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The crystal-field (CF) splitting of the °Hs;, Hund’s rule ground state of Sm>* in the strongly correlated
topological insulator SmBg has been determined with high-resolution resonant inelastic x-ray scattering (RIXS)
at the Sm M5 edge. The valence selectivity of RIXS allows isolating the crystal-field-split excited multiplets of
the Sm** (45°) configuration from those of Sm>* (4£°) in intermediate valent SmBg. We find that the quartet

I'g ground state and the doublet I'; excited state are split by ASF

sy = 20 + 10 meV which sets an upper limit

for the 4 f bandwidth. This indicates an extremely large mass renormalization from the band-structure value,
pointing out the need to consider the coefficients of fractional parentage for the hopping of the 4 f electrons. The
tiny bandwidth explains the small value of the indirect gap and puts constraints on the energies of the topological

surface states.

DOLI: 10.1103/PhysRevB.100.241107

I. INTRODUCTION

SmBg is an intermediate valent Kondo insulator in which
the hybridization of localized 4 f electrons and the conduction
band (cf hybridization) leads to the formation of a gap
Ay [1-5] of the order of 20 meV [6—11]. Accordingly, the
resistivity increases with decreasing temperature but instead
of diverging it reaches a plateau below about 10 K. Surface
states could be an explanation for the finite low temperature
conductivity [12-19] and indeed it was theoretically predicted
that SmBg has all the ingredients, such as strong spin-orbit
coupling and electrons of opposite parity (d and f), for being a
strongly correlated topological insulator [20-24]. This predic-
tion initiated many studies such as angle-resolved photoelec-
tron spectroscopy (ARPES) [6—11,25-29], scanning tunneling
spectroscopy [30-33], or de Haas—van Alphen [34-36]. Yet,
despite all these efforts, the exciting question whether these
surface states are topologically nontrivial still remains to be
answered, which may be caused by the complications of the
SmBg surface [7,31,32].

Band-structure calculations have been very successful in
the field of semiconducting topological insulators, but they
are not adequate for the rare earths because of correlations,
nor are they accurate enough because the energy scales are
much smaller. For example, several density functional theory
calculations imply that the hole of the Sm** 4 f3 configuration
resides in the doublet I'; [22,37—40] but a recent hard x-ray
nonresonant inelastic x-ray scattering (NIXS) investigation
[41,42] by some of the authors of the present study reveals
that the ground-state symmetry is the I'g quartet. Along the
same line, band-structure calculations produce 4 f bandwidths
of several hundred meV, while so far no 4f bulk disper-
sions in ARPES have been observed within the experimental
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resolution [6-11,25-29]. The inclusion of correlation ef-
fects using Gutzwiller or dynamical mean-field approaches
(DMFT) [22,43] does produce narrower bands (about 80
and 20 meV, respectively), but it is not clear whether the
mass renormalizations used or found are realistic, with con-
sequences for the prediction of the energies of the topological
surface states [16,21-23].

To better understand the many-body aspects of SmBg
and to help the search for the topological surface states, we
follow here a different strategy. We will determine the energy
scales of the low-lying bulk states which will also provide
information about the surface since its topology is given by
the bulk. We will look in particular at the 4f crystal field
(CF). Knowing that the ground state is given by a pure ['g state
[41,42], we can use the value of the CF splitting as an upper
limit of the 4f bandwidth, of the band gap, and also of the
energies of the topological surface states as we will explain
below.

SmBg has a valence of about 2.5-2.7 at low temperatures
[44-48], so that the electronic state of Sm is described by
the Hund’s rule ground states of the Sm 4f° (24) and Sm
4f3 (34) configurations. The two low-lying multiplets of
the 4% with the total angular momenta J = 0 and J = 1
are not CF split and their wave functions are spherical [49].
The lowest energy multiplet °Hs 2 of the 4 > configuration,
however, is split into a I'g quartet and 'y doublet whereby the
splitting energy, Aﬁclsw, eluded its determination until today.

Band-structure calculations predicted energy scales of about
100 meV (see, e.g. [39,40]) although an extrapolation of the
CF parameters within the RB¢ (R = rare earth) series suggests
a AGC;;/Z of the order of 15 meV; an extrapolation that is, of

course, only valid in diluted systems [50,51].
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Inelastic neutron scattering (INS) is the obvious technique
for measuring A,SC[SS/Z, but here INS has not been success-

ful because of the strong neutron absorption of Sm and B
even in double isotopic samples, the superposition of both
Sm configurations, and the presence of cf hybridization.
INS yields nevertheless the following important information:
the observation of the spin-orbit transitions 'Fy — 'F; and
5Hs 2 = 6H7/2 at ~35 meV and ~130 meV, the existence
of a long-living spin resonance at about 14 meV at the X
and R high-symmetry points with a non-4 f-like form factor
that decays above 30 K, and the occurrence of quasielastic
magnetic scattering (I'/2 ~ 10 meV HWHM) at 100 K that
follows the Sm>* form factor [53-57].

Here resonant inelastic x-ray scattering (RIXS) is a promis-
ing option [58,59]. RIXS is bulk sensitive, much more so
than ARPES and scanning tunneling microscopy/scanning
tunneling spectroscopy, it is element specific, and above all,
it is also configuration selective. This is well known from
studying valences at the rare-earth L edge in the so-called
partial florescence yield mode [60,61]. We use the configu-
ration selectivity at the My s edge (3d — 4f) to distinguish
the excitation spectra of the two Sm configurations.

II. METHOD

Figure 1 shows the Ms-edge RIXS process for SmB¢. The
initial state configuration is an admixture of Sm>*: 3414 f©
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(red) and Sm>*: 3d'%4 3 (blue). The resonant absorption of
an ~1090 eV x-ray photon at the Ms edge (3ds;, — 4f)
creates a core hole. In this intermediate state the absorption
lines of the two configurations are split in energy due to the
different impact of the core hole potential on either config-
uration. Finally, in RIXS spectroscopy the intensity of the
photons emitted by the resonant radiative decay is monitored
as a function of the outgoing photon energy (fiwq,) so that en-
ergy transfer spectra can be measured. In principle the decay
process in the RIXS process of SmByg yields the superposition
of two multiplet spectra [see simulations of two independent
configurations in Fig. 1(b)] but the choice of the incident
photon energy hw;, along the x-ray absorption spectrum
(XAS) edge allows enhancing the signal of one of the two
configurations. It is possible to resolve the CF splittings in a
RIXS experiment because the large lifetime broadening of the
intermediate state does not enter, i.e., the lifetime broadening
in RIXS that matters is that of the final state [62—-65].

Figure 1(b) shows calculations of the RIXS spectra for
pure Sm** (red) and pure Sm>* (blue). The photon-in photon-
out RIXS process yields the selection rule AJ =0, £1, £2
so that multiplets with J =0,1,2 (for Sm2+) and J =
1/2, 3/2, 5/2, 7/2, and 9/2 (for Sm>*") are accessible, the
latter ones being so weak that they are not shown. In the cubic
point symmetry of SmBg only multiplets with J > 2 are CF
split as shown on an enlarged energy scale in the colored
boxes of Fig. 1(b).
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FIG. 1. (a) RIXS process at the Sm Ms edge (3d — 4f) from mixed ground state, 4 ¢ (red) and 4 £ (blue) (see text). Inset: Experimental,
bulk sensitive fluorescence-yield x-ray absorption spectrum (FY-XAS) of the Sm M5 edge of SmBy (black circles), the XAS simulation (gray
line) decomposed into 60% Sm>* (blue line) and 40% Sm>* (red line) spectral weights according to valence measurements [44—48], plus
simulation including self-absorption (brown line) [52]; all scaled down by a factor of 3 for graphical clarity. The colored dots A, B, and C
show the incident energies 7wy, of the RIXS experiment. (b) Calculated RIXS spectra (iwy,-fiwgy) of Sm>t (red, fiwy, = B) and Sm*" (blue,
fiwy, = C) for the geometry as in Fig. 4(a) and vertical (o) incoming polarization. Multiplet as well as expected crystal-field splittings are

shown on an expanded scale in the red, blue, and green boxes. Thicker lines stand for higher degeneracies. The splitting A

used for determining AGCES/Z (blue box).
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Apart from the valence selectivity, another advantage of
RIXS is that the transferred energy is, in contrast to INS,
practically unlimited, i.e., with RIXS we can study higher-
lying multiplets instead of the strongly hybridized Hund’s
rule ground state of Sm** [blue box in Fig. 1(b)]. We will
show that we can take advantage of the CF effect on the 4G§ P
multiplet at about 2.4 eV [see the green box in Fig. 1(b)]. The
asterisk indicates that due to the particularly strong intermulti-
plet mixing acting on this level, L is no longer a good quantum
number so that the multiplet labeling is not strictly valid. The
total angular momentum J = 5/2, however, remains a good
quantum number for CF splittings smaller than the spin-orbit
splittings. 4G;‘ P and the Hund’s rule ground state ®Hs 2 have

the same J so that the same CF parameter Ag [66] (together
with A} = /5/14AY) determines the CF splitting. The size of
the splitting is given by Ag - BiLs whereby Byis is something
like a Stevens factor that is calculated within the full multiplet
routine, while AQ is determined experimentally. Hence, we can
gain information on the splitting of the lowest-energy ®Hs 2
multiplet by fitting the RIXS signal of the G /> multiplet. For

4G§ 1’ the BJLS factor is larger than for (’H5/2 (approximately
double) so that the CF splitting is larger and less hampered by
the limited energy resolution at the Sm M5 edge. In addition,
the signal is free of the strong tail of the elastic peak (at 0 eV)
and of the signal from other low-energy excitations.

III. EXPERIMENT AND SIMULATION

The RIXS experiment was performed on aluminum-flux-
grown single crystals [16] that were aligned by Laue prior to
the experiment.

The SmBg [16] M-edge RIXS experiment at 20 K was
performed at the ERIXS spectrometer of the ID32 beam-
line [67] at the European Synchrotron Radiation Facility,
Grenoble, France with a resolution of 45 meV at the Sm
Ms edge (1090 meV). Data were taken with two different
scattering angles, namely, 20 = 90° and 150°. The samples
were cleaved in situ under vacuum, then transferred to the
main chamber and measured at 20 K. Data were acquired for
about 5 h for each spectrum (only 3 h for the spectrum B).
The instrument 45 meV-FWHM Gaussian response function
was estimated by measuring a carbon tape. The measurements
were performed with horizontal polarization (;7) of the inci-
dent photons; two different scattering angles, 20 = 90° and
20 = 150°; a sample angle of & = 37.3°; and with the b and
¢ directions of the sample in the scattering plane (see inset of
Fig. 4).

Simulations were performed with the full multiplet code
QUANTY [68,69]. Atomic parameters were taken from the
COWAN code [70]. Figure 2 shows that the energy positions
of the multiplets are very sensitive to changes of the reduc-
tion factor r4r.45 of the Slater integrals so that 7474 was
determined by adjusting the energy positions of the multiplet
excitations. The reduction factor r34.47, on the other hand,
affects only slightly the relative intensities of the RIXS peaks.
We find that 7474 = 734.4f = 0.86 provides a very good fit
of the relative RIXS intensities and line positions, and to
the XAS data. These values are in agreement with those in
Ref. [41].
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FIG. 2. RIXS simulations of Sm** for incident energy C with
various reduction factors ryf_4f5 (r3g—4y = 0.86).

IV. RESULTS

The inset of Fig. 1(a) shows the bulk-sensitive experimen-
tal fluorescence-yield XAS (FY-XAS) data of the Sm M5 edge
of SmBg at 20 K, with the photon polarization parallel to
the 100 direction (black line). These data have been simu-
lated by calculating an XAS spectrum (gray line) containing
Sm3* (40%) and Sm** (60%) spectral weights according to
the SmB¢ valence at low T [44-48]. Then self-absorption
effects were included in the simulation (see brown line) [52]
and compared with the FY-XAS data. Note, for reasons of
graphical clarity the XAS data have been rescaled by a factor
of 3. The orange, purple, and green dots marked A, B, and
C indicate the incident energies that were used for the RIXS
experiment.

Figure 3(a) shows the RIXS data at 7 =20 K up to 3 eV
taken with the three different incident energies /iwi, = A, B,
and C and a scattering angle of 20 = 90°. /iw;, = A corre-
sponds to the preedge region where the 3d — 4f absorption
process is dominated by the ground state of Sm** 4f°. The
asymmetric intensity close to the elastic line is indicative for
the low-energy transitions "Fy — "F; at 35 meV and some
"Fy — "F, at about 150 meV, whereas higher-energy transfers
have no cross section because they require larger incident
energies due to selection rules. At fw;, = C the absorption
arises mainly from the 4> ground state of Sm**. Energy B
is in-between, i.e., the RIXS spectrum shows features charac-
teristic of both valences but is not simply the superposition of
spectra A and C because of the incident energy dependence
of the accessible excitations. Figure 3(b) shows full multiplet
RIXS calculations for the same spectrometer configuration for
Sm?* with the incident energies B (dotted red line) and C
(red solid line) and for Sm*" with incident energy C (solid
blue line). The comparison of both panels demonstrates the
energy selectivity of the RIXS signal and it confirms that the
spectrum measured with fiw;, = C resembles almost purely
Sm** multiplets. We will therefore focus on the region of the
*F3/5 and *G% , multiplets measured with this incident energy
for further analysis of the crystal-field problem of Sm>* [see
colored regions in Fig. 3(b)].

The top of Figs. 4(a) and 4(b) shows the RIXS data of the
‘R /2 and 4G;f P multiplets (dark-blue dots) at around 2.4 eV
energy transfer (fw;, = C) measured with horizontal () po-
larization and two different scattering angles, 26 = 90° and
150°, thus taking advantage of the cross-section dependence
on the scattering geometry. We recall that the multiplet *F3
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FIG. 3. (a) RIXS data of SmBy for incident energies 7w, A, B,
and C as defined in Fig. 1(a) (see text for the scattering geometry).
(b) RIXS simulation for Sm** (solid blue line) with fiw;, = C and
for Sm** with fiw;, = B (dashed red line) and C (solid red line)
(simulation, see text).

is not affected by the CF because of J < 2 but that a finite CF
splits the 4G /, multiplet into two levels.

Figure 4 also shows simulations broadened with a 45 meV
Gaussian resolution function for different CF splittings. We

find that, for the same CF parameter, Afg is about 2.2
5/2

times larger than AS;H. We show the simulations for AS;SP =
[—40, +40] meV in steps of 10 meV, whereby the positive
numbers refer to a I'g and the negative ones to a I'; ground
state. Here the narrow thin lines correspond to the same CF
simulation but with an unrealistic small resolution in order
to visualize the details of the CF splittings. The simulation
with Aﬁclsm = 0 (green lines) shows two main peaks, the 4G;‘ P

multiplet and the *F3/, about 80 meV higher in energy. We
learn from these simulations that for CF splittings of less than
40 meV the intermixing of the two multiplets is negligible. We
now compare data and simulations in detail: For 0 meV CF
(green lines), and for +10 and —10 meV splitting (light-blue
and yellow lines) and 20 = 150° the *G? J» intensity would
be stronger than the 4R /2 peak [see Fig. 4(b)]. This is not the
case in the experiment. Hence, the CF splitting of the ground
state must be larger than 10 meV. For a negative CF splitting
only one 4G’5‘ , CF excitation would have intensity in the
20 = 90°configuration, thus leading to a deep valley between
the two multiplets which has not been observed [see Fig. 4(a)].
We therefore conclude that the splitting must be positive,
i.e., we confirm the results of previous directional-dependent
NIXS data [41]. For 440 meV CF splitting the spectral shape
has changed considerably for both scattering geometries so

FIG. 4. Data and simulations of RIXS spectra with hw;, =C
(dark-blue dots) with horizontal polarization (;r) for two scattering
angles 20 = 90° (a) and 20 = 150° (b) (see inset). Different colors
are simulations with different crystal-field splittings; thin dotted lines
with an unrealistic narrow resolution and solid thick lines taking into
account the resolution function. The numbers refer to the respective
Hund’s rule ground-state splitting AS};/Z, positive numbers refer to

%

a I'y, and negative numbers to a I'; ground state. Note, ASF

4G§/2
CF
2288, .

we also exclude this possibility as well. It turns out that peak
shapes and intensity ratios of both scattering configurations
are best reproduced with A(,C;i/z = +20 meV.

Figure 5 shows the same RIXS data as in Fig. 4 but
after subtracting a linear background. The lines represent an
empirical fit with three Voigt profiles whereby the Gaussian
contribution is kept fixed to the experimental resolution. The
Lorentzian widths, the line positions, and intensities were
varied with the simplification that the lifetime broadening
and intensity of the two CF excitations are identical. The

« Data-BG j ' e Data-BG ' '
il . 20=00° | " i 20=150° |
| —CF1of‘G, {[——cF1otcr,
—— CF20f'G", [ cr2of‘cr,,

— total fit —— total fit

Intensity

1 1 » N 1 1 L L 1 n
23 22 21 -2B7 26 -25 -24 -23 -22 21 -20
Energy (eV)

27 26 25 -24
Energy (eV)

FIG. 5. Background corrected RIXS spectra of Fig. 4 with an
empirical fit of three Voigt profiles (see text), one resembling the
*F3/, multiplet and two the crystal-field split *G% ,. The crystal-field
splitting of the ‘G, multiplets corresponds to AESM =20 and
22 meV, respectively.
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FIG. 6. Simulations with three Voigt profiles of the *F3,, and
crystal-field split G /, multiplets measured with 26 = 90° and 150°.
The simulations assume different crystal-field splittings. The respec-
tive splittings are given in the panels for *G% J2- The splitting of the
ground-state multiplet H; /2 is 2.2 times smaller.

best fits yield ASf, =43 and 48 meV for the 20 = 90° and
5/2

150° scattering configurations, respectively, corresponding to
a splitting of 20 and 22 meV of the ground-state multiplet
®Hs ). Other trials with larger crystal-field splittings no longer
reproduce the data (see Fig. 6 in the Appendix). We learn

form this exercise that AT, (AE};S/Z) should be <66 meV
5/2 e

(<30 meV). Summarizing, we thus find AGCIS;/Z =20+
10 meV.

V. DISCUSSION

The present RIXS result agrees surprisingly well with the
CF splitting that is expected from the extrapolation within the
RB¢ series [50]. The result also explains the line shape of
the lowest f state signal as measured in photoemission [11];
we can now propose to describe it in terms of two Lorentzian
lines, one twice as strong as the other according to a I'g quartet
ground state and a I'; excited doublet, that are about 20 meV
apart. Furthermore, the present data confirm the nonresonant
inelastic x-ray scattering result of SmBg that also finds a
quartet ground state [41,42].

The finding that the CF splitting is 10 meV < Aﬁclsm <
30 meV in combination with the NIXS result that the ground
state is not a highly mixed I'g and I'; state [41] indicates that
the 4 f bandwidth is small and less than about 20 meV, other-
wise no CF splitting would have been observed. Considering
the fact that the bandwidth from band-structure calculations is

several hundred meV, we infer that the mass renormalization
is extremely large. This also gives credit to the idea that
coefficients of fractional parentage should be considered for
removing or adding an electron from/to the lowest Sm f°
or f3 multiplet states [71]: a reduction factor of 0.033 can
be found for the f-f hopping. A Gutzwiller study uses a
somewhat less strong reduction factor [22], while a DMFT
calculation [43] found, indeed, the extremely narrow bands.
It should be noted, however, that the sign of the CF splitting
and thus also its magnitude used or found in these many-body
calculations [22,43] is different from the experiment. It would
be highly desirable if these calculations could be tuned in a
way that they reproduce the experimental values.

It is important to recall that for the system to be an
insulator, the indirect gap can be formed only if the 4 f states
have a (positive) energy dispersion [20-24]. Our finding for
the upper limit for the 4f bandwidth is therefore consistent
with the smallness of the indirect gap of SmBg. Moreover,
renormalized band calculations showed that the topological
surface states reside in this gap for an appreciable part of
the surface Brillouin zone [16,21-23]. Therefore, the exper-
imental search for the presence of topological surface states
should not focus on surface states that have strong dispersions
while crossing the Fermi level because these states have a very
different origin.

VI. SUMMARY

The CF splitting of the ®Hs ,2 Hund’s rule ground state of
Sm>*t in SmBg has been investigated with RIXS at the Sm
M5 edge. By analyzing the splitting of a multiplet at 2 eV, we
find that the I'y quartet forms the ground state of the °Hs 2
multiplet and that the excited I'; must be 20 + 10 meV higher
in energy. The impact of this finding on the energy scale of the
topological surface states has been discussed.
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APPENDIX

Figure 6 shows empirical descriptions of the 4F3/2 and
*G , multiplets with three Voigt profiles, one for the *F3/, and
two for the crystal-field split 4G§ /o multiplet. The Gaussian
contribution was kept fixed to the instrumental resolution of
45 meV, while the Lorentzian linewidths were varied. Here the
constraint was imposed that the two crystal-field excitations
have the same linewidth and also the same intensity. The
position of the three lines was varied with the limitation
that the separation of the crystal-field excitations was set to

specific values (see panels of Fig. 6). For AEGF* =55 meV
5/2

(ASIZ/2 =25 meV) both configurations are still well

described with the three Voigt profiles; for ASE, > 66 meV
52

(AGC;W > 30 meV) it is no longer possible to describe the data
with the scattering angle of 260 = 150°. This shows that the
crystal-field splitting of the ground state must be smaller than
30 meV.
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