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Metal-insulator transition in Culr,S, observed by Cu K« resonant x-ray emission spectroscopy
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We have investigated the Cu-derived electronic structure of iridium spinel compound Culr,S; with a metal-
insulator transition (MIT) at Tygr ~ 230 K by means of high-energy resolution fluorescence-detected x-ray
absorption spectroscopy (HERFD-XAS) and Cu K« resonant x-ray emission spectroscopy (RXES) around the
Cu K absorption edge. The Cu K HERFD-XAS spectrum in the metallic phase exhibits a peak in the pre-edge
region at an incident photon energy of hvy, = 8981 eV. The peak is ascribed to the Cu 1s-3d quadrupole
transition and is abruptly shifted to higher energy by about 0.5 eV on going from metallic to insulating phases.
The energy shift of the unoccupied Cu 3d states is related to the insulator gap formation of Culr,S, via the
hybridization with the Ir 5d—S 3p bands. A hysteresis behavior is observed in the Cu 1s—3d peak intensity
between cooling and heating processes around Tyyt, consistent with those observed in the transport properties.
The abrupt change in the unoccupied Cu 3d states across MIT is also clearly detected in the Cu Ko RXES

spectra.
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I. INTRODUCTION

The iridium spinel compound Culr,S4 has attracted much
attention because of its metal-insulator transition (MIT) at
Twviir ~ 230 K [1,2]. The electrical resistivity of Culr,S4 ex-
hibits metallic behavior above Tyr. After the abrupt increase
by three order of magnitude at Tyyr, the resistivity contin-
ues to increase down to 5 K. A large hysteresis of ~10 K
around Tyr between cooling and heating processes is ob-
served. The abrupt changes accompanied by the hysteresis are
also observed in the magnetic susceptibility [1,2] and thermal
conductivity [3].

In the metallic (M) phase, Culr,S4 has a normal cubic
spinel structure [1]. The Cu ion at the A site is tetrahedrally
coordinated by four S ions, while the Ir ion at the B site is
octahedrally coordinated by six S ions. MIT is accompanied
by structural distortion to a triclinic structure in the insulating
(I) phase [4,5]. It has been proposed that charge ordering of
the Ir’ (Sd(tzg)6) and Ir*t (5d (tzg)S) states essentially con-
tributes to MIT. In the 7 phase, the isomorphic Iy and Irg"
octamers with the Ir bicapped hexagonal ring are formed [4]
and Ir*" = Ir*" dimerization occurs in the Irg" octamer [see
Fig. 7]. This situation can simply be regarded as a formation of
astraight Ir’* —Ir** = Ir** —Ir** chain [6,7]. The Ir*t = Ir*+
dimerization was indirectly observed by means of x-ray ab-
sorption spectroscopy (XAS) at the S K-edge as a peak due
to Ir 5d(t,) — 5d(t5) antibonding states via hybridization
with the S 3p states [6]. In addition to MIT, x-ray irradiation
below around 60 K induces a structural transition to tetragonal
symmetry while preserving the local triclinic structure [8].
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The Ir charge separation in the / phase of Culr,S4 was
detected by means of photoemission spectroscopy (PES) with
an Al K x-ray source (hv = 1486.6 eV) for the Ir 4 f core level
[9]. The Ir 4 f PES spectrum measured at 300 K (M phase) ex-
hibits the Ir3'5+—0riginated 47/ and 4 f5, peaks accompanied
by satellite structures. With decreasing temperature down to
80 K (1 phase), the 4 f7,> and 4 5, peaks respectively split into
two components due to the Ir3* and Ir** valence states, which
indicates Ir** and Ir** charge separation. The same behaviors
were observed for the Ir 4f PES spectra measured using
synchrotron radiation in the ultraviolet and soft x-ray regions
(hv = 120 and 630 eV) [10] and hard x-ray region (hv = 6
keV) [11]. Since the Cu®"-derived satellite structure, on the
other hand, is not observed in the Cu 2p PES spectrum, the Cu
ion is considered to be almost monovalent [9,12], leading to
the averaged Ir valence being 3.5+. The monovalent Cu ion
is supported by nuclear magnetic resonance (NMR) experi-
ments [13] and band-structure calculations [14,15]. Therefore
it has been considered that the Cu ion does not contribute
to MIT in Culr,S4. Meanwhile, Zn or Ni substitutions for
Cu of Culr,S, suppress MIT; the transition temperature Tyt
decreases and the transition becomes obscure with increasing
the Zn or Ni concentrations [16,17]. This suggests that the
Cu-originated electronic states are also indirectly involved in
MIT to some extent. In addition, the Cu?* components have
been found in CuS [18] and mineral tetrahedrite Cu;2SbsS3
[19], the Cu valences of which were considered to be Cu'" as
Culr,S4, in the high-energy resolution fluorescence-detected
XAS (HERFD-XAS) spectra at the Cu K edge as a pre-edge
peak due to 1s—3d quadrupole transition.

©2022 American Physical Society
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FIG. 1. (a) XRD pattern (red circles) of Culr,S, measured at
300 K together with the Rietveld refinement profile (blue line), the
difference between the observed and calculated profiles (light blue
line in the bottom), and the Bragg peak positions (vertical bars).
(b) Electrical resistivity of Culr,S, as a function of temperature.

In this paper, we have investigated the Cu electronic states
of Culr,S4 by means of HERFD-XAS and the Cu K« reso-
nant x-ray emission spectroscopy (RXES) around the Cu K
absorption edge. Previously, Kijima et al. reported the Cu K
XAS spectra of Culr,S4 using a laboratory apparatus [20].
The spectra exhibited only a broad absorption structure and
almost no temperature dependence was observed. The Cu K
absorption edge of Culr,S, was close to that of Cu,0 (Cu1+;
3d'%) and the authors concluded that the Cu valence state
is monovalent, consistent with the Cu 2p PES [9,12] and
NMR results [13]. It is well known that the fine structures can
be resolved in the HERFD-XAS spectra owing to the small
life-time broadening of the final state [21], compared to the
conventional XAS with the transmission and total electron
yield modes. As a result, we have found that fine feature
below the main absorption peak in the HERFD-XAS spectra
of Culr,S,4 exhibits the change with MIT (see Fig. 2).

II. EXPERIMENTS

The Cu K HERFD-XAS and Cu Ko RXES measurements
for Culr,S4 were carried out at undulator beamline BL39XU
of SPring-8 [22]. A Si 220 double crystal monochromator was
used to monochromatize undulator beam and the beam was

Incident Photon Energy (eV)

FIG. 2. Cu K HERFD-XAS spectra of Culr,S, measured at
260 K in the M phase and at 150 K in the / phase in comparison
with those of CuO (Cu®*; 3d%) and Cu,O (Cu'*; 3d'°) measured at
300 K.

focused onto the sample surface with size of 0.1(horizontal) x
0.3(vertical) mm?2. For the Cu Ko RXES, emitted photons
from the sample were monochromatized and focused by five
Si 444 spherically bent crystals and detected with a two-
dimensional pixel detector (PILATUS). The HERFD-XAS
spectra were collected by measuring the fluorescence intensity
of the Cu K« line with photon energy of hvy,, = 8047.78 eV,
emitted following the Cu ls absorption. The total energy
resolution was about 1.0 eV. The temperature of the sample
was controlled using a closed-circuit He cryostat and a heater
attached to the sample holder.

Polycrystalline samples of Culr,S4 were synthesized by a
solid reaction method [8]. Mixtures of Cu, Ir, and S powders
were heated in an evacuated quartz tube at 850 °C for seven
days. The sample was ground and pressed into a pellet, and
then sintered in vacuum for three days. The grown sample was
characterized by Cu K« x-ray powder diffraction (XRD) mea-
surements at 300 K and electrical resistivity measurements as
shown in Figs. 1(a) and 1(b), respectively. No impurity phase
was found in the XRD pattern. The Rietveld refinement of
the XRD pattern was carried out using the RIETAN-FP pro-
gram [23]. MIT with hysteresis behavior in the resistivity in
Fig. 1(b) was observed around 230 K, consistent with previous
results [1,2].

III. RESULTS

Figure 2 shows HERFD-XAS spectra at the Cu K absorp-
tion edge of Culr,S4 measured at 260 K in the M phase
and at 150 K in the / phase. The two spectra have been
normalized with the integrated intensity in the incident photon
energy region of hv;, = 8975 — 9020 eV. In comparison with
the previous Cu K XAS spectra measured with a laboratory
apparatus [20], several fine structures are well resolved in
the present HERFD-XAS spectra. The spectrum at 260 K
exhibits a main peak (C in the figure), so called white line,
at hvy, = 8989 eV with a shoulder at the lower energy by
1.5 eV. We find two peaks at 8981 eV (A) and 8984 eV
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(B) below the main peak, while two structures at 8991.5 and
8993.5 eV above the main peak. The HERFD-XAS spectra
of CuO and Cu,0, which are known as typical Cu** (3d°)
and Cu'* (3d'0) reference materials, respectively, measured
at 300 K are also presented in Fig. 2. The CuO spectrum
shows a pre-edge peak at 8981 eV, while the Cu,O spectrum
no structure below a main peak at 8984 eV. It is well known
that the pre-edge peak of CuO is ascribed to the Cu 1s-3d
quadrupole transition [24,25]. Peak A in the Culr,S, spectra
is expected to correspond to the pre-edge peak at 8981 eV of
the CuO spectrum judging from their energy positions. The
pre-edge peak is also observed in the Cu K HERFD-XAS
spectra of CuS taken by measuring the Cu K 8, fluorescence
intensity, and the peak is ascribed to the Cu 1s—3d quadrupole
transition [18]. Based on these assignments for CuO [24,25]
and CuS [18], we ascribe peak A in the Culr,Sy spectra to
the Cu 1s—3d quadrupole transition. The appearance of peak
A, thus, indicates that the Cu 3d states are not fully occupied
but they are partially unoccupied. In words with the valence,
the Cu valence is not exactly Cu'" but a small amount of the
Cu* components exists in the M phase. Since the Cu ion is
tetrahedrally surrounded by four S ions, 3d holes are doped
into the #, orbitals. On the other hand, peak B as well as the
main peak C are attributed to the Cu 1s—4p dipole transition,
in comparison with the HERFD-XAS spectra of CuS [18] and
mineral tetrahedrite Cu;»SbsSi3 [19]. We find some differ-
ences between the spectra at 260 and 150 K across MIT in the
energy range extending above 8990 eV from 8980 eV. In par-
ticular, the pre-edge peak assigned to the 1s—3d quadrupole
transition is reduced at 150 K, indicating that the Cu 3d states
vary between the M and I phases. Hereafter, we focus on
the temperature change in the spectral feature in the pre-edge
region.

Figure 3(a) shows the temperature dependence of the pre-
edge region of the Cu K HERFD-XAS spectra of Culr,Sy
taken upon cooling from 300 to 10 K. It is noticed that the
spectral feature abruptly changes between 260 and 190 K
across MIT. The Cu ls—3d peak at hvy, = 8981.2 eV (A)
clearly observed in the spectra above 260 K, suddenly dis-
appears below 190 K. The leading edge of the spectra is
shifted to higher energy and becomes less steep. The spectral
feature is almost the same in the M phase at above 260 K,
and so is in the I phase below 190 K. Below 190 K, the broad
shoulder appears between 8981 and 8982 eV as labeled with
A’ in the figure, which is overlapped with the tail of the Cu
1s—4p peak at 8983.6 eV (B). A feature corresponding to
this shoulder structure is observed as a sharp peak in the Cu
Ko RXES spectra measured at hvy, = 8981.0 and 8981.5 eV
as will be shown later [see Figs. 5(d) and 5(e)]. The 1s—3d
peak in the M phase seems to be shifted to higher energy by
about 0.5 eV in the I phase, which indicates that the Cu 3d
unoccupied states are shifted to higher energy across MIT. The
observed energy shift is consistent with an energy gap AE of
0.5-0.75 eV in the density of states (DOS) at Eg [26,27]. The
temperature dependence due to the structural transformation
induced by x-ray irradiation between 90 and 10 K [8], was
not clearly observed in the present measurements within the
experimental accuracy.

Figure 3(b) exhibits the detailed temperature dependen-
cies of the HERFD-XAS spectra with changing temperature

(a)
CU|r284
Cu K HERFD-XAS

— 300K

Intensity (arb. units)

(b)
CU|F284
Cu K HERFD-XAS

Intensity (arb. units)

.8
210 215 220 225 230
Temperature (K)

8980 8982 8984 8986
Incident Photon Energy (eV)

FIG. 3. (a) Temperature dependence of the pre-edge region of Cu
K HERFD-XAS spectra of Culr,S, measured between 300 and 10 K.
(b) The same as (a) measured between 230 and 210 K with decreas-
ing (upper part) and increasing (lower part) temperature. Inset shows
the intensities at hvy, = 8§981.2 eV as a function of temperature for
the cooling (blue) and heating (red) processes.

in steps of 5 K around Tyyr. The spectra in the upper and
lower parts of the figure were measured with decreasing and
increasing temperature, respectively. The Cu 1s—3d peak at
hvy, = 8981.2 eV is gradually reduced upon cooling from 220
to 215 K, while enhanced upon heating from 220 to 225 K.
The peak intensities are plotted as a function of temperature in
inset of Fig. 3(b), where a clear hysteresis behavior is shown.
Such a hysteresis behavior is consistent with those observed
in the electrical resistivity in Fig. 1(b), magnetic susceptibility
[1,2], and thermal conductivity [3], and indicates that the
change in the 1s—3d peak is obviously related to MIT in
Culr,S4 and that the Cu 3d unoccupied states are modified
in accord with MIT [28]. Hysteresis behavior such as that
seen in Fig. 3(b) has not been observed in x-ray spectroscopic
measurements for Culr,S4, so far, and the present results are
the first observation of this.

In order to further examine the change in the Cu 3d states
across MIT in Culr,S4, we have carried out Cu Ko RXES
around the Cu K absorption region as shown in Figs. 4 and
5. In Fig. 4(b), we show a series of RXES spectra measured
at 300 K in the M phase with hvy, from 8975 eV well be-
low the Cu K absorption edge to 8990 eV well above the
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FIG. 4. (a) Cu K HERFD-XAS spectrum of Culr,S, measured at 300 K for RXES spectra in (b). (b) hv;,-dependent Cu Ko RXES spectra
of Culr,S, measured at 300 K around the Cu K absorption edge. Horizontal axis is an energy transfer defined by Ahv = hv;, — hv,,. Vertical
offset of each spectrum is scaled to vy, axis in HERFD-XAS spectrum in (a). (c) Two-dimensional image plot of RXES spectra in (b).

edge. The spectra have been normalized with the incident
photon intensity. Energy transfer for the horizontal axis is
defined as the energy difference between the incident and
emitted photon energies; Ahv = hvj, — hvyy. The vertical
offset of each RXES spectrum is scaled to the hv;, axis of the
HERFD-XAS spectrum in Fig. 4(a). The RXES spectra split
into the Ko; region of Ahv = 930-950 eV and Ko, region
of Ahv = 950-970 eV. Almost the same hvy, dependence is
detected in both regions. The spectral feature significantly
changes depending on hvj,, in particular, in the pre-edge
region of the HARFD-XAS spectrum. In the bottom RXES
spectrum at hvy, = 8975 eV, three characteristic structures
labeled with «;, 81, and y; in the figure, are found at around
Ahv =933, 935, and 940 eV in the K« region, respectively.
The corresponding structures oy, B, and y, are observed at
around Ahv = 953, 955, and 960 eV in the Ko, region. The
energy transfers of these structures remain constant below
hvi, ~ 8982 eV, indicating that these structures are ascribed to
the Raman components. Above Avj, ~ 8982 eV, on the other
hand, two prominent peaks, which move to higher energy
transfer with increasing hvy,, are attributed to the Ko and
Ko, fluorescence lines at the constant emission energies of
hvey = 8047.8 and 8027.8 eV, respectively.

Peak at the lowest energy transfer of Ahv = 933 eV (ay)
is gradually enhanced with increasing hvy, from 8975 eV
and become the most prominent around 8981 eV just at
the Cu 1s—3d pre-edge peak of the HERFD-XAS spectrum
[A in Fig. 4(a)]. Peak o disappears with further increasing
hvi,. The enhancement around the 1s—3d HERFD-XAS peak
indicates that the peak «; is related to the Cu 3d unoccu-
pied states. After the enhancement of peak «;, peak B; is
enhanced around the 1s—4p HERFD-XAS peak at hvj, =
8984 eV [B in Fig. 4(a)]. Peak B; continuously connects

to the Koy fluorescence line with further increasing hvy,.
The same behavior is detected for the o, and B, peaks in
the Koy region. This is clearly seen in the two-dimensional
plot of the RXES intensity versus Ahv and hw, displayed
in Fig. 4(c). The enhancement of the Cu 3d-related RXES
peaks «; and o, are noticed around Ahv =933 eV and
hvi, = 8981 eV, and Ahv =953 eV and hy;, = 8981 eV,
respectively.

Figure 5 shows the temperature dependences of the Cu K«
RXES spectra of Culr,S, taken at selected incident photon
energies in the ls—3d pre-edge peak region of the Cu K
HERFD-XAS spectra. The RXES spectra have been normal-
ized to the incident photon intensity. The incident photon
energies hvj, for the RXES spectra are indicated by vertical
bars on the HERFD-XAS spectra in inset of each figure. In
the RXES spectra measured at hvy, = 8979.5 eV [Fig. 5(a)],
three Raman components «;, f;, and y; are observed at
Ahv = 933.4, 935, and 940 eV in the Ko region, and oy,
Ba, and y, at Ahv = 953.2, 955, and 960 eV in the Ka,
region, as described before. These structures are observed
up to hvy, = 8981.5 eV [Fig. 5(e)], although their relative
intensity varies depending on /vj,. Among three structures,
the lowest-lying peaks at Ahv = 933.4 and 953.2 eV («; and
o) are abruptly reduced from 260 to 190 K across MIT. In the
RXES spectra below 190 K at hvi, = 8979.5 eV, the o] and
o, shoulders are still visible near the «; and o, peaks, as indi-
cated by vertical bars in Fig. 5(a). They become more distinct
with increasing hvy,, being best seen for hv;, = 8981.0 and
8981.5 eV [Figs. 5(d) and 5(e)]. In particular, the shoulder
o) is observed as a clear peak. Figure 6 shows the enlarged
RXES spectra of Fig. 5(e) in the oy, «], and f; peak region
measured at 260 and 190 K, superimposed with a fit by three
Voigt functions. Peak «; is located at Ahv = 933.45 eV, while
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FIG. 5. Temperature-dependent Cu K RXES spectra of Culr,Ss measured between 300 and 10 K with Av;, of (a) 8979.5, (b) 8980.0,
(c) 8980.5, (d) 8981.0, (e) 8981.5, and (f) 8982.0 eV. The incident photon energies hvy, are indicated by vertical bars on the HERFD-XAS
spectra measured at 260 K (red curve) and 150 K (blue curve) in respective insets.

peak «; at 933.91 eV. Note that peak o is shifted to higher
energy transfer by about 0.5 eV in comparison with peak «;.
The temperature dependences of the intensity ratios be-
tween the «; and «] peaks and between the «, and o), peaks
in the RXES spectra can be explained by the HERFD-XAS
intensities at the excitation energy hvy,. In each inset in
Fig. 5, the HERFD-XAS spectra measured at 260 K in the
M phase and at 150 K in the / phase are displayed by red and
blue curves, respectively. From hvy, = 8980.0 to 8981.5 eV
[Figs. 5(b)-5(e)], the HERFD-XAS intensity is lower in the
I phase due to the reduction of the Cu 1s—3d peak intensity.
As described before, the o) and o, peaks of the RXES spectra

hvi,=8981.5 eV

Cu Koy RXES
O

Intensity (arb. units)

935
Energy Transfer (eV)

FIG. 6. Cu Ko RXES spectra of Culr,S; measured at 260 and
190 K with hv;, = 8981.5 eV and fits with three Voigt functions.

are enhanced around the Cu 1s—3d peak of the HERFD-XAS
spectrum [A in Figs. 3(a) or 4(a)], and are reduced in the /
phase. On the other hand, the leading edge of the HERFD-
XAS spectrum in the I phase is shifted to higher energy and
the spectrum starts to rise just at hvy, = 8981.0 eV [inset
in Fig. 5(d)], where the «f component is detected as clear
peak. Therefore the o and o} peaks are closely related to the
broad shoulder of the HERFD-XAS spectra indicated by A" in
Figs. 3(a) or 4(a). Note that peak o is located at an energy
transfer about 0.5 eV higher than peak o as seen in Fig. 6.
This indicates that the Cu 3d empty states are shifted to higher
energy in the / phase. Again, the observed energy shift is in
good agreement with the energy gap value [26,27].

The HERFD-XAS intensity at hv;, = 8982.0 eV becomes
higher in the I phase compared to the M phase as shown
in inset in Fig. 5(f) or Fig. 3. However, the large HERFD-
XAS peak B at hvy, = 8984 eV derived from the Cu 1s—4p
transition is overlapped around hvy, = 8982.0 eV. As a result,
the o} and o peaks of the RXES spectra become less visible
due to the existence of the 8; and B, peaks, which are related
to the Cu 4p unoccupied states. The «; and a, peaks still
appear as shoulders in the spectra recorded above 260 K at
hvi, = 8982.0 eV. From this fact, the Cu 3d unoccupied states
in the M phase contribute to the HERFD-XAS intensity at
hvi, = 8982.0 eV.

The assignments of the «, «’, and 8 peaks, where « repre-
sents both «; and «; and the same for &’ and B, are interpreted
also from arguments by Hayashi et al. [29,30]. They showed
that the XAS spectra with suppressed life-time broadening can
be obtained using the hvi,-dependent RXES spectra based on
the Tulkki-Aberg equation [31], which is reduced from the
Kramers-Heisenberg equation, and that a correspondence is
found between the RXES and XAS features. According to
their results on CuO [29], the three components «, «’, and
B in the RXES spectra correspond to the HERFD-XAS peaks
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A, A’, and B, respectively. In the same way, the broad y peaks
correspond to the HERFD-XAS main peak C.

IV. DISCUSSION

The HERFD-XAS and Cu Ko RXES results at the Cu
K absorption edge reveal that a part of the Cu 3d states of
Culr,S4 is unoccupied. On the other hand, the Cu 2p PES
spectra of Culr,S,4 exhibit no Cu?*-derived satellite struc-
tures [9,12] as observed for the typical Cu>* compound CuO
[24,25]. It is well known that the satellite peaks are attributed
to the 2p334° final states [32]. The appearance of the satellite
structure reflects the localized character of the Cu 3d states
of CuO. From the HERFD-XAS and RXES results combined
with the Cu 2p PES results, the Cu 3d unoccupied states of
Culr,S4 are considered to be delocalized compared to those
of CuO.

The feature and temperature dependence of the Cu K
HERFD-XAS spectra of Culr,S4 in Fig. 3 are very similar
to those of the XAS spectra at the S K-edge taken at 239 K
in the M phase and at 225 K in the I phase measured with the
fluorescence and transmission modes [see Fig. 2 in Ref. [6]].
The S K XAS spectrum at 239 K exhibits a low-intensity peak
at hvy, = 2470.3 eV and a high-intensity peak at 2472.5 eV.
At 225 K (I phase), the low-intensity peak is shifted to higher
energy by 0.5 eV across MIT, while the high-intensity peak
shows almost no energy shift. The authors interpreted the
spectra based on the simple molecular orbital electronic struc-
ture composed of the Ir and S ions [see Fig. 4 in Ref. [6]].
The Ir 5d states are hybridized with the S 3p states and the
S K XAS spectra reflect the Ir 5d unoccupied states through
the hybridization. In the M phase, the low-intensity peak is
attributed to unoccupied 7 * antibonding orbitals composed of
the S 3p and Ir 5d(t,) states, and the high-intensity peak to
o* antibonding orbitals composed of the S 3p and Ir 5d(e,)
states. Note that the all Ir ions take the valence of Ir*>* (tzsés)

and the 7* bands are %—ﬁlled at Er, making the system
metallic. In the I phase, on the other hand, the Ir ions form
the repeated Ir** (:f,)—Ir** (5,) = Ir** (13,)—Ir’* (¢5,) chain
with the Ir*t = Ir*" dimer. At the Ir*t = Ir*t dimer site,
the highest-lying 5d(t,,) empty orbital points directly toward
the Ir ion and hybridizes with the 5d(t,,) empty orbital of
the partner Ir** ion. As a result, the %-ﬁlled * bands in
the M phase are split into the occupied lower d} bands and
unoccupied di* bands at the Ir** = Ir** dimer site, forming
an energy gap at Er. On going from the M to I phases, the
empty part of the 7* bands are pushed up to the empty d}|
bands, causing the energy shift of the low-intensity peak of
the S K XAS spectra. The peak A of the Cu K HERFD-XAS
spectra of Culr,S, in Fig. 3 corresponds to the low-intensity
peak at 239 K of the S K XAS spectrum, A" to the peak at
225 K, and B to the high-intensity peak. In comparison with
the S K XAS spectra, these peaks A, A’, and B are attributed
to the empty 7* bands, d}j bands, and o* bands, respectively.
It is considered that the Cu 3d states are indirectly involved in
MIT in Culr, S, through the hybridization with the Ir 5d-S 3p
bands due to their delocalized character.

This finding is also supported from the fact that the spectral
change in the present Cu Ko RXES across MIT in Culr,Sy

i

FIG. 7. Ir** octamer [4], the closest Cu ions to the octamer, and
a portion of the S ions. Ir*" = Ir*+ dimers are displayed with double
sticks. Hexagonal ring lies in the (111) plane.

is similar to that observed in the Ir Lay RXES [27]. The
Ir-derived electronic structure of Culr,S, was investigated
by means of the HERFD-XAS and Ir Loy, RXES around
the Ir L3 absorption edge [27]. The Ir Loy RXES spectra
measured at hvy, = 11215 eV, which is 3 eV below the Ir L3
HERFD-XAS peak, show a slight change between above and
below MIT. In the RXES spectrum at 250 K (M phase), the
main peak appears at Ahv = 2118.5 eV (hvgy, = 9096.5 eV)
with a shoulder at Ahv = 2117 eV (hvgy = 9098 eV). The
shoulder structure has almost vanished at 215 K (I phase) and
the RXES spectrum appeared to become a single peak. The
authors fitted both the spectra at 250 and 215 K using two
Voigt functions, taking into account the shoulder component
observed at 250 K. The fitted results showed that the main
peak exhibits almost no shift, while the shoulder is shifted
to the higher Ahv (lower hvyy) by AE ~ 0.55 eV. The au-
thors attributed the main peak and shoulder to the Ir 5d(e,)
and 5d(f,) components, respectively. Based on the band-
structure calculations using density functional theory [14,15],
they pointed out that the opening of an insulating gap occurs
due to the shift of the empty Ir 5d(#,,) band.

The B peak of the Cu Ko RXES spectra in Fig. 5(a)
corresponds to the main peak of the Ir Loy RXES spectra,
while the o peak corresponds to the shoulder structure in the
M phase [27]. The energy shift of the shoulder structure of
the Ir Lay RXES spectra, which was only indicated by the fits
[27], is clearly detected in our Cu Ko RXES spectra as the o
peak in Figs. 5(d) and 5(e). The energy shift values (~0.5 eV)
deduced from RXES using Cu K« (this work) and Ir Lo, [27]
are in good agreement.

The present results of the Cu K HERFD-XAS and Cu K«
RXES in comparison with the S K XAS [6] and Ir Loy RXES
results [27], respectively, indicate that the Cu 3d states are
indirectly involved in MIT in Culr,S, through the hybridiza-
tion with the Ir 5d(t,;) and S 3p states. The hybridization is
also supported by the band-structure calculation for Culr,Sy4
[14,15], where the low but finite Cu 3d DOS exists above
Er and the DOS feature is similar to a shape of the Cu K
HERFD-XAS spectra. In addition, the Cu 3d DOS feature is
similar to the Ir 54 and S 3p DOS features. As pointed by
Radaelli er al. [4], the Ir** and Ir** ions respectively form
the isomorphic octamers in the / phase, which consist of a
hexagonal ring with two triangles as shown in Fig. 7. The
two triangles share the opposite sides of the hexagonal ring
and point to obliquely upward and downward directions. The
closest Cu ions to the Ir ions are located just above and below
the center of the hexagonal ring and are considered to interact

155151-6



METAL-INSULATOR TRANSITION IN ...

PHYSICAL REVIEW B 106, 155151 (2022)

with the upward and downward triangles, respectively, as well
as the hexagonal rings, through the S ions. The Ir** octamer
has four Ir** = Ir** dimer bonds as shown with double sticks
in the figure. The Cu ions connect with all Ir** ions including
the dimerized ones in the octamer by sharing the S ions. The
S ion shown in Fig. 7 forms bonds with one Cu ion, two
dimerized Ir ions and one nondimerized Ir ion. The 3d states
of the Cu ions situated just above and below the hexagonal
rings are expected to contribute to the unoccupied d}j bands at

the Ir** = Ir** dimer and to the gap formation mediated by
the S ions. In line with the same arguments, the Cu 4p states
are also included in the o * antibonding bands.

The low-intensity peak of the S K XAS spectrum at 239 K
is shifted to higher energy and is increased in intensity at
225 K [6], while the pre-edge peak A in the Cu K HERFD-
XAS spectra in the M phase is more remarkable in comparison
with the shoulder A’ in the I phase [see Fig. 3]. Note that
the low-intensity peak of the S K XAS spectrum at 239 K
corresponds to the pre-edge peak A in the Cu K HERFD-XAS
spectra and that at 225 K to the shoulder A’. The difference
between the S and Cu spectra would suggest that the Cu 3d
hybridization with the Ir 5d—S 3p bands becomes weak in
the I phase.

Finally, we would like to emphasize that the Cu K HERFD-
XAS and Ko RXES are sensitive to the Cu 3d empty states
in comparison with the Cu 2p PES. The similar changes
in the Cu K HERFD-XAS and Ko RXES spectra across
MIT in Culr,Ss as in Figs. 3(a) and 5, were obtained
for mineral tetrahedrite Cu;,SbySi3 [19], which undergoes
a metal-semiconductor transition (MST) at Tyst =85 K
[33,34]. Although it is expected that Cu* is related to MST
in Cu;2SbsSy3, the Cu®t satellite features are not detected in
the Cu 2p PES [35]. On the other hand, the Cu 3d unoccupied
states are observed in the Cu K HERFD-XAS and Ko RXES
spectra of Cu,Sb4S|3 [19] as in the present experiments. The
Cu 3d-derived peak is shifted to higher energy below Tysr,
which shows that MST in Cu;,SbyS;3 is caused by the shift
of the Cu 3d states. In case of Culr,Sy, the Ir charge ordering
and resultant electronic structure mainly contributes to MIT,
while the Cu 3d states are also expected to be related to MIT
via the hybridization with the Ir 5d—S 3p bands as revealed
from the HERFD-XAS and RXES results.

Among CuM,Ss (M = Co, Rh, Ir), only Culr,S4 under-
goes MIT. According to the band-structure calculation, the
total DOS’s at Er decreases on going from M = Co to Rh

and to Ir [36]. The suppression of MIT by the Zn or Ni
substitutions for Cu of Culr,S4 [16,17] might be related to
the increase in the 3d DOS at Eg with increasing the Zn or
Ni substitutions. The Cu K HERFD-XAS and Ko RXES for
Cuy_ZnIr,S4 and Cu;_,NiIr,S,; are desired to reveal the
role of the Cu 3d states in MIT in Culr,S4.

V. SUMMARY

We have investigated the Cu-derived electronic structure
of Culr,S4 by means of the HERFD-XAS and Cu Ko RXES
around the Cu K absorption edge. The HERFD-XAS spec-
tra in the M phase exhibit the peak in the pre-edge region,
assigned to the Cu 1s—3d quadrupole transition. This peak
is shifted to higher energy on going from the M to I phases,
which indicates that the Cu 3d unoccupied states are shifted to
higher energy. Between the cooling and heating processes, the
hysteresis behavior is observed in the HERFD-XAS spectra as
is observed in the electrical resistivity, magnetic susceptibility
[1,2], and thermal conductivity [3] measurements. The energy
shift of the Cu 3d unoccupied states across MIT is also ob-
served in the RXES spectra. The energy shift of about 0.5 eV
is in agreement with the energy gap of AE ~ 0.5-0.75 eV at
Er in the I phase [26,27]. The changes in the Cu K HERFD-
XAS and Cu Ko RXES spectra across MIT are similar to
those of S K XAS [6] and Ir Lo, RXES spectra [27]. These
similarities indicate that the Cu 3d states hybridize with the
Ir 5d bands by sharing the S ions with the Ir ions. Due to the
delocalized character of the Cu 3d states, the Cu2+-originated
satellite structures are not observed in the Cu 2p PES [9,12].
We conclude that the energy shift of the Cu 3d empty states
is related to the insulator gap formation via the Ir 5d(f,,)—S
3p bands and that the Cu 3d states are also involved in MIT
in Cull‘zs4.
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