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Photoemission spectroscopy and X-ray absorption spectroscopy studies of
the superconducting pyrochlore oxide Cd;Re,O~
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S. Suga, H. Sakai'*, H. Ohno', M. Kato'$, K. Yoshimura' and H. Harima?
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560-8531, Japan
! Department of Chemistry, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan
2 Department of Physics, Faculty of Science, Kobe University, Hyogo 657-8501, Japan

Photoemission spectroscopy (PES) and O 1s X-ray absorption spectroscopy (XAS) mea-
surements have been performed for Cd2ResO7 single crystals. Temperature variations of their
spectra reveal that the phase transition at 120 K directly changes the band structure near
the Fermi level compared with another transition near 200 K. The roles of the transitions

are discussed in terms of the changes in the Re-O orbital hybridization.

KEYWORDS: pyrochlore, Cd5Re;O7, PES, XAS

1. Introduction

CdyRes0O7 was found to be a superconductorl)’?’) (T ~1 K) as the first case among the
large family of pyrochlore oxides with the formula unit of A3B;0O7 (typically, A=rare earth
or late transition metal, B=3d, 4d and 5d transition metal).4) In this compound, A and B
cations, namely A=Cd and B=Re, are 2- and 6-coordinated by the nearest oxygen anions.
The oxygen centered [%A]4—O tetrahedrons are connected as forming a pyrochlore lattice with
straight O-A-O bonds, while the B cation centered B—[%O]G octahedrons form a pyrochlore
lattice with the bent B-O-B bonds with the angle in the range of 110~140°. In the case of mag-
netic B cations, the deviation from the straight alignment in B-O-B bond enables the existence
of magnetic fluctuation because of the competition between the ferromagnetic and antiferro-
magnetic exchange interactions among the B cations. Assuming the electronic configurations
in CdyRez07 as formally Cd?* (4d'°) and Re®T (4 f145d?), the electronic and magnetic prop-
erties are thought to be primarily dominated by the Re 5d electrons near the Fermi level.

5),6)

Such an electronic structure in this compound is predicted by the band calculations, and

observed in the photoemission studies.”'®) Above T., CdyReyO7 shows anomalies in the elec-
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tric resistivity, magnetic susceptibility, specific heat, Hall coefficient, thermoelectric power,
magnetoresistance and elastic moduli near 120 and/or 200 K.12)9712) Above and below 120
and 200 K, XRD, NMR, NQR, and Raman scattering studies have been taken place with a

3)-19) The single-crystal X-ray

view to reveal the details of atomic conformation in each phase.!
diffraction studies indicate that the transition near 200 K is a second-order structural phase
transition with changing its crystallographic symmetry from an ideal cubic Fd3m to a lower

13)-15) Gradual changes

symmetry tetragonal I4m2 representation with lowering temperature.
of 11Cd NMR spectra through 200 K also infer the second-order structural transition.'®) Al-
though the driven force of this transition is not clear yet, it gives rise to the distinct change in
the electric resistivity and the magnetic susceptibility.!)2)17) The electric resistivity is almost
temperature independent around 300 K and drops abruptly below 200 K. The magnetic sus-
ceptibility shows a weak temperature dependence of Curie-Weiss type above ~400 K, takes a
broad maximum near 290 K and steeply decreases below 200 K.

At around 120 K, the other phase transition with the first order character!® leads to
another tetragonal space group 74122 with lowering temperature accompanied by a small
hysteresis in the electric resistivity.!') This is also notable transition as to correlate with a
possible electronic structural change at the Fermi level. In both specific heat and thermo-
electric power, an anomaly is observed as a kink at this temperature, whereas the magnetic
susceptibility shows no significant change.!):9)19) 85Re and 37"Re NQR spectra point out no
magnetic order down to 5K.18):18) The relative magnetoresistance Ap/po exhibits finite values
between 100 and 200 K with such an anisotropy as positive for [001], nearly zero for [111], and
even slightly negative for [110] direction. The whole magnetoresistances once converge to zero
with decreasing temperature down to 100 K, but rapidly increases below this temperature up
to 30 % at 2 K.') The alteration of the structure through these two phase transitions is diss-
cussed in the view of motions of oxygen ions constituting ReOg octahedra or Cd-O network
from the polarized Raman scattering.'®)

In this paper, we report on the results of photoemission spectroscopy (PES) for the occu-
pied states and O 1s X-ray absorption spectroscopy (XAS) for the unoccupied states in order
to get further understanding of the phase transitions near 120 and 200 K in CdyRepOr.

2. Experimental

The measurements were performed by using synchrotron radiation at the beam line
BL25SU in SPring-8 with a Scienta SES200 electron analyzer. The excitation photon en-
ergies were set to 935 eV for the PES measurements to be free from possible overlap of Auger
spectra and in the range of 600~1100 eV for the check of surface contributions in the spectra.
The overall energy resolution was set to be better than 80 meV for the PES near I’r and
better than 200 meV for the wide valence band and the core level photoemission. The O 1s

XAS measurements were performed in the total electron yield mode. Both measurements were
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Fig. 1. (a) Temperature variations of the PES spectra at hy=935 eV near Er and valence band. (b)
Experimental spectra divided by the Fermi-Dirac function convoluted with the Gaussian FWHM
of 80 meV corresponding to the instrumental resolution. They are compared with the band cal-
culation at 300 K.®) The total DOS and PDOSs are represented by 2 different curves and 1 dots.
The PDOSs of O 2p states are very weak so as to be negligible.

done at 20, 150 and 250 K below and above the transition temperatures of 120 and 200 K.
Clean surfaces for the measurements were obtained by cleaving single-crystal samples in situ
under an ultra-high vacuum of better than 5x107® Pa. The obtained crystal surfaces were

certified as the (111) face by the Laue diffraction patterns.

3. Results and Discussion
3.1 Photoemission spectra

Figure 1(a) shows the temperature variation of the photoemission spectrum near the Fermi
level and the wide valence band shown in the inset. All the PES spectra show finite intensity
at Ey related to the metallic conduction. In the wide range valence band spectra, the spectral
weight near Fp increases and between 4.8 and 7.5 eV decreases with decreasing temperature.
The significant change in the valence band was confined to the shown energy region as the inset.
The total spectral weight is compensated in the valence band region through the experimental
temperature range. The band calculation at 300 K predicts the gap between 0.7 and 2.3 eV

5) This gap

as a result of the difference of energy level between the Re 5d and O 2p states.
has been enhanced by the large hybridization between them. The valence and conduction
bands are clearly separated by this gap as the bonding and anti-bonding states. The valley
structure around 2 eV observed in PES spectra corresponds to this gap. Thus, the Fermi level

is predicted in the bottom of the anti-bonding state.
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The temperature variation of DOS near the Fermi level is carefully checked after a division
by the Fermi-Dirac (FD) function including the instrumental energy resolution in Figure
1(b). The empirical procedure is employed by introducing an effective temperature Tezf =
VT2 + (AE®/4kg)? to the FD function, where the line broadening due to the resolution
limit can be taken into account by adopting the full width at half maximum (FWHM) of the

Gauss function as AE®P 20) Ag a result, the spectral intensity at Ep is comparable between
150 and 250 K as opposed to the critical change in the electric resistivity across the phase
transition at 200 K.1):2) However, the dip structure just below Ep at 20 K is much smaller than
that at 150 and 250 K. In contrast, the photoemission study at the photon energy of 21.218 eV
(He lov) has concluded that the change in DOS near Ep at 100 K with respect to that at 300
K is less than 5% and is negligible.”) Another experiment of STS and low-photon energy PES
resulted in the similar tendency of DOS variations to ours,2!) but, it should be awared that
the contribution of O 2p in PES spectra is comparable to that of Re 5d and primarily surface-
sensitive in the low-photon energy experiments. The band calculation shown in Fig. 1(b) was
performed by using a full potential FLAPW method with the local density approximation
(LDA) for the ideal cubic Fd3m phase at around room temperature.’) Each partial DOS
(PDOS) of the band calculation result has been weighted according to the cross-sections??)
at the photon energy of 935 eV in this figure. According to this, Re 5d states are dominant
in the total DOS near the Fermi level as demonstrated by the open dots in the figure. In the
experimental spectra, rather complex peak structures are observed in the range of 100~400
meV at all temperatures of 20, 150 and 250 K. Considering the statistics of the experiment,
these peaks seem to be separated into two parts at the energies indicated by the dashed
arrows. This feature corresponds well to the split peak structures in the calculation result.
The change of the split position stands out between 20 K and the other higher temperatures.
The spectral shape in the peak region seems to be larger changed between 20 and 150 K rather
than between 150 and 250 K.

Among inner core photoemission spectra, only the Re 4 f spectrum has shown noticeable
temperature dependence® as reproduced in Figure 2(a). In addition to the J=7/2 and 5/2 spin-
orbit split components, a prominent shoulder structure is observed at higher binding energies.
The spectral weight transfers from the shoulder to the peak structures with decreasing the
temperature. This shoulder structure cannot be simply ascribed to only single set of the J=7/2
and 5/2 components. The intensity around 43 and 46 eV in this broad shoulder structure shows
hr dependence between 600 and 1100 eV influenced by the difference of the mean free path.
This result strongly suggests the existence of the measurable surface components at around
43 and 46 eV split by the spin-orbit interaction. It should be emphasized that this shoulder
structure is never derived from a degradation of the surface as a oxidation. The O 1s spectrum

do not show any change through the experiment.®) Meanwhile, the Re NQR spectra denote
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Fig. 2. (a) Temperature variation of the Re 4f spectra normalized by the summarized intensity
of the bulk components (’bulk 1’ and ’bulk 2’). (b) Typical analysis of the Re 4f inner core
photoemission spectrum 1s shown for 20 K. Four spin-orbit split doublet components are employed
for the deconvolution. The bulk components ‘bulk 1’ stands for the main peak (well screened) and
‘bulk 2’ represents the satellite peak (poorly screened). The ‘clean surface’ represents the intrinsic
surface component on the cleaved surface, while the ‘background’ comes from a contribution of

secondary electrons.

that the low temperature phase below 120 K exhibits the absence of any magnetic ordering and
inhomogeneous valence in Rhenium. This result rules out the possibility of multi components
in the Re 4 f inner core photoemission spectra due to the different electronic states. In Figure
2(b) is reproduced the Re 4f spectra at 20 K, together with the result of deconvolution with
assuming 4 sets of spin-orbit split components. The component ‘bulk 1’ represents the main
sharp peak (well screened), the ‘bulk 2’ stands for a satellite peak (poorly screened), the
‘clean surface’ component is present just after cleaving samples in situ. All the asymmetric
parameters are less than 0.3. The deconvolution was not able to be enforced only in 3 sets or
less of components by any means. The background is coming from the secondary electrons.
Among them, both ‘bulk 1’ and ‘bulk 2’ components are thought to be bulk-derived.

Table 1 summarizes the results of deconvolution analysis for 20, 150 and 250 K with respect
to the binding energies and relative intensities where the intensity of the bulk components
amounts to 1.00 in each temperature. Judging from these results, the spectral weight transfers
from the ‘bulk 2’ to the ‘bulk 1’ component by about 8 % with decreasing temperature from
250 to 20 K. When we employ the nominal value of Re®t (5d?) state in this system, the main

peak corresponds to the photoemission final state of 5d°L and the satellite to 5d%. The increase
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20K 150K 250K
ID B.E. (eV) | R.L (ratio) | B.E. (V) | R.L. (ratio) | B.E. (eV) | R.I. (ratio)
bulk 1 (bulk) 42.03 0.62 42.03 0.58 42.03 0.54
clean surface (surface) 43.15 0.24 43.15 0.23 43.02 0.24
bulk 2 (bulk) 44.05 0.38 44.05 0.42 43.92 0.46

Table 1.

deconvolution of Re 4f inner core spectrum. The sum of intensities is set to 1.00 for the bulk

Binding energy (B.E.) and relative intensity (R.I.) of each component obtained from the

components, i.e. [bulkl] + [bulk2] = 1.00, in each temperature.
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Fig. 3.

the results of deconvolution by considering the components of bulk, clean surface and background.

Temperature variation of the Cd 3d (a) and O 1s (b) inner core photoemission spectra with

Additional component exists on the higher binding energy side of the main peak in the O 1s

spectra.

of the main peak with decreasing temperature denotes the increase of charge transfer from
the ligand (L), i.e. oxygen, to the Re site at lower temperatures. In contrast, the intensity of
the ‘clean surface’ components stays almost constant in the temperature region of 20~250 K
within few hours during the experimental procedure.

The Cd 3d and O 1s inner core spectra do not show any meaningful change through 20,
150 and 250 K as shown in Fig. 3(a) and (b). All spectra are also explained by considering
the ‘bulk’ and ‘clean surface’ components. One can notice an additional satellite or a shoulder
(bulk 2) on the lower binding energy side of the main peak (bulk 1) in the case of the O

1s spectra. The structures of ‘bulk 1’ and ‘bulk 2’ may be resulting from the existence of
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the two different crystallographic sites of oxygen associated with the Re—[%O]g; octahedrons
(O(1) site) and [1Cd]4-O tetrahedrons (O(2) site). Considering the composition ratio, the
oxygen numbers in the octahedral and tetrahedral networks are 6 and 1 for O(1) and O(2)
in the formula of CdyRey07.4:26) The intensity of the satellite structure ‘bulk 2’ in the O 1s
spectrum is about 0.1 of the main peak ‘bulk 1°; that is comparable to the site occupancy

ratio of O(2)/0(1)=1/6.

3.2 X-ray absorption spectra

In order to probe the unoccupied electronic states of this compound, O 1s XAS measure-
ment was performed at 20, 150 and 250 K. Figure 4(a) summarizes the temperature variation
of the O 1s XAS spectra compared with the result of band calculation at 300 K. All the
experimental spectra are normalized at the intensity of the peak at around hy=-13.5 eV in
the figure. Although the origin of this peak is not clarified yet by the calculation available
between -10 and 10 eV, the shape of this peak is simple and almost unchanged at all temper-
atures. It is conjectured that this peak structure originates from the part of oxygen p state
without substantial hybridization with the Cd or Re orbital and shows only poor tempera-
ture dependence. In the region from -10 to 0 eV, the spectral shapes and peak positions of
the experimental results are in a qualitative agreement with the calculated result. As for the
temperature variation, we can recognize a clear change between 20 and 150 K in contrast to
the slight change between 150 and 250 K.

According to the simplified band picture represented in Figure 4(b), it is possible that the
region of -2 to 1 eV corresponds to the 7-like anti-bonding state (7*) and the region of -10
to -4 eV is ascribed to the o-like anti-bonding state (¢*). The gap between the bonding and
anti-bonding states is opened on the basis of the energy separation between the Re 5d and O
2p orbitals, where the o- and 7-like states are derived from the strong and weak hybridizations
between them. Therefore, the temperature change from 150 to 20 K in the XAS spectra must
be expressed as that the O 2p PDOS in the 7* state is decreased and that in the o* state is
increased as shown in the right part of Fig. 4(b). At the same time, it is consistent with the
change of the photoemission spectra across 120 K in a sense that the DOS near Fp, mostly
reflecting the Re 5d PDOS in the ©* state, is increased at lower temperatures. These facts
conclude that the occupancy of O 2p orbital in the 7* state is much more attenuated below
120 K. In respect of bonding state, although the change of the valence band photoemission
spectra around 6 eV may also correspond to the series of these spectral transformations,
such a simplified band picture is no more suitable for the occupied state because of the large
hybridization. The systematic band calculation for each temperature has not been executed
because the uncertainty of the lattice constants at lower temperatures,!>15 but the phase
transition near 120 K is ascertained as the critical change in the [Re 5d]-[O 2p] hybridization
which implies the realignment of the angle and/or length of the Re-O bond involving the
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electronic band structure near the Fermi level. On the contrary, the transition near 200 K
turns out less sensitive to the electronic band structure near Fr from this study.

Finally, we try to give a picture of these complex phase transitions with an eye to other
experiments. The results of PES and XAS studies contradict the conclusion presented in the
NMR study,??) where they have assumed that the DOS at the Fermi level would decrease below
200 K. One of the possible explanation is that the sudden decreases of the spin susceptibility
and M1Cd (I3T)~! may arise from the suppression of spin fluctuation below 200 K. The
transition at around 200 K is expected to involve the freezing of a kind of lattice breathing
mode in accordance with the spin singlet formation below 200 K.' It could be associated

with the change of the motion of oxygen ions in ReQg octahedra.!?)

The decrease of resistivity
below 200 K can be explained by the diminution of the electron scattering originating in the
magnetic fluctuation. In that sense, the transition at around 200 K is not necessarily sensitive
to PES and XAS experiments. On the other hand, the increase of DOS at Fy with decreasing
temperature from 150 to 20 K will originate from the change of the hybridization between the
Re 5d and O 2p orbits across the first-order phase transition at 120 K.'V It should be noted
that the similar change of DOS is also led from the optical study.?¥ Although the optical
conductivity exhibits the complicated spectra at lower frequency, the reflectivity shows the
apparent change only from 150 to 24 K: the value increases toward 1 at the lowest frequency,
and the redistribution of spectral weight reflecting the change of band structure is observed
up to midinfrared region.

For the lower temperature phases, the displacements of the Re and the O(1) atoms from
the ideal position in the pyrochlore structure have been examined closely on the ground of

the group theoretical analysis of phonons.?%)

Although it does not mention the changes of
the band structure, someone may develop soon. These characteristic features in the normal
state are important to better understand the origin of the superconducting transition in this

compound.

4. Conclusion

The temperature dependence of the PES and O 1s XAS are investigated in CdyRepOr
by using soft X-ray synchrotron radiation. A clear temperature change is found in the Re 4 f
inner core spectra which is correlated with the Re 5d states dominating near the Fermi level.
Both occupied and unoccupied valence band spectra near the Fermi level observed by PES
and XAS studies are sensitive for the phase transition near 120 K rather than that near 200
K. In the occupied state, the increase of the DOS and the change of the peak structure are
observed near the Fermi level where the Re 5d states dominate in PES at the photon energy
of 935 eV. Corresponding critical change across 120 K is also seen for the unoccupied state
probed by the O 1s XAS. The decrease of oxygen PDOS in the 7* bond with decreasing

temperature is consistent with the increase of Re PDOS. These results strongly imply the
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Fig. 4. (a) Temperature variation of the O 1s XAS spectra normalized by the intensity of the peak
structure at around -13.5 eV. The O(1) and O(2) PDOS in the calculation result at 300 K are

drawn by the thin lines for comparison.5) (b) Schematic band structure of CdaRezO7 near the

Fermi level. Two Re 5d and six O 2p orbitals as forming the Re-O(1) network in the formula unit

are considered. The shaded area indicates the occupied state. The Fermi level is located at the

bottom of the 7 anti-bonding state. Right hand illustration denotes the relative change of O 1s

XAS and PES spectra in the anti-bonding state with temperature variation.

reduction in the Re-O 7 bond hybridization below 120 K.
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