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Abstract

Impurity-induced structural distortion in SmBg is suggested by Raman spec-
troscopy study on impurity-controlled samples. Significant differences in the
Raman spectra of single crystals SmB4(6N), synthesized with 99.9999%-pure
boron, and SmBg(3N), synthesized with 99.9%-pure boron, are detected. While
no noticeable differences are detected in the X-ray diffraction of SmB4(3N) and
SmBg(6N), all the Raman phonon modes of the T,,, E,, and A;, of SmBe(3N)
are clearly broader and shift to higher wavenumbers than those of SmB¢(6N),
and the T,; and E; modes of SmB4(3N) show doublet features. Based on the
high-pressure Raman measurements and phonon calculation in uniaxial com-
pression model, we argue that small amount of impurities in SmB¢(3N) is
enough to induce anisotropic distortion in the Bs octahedra, leading to peculiar
behaviors in Raman spectrum of SmBg(3N). Our results may present a clue for
understanding the current puzzles about SmB, of various origins with different
impurities.
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1 | INTRODUCTION

Thi Huyen Nguyen, Center for Correlated Electron Systems (CCES),
Institute for Basic Science (IBS), Seoul 08826, Korea
; or Department of Physics and Astronomy, Seoul National University,

Seoul 08826, Korea.

Although it has been widely studied for several decades,
SmBg remains one of the most puzzling materials in the
research community. While it is generally believed to be
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a narrow-gap insulator due to the hybridization of
d-electrons with f-electrons in Sm ions, SmBy has two
contradictory features: a gapless metallic character and
a narrow-gap insulator character.'™* Topological Kondo
insulator with a metallic surface state provides a compro-
mise for these contradictions.!>°! However, the same
measurements performed by two different groups, that
is, evaluation of the de Haas van Alphen effects on
SmBg, led to two radically different interpretations of
two-dimensional ~electron orbits”) and a three-
dimensional Fermi surface!® in SmB. Some experiments
support the two-dimensional nature of the electronic
state, ! whereas others support the three-dimensional
electronic states.!’®?! In addition, in Angle-Resolved
Photoemission Spectroscopy studies on SmB4, Neupane
et all”! reported that the surface state exists below 30 K
inside the hybridization gap. On the other hand, Xu!'*
and Jiang et al.l' claimed that the surface state can be
found in a wide temperature range from 50 to 110 K
or even 150 K. The origin of the metallic state of SmBg
is still unresolved.

The cubic structure of SmBg belongs to the space
group O;-Pm3m, and group theoretical analysis shows
that the I'-point phonon modes are distributed among
irreducible representation as follows: I' = A;; + E; +
Tye + Tig + 3T1y + Tou. Among these, Ajg + Eg + Toy
are Raman active. The Raman spectra of SmBg have been
investigated by several groups.'*'7! Nyhus et al.'®!
observed a gap formation in their electronic scattering
spectra of SmBg below 70 K. Valentine et al.l*®! investi-
gated the effects of Sm vacancies on the gap and found
that the presence of even 1% of Sm vacancies lead to sup-
pression of the hybridization gap. The line shapes and
vibration frequency of the phonons of RB4 were found
to strongly depend on the valence of R ions. For instance,
the T,; mode is asymmetric for the trivalent R but sym-
metric for the divalent R. Likewise, the E, mode is a
broad single peak for trivalent and a doublet for divalent
R.I718] However, previous Raman studies on CaBg and
EuBg show the line shapes or number of peak compo-
nents of each phonon mode are not related to the valence
of R ion.*?°!

In principle, physical properties of a material are
strongly dependent on its crystal symmetry. Neutron
scattering and X-ray diffraction (XRD) are usually useful
to characterize crystal symmetry and structural distor-
tion. However, neutron scattering is not applicable for
the substances which contain strong neutron absorber
atoms, such as ***Sm and '°B in SmBg. In addition, slight
change in symmetry in RB4 (R = Ca, rare earths) could
be also difficult to detect using XRD. This is partly due
to the fact that the XRD scattering is not sensitive to
light element such as B (Z = 5) atom compared with

heavier R ions. Consequently, a subtle change of the
direction of the B octahedra in RBs may not be detected
by XRD. Raman scattering, on the other hand, is very
sensitive to changes in the force constant resulting from
slight distortion of the structure, leading to a significant
change in the Raman spectra. Indeed, our previous
Raman studies on CaB¢'®! and Eu,,LaBs?>* showed
that the phonon wavenumbers and the line shape
depend strongly on impurities or doping, whereas their
XRD showed no noticeable differences. Interestingly,
some physical properties, such as the resistivity and mag-
netism of hexaborides, for example, CaBg, are known to
depend on the impurities in the B ingredients.[21’22] For
the CaB4(6N) and CaBg(3N) single crystals synthesized
with 99.9999%-pure B and 99.9%-pure B, respectively,
Cho et al.'*?! reported that ferromagnetism (FM) within
a finite range of carrier density was found in CaBg(3N)
single crystals, but no ferromagnetic signals were
detected in CaBg(6N) single crystals. On the other hand,
transport properties of SmByg showed that the activation
energy and magnetoresistance sign could change depend-
ing the Sm vacancies, doping elements, and doping con-
centration.!**! Obviously, systematic study of the effects
of impurities on the structure of RBy including SmBg is
necessary.

In this article, we report significant differences in the
Raman spectra of SmBg¢(6N) and SmB4(3N) and give an
explanation based on the impurity-induced structural
distortion. All phonon modes in the Raman spectra of
SmB4(3N) strongly shifted to higher wavenumbers and
became broader than those of SmBg(6N) indicating
lower symmetry of the crystal structure. However, such
lower structure symmetry could not be detected by
XRD. Although chemical assay showed that the primary
impurities in SmB4(3N) were Fe ions, the results of our
first-principles calculation for the Sm site substituted by
Fe ions in SmBg could not explain the observed behav-
ior of the Raman spectra. Based on high-pressure exper-
iment and phonon calculation in uniaxial compression
model, we proposed that the presence of small amount
impurities in SmB4(3N) is enough to cause spontaneous
compression along the [001] axis by ~1%, which could
be a consequence of By octahedra tilting away from
the [001] direction by about 8°. This mechanism could
explain the peculiar behavior in Raman spectra of
SmB(3N). The unusual dependence of the Raman spec-
tra on impurities reported previously in CaBg and
EuBg!'*?"! was similar to our SmBy case, implying such
common characteristics in the Raman spectra of RBg (R
= Ca, rare earths) could originate from the same mech-
anism as in SmBg(3N). Slight structural deformation
induced by small amount of impurities might affect
the electronic states of SmBg.
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2 | EXPERIMENTAL
2.1 | Sample synthesis

In our experiments, high-quality SmBg single crystals
were synthesized using the high temperature flux
method. A stoichiometric mixture of samarium metal
(>99.9%, Alfa Aesar) and boron pieces was placed in an
alumina crucible (99.8%, Samhwa Ceramic Company)
with aluminum flux (99.999%, RND Korea) at a mass
ratio of SmBg:Al = 1:50. The SmBg(3N) sample was syn-
thesized with 99.9% purity B, whereas the SmB¢(6N) sam-
ple was synthesized with 99.9999% purity B. The mixture
was heated in a tube furnace, for which the heating ele-
ment is MoSi,. The heating sequence was started at
300°C to dehydrate the mixture under a high-purity
argon atmosphere. After dehydration, the mixture was
homogeneously melted at T = 1,600°C and then slowly
cooled to 655°C at a rate of 4.8°C/hr. The synthesized
crystals were extracted from the Al flux using NaOH solu-
tion. The major impurities in SmB4(3N) were Fe
(0.0042%) and small amounts of Al (0.00092%), Cr
(0.0009%), and Mn (0.0009%).

2.2 | Raman and XRD measurements

Raman spectra were obtained in back-scattering geome-
try using the XperRam 200 system. A 532.00-nm laser
was used as the excitation source, with laser power of
~10 mW and beam diameter of ~30 um. XRD patterns
of the pulverized single crystals of SmBg(6N) and
SmB4(3N) were obtained at ambient pressure by
microfocusing Rigaku D/MAX-2500 with a Cu target
radiation wavelength of 1.5406 A.

High-pressure Raman and XRD measurements were
performed using a Merrill-Bassett-type diamond anvil
cell at room temperature. The pressure was recorded
using the ruby fluorescence method,?* and water was
used as the pressure-transmitting media. The high-
pressure XRD experiment was performed using
MicroMax-007HF (Rigaku Corp.) equipped with rotating
anode Mo-Ka (A = 0.7093 A) with multilayer optics
(VariMax-Mo, Rigaku) and imaging plate detector (R-
axis V™", Rigaku).

3 | RESULTS AND DISCUSSION

3.1 | Differences in Raman spectra of
SmB¢(6N) and SmB4(3N)

Figure 1a shows the Raman spectra of SmB¢(6N and 3N)
single crystal samples obtained at 300 K in an unpolarized
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FIGURE 1 (a) Raman spectra of SmB4(6N) and SmBg(3N) at
room temperature show significant differences in Raman shift and
linewidth (see the text). The thick black line is for SmBg (6N), and
the thin red line is for SmBs (3N). (b) Doublet features of the T,
and E, modes of SmBg(3N) obtained with Lorentzian fitting. Green
and magenta solid lines indicate individual peaks inside each
Raman mode, red solid line presents the sum of the fit, and the
scattered points are experimental data. Details of the peak positions
are listed in Table 1. (c) Powder X-ray diffraction patterns of
pulverized single crystals SmBg(6N) and SmB4(3N). The asterisks
indicate silicone peaks which were used for calibration. Inset shows
the details of the (100) peak. The difference between SmB¢(3N) and
SmB4(6N) is about 0.015° [Colour figure can be viewed at

wileyonlinelibrary.com]

configuration. Below 1,400 cm™!, the Raman spectra of
SmBg show three phonon modes. These three phonon
modes are discerned around 714, 1,139, and 1,259 cm™!
for the 6N sample. These modes are consistent with a factor
group analysis, which predicts three Raman-active phonon
modes with T, + Eg + A, symmetries for the cubic lattice

with space group O}l—Pm3m.[25] In comparison with
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previous reports,'>17! the peak at 714 cm™' can be
assigned to T, the peak at 1,139 cm™ ! to E,, and the peak
at 1,259 cm ™' to A, mode.

Significant differences in the Raman spectra of
SmBg(6N) and SmB4(3N) can be clearly observed in
Figure 1a; the peaks from the 3N crystal are significantly
broader and appear at higher wavenumbers than the corre-
sponding peaks for the 6N crystal. Figure 1b shows the
results of fitting the broad peaks of the 3N crystals. The
Raman peaks of the 3N crystals shift from those of the 6N
crystals by ~4, 10, and 30 cm™" for the Ty, Eg, and Ay,
modes, respectively. All of the Raman active modes in
SmBg are vibrations of B octahedra. The T,, mode is the
scissoring displacement of four planar B in the B4 octahe-
dra. The Eg mode corresponds to a compressing up and
down vibration. Both the T,, and E; modes correspond to
modulating B—B—B bond angles. However, the A;; mode
is the stretching mode modulating the B—B lengths. Note
that B, which has an atomic mass of ~10.81 u, is one of
the lightest atoms, and the phonon energies are directly
related to the bonding force constants. Therefore, the sig-
nificant wavenumber increase of the phonon modes in
SmBg(3N) would suggest the following:

1

1. The major impurities in SmBg should go to the Sm
sites, not the B sites because the impurities in SmBg
(Fe, Mn, Al, and so on) are much heavier than B.

2. The bonding force constant in the B¢ octahedra of
SmB(3N) is larger than that of SmB4(6N).

3. The stronger upshift of the A;; mode in comparison
with the T,, and E, modes indicates that the change
in the force constant related to the B—B bond
stretching is larger than that of B—B—B bond angle
in the 3N sample.

The possibility of Sm vacancies as the cause of the sig-
nificant differences between the Raman spectra of
SmBg(6N) and those of SmBg(3N) can be safely excluded
based on previous work by Valentine et al.l'® They

performed systematic Raman measurements on SmBg
samples with controlled Sm vacancies. According to their
results, Sm vacancies do not affect the peak wavenumbers
of the Ty, E,, and A, modes at all, though they affect the
linewidths slightly.

All the phonon modes of SmB4(3N) are broader than
those of SmB¢(6N). The full widths at the half maximum
(FWHM) of Raman peaks of SmBg(3N) are larger than
those in SmB(6N) by 15, 33, and 7 cm ™" for the Ty, Eq,
and Ay, respectively. The broadening of phonon modes
in SmB4(3N) can be associated with the local disorder!?!
upon introduction of the impurities. However, the T,
and E; modes of SmB4(3N) show double peaks compared
with the sharp, symmetric single peaks in SmB¢(6N). It is
more evident in the Raman spectra of “low-purity
Sm''Bs” in supplementary Figure S2. Doublet features
of the phonon modes indicate lower symmetry of the
crystal structure rather than local disorder. As can be
seen in more detail in Figure 1b and Table 1, the T,
and E, modes in the 3N sample are split into double
peaks centered at 712 and 723 cm™' and 1,107 and
1,153 cm ™, respectively. The ratio of two peaks is approx-
imately 1.015 for the T,, and 1.042 for the E, mode.
Although the ratio of two peaks of the E; mode is close

11 mg )
to % = 1.048, as expected for the B isotopes, we clar-
ify that the double feature of the T,, and E, modes in
SmB4(3N) is not due to the isotope of '°B and ''B. We
have checked the effects of B isotope on the Raman spec-
tra by synthesizing SmBy single crystals with ''B (without
any '°B) with low purity (99.87%) and high purity
(99.9999%). The results on the ''B-isotope SmBj single
crystal samples are presented in detail in Figures S1 and
S2. As presented in Figure S1, SmBg sample synthesized
with "'B with purity 99.87% has the ratio of two peaks
of ~1.009 for the T,, and 1.031 for the Ez So even in
the SmBg synthesized with *'B only, the doublet feature
is still observed when the purity lower than 6N. The A;,

TABLE 1 The Raman active phonon wavenumbers of SmBg4 obtained in experiment and theoretical calculation

Experiment (cm ™)

SmB; Ty E, Ay
Wen 714 1,139 1,259
singlet singlet singlet
Wan 712 1,107 1,289
723 1,153 singlet
doublet doublet
Splitting/shift ratio 1.54% 4.04% 2.38%

Theory (cm™)

SmB6 ng Eg Alg
Ideal structure (w;) 670 1,134 1296
Deformed structure (wq) 679 1,143 1,317
687 1,161 Singlet
doublet doublet
Splitting/shift ratio 1.19% 1.59% 1.62%

Note. The splitting ratio was calculated for the doublet T,, and E, modes; the amount of splitting between two components of a specific mode of SmB4(3N)
(distorted strlzcture) divi?ed by the Wavenurr%ber of tl)1e corresponding mode in SmBe(6N) (ideal structure). The shifting ratio for the singlet A;; mode was cal-
W4 — @i
i

culated with experimentally or ——— theoretically.

W3N — WeN
6N @
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mode in SmB¢(3N) is also broadened by ~7 cm™, and

random disorder**! may also explain it. But aforemen-
tioned random disorder may not explain the doublet fea-
tures in T,, and E, modes. In our density functional
theory (DFT) calculation for the A;, mode, we could get
only a single peak shift but no doublet feature. However,
lower symmetry in the SmBg crystal structure can explain
the broadening of the A;; mode as well.

Local symmetry breaking in SmBg(3N) is proposed to
account for the presence of extra Raman peaks than the
factor group analysis prediction within the cubic symme-
try. However, in contrast to the behavior in Raman spec-
tra, the XRD patterns of SmBg(6N) and SmBg(3N) show
no forbidden or additional peaks (see Figure 1c). The dif-
fraction angle of the (100) peak shows a shift of ~0.015°
(inset of Figure 1c). Likewise, the (110) peak shows a shift
of ~ 0.011°, and the peak (111) shows identical behavior
(figure not shown), indicating no significant difference
in lattice parameter of two samples. Indeed, the values
of the lattice parameters are obtained to be 4.13371(3)
and 4.13293(2) A for the SmB4(6N) and SmBg(3N), respec-
tively. They are close to each other and in agreement
with previous publications.'****” Thus, XRD does not
show any clear evidence of lower crystal symmetry in
SmB4(3N). However, our Raman results suggest that the
local environment of the By octahedra is distorted leading
to local symmetry breaking.

Before going to explain the peculiar behavior in Raman
spectra of SmB4(3N), we emphasize that the similar
dependence of Raman spectra on impurities was also
observed in other hexaboride RB4s compounds. For
instance, strong effects of impurities in the B ingredients
were reported in the Raman study of CaBg(6N) and
CaBg(3N) single crystals.'”! In our previous Raman
research, all the phonon modes of CaB4(3N) were found

SPECTROSCOPY

to be broader and shifted to higher wavenumbers com-
pared with those of CaB¢(6N). The E; mode of CaB4(3N),
in particular, showed doublet feature. Similar phonon
peak broadening and upshifts were also found in Eu,_,La
xBg (x = 0, 0.05, 0.1, 0.2, and 0.3) synthesized with
99.9999% purity B.?°! It seems to be a general phenome-
non that small amount of impurities introduces lower
symmetry in RBg, for R = Ca, Eu, and Sm at least. Finding
a common mechanism which describes effect of impurity
on local structural symmetry in RBg is necessary.

3.2 | High-pressure Raman and XRD of
SmB,(6N)

In order to correlate the effect of impurity to structural
distortion in SmBg(3N), XRD patterns and the Raman
spectra of SmBg(6N) crystal were investigated at various
pressures. The pressure dependence of the XRD patterns
and Raman spectra and the lattice compression of
SmB4(6N) are shown in Figure 2a-c, which confirm that
there is no structural phase transition up to 3.0 GPa.
The lattice constant a for the cubic phase is found to be
continuously decreasing with increasing pressure
(Figure 2c). The values of a are 4.14569(5) and
4.11712(6) A at pressures of 0.0 and 3.0 GPa, respectively.
The reduction in the lattice constant a is about 0.7% with
the application of 3.0-GPa pressure.

We quantitatively analyzed the pressure dependence
of the Raman spectra of SmB¢(6N). As can be seen in
Figure 2d, the FWHM values of the Raman phonons
are not significantly affected by the pressure. This is in
contrast to the broad Raman peaks observed in
SmB4(3N) crystals. In our high-pressure experiments in
a diamond anvil cell, a quasi-hydrostatic condition was

(a) (b)
A N__3.0GPa E’ T
2|4 N 2.0GPa | S R~
’2 ! : - : < [20 GPa/:\
é i ! 1.0 GPa : : 1.0 Gpaf
= —\—D.Gke E loscmp\
LA A__0.0GPa ! E oo GPJ\
(100) (110) aip e runner : .
10 15 700 1100 1200 1300
FIGURE 2 Pressure (0.0-3.0 GPa) 20/deg. Wavenumber/cm™
dependence of the (a) X-ray dlffract}on (©) ) (e)
patterns, (b) Raman spectra, (c) lattice < o0o0l= =1, | Tt
compression, (d) full widths at the half = . 25 . Egg 20+ La st A g
S ) P I
maximum of Ty, (black squares) and E, ] i E. g S0 ‘ 1 1 L
(red circles) modes, and (e) relative shifts S -04f E wls é 220 L ve *° ¢
in wavenumber of the T,, (black squares), £ . § Ses s LI T oke’ | . .
. . <@
E, (red circles), and A, (blue triangles) 2 .08} i = s gt 5. 5.5 2l
Raman modes of SmBg (6N) single crystal = . . ] AT ohisawpes = = =
[Colour figure can be viewed at - 0 1 3 0 1 2 3 0 1 2 3
wileyonlinelibrary.com] P/GPa P/GPa P/GPa
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maintained up to ~1.5 GPa where the water pressure-
transmitting media froze to ice VI so that the structural
symmetry of the SmB4(6N) crystal was kept below 1.5
GPa. Consequently, the FWHM of the phonon modes
was barely affected up to 1.5 GPa. However, the broader
T, Eg, and A;; phonon modes of the 3N crystal com-
pared with those of the 6N crystal suggest that the sym-
metry of the structure is lower in SmBg(3N). We
speculate that the lower symmetry of SmB¢(3N) might
be due to anisotropic distortion in the By octahedra as
described below.

The relationship of the relative peak shift (wp) —
w() and pressure is plotted in Figure 2e. All the Ty,
Eg, and A, phonon modes shift to higher wavenumbers
with increasing pressure, and the E, and A;; phonons
show a slightly faster upshift than the T,; mode. Similar
behavior is observed in the phonon modes of SmB¢(3N)
at ambient pressure in comparison with those of
SmBg(6N). The wavenumbers for the T,; and E; modes
of the 6N crystal reach the same values as the corre-
sponding modes of the SmB4(3N) crystal at ~1.5 GPa,
whereas the pressure value for the A;, mode reach
~2.5 to 3.0 GPa. In Figure 2e, the horizontal dashed line
for each mode indicates the experimental wavenumber
difference for SmBg(3N) with respect to the correspond-
ing mode of SmB4(6N) at ambient pressures. Then, the
vertical line for each mode can be regarded as the “vir-
tual pressure” that may exist in SmBg(3N). Higher vir-
tual pressure for the A;; mode is consistent with the
fact that the A, vibrational eigenvector is the largest
along the c-direction, which implies that the deforma-
tion in SmBg(3N) is anisotropic. This interpretation sug-
gests that the reduction along the c-direction could
occur in SmBg(3N).

A natural question arises regarding the main cause for
the broadening and strong upshifts of the phonon modes.
The Fano resonance was observed in the A;, mode in
SmBg(6N) in contrast to symmetric shape in SmBg(3N),
which suggests coherent interference between the dis-
crete phonon and a broad peak or continuum, that is,
the electron—-phonon coupling in SmB4(6N).128] Typically,
the Fano peak is described by Breit-Winger function

2

[q + E(w)]z , E(CLJ) _ 2(0) - CO())
1+¢(w) r

phonon frequency, A is the amplitude, g is the asymmet-
ric parameter, and I' describes the resonance width. Inter-
estingly, the electron-phonon coupling would lower the
wavenumber of a phonon mode. So the recovery of Fano
shape and upshift of the A;; mode in SmB4(3N) could be
associated with electron-phonon coupling by introduc-
tion of impurities. It is worth to note that the Fano shape
was found in the A;; mode of CaB¢(3N) with higher

I(w) =A , where w, is the

wavenumber compared with symmetric A;, mode in
CaB4(6N)."! 1t is clear that the electron-phonon cou-
pling may explain the Fano-shape but not the upshift of
the phonon mode in SmBgy as well as CaBg4 at the same
time. Thus, the upshift of the phonon modes in 3N sam-
ple may not be related electron-phonon coupling in RBg
(R = Ca, Eu, and Sm). Extra free charge carriers gener-
ated by the impurities in CaB4(3N) were suggested by
Rhyee et all®’! as a possible source for the
renormalization of the phonon self-energies, though
without a theoretical support. To better understand the
broadening and upshift of the phonon modes, we con-
ducted a systematic theoretical investigation as following.

3.3 | Phonon wavenumber calculation by
the first-principles DFT

The phonon wavenumbers in the ideal structure (perfect
cubic symmetry) for RBs (R = Sc, Fe, Y, Mg, Sm, Ca,
and Sr) were calculated by using the first-principles
DFT. We used Perdew-Bruke-Ernzerhof-type general-
ized gradient approximation'®®! to DFT and the project
augmented-wave method, as implemented in the Vienna
Ab initio Simulation Package.*°! We used the experimen-
tal lattice parameter for SmBs and calculated relaxed
atomic positions inside the unit cell by minimizing the
total energy. For the other compounds, the lattice param-
eters and atomic positions were obtained by minimizing
the total energy. An energy cutoff of 1,000 eV was used
for the plane-wave expansion, and 10 X 10 X 10
Monkhorst-Pack k-point grid was used for the
Brillouin-zone integration. The spin-orbit interaction
was included for SmBy. We calculated the interatomic

1400

_ 1200
g
g
i
21000
=
5
z
800 & x
g T2 ‘\M\‘ e
600 i
4.06 4.10 4.14 4.18 4.22

Lattice constant /A

FIGURE 3 Relation between phonon wavenumber (cm™") and
lattice parameter in several RB¢ hexaboride compounds calculated
with density functional theory [Colour figure can be viewed at

wileyonlinelibrary.com]

nAfeue//sdny woiy papeojumoq ‘TT ‘6T0Z ‘GSGr260T

1oL

8SUBD |7 SUOWILLOD BAIESID d(qeal|dde ay Ag pausenob are sapilie YO ‘8sn Jo sajni oy Areiq i autjuQ A8|1AN UO (SUONIPUOD-pUB-SWLIBIAL0Y B[ 1M AIq U1 uO//Sdny) SUONIPUOD PUe Swie 1 8Y) 88S *[7202/60/£0] Uo Ariqiauliuo A1 ‘(1S19) ABojouyoe 1 pue 80usios Jo ainnsu| nibuems Aq 60, 'S11/Z00T OT/10p/wod A 1M Akeiq!



NGUYEN ET AL.

Wl LEY—JnurnaI of N 1667

force constant matrices using the density functional per-
turbation theoryBl] and obtained the wavenumbers of
the Raman active phonon modes from the interatomic
force constant matrices.

The general trend of the calculated phonon
wavenumbers shown in Figure 3 are in good agreement
with the experimental findings by Ogita et al.l'”! Note
that all the phonon modes of FeBgs have higher
wavenumbers than the corresponding modes of SmBg.
Thus, the upshifts of the Raman modes of SmBg(3N)
could have been explained by doping the Sm site with
Fe, which is the major impurity in the 3N boron used
in synthesizing the SmB¢(3N). However, at most, 0.1%
of Sm would be replaced by Fe in SmB4(3N), so that the
major portion of the SmBs would show Raman modes
at the original (lower) wavenumbers and the minor com-
ponent at higher wavenumbers. Experimentally, the
Raman spectra of SmB4(3N) in Figure 1b show that the
T, and E; Raman modes consist of multiple peaks and
the major (minor) components of the Raman modes are
at higher (lower) wavenumbers, contrary to our theoreti-
cal expectations for doping of the Sm site with Fe
impurities.

Even if the Raman modes are affected by Fe doping,
the amount of Raman peak shifts would not be as large
as the difference in the wavenumbers of the correspond-
ing Raman modes of FeBs and SmB4. To the contrary,
our experimental findings show that upshifts of the
Raman modes are quite large for only 0.1% of impurities.

In order to explain the discrepancy, we need to assume
anisotropic deformation of the cubic SmBg structure. The
phonon wavenumbers are first calculated in perfect cubic
symmetry and later with the assumption of a 1% reduction
only along the [001] axis. First, for the ideal structure, we
used experimental lattice parameters for SmBg a = 4.133
A"l and calculated relaxed atomic positions inside the
unit cell by minimizing the total energy until residual

wn
'E Ideal structure A]g
; 1000 + Deformed structure —=
=
[
8
g E
g e
g s00f
= Ty
=
=]
..
600 800 1000 1200

Wavenumber/cm™

FIGURE 4 Density functional theory calculation of the phonon
wavenumbers of SmBg in the anisotropic compression model. The
black solid line represents the ideal structure (without any
distortion), and the red solid line represents the deformed structure,
in which the lattice parameter is reduced by 1% along the c axis
[Colour figure can be viewed at wileyonlinelibrary.com]

SPECTROSCOPY

forces on the atoms are smaller than 0.001 eV/A. After
relaxation, one Sm atom is at (0, 0, 0) and six B atoms
are at (a/2, a/2, +0.1995a), (a/2, +0.1995a, a/2), and
(£0.1995a, a/2, a/2). Subsequently, for comparison with
the SmB4(3N) samples, the symmetry of the atomic struc-
ture is lowered by reducing the lattice constant c along the
z axis by 1% from the experimental value, and the lattice
constants a and b along the other two axes are fixed, that
is, a = b and ¢ = 0.99a. With this uniaxial deformation,
atomic positions inside the unit cell are relaxed again by
minimizing the total energy. After relaxation, one Sm
atom is at (0, 0, 0) and six B atoms are at (a/2, a/2,
+0.1994c¢), (a/2, +0.1994a, c/2), and (+0.199%4a, a/2, c/2).
Figure 4 shows the theoretical Raman spectra of the ideal
and 1% compressed structure. The details of the phonon
wavenumbers from the experimental (for 6N and 3N crys-
tals) and calculations (for the ideal and deformed struc-
ture) are listed in Table 1.

As can be seen in Figure 4 and Table 1, the behaviors
of the deformed structure significantly resemble the
behaviors of the 3N sample.

1. The wavenumbers of all the phonon modes show
upshifts from the ideal to deformed structure. This
is consistent with the experimental fact that phonon
wavenumbers of SmB6(3N) are higher than those of
SmB6(6N).

2. The relative ratio of the shifted wavenumbers of the
phonon modes of SmB6(3N) with respect to those of
SmB6(6N) is comparable with the theoretical values
calculated assuming ~1% compression along the c axis.

3. Doublet features of the T,, and E, modes are in
agreement with the double components obtained by
fitting the Raman spectra of SmBg(3N) (Figure 1b)
and by two dimensional correlation spectroscopy
and principal component analysis (2DCOS+PCA).1?!

These results imply that our model with a slightly uni-
axial compression is a good assumption to explain the
shifting and broadening (multiple-peak feature) of the
Raman spectra of SmB4(3N). The consistent results in
theoretical calculation and high-pressure Raman spec-
troscopy revealed that compression by 1% of the lattice
parameter along the c axis is an appropriate hypothesis
to explain the peculiar behaviors observed in the Raman
spectra of the 3N sample. Note that the tetragonal sym-
metry induced by breaking the cubic symmetry reported
in EuB4**! (B purity 99.99%) is consistent with our inter-
pretation in this point of view. However, the origin of
tetragonal distortion was not explained in the previous
case. Our analyses above indicate the impurities played
an important role in inducing local structural distortion
in SmB¢(3N) or even in RB4 compounds. This leads to
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the question of how such a deformation could occur in
RBg octahedral structure in reality, and we suggest spon-
taneous tilting or rotation of the By octahedra in
SmB(3N) as one of a possibilities.

3.4 | Distortion of B4 octahedron
assumption

Tilting/rotation of octahedral BXj is a very common struc-
tural distortion in perovskite materials. The best known
example of a perovskite with tilted octahedra is SrTiO3; A
phase transition from the ideal cubic structure to a tetrag-
onal structure occurs at ~105 K due to the tilting/rotation
of the octahedron TiOg away from the ¢ axis.***! How-
ever, if octahedron tilting from the [001] axis causes a
structural phase transition, the unit cell should be
expanded twice along the [100] and [010] directions as
well. In SmBg(3N), no evidence of a structural phase tran-
sition or doubling of the lattice constant could be found in
XRD pattern. However, we still propose that the Bg octahe-
dra may be slightly tilted away from the [001] direction in
SmBg(3N). If the unit cell is compressed 1% along the
[001] direction as in our theoretical model, then the titled
angle is estimated to be about 0.141 (rad) or ~8.1° as sche-
matically illustrated in Figure 5a. From the macroscopic
perspective, imagine that each B¢ cage is titled with a small
angle in any unit cell, then another B4 cage in the next unit
cell is also titled a little but in the opposite direction to the

(a) i 0.01c

f

&
P

[001]

(b)

[100]

[010]

i
TE

%

FIGURE 5 (a) Schematic illustrations of the Bg octahedron in
ideal and distorted cases (slightly tilted away from the [001]

&
‘il iia

direction). (b) Proposed arrangement of tilted Bs octahedra in unit
cells. Every Bg cage tilts in the opposite direction with respect to the
next Bg cage [Colour figure can be viewed at wileyonlinelibrary.com]

original distortion (Figure 5b). The tilting can extend sev-
eral unit cells and form a small domain size. The orienta-
tion of each domain can be random. As a result, the
average macroscopic structure of SmBg is not affected at
all. The tilting of the Bg cage in SmBg¢ is a reasonable
scenario because of the following advantages:

1. It preserves the degeneracy of a, b axis.
2. It maintains the inversion symmetry.
3. It explains a “natural” compression along c axis.

The most important thing is, in this model, the
tilting/rotation of the B4 cage by a small angle may not be
detectable with XRD or neutron scattering due to two rea-
sons. First, '*’Sm and '°B ions are strong neutron
absorbers, and the electron clouds of the B, cage (along ¢
axis in perfect crystal) still retain a nearly spherical shape
when it is distorted slightly. Second, according to
Thomson's’*” equation, the XRD intensity of an atom is
proportional to the number of electrons,

ZIoT , 121+ cos?(26)
e
I, is intensity of incident beam, r is distance from electron

2

es . . . .
to detector, —1is the classical electron radius, 26 is angle
m,C

between scattering and incident beam. In our case, the
octahedron By in RBg¢ is formed by light B atoms (Z = 5);
therefore, the tilting/rotation of octahedron is hard to
detect using XRD. It is in contrast to the case of octahedral
MXjg in perovskites, which both center (M cation) and sur-
round Xy cage are much heavier than B ion. This may
explain the fact that all XRD studies of CaB¢(3N),!*"! Eu,_
LB, 2% EuB¢(99.99% B purity),’**! and SmB4(3N) could
not recognize the possible tetragonal distortion in crystal
structure. Tilting of the B¢ octahedra is one plausible sce-
nario that can occur in the RBg (R = rare-earth element)
structure, and we suggest that such tilting/rotation of the
B octahedra is triggered by the presence of small amount
(~0.1% at most) of impurities.

I x where Z is number of electrons,

3.5 | Structural distortion and physical
properties of RBg

Having the impurity-induced structural distortion sce-
nario, we comment on the relation of the impurity in
B ingredients to their physical properties of RBg. It
was pointed out that difference in B purity leads to dif-
ference in electronic and magnetic properties of CaBg in
previous reports.???! They suggested that the defect
from impurities generate the local magnetic moment
and extra free carriers in CaBg(3N) compounds, which
could not be found in CaBg(6N). Even with different
stoichiometric CaBg_s(3N), CaBg,s(3N) or small none
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magnetic ions La-doping CagggsLagoosBs(3N) also
showed FM signals, whereas none of corresponding 6N
samples revealed FM order. In EuBg, the cubic symme-
try prevents the occurrence of FM phase; however, it is
reported that the FM order in low purity EuBg exists
below 16 K.*®! A tetragonal symmetry induced from
cubic symmetry breaking was assumed to explain the
FM behavior.**! Note that the B purity in Martinho
et al.®! is 4N (99.99%), lower than 6N (99.9999%),
which was our highest B purity for SmBg(6N) or
CaB4(6N). Therefore, our impurity-induced structural
distortion scenario seems to be applicable to their inter-
pretation as well. In SmBg, due to lack of single crystal
quality information, especially impurity ingredients in B
sources in previous literatures which reported about the
intriguing but contradictory properties of SmBg, we can-
not compare the effects of impurities directly with their
findings such as 2-D nature or 3-D nature of electronic
states. However, several groups used different methods
with different purity of ingredients in synthesizing their
samples. For instance, Hatnean et al.[! produced crys-
tals by floating zone from commercial SmBg powder
(99.9%), reporting 3-D conduction electron Fermi
state.®! Jiang et al.' grew single crystal by Al-flux
method from a chunk of Sm (99.9%) and B powder
(99.99%) and argued wide range of surface state up to
150 K. They all used low purity than 99.9999% (6N)
ingredients in the sample synthesis.

We claim that the structural distortion caused by
presence of impurities can affect electronic states of
SmBg. Indeed, it is well known that the nontrivial state
of SmBg is related to conduction state on the surfaces
and formation of small gap inside which results from
the hybridization of localized f-electrons and itinerant
d-electrons of Sm ions. First, according to recent theo-
retical calculation,!*”! the wave function at X point has
the contribution from the By cluster suggesting another
hybridization of 4f-bands of Sm with 2p-states of B.
Thus, the deformation/tilting of Bg octahedron could
affect such hybridization leading to changes in the elec-
tronic properties of SmBs. Second, the Fano-shape of
the A;, mode was also observed in an independent
Raman study by Robinson et al.*! on pure SmBs (0%
19B), in agreement with our results. They pointed out
its origin from interaction of phonon and interband
excitation electronic back grounds of Sm bands. In our
study, the asymmetric factor q of the A;; mode is ~4.4
and 2.2 x 10** (i.e., Lorenztian shape) for the SmBg(6N)
and SmB4(3N), respectively. Clearly, the impurities do
affect the electronic structure of SmBs and changes the
electron-phonon coupling as seen in different line
shapes of the A;, mode of 3N and 6N. We suggest that
some of the peculiar physical properties of SmBg

SPECTROSCOPY
reported previously could be related with the B

ingredient purity. Further detailed study of the relation-
ship between the physical properties and purity of the
ingredients is opened for future task.

We believe that impurity-induced distortion in
SmB4(3N) is a common effect which could happen in
RBg¢ compounds, at least for R = Ca, Eu, and Sm. It is
noted that the major impurities in RBg (R = Ca, Eu,
and Sm) are all different elements. They can be a light
element (C as in CaBg) or heavier ions (La in EuBg
and Fe in SmBg). However, no matter what the major
impurity was, strong Raman shift to higher wavenum-
ber and line broadening (doublet feature) are found all
in SmBg(3N), CaB4(3N), and La-doped EuB4.The pres-
ence of impurities seems to trigger the By octahedron
distortion, affecting the electronic state, and lead to
impurity dependence of some physical properties in
these compounds. From our interpretation, such local
structural distortion in RBg would show clear signatures
in Raman spectra, but it is hard to detect using other
conventional techniques such as XRD or neutron scat-
tering. Our study demonstrates Raman scattering as a
simple and powerful method to investigate microscopic
structural distortion in RBg.

4 | CONCLUSION

In summary, microscopic changes in the structure of
impurity-controlled SmBgs were investigated using
Raman spectroscopy and first-principles calculations.
The Raman spectra of SmBg(3N) and SmBg(6N) exhib-
ited significant differences in wavenumber and line
shape in contrast to essentially identical behavior in
XRD patterns. We suggest that the presence of ~0.1%
(at most) of impurities in SmB4(3N) induces a slight
B¢ octahedra distortion, such as spontaneous tilting
away from the [001] direction, leading to significant
upshifts of the phonon peak wavenumbers and broaden-
ing of the phonon modes of SmBg(3N) in comparison
with those of SmBg(6N), the purest sample. The
impurity-induced structural distortion in SmB4(3N)
could be a common effect in RB4 including CaBg and
EuBg, leading to varieties of physical properties. This
work exemplifies the strength of Raman spectroscopy
to study the change in the microscopic structure of
materials composed of light element such as RBg.
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