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Ultrahigh-Resolution Pho‘toemission Study of
'Strongly Correlated Electron Systemsf .

- Takashi TAKAHASHI Hiroshi KUMIGASHIRA and Takah1ro ITO . ’
‘ Department of Physzcs Tohoku Umverszty ’ o " .

Recent remarkable progress 1n ‘the energy and momentum resolutrons in photoemlssron spectroscopy has, o

revealed the detailed electronic structure near the Fermi level (EF) of strongly correlated electron systems :
The energy resolution has approached the characteristic energy scale which governs the anomalous physrcal-
properties of materials. We report here the recent development of high-resolution photoemrssron (HR~‘ -
PES) study of strongly correlated f-electron materials based with Ce and U. Using HR-PES, we have
found (1) Kondo resonance peak located just at Er in various metallic Ce compounds and its systematrc;(, o
evolution as a function of Kondo temperature, (2) Kondo-insulator (pseudo) gapin Ce compounds andits

: temperature dependence which characterizes' the anomalous metal-insulator transition, and (3) Ferml sur-
face of Ce and U compounds and its topologlcal change accompanied with the magnetic phase transition as i
a function of temperature. We discuss the nature of 4f and 5f electrons in these compounds and possrble;
models descnbmg the anomalous physical properties based on the character of f electrons k
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Figure 1. Schematic diagram of 4f spectral density of states
(DOS) for Ce compound. Photoemission (PES) and Inverse pho-
toemission (IPES) spectra correspond to the spectral DOS below
and above the Fermi level (Ep), respectively.
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Figure 2. High-resolution (4E=5meV) photoemission differ-
ence spectra (He II-He I) for several heavy-fermion Ce compounds
with different Kondo temperatures (Tg’s)¥. Systematic evolution
of the Kondo peak at Er as a function of Ty is clearly observed.
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Figure 3. Schematic diagram of the p-f mixing model" which
describes well the magnetic phase transition of CeSb. For details,
see text.
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Figure 4. High-resolution angle-resolved photoemission spectra
of (a) paramagnetic (T=30K) and (b) antiferroparamagnetic
(T=10K) CeSb measured along I'X (M) direction in the Brillouin
zone with He I resonance line. Polar angle (8) referred to the sur-
face normal is indicated. Dashed lines are guide to eyes. Brillouin
zone of fce CeSb is shown in upper panel.
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Figure 5. Experimental band structure of (a) paramagnetic and (b) antiferroparamagnetic CeSb determined by HR—
ARPES shown in Fig. 4. Dark parts correspond to the energy bands. White solid and broken lines trace the experimental
bands along I'X and XWX high-symmetry lines, respectively.
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Figure 6. Experimental band structure near By of (a) paramagnet-
ic and (b) antiferroparamagnetic CeSb determined by HR-ARPES.
White solid and broken lines trace the experimental bands along I'X
and XWX high-symmetry lines, respectively. Correspondence be-
tween the bands and HR-ARPES spectra (Fig. 4) is shown with
symbols (h;, h,, and e).
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Experimental band structures of antiferromagnetic USb (left panel) and LaSb (right panel) derived from

HR-ARPES, together with HR-ARPES spectrum measured with He II resonance line (middle panel).
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Comparison of band structure near Ep of UPt; between (a) HR~ARPES experiment and (b) band structure

calculation. In the experimental band structure, dark parts represent bands.
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Comparison of band structure near Ex of URu,Si, between (a) HR-ARPES experiment and (b) band

calculation?® . Peak positions of the topmost Ru 4d band and the U 5f-Ru 4d hybridized band in ARPES spectra (not
shown) are superimposed in the calculation with crosses and open circles, respectively. Fermi momenta observed by
HR-ARPES and the dHvA experiments®? are shown in upper panel of the calculation.

BHRNT, HECERTRVERN—-KERLTWS, 7
VIR EOFMARE, S, O Rudd NV Fik
Fig. 9b) s x TRT X D127 2 )V I ¥R 55930 meV
EICE 2D, 7oV I#ERE2Ys ChinWELT RH
L7z Zhizx LTX AEgicsuwaid, FEBICHEWR
Bod, RPOTRLICE DR T o VI EEY S T X
W=V FERBH L, SVEFHELORE»L, ZO
TO— Pk, Z AW OR—VRr v FEER T
% Usf-Rudd ER/NV FTH A swRIN D, CONXVF
W7 2 IVIENEYAMENLOBELONL Y7 2 VIED
KES%XOEyRIC TARPES] & & L7-RHITR L,
CO7 oI)VIEDOKAE S, dHvA B2 0|EINT
WAHEDT I VIEEDDREVWEDLDL, NV FEHETI
TR 6 b dHVA JIE CRERITE Wik oz
Z R OX & IR —VE % B REAESBEETSH
THDTHEAULI2DDTHSEELLND,

ZDEDIT, BHEOBRS WL EBERIZK - T,
I g T dHvA EBROMESE Th - /- HiEE { BETFRL
EHDT L VIBEHESPEEFSECHT2 D LDk
TETW3, LI, EBRLAEE>EXRETFS I
dHvA BIBIZE WL D0 DRI & HL, dHvA IC5EERIT
TEEICWL 2D { BFRMEAHO T £ )V IEEEDORE
IR L5,

WIZ, {BFREEWICET BRI - 2B TS
DAL BESREEXETF S/ THEHB LG & LT, JHE
HEBRAEZ OV TOMERBREBNT 5,

4. SEREIERRAED L BT v v T
TEGER AL, Fo v THBICHET S L EZ N DR
2L REWEE RS Lo b, B, TOET  MEEE

R 5 72D TSRS ED G T A{LE&H T
BB, ThHOWER, BERTIREIBET2HOLE
Th5H, EETHEREIEELTRT, COREICXS
SR EFHERL, BEOEKETE LI, RELTW
{BEFHREFHOI—VV/AERRLTT VI BALTE
ICEERIF /S FREBLL, ZOREKRFNY FEEEREFN
VEBER (CfER) T5/ER, 7o VIRMEICTR
WE—F v 9 TEWRT S LICERT S 2E2 BN T
Bo WREERGEOME L BT 5701, O cfER
Fo vy THBICET A ERBPBRERTRCH S, L Lk
NE, ThETHREFIRICES cf BEE > v TR &
ZOREZEICOVWTOREIT TV, Thid, #EROKE
TOREBEDOHBEIPLBEGEED cTRBEF v v/
(5~10meV) K LCAFT SR o c/c®dTH b,
T, BxIHERSBELETFHSAEEL AT, OGS
FIZBT 5 cf BEF v v TOBEZBEI A2, 7R
i3, A—EaEErBLalo L ABEE (Tx) OkE
{ R7n 5 28E O BE B 4 CeRhSh (Tx~360K) &
CeRhAs (Tx~1200K) ik 2 \WTfT o oo FORER%
Fig. 1012779, k75, Au, CeRhSb, CeRhAs ©»7 = I
IEALEBOBSREXET AT FVOBRELLETRL
TW5, ¥/, FRETONREBTF AT MLV EEEBES RS
TIRF/27 2 V3 o F4 S5y Z7BRTEAEIC L TH-
REEZE  (density of states) # Fig. 11i27R9, Au O
ERFEDOE WVIRRBBE I~ T, CeRhSh, CeRhAs T
i, BEOETE LT o VIEMATEIC () Fvy
TR INBETRRABICEAN I N TS, F2, 20
Fr v THRBEICBWT, (DF v v FOAkEX (CeRhSh,
30-35 meV; CeRhAs, 90-100 meV) 2NEEERE (Tx) I
Ar—=35h, QFORKEIFBREI Lo TEMLLEV,

E@)F v v THATORBEEOBEIT L, EWoi

._..7,.._



218

Intensity (arb. units)

&
2.
&
11
£z

un}

@

N

Q
IR
iy e
pE88zss
mEBRRRRAR

00 100 EEF )
Binding Energy (meV)

Figure 10. Temperature dependence of HR-PES spectrum near
E: of gold (Au), CeRhSb, and CeRhAs. Insets show the spectra
near Eg in expanded energy scale.
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Figure 11. Temperature dependence of spectral density of states

near Eg of gold (Au), CeRhSb, and CeRhAs. Insets show the expan-
sion near Eg.
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