PHYSICAL REVIEW B

CONDENSED MATTER

THIRD SERIES, VOLUME 56, NUMBER 24 15 DECEMBER 1997-II

RAPID COMMUNICATIONS

Rapid Communications are intended for the accelerated publication of important new results and are therefore given priority treat-
ment both in the editorial office and in production. A Rapid CommunicatioRhysical Review Bmay be no longer than four printed
pages and must be accompanied by an abstract. Page proofs are sent to authors.

Hubbard splitting and electron correlation in the ferromagnetic metal CrO ,

T. Tsujioka, T. Mizokawa, J. Okamoto, and A. Fujiniori
Department of Physics, University of Tokyo, Bunkyo-ku, Tokyo 113, Japan

M. Nohara and H. Takagi
Institute for Solid State Physics, University of Tokyo, Roppongi, Minato-ku, Tokyo 106, Japan

K. Yamaura and M. Takano
Institute for Chemical Research, Kyoto University, Uji, Kyoto 611, Japan
(Received 1 July 1997; revised manuscript received 28 August)1997

We have studied the electronic structure of Gy photoemission spectroscopy and specific heat measure-
ments. The Cr 8 band shows a splitting into the upper and lower Hubbard bands with a small but finite
density of states at the Fermi level, consistent with its metallic behavior. The small renormalization factor
(z~0.1<1) signifies strong electron correlation, but is still large compared with mahyranhsition-metal
oxides.[S0163-182607)51248-3

CrO, is a ferromagnetic metal with the Curie temperaturepolarization but also the orbital polarization is allowed by
of T,~390 K! The electrical resistivity has metallic tem- incorporating the nonlocal exchange interaction on the level
perature dependencalthough it is rather high=2.5x10"*  of the Hartree-Fock approximation. The orbital polarization
Qcm at 300 K and shows an anomaly & ,* indicating  has led to a substantial increase in the splitting of the,Gr
scattering of conduction electrons by fluctuating magnetigand into the almost occupied and empty bands of different
moments at finite temperatures. In spite of its great technogrpital characters, corresponding to the lower and upper
I_ogica_l importance as magnetic recprding media, relativelyqypbard bands. Accordingly, the density of statP©S) at
little is known a_bout the_ electronic structure. A _band—EF is reduced compared to the LSDA restatthough it still
structure calculation was first performed by SchWarging g ains substantialAccording to Korotinet al, the double
the local-spin-density approximatioLSDA). The result exchange mechanism due to the coexistence of localized Cr

predicts a “half-metallic” behavior, in which only the Crd3 ; - o
(tog1) band accommodates conduction electr@n® per Cy 3d Qrbltals a.m.d strongly hybridized Crd30x¥gen % orbit
9 als is the driving force for the ferromagnetism.

. . o i
and crosses the Fermi levet{), resulting in the 100% spin In this work, we have performed photoemission and

polarization atEgr. This is consistent with the saturation . o : o
magnetization of 2.005 /Cr.* The half-metallic behavior has inverse-photoemission experiments as well as specific heat
measurements on bulk polycrystals of Gt he spectra ex-

also been obtained by subsequent calculatfolite half e X -
metal is predicted to show strong coercive force andibit @ weak but clear Fermi edge characteristic of a metal.

magneto-optical effecfs. Photoemission experiment was Most of the spectral weight of the @rband is distributed in
made by Kanperet al’ for a thin film sample cleaned by broad peaks well above and beldw, reminiscent of the
ion-sputtering, but the spectra show no spectral weight agpper and lower Hubbard bands, respectively, consistent
Er, inconsistent with its metallic behavibVery recently, ~ with the LSDA+ U results. A combined analysis of the spec-
Korotin et al® have performed a band-structure calculationtroscopic and thermodynamic data has revealed a small
using the LSDA-U method, in which not only the spin renormalization factoe, implying strong correlation effects,
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FIG. 1. O 1s core-level XPS spectrum of CtO FIG. 3. High-resolution UPShr=21.2 eV, AE=25 me\)
spectrum of CrQ compared with the LSDARef. 3 and LSDA
namely, effects of fluctuations around the mean-field LSDAT U (Ref. 8 band-structure calculations. The experimental and cal-
+U ground state. gulateq spectra have been normalized to the integratedd@a8d
Polycrystalline samples of CrOwere prepared as fol- Ntensity.

lows: Crystals of C5O 5 were resolved into Cr@powders at ) )
420 °C under a 100 atm partial pressure of oxygen. Then the Figure 1 shows the XAS spectrum in the G gore re-
obtained powders were sintered to polycrystals at 800 °@ion. The structures above and belows35 eV arise from
under a pressure of 6 GPa so as to prevent the reduction fnsitions into the Crgip and Cr 31 bands, respectively.
Cr,0s. The sintered pellets were confirmed to be single-The first peak 527 eV) is attributed to the unoccupled part
phase by x-ray diffraction. X-ray photoemissioxPS) mea-  Of the Cr 3 4, band and the second, more prominent peak
surements were made using a Mg source. Ultraviolet (~531 eV) to the remaining unoccupied Crd3(tg, gy,
photoemissior{UPS measurements were made using a He@ndey;) bands. This assignment is consistent with the orbital
discharge lamp and using synchrotron radiation at beamlindegeneracy of each component, considering the empirical
BL-28A at the photon factoryPP. The resolution varied fact that each of the empfy, andt,g states has nearly the
from ~ 25 meV to~0.2 eV depending on experimental con- Same |9ntenS|ty in the OsLXAS spectra qf transition-metal
ditions. X-ray absorptior(XAS) spectra were taken in the Oxides: The present XAS spectrum is in good agreement
total electron-yield mode at beamline BL-2B of PF. The en-With bulk-sensitive electron energy-loss spectra taken in the
ergy resolution was-0.2 eV. X-ray inverse-photoemission transmission mod&, meaning that the present XAS data in-
spectroscopy or bremsstrahlung isochromat spectroscogi€d represent the bulk electronic structure of £r0
(BIS) measurements were made with the resolution-6£8 Valence-band photoemission spectra are shown in Fig. 2.
eV. Clean sample surfaces were obtained by frequentifpecause the relative photoionization cross section of the Cr
scrapingin situwith a diamond file at measurement tempera-3d to O 2p orbitals increases with photon enertywe con-
ture. The UPS measurements were made 36 K and the clude that the bands at1.3 eV and 3-7 eV are mainly
BIS measurements at80 K. The XAS measurements were derived from the Cr @ and O 2 atomic orbitals, respec-
performed at room temperature. Specific heat measuremerii¥ely. The spectra fohy=50 and 48 eV are on- and off-
were performed by the relaxation method. The ©XPS  resonance photoemission spectra, respectively, in the Cr

spectrum showed a single peak, indicating a rather high quafP—3d core absorption region. The 1.3 eV peak is en-
ity of the sample and the surfaces. hanced in the on-resonance spectrum, indicating that this

structure is mainly derived from the Cd3states.
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FIG. 2. Valence-band photoemission spectra of £réken with LSDA (Ref. 3 and LSDA+U (Ref. 8 calculations (dashed
various photon energies. curves.
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UPS spectra shown in Figs. 2 and 3 exhibit a weak but 25 , , |
finite intensity atEg, consistent with the metallic behavior
of CrO,. A weak Fermi edge intensity as well as a peak at a
binding energy of~1.5 eV have been observed in the
metallic oxides of early transition metals such as
Ca,_,Sr,V03,B La, ,Sr,TiO;, and Y;_,Ca,TiO3.®
In these compounds, emission frdfg to a few tenths of an
eV below it has been assigned to the coherent part or the
quasi-particle(QP) band and the peak at1.5 eV to the <
incoherent part of the spectral function or the remnant of the "z
lower Hubbard band. The photoemission line shape of CrO :
is similar to those of the V and Ti oxides and may be inter- % 10
preted in the same way. The present spectral line shape i
quite different from that reported by Keperet al.” The po-
sition of the Cr 3l band is much shallower than the previous
one (~2.5 eV) and the intensity aEr is much higher. It is
likely that the sputtering and annealing changed the stoichi-
ometry of the sample surfaces in their measurement. The
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presence of a weak feature a9 eV in the 21.2 eV spec- 0 ) | |
trum, however, indicates that a small amount of 0 100 200 300 400
contamination/degradation could not be removed even with 7 (KD

the above experimental precautions.

Figure 4 shows a combined plot of UPS and BIS spectra, FIG. 5. Low-temperature specific heat of GrQ@ots fitted to
compared with theoretical spectra deduced from the LSDA(T)=»T+ BT%+aT*?(solid curvé. The solid line shows theT
and LSDA+ U band-structure calculatioi€ Here, the the-  contribution. The inset shows the yT)/T¥?vs T*Z plot.
oretical curves have been obtained from the calculateddCr 3
and O 2 partial DOS and the atomic photoionization mean-field(LSDA+ U) level because the Gt band is spin
cross-sections! A Gaussian and a Lorentzian broadening,and orbital polarized. The relative spectral weight of the co-
which represent the instrumental resolution and the lifetiméherent part, which is equal 1 is too weak in CrQ to be
broadening, respectively, has been made and backgroundscurately determined from the spectral line shape. Alterna-
due to secondary electrons have been superimpldsgde  tively, one can estimatez using the relationship
most remarkable difference between the LSDA and LSDAz=p(0)/N*(0), wherep(0)=0.14 states/eV Cr is the DOS
+U calculations is the position of the main Cd3eak at Er [i.e., the spectral intensity &g deduced under the
aboveE . The experimental BIS spectrum is in better agree-assumption that the integrated spectral weight of the €r 3
ment with the LSDAF U result. Feature-0.8 eV aboveEg  band is 2 states/C{Ref. 1] and N*(0) is the density of
in the BIS spectrum appears at the same energy as the @QP’s atEr deduced from the specific heats. Therefore we
tog; Peak in the LSDA-U calculation. The prominent struc- have made low-temperature specific-heat measurements as
ture at~4 eV is attributed to the rest of the unoccupigd shown in Fig. 5, where the experimental da@) is ana-
band. The observed 0.8 eV peak is weak and broad com- lyzed using the formula
pared to the LSDA U result probably due to spectral
weight transfer away fronieg induced by electron correla-
tion. The much sharpés,; peak in O 5 XAS thanin BIS is
most likely due to the effect of the core-hole potential in
XAS. The positions of the Cr @ peaks are also different Here, theT%?2 term is magnon contributions. Thus we ob-
between the LDSA and LSDAU calculations. The large tain y=2.5+0.5 mJ/K?2 mol, a=1.36 mJ/K¥”2 mol and
(~5 eV) splitting between the prominent Cd3eaks inthe  8=0.0169 mJ/K?> mol and hence N*(0)=37/7rk§
combined UPS-BIS spectra is thus closer to the valud.6  =1.06+0.21 states/eV Cr. The spin-wave dispersion con-
eV) deduced from the LSDAU calculation than that¢1.6  stantD =1.1x10 2% erg cn? deduced frome well agrees
eV) deduced from the LSDA calculation. The underestimatewith the value D= 1.9x 10”2 erg cn?) deduced from the
of the splitting in the LSDA calculation is due to the neglecttemperature dependence of magnetizatih(T)/M(0)
of the Hubbard splitting of thel band by~U. Thus we =1-aT®2 Thus there is no indication of “orbital-wave”
estimateU~5—1.6=3.4 eV. In fact, thdJ value employed contributions toc(T), which does not contradict with the
in the LSDA+U calculation was taken at 3 éV/(In the  existence of the orbital polarization because the orbital wave
LSDA+U calculation, an insulating gap opens only for is predicted to have a large excitation ddp.
U>6 eVv¥ Thus we obtaire=p(0)/N*(0)=0.13+0.03<1, signal-

Although the observed “coherent” and “incoherent” ing a strong mass renormalization as in other transition-metal
parts of the photoemission spectra appear to be those of typpxides. However, thiz value is substantially larger than
cal Mott-Hubbard compounds, CgQis different from the those for CavQ, La;_,Sr,TiO; (z~0.05), and
paramagnetic metallic Ti and V oxides in that the experimen¥Y ;_,Ca, TiO; (z~0.01) and is comparable to Sr\O
tally observed Hubbard splitting can be explained within the(z~0.16), a typical itinerant Pauli-paramagnetic métal®

c(T)=yT+BT3+aT )
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The deduced value may be consistent with the small Drude metallic small Fermi surfaces. As for the QP weight, the
weight of ~0.1 electrons/Cr integrated up kv~1.5 eV® photoemissioff and specific heat data of La_,Sr,MnO,

The mass enhancement factan*/m,=N*(0)/Ny(0), yield z<0.05, a value smaller than CgO

whereN,(0) andm, are the DOS and the effective mass  |n conclusion, the photoemission spectra of Gr@re
derived from the band-structure calculation, cannot bg&oynd to have a finite intensity &, consistent with the
uniquely determined becausé,(0) depends orl in the  maaiiic behavior. The spectral function consists of the upper
LSDA+U calculatlo*n. FolU =3 eV, Ny(0)=0.42 states/eV 54 |ower Hubbard bands and the coherent part in between.
and  therefore m*/m,=~2.5. The k-mass my/m Comparison of the photoemission spectra and the electronic

EJ: fnrl]%qmb:ng(gé/n'\gég )]béggrl:]ebse::;rr;:r&o.& For larger specific heat has revealed substantial renormalizatieri,.
' b k .

If the Cr 3d band is fully spin polarized in CrQ there is Neverthe_zl_ess, thig val_ue is _relatiyely large among metal_lic
no spin fluctuations in the ground state and the electron cor3d ransition-metal oxides, implying that the mean-field, i.e.,
relation effects are attributed to fluctuations of the chargd-SDA+U, band description is a rather good starting point to
and/or orbital degrees of freedom. The double exchangénderstand the electronic structure of GrO

mechanism for CrQ proposed by Korotiret al® implies a . . .
similarity with the giant-magnetoresistive manganites. In- We would like to thank M. A. Korotin for the use of his

deed, the manganites show a small Drude Wé@Mmall results prior to publication, S. Suzuki and K. Siratori for
electronic specific heaf8,and low photoemission intensity USeful discussions, and T. Konishi, T. Miyahara, N. Naka-
atEg % These results may be understood if,LaSr,MnO,  Jima, H. Miyauchi, T. Koide, and Y. Azuma for help in the
has “small Fermi surfaces.” Its small Hall coefficient im- €xperiment in PF. The work at PF has been done under the
plies a large hole number 1 hole per Mn atom if analyzed approval of the Photon Factory Program Advisory Commit-
using the one-band mod& but may also be due to a semi- tee (94G361 and 95G424 This work was supported by a
metallic electronic structure. The Hall coefficient of GrO Grant-in-Aid from the Ministry of Education, Science, Cul-
yields ~0.5 electron per Cr atothprobably indicating semi- ture and Sports of Japan.
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