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Correlation effects in the electronic structure of SfRuG;
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We have measured photoemission and inverse-photoemission spectra of the ferromagnetic metal SrRuO
The observed Rudderived conduction band above and below the Fermi lekg) (is found to be widely
spread and the emission intensityEt to be weakened compared to band-structure calculations. Here, the
calculations have been made for the ferromagnetic state with the actual distorted perovskite structure. We
compare the spectra with the spectral density of stdd3S) obtained by modifying the band DOS with a
phenomenological self-energy correction, which is chosen to be compatible with the measured electronic
specific heat coefficieny. Although the mass enhancement factor is only moderately larde4, the renor-
malization factorZ is found to be as small as0.08 Z~1~13). These indicate a significant momentum
dependence of the self-energy and a highly incoherent metallic state in $rRRl@Chave also compared the
photoemission and inverse-photoemission spectra taken below and above the Curie temperature, but significant
changes have not been identifi¢80163-182899)01928-1

[. INTRODUCTION figuration is 41* in the low-spinS=1 state: the effective
moment abovel (~2.6ug/Ru)® agrees well with that of
3d transition-metal oxides have attracted much attentiorthe low-spin R4" ion (2.83ug/Ru). It has an orthorhomb-
and have been studied in the past few decades because theglly distorted perovskite structure of the GdRe@pe®
show a variety of interesting electronic and magnetic prop-The resistivity shows an anomaly B¢, indicating that spin
erties. Because thed3orbitals are rather localized, thed3 fluctuations affect the transport propertie€ptical studies
electrons feel strong Coulomb repulsion from each otherhave shown characteristic behavior predicted for a Mott-
This strong Coulomb repulsion and resulting electron-Hubbard systefhand the highly incoherent nature of con-
electron correlation play essential roles in realizing the interduction electrong.The unusually high room-temperature re-
esting physical properties such as antiferromagnetism, ferrasistivity, which well exceeds the loffe-Regel limit, was taken
magnetism, metal-insulator transition, and high-temperaturas a manifestation of the incoherent metallic sfate.
superconductivity. Photoemission spectroscopy is a powerful technique to
The 4d orbitals in 4d transition-metal oxides are more investigate the electronic structure of a correlated electron
extended than thedorbitals in 3 transition-metal oxides. systeml_ More than a decade ago, Cex al’® made a Sys-
It is therefore considered that thed 4lectrons feel weaker tematic ultraviolet photoemission study of Ru oxides includ-
Coulomb repulsion and that electron correlation is less iming SrRuQ, and interpreted the spectra based on multiplet
portant in 4 transition-metal oxides, making band theoreti- theory. In a previous work, we measured the photoemission
cal descriptions more appropriate. So far, however, this poindind O Is x-ray absorption(XAS) spectra of SrRu@and
has not been sufficiently clarified because relatively fewcompared them to a band-structure calculatfofihe photo-
studies have been made oul #ransition-metal oxides. In- emission spectra in the Rud4band region showed strong
deed, some d transition-metal oxides exhibit such interest- deviation from the band-structure calculation, indicating
ing physical properties as the unconventional superconduatrong correlation effects, whereas the XAS spectrum agreed
tivity in Sr,RuQ,,2 and the metal-semiconductor transition in rather well with the calculation. In this work, we have mea-
the pyrochlore-type TRu,0;,% implying important roles of sured  high-resolution  photoemission and inverse-
electron correlation. photoemission spectra of SrRg@nd compared them to a
SrRuG; is metallic and shows ferromagnetism beldy  band-structure calculation on the distorted crystal structure in
=160 K* According to the ionic picture, its electronic con- order to obtain further information about its electronic struc-
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FIG. 1. Density of states of SrRyGn the paramagnetita) and ferromagneticb) states obtained from(5)DA band-structure calcu-
lations. The broken and dotted curves() show the majority- and minority-spin states, respectively.

ture. We have also made specific heat measurements ataty, High Energy Accelerator Research Organization. The
analyzed the thermodynamic and spectroscopic data in @nergy resolution was-0.2 eV and the base pressure was
consistent way in a phenomenological self-energy~10~*° Torr. Photon energies were calibrated using the O
approach?1? 1s absorption peak of TiQat 530.7 eV and the Cup,
absorption peak at 932.5 eV. During the BIS and ©OXAS
Il. EXPERIMENT measurements, we paid attention to a slope around 5 eV
aboveEg, which was a sign of degradation or contamination
Polycrystalline samples of SrRyQvere prepared by the of the sample. As in the case of the PES measurements, we
following procedure. A mixture of RuQand SrCQ pow-  scraped the samplds situ with a diamond file until the
ders was prefired at 1000 °C for 20 h in air. Then the mixtureslope disappeared. The spectra were taken at liquid-nitrogen
was pressed into a pellet and fired again at 1200 °C for 20 emperature {80 K) for both the BIS and O 4 XAS mea-
in air. The product was milled and pressed into a pellet agaigurements.

(~2000 kg/cnd). After firing at 1400 °C for 20 h in air, we For the low temperature specific-heat measurements, we
obtained the SrRugpolycrystals. employed the thermal relaxation methddA polycrystalline

Photoemission spectroscogPES measurements were sample of 11.45 mg was measured without external field
carried out with the use of a He discharge lathe I: hy ~ P€tween 1.4 Kand 20 K.
=21.2 eV, He Il:hv=40.8 e\}. The total resolution was Ill. BAND-STRUCTURE CALCULATION
~30 meV for He | and~50 meV for He Il and the base '
pressure in the spectrometer wad 0™ '° Torr. The samples The band structure was calculated for the orthorhomb-
were cooled using a He refrigerator down 4650 K. We ically _dlstorted structure of SrRufQusing the local-spin-
scraped the sample surfaces in the ultrahigh vacuum at lodfi€nsity approximatiofiL (SIDA]. The calculated band den-
temperatures with a diamond file. We checked the surfac&!ly Of stateSDOS) Ny(w) in the ferromagnetic state as well

condition by monitoring the emission at—9 eV below the as that in the paramagnetic state are shown in Fig. 1.. The Ru
Fermi level Eg), which is known due to contamination or 4d t, band_aroundEF shows an exchange splitting in the
ferromagnetic state and thus is broadened compared to that

surface degradation. Although we could not totally ehmmatein the paramagnetic state. Because of the orthorhombic dis-

that emission, we kept its intensity to the minimum level andtortion the Ru 4/ band DOS is not narrow enough to be split
repeated scraping before its intensity grew. In this sense, thg; tV\;O peaks in the ferromagnetic state as in the previous
present method was successful in preparing clean surfaces @ jationt! in agreement with a recent band-structure cal-
the oxides compared to annealing in an oxygen atmospheig|ation by Santi and Jarlbofg The total ferromagnetic mo-
employed by Coset al.™” The calibration of binding energies yent was obtained as 1.52; and the magnetic moment at
was achieved by measuring the Fermi edge of Au evaporategle Ry site as 0.9%. These values are smaller than those
on the samples. Inverse-photoemission spectra were taken ﬂﬁ’edicted b},/ Santi and Jarlborg2.0 and 1.6 ug,

the bremsstrahlung-isochromat spectroscdpyS) mode.  respectively'® and are compared with the experimental val-
Photons with the energy of 1486.6 eV were detected using ges: 1.4ug from neutron diffractiont® 1.1 g from the mag-
SiO, multicrystal monochrometer. The energy resolutionnetization in 1.67 T at 4.2 K/ and 1.27ug from the mag-
was ~0.8 eV, and the base pressure was in the'§@orr  netization in 5.5 T at 6 K8

range. The calibration of energies was also achieved by mea-

suring the Fermi edge of Au evaporated on the samples. IV. RESULTS AND DISCUSSIONS

XAS spectra from the O 4 core level were measured in the e compare the measured spectra with the band-structure
total electron-yield mode at beam line 2B of the Photon Facca|culations in Fig. 2. The band DOS has been broadened
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sions and reflects the itinerancy of thd électrons, whereas
the incoherent part represents the remanent of the lower and
upper Hubbard bands and reflects localized excitations. Cox
, L et al’® interpreted the coherent part as the minority-spin
-10 -5 0 5 10 states of the:,q band and the incoherent part as the majority-
Energy relative to Ep (eV) spin states based on the multiplet analysis of the paramag-

netic semiconductor XRu,O;. In the XAS spectrum the cor-
FIG. 2. PES, BIS, and OsLXAS spectra of SrRu@compared  relation effect is probably canceled by the core-hole effects.

to the band DOS in the ferromagnetic state. The calculated DOS haphe separation between the coherent and incoherent parts in
been broadened with a Gaussi&0 meV FWHM for PES and 0.8  the present case is, however, not so distinct as in the case of
eV FWHM for BIS) and a Lorentzian (FWHM 0.1/E—E¢|) func-  Tj and V oxides and will not be stressed here. Instead, we
tion. For comparison with the XAS spectrum, the oxygen20S  j|| mainly consider the effective mass deduced from the
is plotted on the same scale broadened with a GausSidneV  pOos atE, and the electronic specific heat. As for the spec-
FWHM) and the Lorentzian. tral line shape, we will utilize the self-energy correction to

the band DOS.
with a Gaussian and a Lorentzian function for the instrumen- Figure 3 shows the specific heat data below 10 K plotted
tal resolution and the lifetime broadening, respectively. Asiy ¢/T vs T2 The data are fitted by the formu/T=y
shown in the previous work, the band-structure calculations +BT2, whereg=1/03 and y is the electronic specific heat
indicate that the band betweerb eV to~—2 eV measured  efficient. From a least-square fitting procedure, we have

relative toEg is mainly composgd of_Rudlcharacter and estimated y=36.3 mJ/Rmol and the Debye temperature
that between~—2 to ~—10 eV is mainly of O p charac- @ _—364 K. Allen et al? obtained nearly the sam®,
ter. The measured Opband shows less pronounced struc- — 3gg k and a little smalleyy=30 mJ/iemol. y is given by
tures than the calculations. The empty 8rstates inthe BIS o pand DOSNy(w) at Er, y=y,(m*/my), where vy,
and XAS spectra appear at higher energies than the Calcu—:(w2/3)k§Nb(EF) m, is th':e’bare band mass' and is the
lated D%S(')Th(lajgsi XAS spectrllljm,_ KVh;]Ch probes (’;h_e UE' effective mass. If electron correlation is not negligible,
occupie P 1 » agrees well with that reported In e, inaq from the specific heat is different from that esti-
previous work'! the O & XAS spectrum reflects the sharp mated from the band DOSy,=7.16 mJ/mol. The ratio

structure of the unoccupieg, states just abovE. For the betweeny and y, yields the mass enhancement factor
XAS spectrum,.however, the effects of the core-hole potenm*/mb which is found to be 4.43 in the present work. Allen
tial cannot be ignored and the spectrum does not actuall !

. . oo &t al. deduced a smaller value of 3¥.

represent the single-particle excitation spectrum. On the We have attempted to simulate the observed Riband

other hand, the_ Ru dt ba!"d N th.e PES and BIS spectra spectra by applying a phenomenological self-energy correc-

represent the single-particle excitation spectra but do n ion 3 (k, ) to the ferromagnetic band DOS. We have im-

Sgr%e \;V'thtthe _band IZ?]ObS : Ir(‘j the rrc}etar\]sur_e? sp_?ctre:_;jthe posed the constraint that the self-energy retains the Fermi-
and structure 1S much broader an & intensitEatis liquid propertied Im 3 (k, ») < — w? nearw=0] and that the

mu'gh wet%ker than ltthe band DQdS' that the sh K effective mass calculated from the band mass and self-energy
rom these results, we consider that the sharp peaks Negl;,siges with the thermal effective mass. Thdependence

de,  dReX(k,w)

_+— ,
oK T

(98k

K (1)

Er in the band DOS originating from thg, band are modi-

fied by the effect of electron correlation ?n the PES and BISOf the.self-energy reduces the spectral DOSEatby the
>"reduction factor

spectra. In the present work, we follow the previous

assignmenit that the Fermi-edge emission and the broad m

band at~—1.2 eV peak are due to the coherent and inco- L /

herent parts of the spectral function, respectively, as in the My,

photoemission spectra of Ti and V oxid&s>?° The BIS

spectrum shows a line shape similar to the PES spectrum andherem, is called thek mass. From comparison between the

the similar interpretation appears to be possible. The coheband DOS and the PES and BIS spectra shown in Fig. 2,

ent part represents quasiparticle excitations Vkitidisper-  m,/my is estimated to be-0.4. The spectral weight of the
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coherent part is given by the renormalization factee{1
—[dRe X (k,0)/dw]|y=ok=k} - The lost spectal weight

1-Z is distributed in the incoherent part centered at BIS
hv =1486.6eV -
~—12eV. t,.|DOS
For simplicity, we have assumed thatk,w) is decom-
—-o— Exp.

posed into &-dependent part and@-dependent part of the — fit
simple form??

glw ( 1 | )

(0+iT)? 2o+l T,

+2U t Ek
Warca V ,

3 (k,w)

)

Intensity (arb. units)

whereg,, I'1, g, I',, U, andV are adjustable parameters,
which are to be determined so that the self-energy-corrected
DOS agrees well with the experimental spectra under the
condition that the calculated effective mass agrees with the T
electronic specific heat coefficient The first and second W - ImZk,) ]
terms in Eq.(2) represent local and dynamical effects and K 0 2 4
cause the band narrowing of the coherent part and spectral
weight transfer from negr (w=0) to away fromEg. The

first term in_ Eq.(2) gives rise to inC,Oherent features away - giG. 4. PES and BIS spectra compared with the theoretical fit
from Eg while the second term contributes extra broadeningsing the self-energy-corrected DOS in the region near the Fermi
to the incoherent features. The third term in E2). repre-  jeyel. The fitted curves have been obtained by summing the self-
sents the nonlocal effects and uniformly broadens the banghergy-corrected Rudit,, band DOS, the O @ nonbonding band
near Er. We have neglected the spin dependenceyosthe Ru 4 e, band DO$ and the integral background for the
of the self-energy, for simplicity. The effective mass’,  PES(BIS) spectrum. The bottom panel shows the energy-dependent
which is proportional to the quasiparticle density B¢, part of the self-energy used to fit the spectra.

is given bym* /m,=2Z"*(m,/my)=(1+g,/T2+g,/T3)(1
+2U/7V?) 1. A similar analysis has been made for the
spectra of the superconductor,BuQ,, and strong electron
correlation effects have been foufitl.

Energy relative to E; (eV)

changes in the number of carries but to the spin fluctuations.
This observed temperature dependence is different from that
observed for the double exchange  systems
25,26 27

Figure 4 shows the best fit result of the self-energy-Lal—XsrXMno3' ) and LQ—XC@M”O& and from bgnd-
corrected ferromagnetic DOS using parameter valggs structure calculations as shown in Fig. 1. This implies that
~0.11 eV, I';=0.1 eV, g,=0.0049 eV, I',=0.07 eV,U " the ferromagnetism in SrRus not explained simply by the
:1'5 o\2 ,anéVZIO 7 e\,/ %’he.energy—d’ep;nde.nt part’of thedouble exchange ferromagnetism nor by itinerant-electron

self-energy for these parameters are shown in the bottom &:rromagneusm based on band theory.
Fig. 4. The broken curves in Fig. 4 show the tail of the 2
band and the integral backgroufaktermined between 0 and
—9 eV) in the PES spectrum, and that of thgband and the We have measured the PES, BIS, and OXAS spectra

integral backgrounddetermined between 0 and 6 M the  of SrRuG; in the ferromagnetic state. By comparing the band
BIS spectrum. The dotted curves in Fig. 4 are the sum of the

broken curves in each spectrum. Here, we have decomposed
the Ru 41 DOS into the narrow,y band and wideey band
and assumed that electron correlation is important only for
the tyq part>* From the above parameter set, we have ob-
tainedZ~1=13, m,/m,=0.34, and the mass enhancement
factorm*/m,=4.5. AlthoughZ 1 is large, the effect of the
k mass reduces the effective mass. Nearly the same values
were obtained for SRuQ,: Z~1=11.1, m,/m,=0.40, and
m*/m,=4.432 Hence we conclude that the effect of elec-
tron correlation cannot be ignored in the electronic structure — }ggg ......... 200K
of the Ru 4 states in SrRu@as well as in SIRuQ,.

Finally, we compare in Fig. 5 the PES and BIS spectra . _//
taken above and beloW.. The spectra taken at different 2 0 2 4
temperatures, which have been normalized to the integrated Energy relative to E; (eV)
area within the indicated energy ranges, have not shown
clear temperature-dependent changes. This means that theFIG. 5. PES and BIS spectra taken above and below the Curie
anomaly in the resistivity affc is not attributed to the temperaturélo=160 K.

V. CONCLUSION

UPS BIS

hv =21.2eV hv =1486.6 eV

Intensity (arb. units)
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DOS with these spectra, we have found that the effect ofrom itinerant-electron ferromagnetism based on band
electron correlation is substantial in the Rd &4 states of theory.
SrRuG;: in the PES and BIS measurements, which represent

the single-particle excitation spectra, the spectra do not agree ACKNOWLEDGMENTS
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