (PTE) at all temperatures, there is a growing
number of materials that show NTE.'*'* For many of these, the
NTE is isotropic, as in SmBs. Most NTE materials have crystal
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Fig. 1 The crystal structure of SmBg (space group Pm3m reproduced
from our earlier paper.> Samarium atoms are the larger pink atoms at the
corners of the unit cell, and boron atoms are the small grey spheres
connected by rods to represent chemical bonds. We show two unit cells to
highlight the connectivity of Bg octahedra. The figure was drawn using
CrystalMaker® 4

structures composed of linked structural polyhedra. Examples
of isotropic NTE materials include ZrW,0g,"> ZnV,05,'® Cu0,"”
ScF;,'® several zeolites,"”" Zn(CN),,>* Si(NCN),,>® and the
family of Prussian blue analogue materials.>* Whilst many
of these have corner-sharing polyhedra, the last three have a
small molecular ion providing the linkage between polyhedra.
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Several recent reviews discuss NTE materials and the under-
lying mechanisms."**2°727

The common mechanism for NTE in network materials is
the tension effect.>® In the case of a material as simple as ScFs;,
this is realised in an intuitive way,®>° as we now explain. ScF;
has a simple cubic crystal structure consisting of corner-
sharing ScFs octahedra with linear Sc-F-Sc bonds. Because
the Sc-F bonds are quite strong, transverse motions of the F
atoms pull the connected Sc atoms together rather than stretch
the Sc-F bonds. Since the amplitude of this motion increases
with temperature, the inward pull grows with heating, and
hence NTE emerges naturally. Moving from this simple idea
into a robust explanation has been discussed recently, based on
total scattering data analysed with the Reverse Monte Carlo
method, molecular dynamics with simplified models, and ab
initio phonon calculations,*®° with a focus on the role of Rigid
Unit Modes (RUMS) and quasi-RUMs.>%%!

The signature of the operation of the tension effect is a
difference between the behaviour of the average crystal struc-
ture, as given by the Bragg diffraction, and that of the local
atomic structure as seen in measurements of the pair distribu-
tion function (PDF). For example, in ScF; the average structure
has the distances between the mean positions of neighbouring
Sc and F atoms (equal to half the cubic lattice parameter, a/2)
shrinking on heating, but the mean instantaneous Sc-F dis-
tance seen in the PDF shows normal PTE.*® Similarly the
instantaneous F-F distances within the ScFq octahedra from
the PDF also show PTE whereas the corresponding distances
between the mean positions of the fluorine atoms in the crystal
structure (equal to @/v/2) show NTE. On the other hand, the
mean instantaneous Sc-Sc distance from the PDF also shows
NTE, because the transverse displacements of the F atoms are
pulling the two connected Sc atoms together along the common
connecting line. Thus if NTE is caused by a tension effect we
expect to see some of the changes in the local structure to be
the opposite of those of the average structure, whereas if the
behaviour of the local structure of an NTE material mirrors that
of its average structure it is probable that the NTE arises from a
reason other than the operation of a tension effect.

There is a close analogy of the crystal structure of SmB, with
that of Prussian blue,>* representing another family of NTE
materials. Because of this we had considered that there
might be a tension effect giving rise to the NTE in SmB,. If
50, it could involve the large number of potential RUMs in this
structure type.*? We anticipated that the Bg octahedra might be
relatively rigid, and that the linkage B-B bonds will be stiff, but
that the network might be able to flex sufficiently through
bending the angles between the Bs octahedra and the B-B
linkages connecting neighbouring octahedra, as in the family
of Prussian blue materials. We recently explored this by calcu-
lating the lattice dynamics of SmB¢ and some alkali-earth
hexaborides using Density Functional Theory (DFT).? We found
that the RUMs are actually of relatively high frequency, and that
too few phonons will support NTE. Thus we concluded that
NTE in SmBg does not arise from a phonon-based tension-effect
mechanism.
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Because there is no magnetic order in SmBg,** we do not
believe that NTE can arise from magnetic interactions.>" This
leaves only an electronic origin for NTE in SmBg via a charge-
transfer mechanism.** With an increasing temperature there
might be a transfer of electrons from the samarium atom to the
boron network, meaning that the samarium atom effectively
becomes smaller on heating. The NTE caused by the atomic radius
becoming smaller will dominate over the normal PTE caused by
the phonons until higher temperatures. Examples of this occurring
in Sm-containing compounds are samarium fulleride, Smy, ,5Cgo,*
and Y-doped SmS,*® both studied using X-ray diffraction.

The purpose of this paper is to explore the electronic
mechanism for NTE in SmBg, using a combination of X-ray
powder diffraction, with Rietveld refinement of the crystal
structure, and X-ray total scattering measurements which give
the PDF. From the crystal structure we can obtain the distances
between the average positions of pairs of atoms, and from the
PDF we can obtain the average instantaneous separations
between some of these.f As discussed above with the example
of ScF;, we would expect to see differences in the distances
between average positions of neighbouring atoms and their
mean instantaneous separation if the NTE in SmBg arises from
a tension effect mechanism. Our recent study of the metal
hexaborides using DFT methods® showed that increasing the
size of the metal atom leads to increases in the sizes of the B¢
octahedra and of the length of the inter-octahedral B-B bonds.
In this paper, we have extracted relevant interatomic distances
from analysis of our diffraction data and from the positions of
peaks in the PDF (see comments below regarding the B-B
distances in the PDF). Anticipating later discussion, we will
show that there is very little difference between how the average
and local structures change with temperature, confirming the
likelihood that NTE in SmBg does not arise from a tension
mechanism. Instead, the results are consistent with the samar-
ium atoms becoming smaller on heating as a result of electron
transfer from the samarium atoms to the boron network.

2 Methods

The sample of SmB, was kindly given to us by Prof Geetha
Balakrishnan (University of Warwick).>® It was sealed within a
thin-walled silica-glass capillary tube of inner diameter 0.3 mm.

The X-ray scattering experiments were performed on the
XPDF (I15-1) beam-line at the Diamond Light Source (UK), with
X-ray wavelength of 0.161669 A. At the time of running the
experiment, the instrument was operating with a single area
detector, PerkinElmer XRD1621 EN, containing 4096 x 4096
square pixels, each with 100 pm edge length.§ For the total

i There are two reasons why we may not be able to obtain distances between all
pairs. Firstly, there may be too great an overlap of peaks in the PDF, which is a
one-dimensional function. Secondly, the weighting of the peaks in the PDF may
be too weak for some pairs of atoms, as found in this study.

§ Usually XPDF has two area detectors, one for total scattering and one for
diffraction. The second detector was out of service at the time the experiment was
performed.
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scattering measurements, the detector was placed at a position
214 mm from the sample, with data collection times of 600 s.
For the diffraction measurements, the detector was placed
at a position 827 mm from the sample, with data collection
times of 10 s.

The data were extracted from the raw two-dimensional
detector pixel data using Diamond’s in-house Dawn software.’”
The calibrations of scattering angle for both positions of the
detector were performed by measuring the diffraction pattern
from a NIST standard sample of silicon powder, calibrating on the
Debye-Scherrer rings of the two-dimensional data. For the high-
resolution setting for Rietveld analysis, a subsequent calibration
was performed on the reduced one-dimensional data using the
same silicon standard.

The temperature of the sample was controlled using a
Oxford Cryosystems Helix open-flow helium system. The cold
gas stream was collinear with the axis of the sample capillary.
The Helix system was positioned so as to place the capillary as
close as possible to the centre of the beryllium shield. The
temperature calibration was performed using X-ray diffraction
measurements of lead powder. This sample was chosen
because lead still has an appreciable thermal expansion at
the low temperatures demanded by this experiment. Since the
procedure for temperature calibration defined the sample
position using the location of the primary X-ray beam, and
alignment along the beam direction was performed as a matter
of course to ensure the validity of the scattering geometry
calibration, any sample misalignment effects in the calibration
would have been mitigated. Furthermore, since this procedure
used the X-ray measurement for performing the temperature
calibration, it also includes some corrections for the impact of
X-ray heating of the sample. Total scattering and diffraction
data were collected for the range of temperatures 20-300 K in
steps of 10 K.

Rietveld refinement was performed using Topas. We used
neutral-atom X-ray scattering factors in the Rietveld refine-
ments, as we also did in our correction of the total scattering
data (discussed below). In light of our argument from the data
presented in this paper that the samarium atoms lose electrons
on heating, it is important to understand whether this can be
seen in the X-ray scattering factors. From comparison of the
scattering factors for Sm®" and neutral samarium - comparing
the two extreme cases - it is found that the significant differ-
ences in the scattering functions only exist at low values of
Q = 4nsin0/2, for Q < 2 A™*. The effect only being seen at low
values of Q comes from the fact that the change in electron
density only occurs at the outer radius of the atom. The value
for Q =2 A™" corresponds to a scattering angle 20 = 3°. There is
only a single Bragg peak below this scattering angle, at 20 =
2.24°. At the corresponding value of Q the difference in scatter-
ing factors between Sm*" and neutral samarium is only 1.2%,
and, as we noted, this is the extreme limit of the effect of
electron transfer, and the actual difference in SmBg is likely to
be much lower.

The graph of one of the fitted diffraction patterns is shown
in Fig. 2, showing the quality of fit that was achieved.
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Fig. 2 Bragg diffraction pattern of SmBe at 20 K (black points) with
diffraction pattern fitted by Rietveld refinement (red curve). The difference
between the experimental data and fitted pattern is shown by the blue
curve.

Total scattering data were corrected for effects such as beam
attenuation, background scattering, fluorescence and Compton
scattering, and normalised, using GudrunX.*®?° This process
required measurements of the empty instrument and empty
silica glass tube. This gave the scattering function i(Q),**™*
obtained by subtraction of the self-scattering term from the
total scattering, together with normalisation by the mean-
square scattering factor (f*(Q)) to (approximately) deconvolve
out the effects of atom size on the resultant PDF.

We can define two overall PDF functions, D(r) and T(r), in

terms of the partial PDFs g,,,(r):***?
D(r) = 475/)”2 EmCnfofn(gmn(r) — 1) 1)
T(r) = 4npr Z EmCffngmn (1) (2)

where the number of atoms of type n lying in a spherical shell
of radius r and the thickness dr is given as c,p x 4nr’dr x
Zmn(7), ¢, is the concentration of atom type 7 (csm, = 1/7, ¢ = 6/7),
fn is the effective scattering power of atom type n, and p is the
overall atomic number density. There are direct Fourier trans-
form relationships between the scattering function Qi(Q)
and D(r):

D(r) 2rQi(Q) sin(Qr)dQ )

77_[0

:OD(r) sin(Qr)dr (4)

0i(0) - |
The PDF was formed from Qi(Q) using our own software based
on representing both the scattering function and PDF in terms
of Hermite functions, as originally proposed by Krylov and
Vvedenskii*®* and recently adapted by ourselves:**

Mmax

Qi(Q) =D tani 14y 1(Q/ Q) + wni3¥43(0/Q) (5
n=1

This journal is © the Owner Societies 2024
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2 Mmax
D(}’) = Q,\/; Z Gan+1 ¢471+1 (Q,}’) - “4n+3¢471+3(Q,r) (6)
n=1

where /,,(x) are the Hermite functions,”® Q' = \/Omax/"max

(Qmax and 7.y are the maximum limits in the scattering data
and PDF respectively), and fmax ~ Qmaxmax-— The coefficients
o,, are obtained by fitting eqn (5) to the experimental data for
Qi(Q). The PDF follows by recombining the Hermite functions
with the fitted coefficients, eqn (6).

We used the Lorch modification function to remove the
termination ripples in the Fourier transform, by modifying
eqn (3) as

46,47

2 Omax
D(r) :—j M(0)0i(Q) sin(Qr)dQ )

0

M(Q) = sin(1Q/Qmax)/(TQ/Qmax) (8)

In our measurements Qpax = 30 A%, and the minimum value of
Q was 0.5 A%, For the Fourier transform the value of Qi(Q)
down to Q = 0 was represented by a linear interpolation.

The PDFs for two temperatures, 20 K and 300 K, are shown
in Fig. 3. In the PDFs, we cannot recognize B-B peaks,
even though a prior simulation®® had shown that it might
be possible to see such peaks, particularly the first intra-
octahedral peak at around 1.75 A. Thus we see only Sm-B
and Sm-Sm peaks. The first peak at around 3 A is the shor-
test Sm-B distance. The second feature at around 4.15 A
is a strong peak for the first Sm-Sm distance with a
shoulder corresponding to the second Sm-B distance
(around 4.4 A).

We fitted T(r) (eqn (2)) using Gaussian functions to describe
the peaks. The first peak (Sm-B) is a single Gaussian, and the
second peak is a doublet of Sm-Sm (lattice repeat) and the
second Sm-B peak. One of the examples of the fitting is shown
in Fig. 3, which indicates that the fitting is very good.
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3 Results

3.1 Results from X-ray powder diffraction and
Rietveld refinement

Results from the Rietveld refinements for all temperatures are
given in Table 1. These include the key parameters for the
crystal structure and some interatomic distances derived from
the crystal structure. Corresponding CIF files are given in the
ESI.{ The table also gives corresponding distances from analy-
sis of the PDF (discussed later). The crystal structure para-
meters are in excellent agreement with two previous crystal
structure refinements, one from neutron powder diffraction®
and the other from single-crystal X-ray diffraction,* but
whereas these two studies report only 3 or 4 temperatures,
and one is only for temperatures of 100-300 K, our data are
for a wide range of temperatures with much finer intervals
(Section 2).

The variation of the lattice parameter with temperature is
plotted in Fig. 4. This is in agreement with previous data,' but
our new data set contains a much larger number of individual
points. We note that the NTE exists up to a temperature of
around 130 K, with a maximum negative volume expansivity
(at the lower temperatures) of oy &~ —20 MK ™. The variation of
oy with temperature as obtained from our diffraction data is
shown in Fig. 4. This was extracted from differentiation of the
trend-line fitted to the lattice parameter data shown in Fig. 4.
The slight decrease in the value of oy appears to be robust in
our analysis.

The isotropic ADP for samarium is shown in Fig. 5. The
variation with temperature is in excellent quantitative agree-
ment with the previous neutron and X-ray single crystal diffrac-
tion data.”*° On the other hand, we found that our data have a
low degree of sensitivity to the boron ADPs, and accordingly we
do not report these values here. Several different models we
investigated, including both isotropic and anisotropic ADPs
refined freely, and ADPs constrained to have the same ratios
as given by the prior studies, gave values of weighted profile
Ry, factors that differed only by 0.01%, with an absolute value

20 -

15 [ .

3.5 4 4.5 5

Fig. 3 Left: Normalised PDF D(r) of SmBg obtained at temperatures of 20 K and 300 K. Right: Example fitting Gaussian peaks — in this case two — to a
small part of the PDF T{(r), for data at temperature of 20 K. The PDF data are represented by the black points, and the red curve represents the fitted

function.
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Table 1 Crystal structure parameters of SmBg, with bond lengths and PDF distances, as functions of temperature T. a is the lattice parameter. In the
crystal structure the Sm atoms have fractional coordinates (0,0,0), and the B atoms have positions (%, %, z) and those related to this position by the
symmetry of the space group (Pm3m). The Sm-B and B-B distances are derived from the crystallographic data,? and Sm-B and Sm-Sm distances are
obtained directly from the PDFs. The final two columns give the isotropic APD for samarium and the weighed profile R factor. Estimated standard
deviations on the last significant digits are given in brackets

Sm-Sm from Inter-Bg Intra-Bg 1st Sm-B from
T(K) a(A) PDF (A) Bz B-B(A) B-B(A) 1stSm-B(A) PDF (A) Sm Uiso x 10° (A*) Ry (%)
20 4.134048 (11)  4.1370 (5) 0.2007 (7)  1.661(6) 1.749 (4) 3.0388 (5) 3.0397 (6) 1.50 (5) 3.57
30 4133853 (11)  4.1370 (5) 0.2009 (7) 1.662 (6) 1.748 (4)  3.0389 (5) 3.0399 (6) 1.60 (5) 3.60
40 4133671 (11)  4.1368 (5) 0.2008 (7) 1.661(6) 1.748 (4)  3.0387 (6) 3.0398 (6) 1.74 (6) 3.55
50 4.133459 (11)  4.1363 (5) 0.2010 (7) 1.663 (6) 1.747 (4)  3.0387 (6) 3.0397 (6) 1.92 (6) 3.55
60 4133254 (12)  4.1359 (5) 0.2006 (7)  1.659 (6) 1.749 (4)  3.0381 (6) 3.0394 (6) 2.15 (6) 3.53
70 4.133054 (12)  4.1357 (5) 0.2004 (7) 1.657 (6) 1.751(4) 3.0377 (6) 3.0395 (6) 2.40 (6) 3.52
80 4.132938 (12)  4.1354 (5) 0.2001 (7) 1.655(6) 1.752(4) 3.0373 (6) 3.0393 (6) 2.61 (6) 3.51
90 4.132830 (12)  4.1351 (5) 0.1991 (7) 1.647(6) 1.758 (4) 3.0361 (6) 3.0392 (6) 2.86 (6) 3.47
100 4.132736 (12)  4.1348 (5) 0.2000 (7) 1.654(6) 1.752(4) 3.0371 (6) 3.0390 (6) 3.10 (6) 3.48
110 4132690 (12)  4.1344 (5) 0.2003 (7) 1.657 (6) 1.751 (4)  3.0374 (6) 3.0389 (6) 3.30 (6) 3.46
120 4.132648 (12)  4.1344 (5) 0.2000 (7)  1.654(6) 1.753(4) 3.0370 (6) 3.0391 (6) 3.52 (6) 3.45
130 4.132647 (12)  4.1341 (5) 0.1993 (7) 1.649 (6) 1.756 (4)  3.0363 (6) 3.0388 (6) 3.75 (7) 3.42
140 4132657 (12)  4.1345 (5) 0.1999 (7) 1.654 (6) 1.753 (4)  3.0370 (6) 3.0390 (6) 4.01 (7) 3.42
150  4.132704 (12)  4.1343 (5) 0.1997 (7) 1.652(6) 1.754(4) 3.0368 (6) 3.0388 (6) 4.20 (7) 3.42
160  4.132745 (12)  4.1347 (5) 0.1988 (7) 1.645(6) 1.759 (4) 3.0358 (6) 3.0387 (6) 4.45 (7) 3.37
170 4.132808 (12)  4.1346 (5) 0.1990 (7) 1.646 (6) 1.758 (4)  3.0360 (6) 3.0386 (6) 4.64 (7) 3.37
180  4.132873 (12)  4.1346 (5) 0.1986 (7) 1.644 (6) 1.760 (4)  3.0358 (6) 3.0386 (6) 4.87 (7) 3.38
190  4.132954 (12)  4.1345 (5) 0.1991 (7) 1.647(6) 1.758 (4) 3.0363 (6) 3.0384 (6) 5.10 (7) 3.35
200  4.133027 (13)  4.1343 (5) 0.1988 (7) 1.645(6) 1.759 (4) 3.0361 (6) 3.0380 (6) 5.32 (7) 3.34
210  4.133116 (13)  4.1343 (5) 0.1990 (7) 1.647 (6) 1.758 (4) 3.0363 (6) 3.0385 (6) 5.53 (8) 3.32
220  4.133207 (13)  4.1346 (5) 0.1988 (7) 1.645(6) 1.759 (4) 3.0362 (6) 3.0387 (6) 5.77 (8) 3.32
230 4.133311 (13)  4.1346 (5) 0.1986 (7) 1.644(6) 1.760 (4) 3.0361 (6) 3.0383 (6) 5.96 (8) 3.31
240  4.133426 (13)  4.1352 (5) 0.1988 (7) 1.646 (6) 1.759 (4)  3.0364 (6) 3.0385 (6) 6.18 (8) 3.29
250 4.133542 (13)  4.1350 (5) 0.1988 (8)  1.645 (6) 1.759 (4)  3.0364 (6) 3.0383 (6) 6.39 (8) 3.28
260  4.133671 (13)  4.1353 (5) 0.1989 (8) 1.646 (6) 1.759 (4)  3.0366 (6) 3.0377 (6) 6.60 (8) 3.28
270 4.133793 (13)  4.1355 (5) 0.1989 (8) 1.647 (6) 1.759 (4) 3.0368 (6) 3.0382 (6) 6.81 (8) 3.28
280 4133928 (13)  4.1360 (5) 0.1987 (8)  1.645 (6)  1.760 (4)  3.0366 (6) 3.0384 (6) 7.01 (8) 3.26
290  4.133715 (14)  4.1359 (5) 0.1988 (8)  1.645(6) 1.760 (4)  3.0365 (6) 3.0386 (6) 7.25 (9) 3.52
300  4.134057 (13)  4.1354 (5) 0.1987 (8) 1.645(6) 1.760 (4)  3.0367 (6) 3.0387 (6) 7.49 (9) 3.28
“ Distances from the crystallographic data are obtained as Sm—B = , /4 + 224, inter-octahedral B-B = 2zq, and intra-octahedral B—B = /2 2(3 - 2)a.

of around 3.3% (Table 1). They also had relatively high errors.
This insensitivity, which is quite striking compared to the
consistency of the values of the samarium ADP with prior
studies,"*® is presumably due to the low weighting of boron
in the diffraction due to its much lower atomic number. That
said, our refined values in each model we use are not very
different from the prior results, and in particular they consis-
tently reproduced the curious finding of the previous work that
the boron ADPs have much weaker variation with temperature
than the samarium ADPs."*°

We want to draw attention to the existence of an interesting
feature of the samarium APDs, which is that the gradient d(u?)/
0T is slightly higher at the lower temperatures than at the
higher temperatures. This is highlighted in Fig. 5 by plotting
linear fits to the two regions of the graph, and extending the
extrapolated fitted lines over both regions. We will comment on
this below.

Values of the Sm-B and B-B nearest-neighbour distances
extracted from the refined crystal structures for all tempera-
tures are listed in Table 1. and their variation with temperature
is shown in Fig. 5. The first Sm-B nearest-neighbour distances
show negative expansion at lower temperatures, up to a tem-
perature of around 200 K. This is higher than the temperature
at which NTE switches to PTE.
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The nearest-neighbour B-B distances - for both intra-
octahedral and inter-octahedral neighbours - are also shown
in Fig. 5. The inter-octahedral B-B distance shows contraction
on heating, with the minimum value at a temperature between
250-300 K. The intra-octahedral B-B bond length shows a small
PTE, which saturates at the same temperature at which the
inter-octahedral B-B bond length reaches its minimum.

3.2 Results from X-ray total scattering and the pair
distribution function

The values of the mean instantaneous Sm-Sm distances
obtained from the PDF are given in Table 1 with the crystal
structure data, and are plotted as a function of temperature in
Fig. 4 with the lattice parameter. This distance corresponds to
two samarium atoms separated by a lattice spacing, but it is not
necessary for this distance to be exactly equal to the lattice
parameter since the distance may be affected by short-range
correlations in the motions of the two atoms. There is a small
offset in the data for the lattice parameter and Sm-Sm peak
position given in Fig. 4 of around 0.07%; this difference can
easily be accounted for by calibration errors.

The mean instantaneous Sm-Sm distance in the PDF shows
a reduction on heating, corresponding to NTE. The minimum
in the data appears to be at a temperature about 30 K above the

This journal is © the Owner Societies 2024
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(left) Comparison of the first lattice repeat distance from the diffraction data as obtained using Rietveld refinement (lattice parameter a) and from
the Sm—Sm peak in the PDF D(r) obtained by fitting as described in the text. The solid curves are third-order polynomials fitted to the data and are given as
guides to the eye. (right) Extracted coefficient of volume thermal expansion of SmBg as a function of temperature.
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Fig. 5 (top left) Refined values of the isotropic atomic displacement parameters of samarium, given as the mean square atomic displacements (uz). The
two straight lines are fits to the data for high and low temperatures, extrapolated across the wider range of temperatures. (top right) Comparison of the
first Sm—B distances from the crystal structure obtained from the results of the Rietveld refinement of the diffraction data and from fitting peaks to
the PDFS. The solid curves are second-order polynomials fitted to the data and are given as guides to the eye. (bottom) Comparison of the inter-
octahedral (bottom left) and intra-octahedral (bottom right) B—B distances from the crystal structure obtained from Rietveld refinement of the diffraction
data. The solid curves are second-order polynomials fitted to the data and are given as guides to the eye.

minimum in the lattice parameter, and the net contraction of

the Sm-Sm distance is about twice that of the lattice parameter.

However, the effects are very small compared to the width of

the peak in the PDF (as seen in Fig. 3). The existence of the
shoulder from the second Sm-B peak makes the exact position
of the peak very susceptible to small effects in the fitting.

This journal is © the Owner Societies 2024

The data for the first Sm-B distance as a function of
temperature are plotted in Fig. 5, and listed in Table 1 with
the corresponding data from the Rietveld refinement. The first
Sm-B distance shows NTE similar to that for the Sm-Sm
distance (Fig. 4), with a minimum in the distance at about
50 K higher than the corresponding distance from diffraction.
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The temperatures of the minima in the distances from diffrac-
tion and PDF are both higher than the temperature of the
minimum in the lattice parameter and the Sm-Sm distance
respectively. There is an offset between the PDF and diffraction
data of about 0.03% in the data for the first Sm-B distance,
which could be due to very small calibration errors, or simply
reflect the very small changes compared to the size of the
peak width.
The PDFs for each temperature are given in the ESLt

4 Discussion

We plot the two B-B distances from the crystal structure as a
function of the Sm-B distance in Fig. 6, separating the data in
the NTE region from the data in the PTE region, with our
results giving a wider range of data in the NTE region. For
comparison with results from our recent DFT study,’ Fig. 3
from that paper is reproduced in Fig. 6 for convenience. This
shows how the two B-B distances vary with the size of the metal
atom M in MBg for several different elements, with the M-B
distances characterising the changing size of the M atom. The
range of M-B distances in Fig. 6 is of course much wider than
the range of Sm-B distances over a range of temperatures.
The expansion rate of the inter-octahedral distance with the
metal-boride (M-B) distance is 4(B-B)/4(M-B) ~ 0.9 from the
crystal structure and DFT data. In the case of the diffraction
data for SmB,, we actually see that ratio 4(B-B)/4(Sm-B) is more
than 6 times larger. The more significant (perhaps) difference
is that the intramolecular B-B distance decreases with increas-
ing Sm-B distance in the diffraction data, but increases in the
crystal structure and DFT data with increasing M size. These
differences might be accounted for by the intrinsic (Griineisen)
effects of temperature on thermal expansion. After all, we are
not quite comparing like-for-like in Fig. 6 in that we are looking
for the effects on changing size of the samarium atom but
without eliminating effects of normal thermal expansion aris-
ing from the lattice dynamics with the standard Griineisen
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mechanism. However, it may be that at the smaller end of the
size of the M cation we cannot completely generalise from the
trend, as we now discuss.

The point to make from the MBy data from our previous
study® as reproduced in Fig. 6 is that increasing the size of the
M cation leads to an increase in the intra-octahedral B-B
distances as it forces the B¢ octahedra further apart, and this
is accompanied by a smaller increase in the size of the Bg
octahedra, perhaps because the B; triangle facing the metal
atom needs to expand slightly. Thus if the samarium atom is
also squeezed into its site, it too will force a slight increase in
the intra-octahedral B-B distance. From the DFT calculations of
phonon dispersion curves and elasticity it does not appear that
the samarium atom is smaller, so as the samarium atom
decreases in size on heating as it loses electrons this will be
reflected in a decrease in the size of the inter-octahedral B-B
distance. This appears to be the case.

On the other hand the intra-octahedral B-B distance appears
to increase in size with decreasing size of the samarium atom,
but this probably reflects the normal PTE of the intra-
octahedral B-B bonds. If the samarium atom is small enough,
it is possible that it exerts less lateral stress on the facing B;
triangle.

The picture from the diffraction and PDF data is that the
decreasing size of the samarium atom with temperature as it
loses electrons on heating is the origin of the NTE. There is no
evidence from the comparison of PDF and diffraction data for a
significant tension effect®® of the type seen in other systems,
particular as recently evaluated in ScF;.>**° This is consistent
with the lattice dynamics calculations® and with the effect seen
in other systems.** ¢

We emphasise the point by comparing, in Fig. 7, the way in
which the shortest separation measured by the PDF varies with
the corresponding distance measured by diffraction in both
SmBg and ScF;.® In both cases, we use the data up to the point
where the NTE changes to PTE. Ideally, we might have been
able to compare the B-B distances in the case of SmBg, but as
we noted these are not observed in the PDF. Therefore, we
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(left) Comparison of the inter-octahedral and intra-octahedral B—B distances as functions of the Sm—B distance, with data taken from the crystal

structure obtained from Rietveld refinement of the diffraction data (Table 1). Data for T < 200 K (the NTE region) are shown as filled circles, and data for
T > 200 K (the PTE region) are shown as open circles. (right) The corresponding B—B distances as functions of the metal-boride distance for the cases of
SmBg, CaBg, SrBs and BaBg obtained from experiment®® (filled circles) and our previous DFT calculations® (open circles). The solid curves in each case are
straight lines fitted to the data (in the case of the left plot, fitted to temperatures from 20-200 K), and are given as guides to the eye.
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compare the shortest Sm-B distances in SmBg, and the neigh-
bouring Sc-F distances in ScF3;. In SmBg the local structure
shows the same NTE as the average structure, but in ScF3, the
local structure shows PTE whereas the average structure shows
NTE, this difference being highlighted by the different signs of
the slopes on the two graphs. The relationship between the
local structure and average structure in both cases emphasises
the fact that in ScF; the NTE arises from the tension effect,
whereas in SmBg it arises from an electronic effect.

Finally we comment on the variation with temperatures of
the samarium ADPs, and the fact that the gradient of the value
of the ADP with temperature is higher at low temperature. We
remarked in the methods section that the transfer of electrons
from the samarium atoms is unlikely to be noticed in the X-ray
atomic scattering factors. However, there is one other way in
which the change in the number of electrons will have an effect,
and that is on the vibrational force constants. This will then
affect the atomic displacement parameters, which are inversely
proportional to the square of the mode frequencies and hence
inversely proportional to the force constants. Electron transfer
will affect the force constants in two ways. First, a smaller ionic
radius will change the short-range repulsion, and secondly the
charge transfer will change - enhance - the Coulomb interac-
tions. It is not straightforward to predict the impact on the
frequencies and hence on the ADPs, but the change in the
variation of the samarium ADPs with temperature may well be
an additional signature of the charge transfer seen in the
atomic structure and invoked here to explain the NTE in
SmBg. It is interesting that the change in the behaviour of the
ADPs occurs at around the same temperature that the NTE
switches to PTE, but we are not in a position to develop the
discussion further at this point,

Should a tension effect exist, we would expect to see an effect
in the anisotropic ADPs for boron, namely the existence of large
transverse vibrations for the apical atoms in the Bg octahedra.
A small effect of this sort, but with significantly reduced

This journal is © the Owner Societies 2024
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variation with temperature compared to the ADPs of the
samarium atoms, was seen in the prior neutron powder diffrac-
tion and single-crystal X-ray diffraction studies*® (as we
remarked, our data do not appear to be sensitive enough to
draw our own conclusions). The transverse ADP is, on average
for both prior data sets, around 1.5 times larger than the
longitudinal ADP. Compared to, say, ScF;, where the ratio
between the two ADPs is 4.5,'® this is not a large effect.

5 Conclusion

We had previously anticipated, but ruled out, the possibility of
a phonon mechanism for NTE in SmBg, based on the existence
of RUMs providing a tension effect.®> Given the lack of a
magnetic ordering in SmBs,** the mostly likely origin of NTE
in SmBg is an electronic effect. This is clearly possible given the
evidence of such an effect leading to NTE in other systems
containing samarium.***® The crystal structure and PDF data
presented in this paper are consistent with the samarium atom
becoming smaller on heating as a result of charge transfer,
leading to a contraction of the inter-octahedral B-B distance.

While our methods are not directly sensitive to electron
transfer, the evidence from the diffraction and PDF data pre-
sented here is that the Sm-B distance is acting as an indicator
for a reduction in the size of the samarium atom on heating.
Thus we are confident in being able to explain the NTE in SmBg
as having an electronic origin.
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