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ls <ver.1.2> Full PaperPhotoemission spe
tros
opy and X-ray absorption spe
tros
opy studies ofthe super
ondu
ting pyro
hlore oxide Cd2Re2O7A. Irizawa�, A. Higashiyay, S. Kasai, T. Sasabayashi, A. Shigemoto, A. Sekiyama, S. Imada,S. Suga, H. Sakai1 z, H. Ohno1, M. Kato1 x, K. Yoshimura1 and H. Harima2Division of Materials Physi
s, Graduate S
hool of Engineering S
ien
e, Osaka University, Osaka560-8531, Japan1Department of Chemistry, Graduate S
hool of S
ien
e, Kyoto University, Kyoto 606-8502, Japan2Department of Physi
s, Fa
ulty of S
ien
e, Kobe University, Hyogo 657-8501, JapanPhotoemission spe
tros
opy (PES) and O 1s X-ray absorption spe
tros
opy (XAS) mea-surements have been performed for Cd2Re2O7 single 
rystals. Temperature variations of theirspe
tra reveal that the phase transition at 120 K dire
tly 
hanges the band stru
ture nearthe Fermi level 
ompared with another transition near 200 K. The roles of the transitionsare dis
ussed in terms of the 
hanges in the Re-O orbital hybridization.KEYWORDS: pyro
hlore, Cd2Re2O7, PES, XAS1. Introdu
tionCd2Re2O7 was found to be a super
ondu
tor1){3) (T
 �1 K) as the �rst 
ase among thelarge family of pyro
hlore oxides with the formula unit of A2B2O7 (typi
ally, A=rare earthor late transition metal, B=3d, 4d and 5d transition metal).4) In this 
ompound, A and B
ations, namely A=Cd and B=Re, are 2- and 6-
oordinated by the nearest oxygen anions.The oxygen 
entered [12A℄4-O tetrahedrons are 
onne
ted as forming a pyro
hlore latti
e withstraight O-A-O bonds, while the B 
ation 
entered B-[12O℄6 o
tahedrons form a pyro
hlorelatti
e with the bent B-O-B bonds with the angle in the range of 110�140Æ. In the 
ase of mag-neti
 B 
ations, the deviation from the straight alignment in B-O-B bond enables the existen
eof magneti
 
u
tuation be
ause of the 
ompetition between the ferromagneti
 and antiferro-magneti
 ex
hange intera
tions among the B 
ations. Assuming the ele
troni
 
on�gurationsin Cd2Re2O7 as formally Cd2+ (4d10) and Re5+ (4f145d2), the ele
troni
 and magneti
 prop-erties are thought to be primarily dominated by the Re 5d ele
trons near the Fermi level.Su
h an ele
troni
 stru
ture in this 
ompound is predi
ted by the band 
al
ulations,5), 6) andobserved in the photoemission studies.7), 8) Above T
, Cd2Re2O7 shows anomalies in the ele
-�Present address: Graduate S
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 resistivity, magneti
 sus
eptibility, spe
i�
 heat, Hall 
oeÆ
ient, thermoele
tri
 power,magnetoresistan
e and elasti
 moduli near 120 and/or 200 K.1), 2), 9){12) Above and below 120and 200 K, XRD, NMR, NQR, and Raman s
attering studies have been taken pla
e with aview to reveal the details of atomi
 
onformation in ea
h phase.13){19) The single-
rystal X-raydi�ra
tion studies indi
ate that the transition near 200 K is a se
ond-order stru
tural phasetransition with 
hanging its 
rystallographi
 symmetry from an ideal 
ubi
 Fd3m to a lowersymmetry tetragonal I4m2 representation with lowering temperature.13){15) Gradual 
hangesof 111Cd NMR spe
tra through 200 K also infer the se
ond-order stru
tural transition.16) Al-though the driven for
e of this transition is not 
lear yet, it gives rise to the distin
t 
hange inthe ele
tri
 resistivity and the magneti
 sus
eptibility.1), 2), 17) The ele
tri
 resistivity is almosttemperature independent around 300 K and drops abruptly below 200 K. The magneti
 sus-
eptibility shows a weak temperature dependen
e of Curie-Weiss type above �400 K, takes abroad maximum near 290 K and steeply de
reases below 200 K.At around 120 K, the other phase transition with the �rst order 
hara
ter18) leads toanother tetragonal spa
e group I4122 with lowering temperature a

ompanied by a smallhysteresis in the ele
tri
 resistivity.11) This is also notable transition as to 
orrelate with apossible ele
troni
 stru
tural 
hange at the Fermi level. In both spe
i�
 heat and thermo-ele
tri
 power, an anomaly is observed as a kink at this temperature, whereas the magneti
sus
eptibility shows no signi�
ant 
hange.1), 9), 10) 185Re and 187Re NQR spe
tra point out nomagneti
 order down to 5K.16), 18) The relative magnetoresistan
e ��/�0 exhibits �nite valuesbetween 100 and 200 K with su
h an anisotropy as positive for [001℄, nearly zero for [111℄, andeven slightly negative for [110℄ dire
tion. The whole magnetoresistan
es on
e 
onverge to zerowith de
reasing temperature down to 100 K, but rapidly in
reases below this temperature upto 30 % at 2 K.11) The alteration of the stru
ture through these two phase transitions is diss-
ussed in the view of motions of oxygen ions 
onstituting ReO6 o
tahedra or Cd-O networkfrom the polarized Raman s
attering.19)In this paper, we report on the results of photoemission spe
tros
opy (PES) for the o

u-pied states and O 1s X-ray absorption spe
tros
opy (XAS) for the uno

upied states in orderto get further understanding of the phase transitions near 120 and 200 K in Cd2Re2O7.2. ExperimentalThe measurements were performed by using syn
hrotron radiation at the beam lineBL25SU in SPring-8 with a S
ienta SES200 ele
tron analyzer. The ex
itation photon en-ergies were set to 935 eV for the PES measurements to be free from possible overlap of Augerspe
tra and in the range of 600�1100 eV for the 
he
k of surfa
e 
ontributions in the spe
tra.The overall energy resolution was set to be better than 80 meV for the PES near EF andbetter than 200 meV for the wide valen
e band and the 
ore level photoemission. The O 1sXAS measurements were performed in the total ele
tron yield mode. Both measurements were2/12
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Fig. 1. (a) Temperature variations of the PES spe
tra at h�=935 eV near EF and valen
e band. (b)Experimental spe
tra divided by the Fermi-Dira
 fun
tion 
onvoluted with the Gaussian FWHMof 80 meV 
orresponding to the instrumental resolution. They are 
ompared with the band 
al-
ulation at 300 K.5) The total DOS and PDOSs are represented by 2 di�erent 
urves 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 surfa
es for the measurements were obtained by 
leaving single-
rystal samples in situunder an ultra-high va
uum of better than 5�10�8 Pa. The obtained 
rystal surfa
es were
erti�ed as the (111) fa
e by the Laue di�ra
tion patterns.3. Results and Dis
ussion3.1 Photoemission spe
traFigure 1(a) shows the temperature variation of the photoemission spe
trum near the Fermilevel and the wide valen
e band shown in the inset. All the PES spe
tra show �nite intensityat EF related to the metalli
 
ondu
tion. In the wide range valen
e band spe
tra, the spe
tralweight near EF in
reases and between 4.8 and 7.5 eV de
reases with de
reasing temperature.The signi�
ant 
hange in the valen
e band was 
on�ned to the shown energy region as the inset.The total spe
tral weight is 
ompensated in the valen
e band region through the experimentaltemperature range. The band 
al
ulation at 300 K predi
ts the gap between 0.7 and 2.3 eVas a result of the di�eren
e of energy level between the Re 5d and O 2p states.5) This gaphas been enhan
ed by the large hybridization between them. The valen
e and 
ondu
tionbands are 
learly separated by this gap as the bonding and anti-bonding states. The valleystru
ture around 2 eV observed in PES spe
tra 
orresponds to this gap. Thus, the Fermi levelis predi
ted in the bottom of the anti-bonding state.3/12
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. Jpn. Full PaperThe temperature variation of DOS near the Fermi level is 
arefully 
he
ked after a divisionby the Fermi-Dira
 (FD) fun
tion in
luding the instrumental energy resolution in Figure1(b). The empiri
al pro
edure is employed by introdu
ing an e�e
tive temperature Teff =pT 2 + (�Eexp=4kB)2 to the FD fun
tion, where the line broadening due to the resolutionlimit 
an be taken into a

ount by adopting the full width at half maximum (FWHM) of theGauss fun
tion as �Eexp.20) As a result, the spe
tral intensity at EF is 
omparable between150 and 250 K as opposed to the 
riti
al 
hange in the ele
tri
 resistivity a
ross the phasetransition at 200 K.1), 2) However, the dip stru
ture just below EF at 20 K is mu
h smaller thanthat at 150 and 250 K. In 
ontrast, the photoemission study at the photon energy of 21.218 eV(He I�) has 
on
luded that the 
hange in DOS near EF at 100 K with respe
t to that at 300K is less than 5% and is negligible.7) Another experiment of STS and low-photon energy PESresulted in the similar tenden
y of DOS variations to ours,21) but, it should be awared thatthe 
ontribution of O 2p in PES spe
tra is 
omparable to that of Re 5d and primarily surfa
e-sensitive in the low-photon energy experiments. The band 
al
ulation shown in Fig. 1(b) wasperformed by using a full potential FLAPW method with the lo
al density approximation(LDA) for the ideal 
ubi
 Fd3m phase at around room temperature.5) Ea
h partial DOS(PDOS) of the band 
al
ulation result has been weighted a

ording to the 
ross-se
tions22)at the photon energy of 935 eV in this �gure. A

ording to this, Re 5d states are dominantin the total DOS near the Fermi level as demonstrated by the open dots in the �gure. In theexperimental spe
tra, rather 
omplex peak stru
tures are observed in the range of 100�400meV at all temperatures of 20, 150 and 250 K. Considering the statisti
s of the experiment,these peaks seem to be separated into two parts at the energies indi
ated by the dashedarrows. This feature 
orresponds well to the split peak stru
tures in the 
al
ulation result.The 
hange of the split position stands out between 20 K and the other higher temperatures.The spe
tral shape in the peak region seems to be larger 
hanged between 20 and 150 K ratherthan between 150 and 250 K.Among inner 
ore photoemission spe
tra, only the Re 4f spe
trum has shown noti
eabletemperature dependen
e8) as reprodu
ed in Figure 2(a). In addition to the J=7/2 and 5/2 spin-orbit split 
omponents, a prominent shoulder stru
ture is observed at higher binding energies.The spe
tral weight transfers from the shoulder to the peak stru
tures with de
reasing thetemperature. This shoulder stru
ture 
annot be simply as
ribed to only single set of the J=7/2and 5/2 
omponents. The intensity around 43 and 46 eV in this broad shoulder stru
ture showsh� dependen
e between 600 and 1100 eV in
uen
ed by the di�eren
e of the mean free path.This result strongly suggests the existen
e of the measurable surfa
e 
omponents at around43 and 46 eV split by the spin-orbit intera
tion. It should be emphasized that this shoulderstru
ture is never derived from a degradation of the surfa
e as a oxidation. The O 1s spe
trumdo not show any 
hange through the experiment.8) Meanwhile, the Re NQR spe
tra denote4/12
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Fig. 2. (a) Temperature variation of the Re 4f spe
tra normalized by the summarized intensityof the bulk 
omponents ('bulk 1' and 'bulk 2'). (b) Typi
al analysis of the Re 4f inner 
orephotoemission spe
trum is shown for 20 K. Four spin-orbit split doublet 
omponents are employedfor the de
onvolution. The bulk 
omponents `bulk 1' stands for the main peak (well s
reened) and`bulk 2' represents the satellite peak (poorly s
reened). The `
lean surfa
e' represents the intrinsi
surfa
e 
omponent on the 
leaved surfa
e, while the `ba
kground' 
omes from a 
ontribution ofse
ondary ele
trons.that the low temperature phase below 120 K exhibits the absen
e of any magneti
 ordering andinhomogeneous valen
e in Rhenium. This result rules out the possibility of multi 
omponentsin the Re 4f inner 
ore photoemission spe
tra due to the di�erent ele
troni
 states. In Figure2(b) is reprodu
ed the Re 4f spe
tra at 20 K, together with the result of de
onvolution withassuming 4 sets of spin-orbit split 
omponents. The 
omponent `bulk 1' represents the mainsharp peak (well s
reened), the `bulk 2' stands for a satellite peak (poorly s
reened), the`
lean surfa
e' 
omponent is present just after 
leaving samples in situ. All the asymmetri
parameters are less than 0.3. The de
onvolution was not able to be enfor
ed only in 3 sets orless of 
omponents by any means. The ba
kground is 
oming from the se
ondary ele
trons.Among them, both `bulk 1' and `bulk 2' 
omponents are thought to be bulk-derived.Table 1 summarizes the results of de
onvolution analysis for 20, 150 and 250 K with respe
tto the binding energies and relative intensities where the intensity of the bulk 
omponentsamounts to 1.00 in ea
h temperature. Judging from these results, the spe
tral weight transfersfrom the `bulk 2' to the `bulk 1' 
omponent by about 8 % with de
reasing temperature from250 to 20 K. When we employ the nominal value of Re5+ (5d2) state in this system, the mainpeak 
orresponds to the photoemission �nal state of 5d3L and the satellite to 5d2. The in
rease5/12
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. Jpn. Full Paper20K 150K 250KID B.E. (eV) R.I. (ratio) B.E. (eV) R.I. (ratio) B.E. (eV) R.I. (ratio)bulk 1 (bulk) 42.03 0.62 42.03 0.58 42.03 0.54
lean surfa
e (surfa
e) 43.15 0.24 43.15 0.23 43.02 0.24bulk 2 (bulk) 44.05 0.38 44.05 0.42 43.92 0.46Table I. Binding energy (B.E.) and relative intensity (R.I.) of ea
h 
omponent obtained from thede
onvolution of Re 4f inner 
ore spe
trum. The sum of intensities is set to 1.00 for the bulk
omponents, i.e. [bulk1℄+ [bulk2℄ = 1:00, in ea
h temperature.
405410415

Cd 3d
5/2

3/2

Binding Energy (eV)

In
te

n
s
it
y
 (

a
.u

.)

hν=935eV

250K
150K
20K

clean
surface

bulk

(a)

background

530535

O 1s

Binding Energy (eV)

In
te

n
s
it
y
 (

a
.u

.)

hν=935eV

250K
150K
20K

clean surface bulk 2

(b)

bulk 1

backgroundFig. 3. Temperature variation of the Cd 3d (a) and O 1s (b) inner 
ore photoemission spe
tra withthe results of de
onvolution by 
onsidering the 
omponents of bulk, 
lean surfa
e and ba
kground.Additional 
omponent exists on the higher binding energy side of the main peak in the O 1sspe
tra.of the main peak with de
reasing temperature denotes the in
rease of 
harge transfer fromthe ligand (L), i.e. oxygen, to the Re site at lower temperatures. In 
ontrast, the intensity ofthe `
lean surfa
e' 
omponents stays almost 
onstant in the temperature region of 20�250 Kwithin few hours during the experimental pro
edure.The Cd 3d and O 1s inner 
ore spe
tra do not show any meaningful 
hange through 20,150 and 250 K as shown in Fig. 3(a) and (b). All spe
tra are also explained by 
onsideringthe `bulk' and `
lean surfa
e' 
omponents. One 
an noti
e an additional satellite or a shoulder(bulk 2) on the lower binding energy side of the main peak (bulk 1) in the 
ase of the O1s spe
tra. The stru
tures of `bulk 1' and `bulk 2' may be resulting from the existen
e of6/12
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. Jpn. Full Paperthe two di�erent 
rystallographi
 sites of oxygen asso
iated with the Re-[12O℄6 o
tahedrons(O(1) site) and [12Cd℄4-O tetrahedrons (O(2) site). Considering the 
omposition ratio, theoxygen numbers in the o
tahedral and tetrahedral networks are 6 and 1 for O(1) and O(2)in the formula of Cd2Re2O7.4), 26) The intensity of the satellite stru
ture `bulk 2' in the O 1sspe
trum is about 0.1 of the main peak `bulk 1', that is 
omparable to the site o

upan
yratio of O(2)/O(1)=1/6.3.2 X-ray absorption spe
traIn order to probe the uno

upied ele
troni
 states of this 
ompound, O 1s XAS measure-ment was performed at 20, 150 and 250 K. Figure 4(a) summarizes the temperature variationof the O 1s XAS spe
tra 
ompared with the result of band 
al
ulation at 300 K. All theexperimental spe
tra are normalized at the intensity of the peak at around h�=-13.5 eV inthe �gure. Although the origin of this peak is not 
lari�ed yet by the 
al
ulation availablebetween -10 and 10 eV, the shape of this peak is simple and almost un
hanged at all temper-atures. It is 
onje
tured that this peak stru
ture originates from the part of oxygen p statewithout substantial hybridization with the Cd or Re orbital and shows only poor tempera-ture dependen
e. In the region from -10 to 0 eV, the spe
tral shapes and peak positions ofthe experimental results are in a qualitative agreement with the 
al
ulated result. As for thetemperature variation, we 
an re
ognize a 
lear 
hange between 20 and 150 K in 
ontrast tothe slight 
hange between 150 and 250 K.A

ording to the simpli�ed band pi
ture represented in Figure 4(b), it is possible that theregion of -2 to 1 eV 
orresponds to the �-like anti-bonding state (�*) and the region of -10to -4 eV is as
ribed to the �-like anti-bonding state (�*). The gap between the bonding andanti-bonding states is opened on the basis of the energy separation between the Re 5d and O2p orbitals, where the �- and �-like states are derived from the strong and weak hybridizationsbetween them. Therefore, the temperature 
hange from 150 to 20 K in the XAS spe
tra mustbe expressed as that the O 2p PDOS in the �* state is de
reased and that in the �* state isin
reased as shown in the right part of Fig. 4(b). At the same time, it is 
onsistent with the
hange of the photoemission spe
tra a
ross 120 K in a sense that the DOS near EF, mostlyre
e
ting the Re 5d PDOS in the �* state, is in
reased at lower temperatures. These fa
ts
on
lude that the o

upan
y of O 2p orbital in the �* state is mu
h more attenuated below120 K. In respe
t of bonding state, although the 
hange of the valen
e band photoemissionspe
tra around 6 eV may also 
orrespond to the series of these spe
tral transformations,su
h a simpli�ed band pi
ture is no more suitable for the o

upied state be
ause of the largehybridization. The systemati
 band 
al
ulation for ea
h temperature has not been exe
utedbe
ause the un
ertainty of the latti
e 
onstants at lower temperatures,13){15) but the phasetransition near 120 K is as
ertained as the 
riti
al 
hange in the [Re 5d℄-[O 2p℄ hybridizationwhi
h implies the realignment of the angle and/or length of the Re-O bond involving the7/12



J. Phys. So
. Jpn. Full Paperele
troni
 band stru
ture near the Fermi level. On the 
ontrary, the transition near 200 Kturns out less sensitive to the ele
troni
 band stru
ture near EF from this study.Finally, we try to give a pi
ture of these 
omplex phase transitions with an eye to otherexperiments. The results of PES and XAS studies 
ontradi
t the 
on
lusion presented in theNMR study,23) where they have assumed that the DOS at the Fermi level would de
rease below200 K. One of the possible explanation is that the sudden de
reases of the spin sus
eptibilityand 111Cd (T1T )�1 may arise from the suppression of spin 
u
tuation below 200 K. Thetransition at around 200 K is expe
ted to involve the freezing of a kind of latti
e breathingmode in a

ordan
e with the spin singlet formation below 200 K.13) It 
ould be asso
iatedwith the 
hange of the motion of oxygen ions in ReO6 o
tahedra.19) The de
rease of resistivitybelow 200 K 
an be explained by the diminution of the ele
tron s
attering originating in themagneti
 
u
tuation. In that sense, the transition at around 200 K is not ne
essarily sensitiveto PES and XAS experiments. On the other hand, the in
rease of DOS at EF with de
reasingtemperature from 150 to 20 K will originate from the 
hange of the hybridization between theRe 5d and O 2p orbits a
ross the �rst-order phase transition at 120 K.11) It should be notedthat the similar 
hange of DOS is also led from the opti
al study.24) Although the opti
al
ondu
tivity exhibits the 
ompli
ated spe
tra at lower frequen
y, the re
e
tivity shows theapparent 
hange only from 150 to 24 K: the value in
reases toward 1 at the lowest frequen
y,and the redistribution of spe
tral weight re
e
ting the 
hange of band stru
ture is observedup to midinfrared region.For the lower temperature phases, the displa
ements of the Re and the O(1) atoms fromthe ideal position in the pyro
hlore stru
ture have been examined 
losely on the ground ofthe group theoreti
al analysis of phonons.25) Although it does not mention the 
hanges ofthe band stru
ture, someone may develop soon. These 
hara
teristi
 features in the normalstate are important to better understand the origin of the super
ondu
ting transition in this
ompound.4. Con
lusionThe temperature dependen
e of the PES and O 1s XAS are investigated in Cd2Re2O7by using soft X-ray syn
hrotron radiation. A 
lear temperature 
hange is found in the Re 4finner 
ore spe
tra whi
h is 
orrelated with the Re 5d states dominating near the Fermi level.Both o

upied and uno

upied valen
e band spe
tra near the Fermi level observed by PESand XAS studies are sensitive for the phase transition near 120 K rather than that near 200K. In the o

upied state, the in
rease of the DOS and the 
hange of the peak stru
ture areobserved near the Fermi level where the Re 5d states dominate in PES at the photon energyof 935 eV. Corresponding 
riti
al 
hange a
ross 120 K is also seen for the uno

upied stateprobed by the O 1s XAS. The de
rease of oxygen PDOS in the �* bond with de
reasingtemperature is 
onsistent with the in
rease of Re PDOS. These results strongly imply the8/12
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omparison.5) (b) S
hemati
 band stru
ture of Cd2Re2O7 near theFermi level. Two Re 5d and six O 2p orbitals as forming the Re-O(1) network in the formula unitare 
onsidered. The shaded area indi
ates the o

upied state. The Fermi level is lo
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