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We performed a high-resolution photoelectron spectroscopy study on the Kondo metals SmSn; and
SmggLag;Sn;. The experimental results are compared with calculations of density of state performed within
the local density approximation plus the dynamical mean-field theory. The theory is found to reproduce the
experimental valence-band spectra well. In both SmSn; and Smg gLag ; Sn; the bulk Sm valence is nearly trivalent,
with a small fraction of divalent component. Resonant photoelectron spectroscopy indicates a decrease in the

Kondo effect in the diluted system SmggLag ;Sn;.
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I. INTRODUCTION

Valence fluctuations in 4 f -electron systems have generated
profound interest for the past four decades because they are
usually linked with exotic physical phenomena, some of which
ensue from the interplay between the Kondo effect and the
Ruderman-Kittel-Kasuya-Yoshoda interaction. SmBg'? and
compressed SmS® are well-known examples of Sm com-
pounds with an intermediate-valence ground state composed
of nonmagnetic Sm”>* (4 £°) and magnetic Sm** (4 £°). SmBg
is the first compound for which the intermediate valence
state was observed using X-ray absorption spectroscopy.’
SmS undergoes a pressure-induced phase transition from a
black Sm?* phase to a golden phase with an intermediate
valence, corresponding to a semiconducting to metal phase
transition. SmS has a nonmagnetic ground state of J =0
but shows a Van Vleck paramagnetic susceptibility, which
arises from thermal excitation to the low-lying J = 1 level.
These compounds are also well known as Kondo insulators
or narrow-gap semiconductors; at high temperatures they can
be described as localized independent f moments interacting
with itinerant conduction electrons, whereas at low tempera-
tures they develop narrow-gap related properties.

Among Sm compounds, SmSn3 is the first discovered
Sm-based dense (or heavy fermion) Kondo material.*> The
temperature dependence of the resistivity shows a minimum
around 45 K typical of the Kondo effect, and for 7 < 10 K
the resistivity rapidly decreases.’> Antiferromagnetic ordering
with Ty = 11-12 K was revealed by magnetic susceptibility.®’
The electronic specific heat coefficient shows the large value
of y ~ 180 mJ/(mol K?), indicating heavy fermion behavior
at low temperatures.® The specific heat does not show a simple
A-type temperature dependence, as two sharp and one broad
peaks were observed, at 9.3, 9.6, and 10.8 K, respectively.5
Correspondingly, the resistivity showed anomalies around
8.6-9.4 and at 10.3 K. While the peak in the specific heat
at 10.8 K corresponds to the antiferromagnetic transition,
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the origin of the two other peaks in the specific heat has
not been clarified yet, though multipole magnetic order was
suggested.’ In diluted systems these anomalous features in
the specific heat have been found to grow weaker.!” The
temperature dependence of the resistivity of La;_,Sm,Snj
(0 < y £0.177) shows that the Kondo minimum develops
around 10-15 K as one substitutes La for Sm.* Whereas
resistivity features are influenced by the crystal electric field
for SmSn3, this was shown not to be the case for La;_,Sm, Snj.

Knowledge of the ground-state electronic structure of
valence-fluctuating materials is crucial to understanding their
peculiar physical properties. In SmSn; one may expect a
Sm?* ground state similar to the high-pressure phase of SmS.
However, the typical Kondo effect observed in the temperature
dependence of the resistivity points to a possible weak valence
fluctuation, especially at low temperatures. This stresses the
importance of a direct measurement of the electronic structure
of SmSnj3, which has not yet been reported. Furthermore, in
Sm compounds the bulk Sm?* multiplet structure has never
been separated from the surface ones.

In this paper we report a detailed experimental and theo-
retical study of the electronic structure of SmSnjs, and of the
diluted system Smg gLag ; Sns for comparison. High-resolution
photoelectron spectroscopy (PES) measurements were carried
out in two incident photon energy regions, soft x-ray (SX) and
ultraviolet (UV). We performed calculations of density of state
(DOS) within the local density approximation (LDA) plus dy-
namical mean-field theory (DMFT). Our results show that La
substitution to the Sm sites weakens the Kondo effect. The bulk
and surface components of Sm>* are clarified by comparing
the experimental results with the LDA + DMFT calculations.

II. EXPERIMENTS AND CALCULATIONS

A. Experiments and analyses

Single crystals of SmSnj3 and Smg ¢Lag ; Snz were prepared
in a molybdenum melting pot in vacuum using an induction

©2012 American Physical Society
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FIG. 1. (Color online) Magnetic susceptibility of SmSn; and
LaSn; at 0.1 T as a function of temperature. The solid line for
SmSn; is a fit with the modified Curie-Weiss law at 7' > 150 K.
Inset: Schematic view of the crystal structure of SmSnj.

furnace. SmSn; has a AuCus-type cubic crystal structure
(space group Pm3m) with a lattice constant of 0.4685 nm.>’
A representation of the crystal structure is shown in Fig. 1.
The Sm sites have a cubic point symmetry, m3m, while the Sn
sites are located at a tetragonal point symmetry, 4/mmm. The
magnetic susceptibility was measured with a superconducting
quantum interference device (SQUID) magnetometer at an
applied field of 0.1 T. SX and UV PES measurements were
performed at the undulator beamlines BL-1 and BL-9A at the
Hiroshima Synchrotron Radiation Center HiSOR, equipped
with high-resolution hemispherical electron-energy analyzers
(R4000; VG-SCIENTA).?2* For UV PES the resolution (AE)
was setto 10meV athv = 16eV and 7 K. The vacuum pressure
was better than 2 x 10~ Pa during the measurements. In SX
PES, AE was set to 40-50 meV around Av = 136 eV and
10 K. The vacuum pressure was better than 1 x 1078 Pa. The
Fermi edge of Au evaporated on the sample holders was used
to calibrate the binding energy. All samples were fractured in
vacuum just before the measurements. The energy resolution
and the Fermi level were determined with a fit of the Fermi edge
of Au using a convolution of a Gaussian and a Fermi-Dirac
function.

B. Calculations

A fully charged self-consistent LDA + DMFT
calculation'""'? was performed, using the full-potential linear
muffin-tin orbital code RSPt'? and the DMFT implementation
presented in Refs. 14-16. Strongly correlated Sm 4 f states
were treated with the Hubbard I approximation.'”'® The local
Coulomb interaction of the Sm 4 f electrons was parameter-
ized in terms of the Slater parameters F°, F2, F*, and F°. The
parameters F2, F*, and F® were calculated at the beginning
of each new LDA iteration through a radial integration of the
unscreened local Coulomb interaction and then scaled by 0.92,
0.97, and 1.00, respectively. The scaling constants were set to
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account for the screening by the non- f-electrons. The final
fully self-consistent values are F2 = 11.1 eV, F* =172 eV,
and F® =5.3 eV. The Hubbard U parameter F° cannot be
calculated in the same way, as it is too heavily screened.
Instead, it was set to the constant value of 7.0 eV. The k
points were distributed in a 24 x 24 x 24 Monkhorst-Pack
grid, and Brillouin-zone integration was carried out using
Fermi smearing with 7 = 273 K.

We note that the Hubbard I approximation does not take
into account the hybridization effect between the correlated
f orbitals and the bath and, therefore, cannot produce
any quasiparticle peak associated with the Kondo effect.
However, the multiplet spectrum derived from strongly lo-
calized 4f electrons is well reproduced by the Hubbard I
approximation'®!°-2! and can therefore support the identifica-
tion of these structures in the experimental data.

III. RESULTS AND DISCUSSION

A. Magnetic susceptibility

Figure 1 shows the magnetic susceptibility (x) of SmSn;
and LaSn; as a function of temperature. Assuming the
modified Curie-Weiss law, we fit x of SmSny for 7 >
150 K to a function x = C/(T + ®,) + xo + const., where
®p, and C are the Weiss temperature and Curie constant,
respectively.”> The Van Vleck term xq is calculated to be

X0 = 228 20 = 0.000715 emu/mol, where 115, N4, and kg
are the Bohr magneton, the Avogadro’s number, and the
Boltzmann constant, respectively. A E (=~1400 K) is the energy
difference of the lowest multiplets of J = 5/2 and 7/2.2° We
note that our calculation taking into account the crystal field
and spin-orbit coupling also shows a similar value of about
1600 K for AE.

C and O, are estimated to be 0.076 and 130 K, respec-
tively. Based on the formula C = N AMeir?/3kg, the effective
magnetic moment is estimated to be per = 0.78 g, which is
comparable to the Sm** (4 3, J = 5/2) ion magnetic moment
of 0.845up calculated with the formula according to Hund’s
rule, pesr = g+/J(J + 1)up, where g is the Landé g factor.
Thus, the high-temperature paramagnetic moment in SmSnj
is mainly caused by Sm** ions, with the Van Vleck term and
other constant term nearly corresponding to the susceptibility
of LaSnj. Similarly to SmS, where the Van Vleck paramagnetic
susceptibility occurs due to thermal excitation to the low-lying
J = 1level, SmSnj also exhibits the Van Vleck susceptibility
with a small Pauli-type contribution from Sm?**t (4 f3, °Hs /2)
states.?’

B. LDA + DMFT calculations

Figure 2 shows the wide energy range calculations of the
total [Fig. 2(a)], and partial and local [Figs. 2(b) and 2(c)] DOS
of SmSnj3. A spectral line broadening of 0.01 Ry (0.136 eV)
was used to compare the calculation with the experimental
results in a wide binding energy range. In Fig. 2(b) the
structures from E, =0 to 5 eV and from E, =5 to 11 eV
correspond to Sm?>* and Sm** components, respectively.?”> Sn
5p states have a broad peak around E}, = 2-3 eV. Figures 2(d)
and 2(e) show the detailed calculations near the Fermi level
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FIG. 2. (Color online) Result of the DOS calculated with
LDA + DMFT with a spectral line broadening of 0.01 Ry (0.136 eV)
for SmSn;. (a) Total DOS. (b) Sm 4 f, 5d, 6p, and 6s partial DOS
at £, < 12 eV. (¢) Sn 5d, 5p, and 5s partial DOS at E, < 12 eV.
Detailed partial DOS with a spectral line broadening of 0.001 Ry
(0.0136 eV) near Er for Sm (d) and Sn (c) at E, < 1.5 eV. Note that
in (c) and (d) the vertical scales are changed.

with a spectral line broadening of 0.001 Ry (0.0136 eV). These
calculations show fine structures for both °F and °H lines of
the Sm>* component. We note that the °H component is spread
across the Fermi level. For comparison with the PES spectra,
we should take into account the incident energy dependence
of the photoionization cross sections.
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FIG. 3. (Color online) (a) Fine structure of the valence-band
spectra near the Fermi level. (b) Comparison of the calculation of
the DOS with the LDA + DMFT approximation with a spectral line
broadening of 0.01 Ry (0.136 eV; dashed line) with the measured
spectrum at 136 eV for SmSn;. Detailed calculation with a spectral
line broadening of 0.001 Ry (0.0136 eV; solid line) is also shown. (c)
Enlargement of Fig. 3(b) near Er with measured spectra of SmSn;
and SmygLsy;Sns at 136 eV and 9 K with a spectrum of SmSn; at
143 eV and 200 K.

C. Origin of fine structures near Ey

Figure 3(a) shows near- Er photoelectron spectra of SmSnj
and Smg glLag ; Snz measured at kv = 16, 125,136, and 143 eV.
Note that the incident photon energies of hv = 136 and 143 eV
are in the energy range of the Sm 4d-4 f resonance and that
the Sm 4 f intensity is accordingly enhanced, as described
in detail in Sec. III E. Peaks a and b are clearly observed at
all incident energies, and peak c at 136 and 143 eV. In Figs.
3(b) and 3(c) we show the theoretical Sm local DOS given
by the LDA + DMFT calculation for SmSn3; compared with
the spectrum measured for SmggLagSns at hv = 136 eV.
The multiplets of both Sm3* and Sm>* components agree
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very well with the calculated SmSnj3 spectrum as shown in
Figs. 3(b) and 3(c), respectively. The detailed comparison in
Fig. 3(c) allows us to identify the peaks in the experimental
spectrum labeled a, b, c, and e as bulk %H and °F components
of Sm?*, respectively.?? To our knowledge, UV and SX-PES
spectra with resolved bulk components have not been reported
for a Sm compound so far. In the detailed calculation the
energy separation between peaks a, b, and c is of the order of
0.13 eV, which is much larger than the experimental energy
resolution and, therefore, explains why we were able to clearly
resolve them.

Based on the results of the first principle calculations,?’the
energy shifts of the surface components from the bulk ones
should be 0.4-0.5 eV. Thus the broad peaks labeled d and f are
probably derived from the surface contributions, similarly to
what we previously observed in Yb compounds.”® According
to the calculated spectrum in Fig. 3(b), the °P components
of Sm”>* are expected to appear within an electron binding
energy range of Ey = 3—4 eV. Based on the fact that the
calculated °P features have a very weak intensity, we can
reasonably consider that the broad peak observed in the
experimental spectrum around Ey = 4 eV mostly corresponds
to the surface contribution of °P. We additionally note that the
energy difference between the d and the f peaks is about 20%
smaller than that between a and e, which reflects the different
chemical environment.

D. Temperature dependence of the electronic structure near Ep

Figure 4(a) shows the temperature-dependent high-
resolution valence-band spectra of SmSn; measured at hv =
16 eV. We observe two distinct features, which correspond
to peaks a and b in Fig. 3. We note that in this incident
photon energy range the photoionization cross section of 4 f
is one order smaller than that of Sn 5p,* which results in a
weaker contribution of the Sm>* 4 f states to the valence-band
spectrum than the spectra measured at zv = 136 and 143 eV.

The temperature dependence of the DOS of SmSnj; de-
rived by dividing the valence-band spectra with a Gaussian-
broadened Fermi-Dirac distribution is plotted in Fig. 4(b).
One may examine the DOS down to —5kg7.’! A finite
DOS exists from room temperature down to 6.8 K, which
reflects the metallic character of SmSns;. A V-shaped gap

(b) SmSn, hv=16 eV
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FIG. 4. (Color online) (a) Temperature dependence of valence-
band spectra for SmSnj at iv = 16 eV. Two distinct peaks are labeled
a and b. (b) Density of states near the Fermi level.
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structure is observed just above the Fermi level in the entire
measured temperature range. In SmSnjz the ground state is
a I'y quadruplet and the energy difference between I's and
the I'; doublet is about 50 K.*> Our calculation also gives a
similar value of 45 K for the energy difference between I'g
and I';. The stable gap position below 60 K in SmSnj likely
corresponds to the fact that the system is in the I'g ground
state. Both the gap width and the binding energy of peak a
decrease monotonically with decreasing temperature. Whereas
the decrease in the gap at low temperatures is reminiscent of
the metallic phase of FeSi before the transition to the insulator
state,®* the resistivity of SmSn3 does rapidly decrease at low
temperatures, ruling out a metal-to-insulator transition. There
should exist a hybridization between the Sm 4 f and the Sn
5p states. However, the Hubbard I approximation used in the
LDA + DMFT calculation neglects this hybridization, so
further theoretical study may be necessary to understand the
temperature dependence of the DOS near Ef.

As mentioned above, the specific heat was reported to show
a broad peak at 10.8 K and two sharp peaks at 9.3 and 9.6 K.}
The two sharp peaks below Ty have been suggested to originate
from multiple magnetic order such as quadrupole order.’*
Recently, a zero-field muon spin relaxation measurement for
the analogue compound Smlns, which also showed anomalies
in the specific heat at 16.5, 15.1, and 14.7 K,? indicated
that the primary order parameters in all the ordered phases
were magnetic, though the results were in contrast to the
pure quadrupole ordering scenario.>* Our PES data show little
difference in the valence-band spectra between 7' = 6.8 and
T = 20 K. This indicates that the electronic structure at Ef
does not change significantly below 60 K.

E. Incident energy dependence

Figures 5(a) and 5(b) show the valence-band spectra for
Ey < 9 eV and near the Fermi level, respectively, at hiv = 13—
21 eV. Figure 5(c) exhibits the contour intensity map of the
spectra. We observe two kinds of peak features, labeled P1 and
P2 in Fig. 5(a), which shift with the incident photon energies,
while peaks a and b in Fig. 5(b) stay at a constant binding
energy. As shown in Fig. 5(d) the energy of peak P2 shows
a linear, slope 1 shift with the incident energy; we therefore
assign it to the resonant Auger component. On the other hand,
the incident energy dependence of the binding energy of peak
P1 is much weaker.

We performed resonant PES?%3> for incident photon ener-
gies of 136 and 143 eV. Figures 6(a) and 6(b) show examples of
the fit of the valence-band spectrum of SmSnj at hv = 143 eV
after subtracting the background. It is known that in the
incident photon energy range of the Sm 4d-4 f resonance,
the Sm>* component mainly originates from the surface layer.
Consequently, the Sm>* surface state is probed at these photon
energies,’®3” whereas the Sm>* component is considered to
be from the bulk even at these incident energies. At the surface
the Sm atoms are less coordinated; their cohesive energy is
therefore lower than that of the bulk Sm atoms, which results
in the surface Sm atoms tending to be in the divalent state.
However, in our high-resolution measurement we successfully
separated a small bulk component of Sm?*, as illustrated in
Fig. 6(f). The bulk valence of SmSnj at 9 K is estimated from
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FIG. 5. (Color online) (a) Resonant photoelectron spectra of the
valence band for SmSn; at Av = 13-21 eV. (b) Enlargement of
(a) near the Fermi level. (c) Contour intensity map as a function
of incident photon energies. (d) Peak energy positions of P1 (open
circles) and P2 (filled circles) as a function of incident photon
energies.

the fits shown in Fig. 6(a) to be 2.93 & 0.01. This result agrees
with the magnetic susceptibility measurement, from which a
Sm valence of nearly 3 + was deduced.

Figures 6(c) and 6(d) show the PES spectra collected around
the Sm 4d-4 f resonance for SmSn; and Smg9Laj ; Sns, along
with the off-resonant spectra measured at hv = 125 eV. These
spectra are normalized in intensity to the maximum of the Sn
4d peaks. The Sm 4 f states are clearly observed due to both
the high 4 f photoionization cross section®” and the 4d-4 f
resonance. In the off-resonant spectra the intensity is weak,
and almost-flat spectral features are mainly derived from the
Sn 5s, 5p, and 5d states as shown in Fig. 2(c). The weak peak
around 7 eV may originate from the Sm** state. The difference
between the on- and the off-resonant spectra should yield a
residual spectrum that contains only the Sm states. We compare
the spectra between SmSns and SmggLaySn; at hv = 136
and 143 eV as shown in Figs. 6(e) and 6(f). The surface Sm?>*
component in SmggLag ;Snj slightly shifts toward the Fermi
level as shown in Fig. 6(f), corresponding to a chemical shift
caused by La substitution. The intensities of both bulk and
surface Sm2* components for Sm;_,La,Sn; are weaker than
those for SmSnj. This fact corresponds to the behavior of the
temperature dependence of the resistivity; the feature of the
Kondo minimum is weaker with increasing La concentration
in Sm;_,La,Sn; (0.823 < x < 1).* Furthermore, in a diluted
system of Sm;_,La,Sn; (0 < x < 1) the anomalous features
in the specific heat grew weaker with the La substitution to the
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FIG. 6. (Color online) (a) Assignment of each line and an example
of the fit for the spectrum of SmSn; at 9 K and hv = 143 eV after
extracting the background. (b) Enlargement of the Sm>* part in (a).
(c) Resonant photoelectron spectra of the valence band for SmSnj; at
hv = 136 and 143 eV with the off-resonant spectrum at /v = 125eV
around 8.4-8.6 K. (d) Resonant photoelectron spectra of the valence
band for Smg ¢Lag Sns at v = 136 and 143 eV with the off-resonant
spectrum at hv = 125 eV at 8-9 K. (e) Comparison of the valence-
band spectra between SmSn; and SmggLag;Sn; at Av = 136 and
143 eV. (f) Enlargement of the spectra in (e) near the Fermi level.

Sm site.!? Our results indicate that La substitution to the Sm
site weakens the Kondo effect.

Figures 7(a) and 7(b), respectively, show the valence-
band spectra measured at hv = 143 eV on SmSnz and
SmggLag;Sns at 8-9 and 100 K. The spectral intensity is
normalized to the area of Sn 4d peaks (not shown here). In
SmSn; the intensity of both the bulk and the surface states of
Sm?* is stronger at 9 K than 100 K. This points to an enhance-
ment of the valence fluctuations at low temperatures, hinting at
a strengthening of the c- f hybridization.*® Comparatively, the
temperature-induced change in the spectrum of Smg¢Lag ;Sns
is smaller. This result is consistent with the weaker, diluted
Kondo effect in Smg gLag ;Sn3 compared with SmSnj.

115120-5



HITOSHI YAMAOKA et al.

— 9K
(a)SmSn3 "'100K‘ é
R 3
£ 20 p=143eV | |04 3
= F i 3
e f :
X 1E OE vttt 63
= r 2 0
[72] C
c [ 1
2 F
EO:“\“M‘\“\“W\“
12

10 8 6 4 2 0
Binding energy (eV)

(b) Sm..La..Sn 5 L B

e 0.4 5T 8K .
> r hv=143 eV A S 100 K 3
EO.SL E E
5 F ]
g - .
) r E 1
e L Ob vttty g
F 2 1 0
®
c o N
[0 r
€ 0l T )

12 10 8 6 4 2 0

Binding energy (eV)

FIG. 7. (Color online) (a) Valence-band spectra for SmSn; at
hv =143 eV at 9 and 100 K. (b) Valence-band spectra for
Smgolag;Sn; at Av = 143 eV at 8 and 100 K.

Finally, we consider the surface effect in SmSn; again.
In SmSn; the inelastic mean free path of the photoelectrons
is estimated to be of the order of 0.8 nm at Av = 143 eV,
which is nearly twice the lattice constant of 0.4685 nm.* The
value of the mean free path indicates that the Sm>* component
mainly arises from the surface layer at hv = 143 eV. Actually,
at room temperature the surface to bulk spectral weight, wg =
exp{—s/(A. cos 0)}, is estimated to be about 0.8, where s, A,,
and 6 are the thickness of the surface layer, the inelastic mean
free path of the photoelectrons, and the emission angle from the
surface normal, respectively.*>* In our case the thickness of
the surface layer is estimated to be about s = 0.13 nm, which
is 30% of the lattice constant and comparable to the case for
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SmyAsz at hv = 220 eV.* These estimations also indicate
that the weak bulk component is detectable as described above
even in Sm>* spectra measured around hv = 143 eV.

IV. CONCLUSION

We measured high-resolution photoelectron spectra on
SmSn; and SmggLagSn; using both UV and SX incident
photon energies. The UV PES spectra of SmSn; show a
finite DOS at EF, in agreement with the metallic character of
the compound. The LDA 4+ DMEFT calculations reproduce
the experimental valence-band spectra well, even the fine
structures observed near Ef at a binding energy of <2 eV. We
successfully distinguished the bulk and surface components
of Sm** by comparing the experimental results with the
LDA + DMFT calculations. Our results show that the elec-
tronic structure of SmSnj in the vicinity of Er does not change
much below 20 K, where the specific heat showed anomalous
features. The PES and magnetic susceptibility results show that
in SmSnj the bulk Sm valence is nearly trivalent, with a small
fraction of Sm?>* component. In SmSn; the bulk components
of both Sm>* and Sm** show a temperature dependence,
which we interpret as arising from an enhancement of the
c-f hybridization at low temperatures. In comparison, the
valence-band spectrum of SmggLagSn; shows a smaller
temperature dependence, suggesting that the La substitution
to the Sm sites weakens the Kondo effect.
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