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In strongly correlated electron systems
(SCES), surface electronic structures are much different
from those in the bulk- 1y Ng atoms on the vacuum side

On the surface 2) hopping energy t is much smaller
3) U is almost constant

thickness
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Even sub-surface Is | 4) Then U/t much different between
recognized in some surface & bulk
materials

5) Electronic structures are inevitably
much different
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How are the intrinsic clean surfaces
of strongly correlated electron

systems?

Cases of oxides




Heavy Fermion 20 K Metal (M) to insulator (I)
In fact recoil shift is non zero transition (MIT) system 350K
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Difference between SXPES & HAXPES is ascribed to the surface

| ~13.5A for the O 1s core

photoelectron at E,~ 700 eV

sin MVO,iIs ~6.6 A
SCSis 0.8 eV

The surface thickness (s) Iin
LiIV,0, Is then evaluated as ~8.2 A

Surface core level shiftis 0.7 eV | S-Sugaetal., New J. Phys.11,
103015 (09)




How about the case of
electron doped high T, cuprate
superconductor (HTCS):.

Nd, ;:Ce, ,:Cu0O, (NCCO)?

g Dependence can also provide
bulk-surface related information
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Bulk electronic structures are different from the surface in NCCO
M.Tsunekawa et al., New. J. Phys. 10, 073005 (2008) )



M-I-T(metal to insulator transition) V,O, systems
V 1s core level spectra

vou wowm ) VOy5

e e 1 Wadsley compound
£ Ty=-145 K
X T sl Lattice distortion is small
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b Veon sy ! MIT change of the

b o veomornee S| valence band is much
) U ' prominent in VO,
compared with that in
V6013

Intenslily (arb. unlts)

Nl \ery similar tendency to

. 1.0 . the case of core levels
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Dimerization effects are

the strongest in VO,
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In VO,, both band
changes (induced by
lattice distortion) and
electron correlation
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1.HAXPES is bulk sensitive
2.HAX-ARPES Is possible

Can one then always employ
HAX-ARPES for bulk Fermiology
of SCES?

Answer: it depends on materials
Reason: nucleus recoll effects

-



Isrecoll effectsessential iIn HAXPES?

Even in solids, for some light element.
Ex~300meV for B 1s at ~8keV
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mase rocon vitration & ratation | S.Suga, Appl. Phys. A92
479 (2008

Eris finally transferred to phonons in solids
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Single nucleus (ion) recoll
on photoelectron emission
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Fig.2  Recaoll effects also for O states in some oxides
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O 1s spectra are
noticeably shifted &
has rather different
shape between 1249.5
and 8180 eV

Low Eg threshold
well overlaps for the
shift of 230 meV Iin
good agreement
with predicted Eg

Spectral difference is from the
surface component
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How about for the valance band?

Fig.3
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How about VB?

Liv,0,
Valence band

Intensity (arb. units)
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In LiV,0,, a clear shift of
120 meV is observed at 20 K

This value is much deviated from the
predicted single nucleus recoil of

540 meV for Li 2s
230 meV for O 2p
70 meV for V 3d

Weighted sum of the recoil shifts for
the VB composed of V3d, O2p and
Li2s is observed, because the VB is
described by a linear combination of
the Wannier function centered at Vv, O
and Li sites.

S.Suga et al., New J. Phys.
11, 073025 (2009).

Why recolil in VB in solids?



There is no doubt on the rapid spatial- oscillation of the
high energy electron wave functions with the energy of
several keV above the vacuum level photoelectron

V N
T valence
- | electron

-
- -

Valence-electron wave function is smooth in the region
away from the ions or nuclei. However, the spatial-
oscillation becomes very rapid in the vicinity of the nucleus
due to the core electron potential. Overlap integral

becomes large in the vicinity of the nucleus valence electron is
described by a linear combination of Wannier functions centred at such nucleus

. . . . . . . .. 16
site with proper relative weights (or significant expansion coefficients)



VO, V 3d

e =700 eV
— hy=7932eV
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In the case of metallic VO,, no recoil shift was observed

for valence band at 350K.
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Recoil effects were observed for all cores and VB in
LiV,0, at 20 K

Recoll effects are negligible in VO, single crystal even
In the metallic phase at 350K

Debye T are comparable and ~400 K

U Opposite to the prediction by the Méssbauer effect

Tetrahedron & octahedron Distorted octahedron: rutile
18



Table S3 Inter-atomic distances in A.

L1V,0,
V-0 V-V 0-0 Li1-O
Troom |1.971 2.915 2.649 1.949
\ \ 2921
20K |1.969 2.909 2.649 1.940
2914
\ Inter-atomic distances are
shorter in VO, Then
VO, momentum is shared by
many nuclei in VO,
V-0 /|V-V / 0-0
Single nucleus recoil
350K [1.921 2.85 2.575 does not take place
1.933 3.522 2.725 in VO,
4.555 2.851
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In addition to the possible recoll
effects, the very low count rate Is the
weak point of HAX-ARPES

So SX-ARPES is mostly employed
for band mapping of SCES

electron doped high T, cuprate
superconductor Nd, 4:Ce, ,:CuQ,

(NCCO)

. | —



In hole doped HTCS, nodal kink is well
known, suggesting the electron-phonon
coupli ng for nNnsupercor

In electron doped HTCS NCCO, however,
conventional ARPES has not revealed
such a nodal kink.

We have performed SX-ARPES at 500 eV

P
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In our bulk sensitive
SX-ARPES, the nodal
kink iIs observed In
NCCO.

Electron-phonon
coupling seems to
be acommon
feature in both hole-
and electron-doped
HTCS.

M.Tsunekawa et al.,
New. J. Phys. 10,
073005 (2008)
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3D Fermiology is possible by soft x  -ray ARPES

ARPES with constant hn: FS mapping in k,-k, plane
_|_

hn-dependent ARPES: FS mapping in the k..., -k, plane

Experimental setup
(real space)

Corresponding
momentum space

kzékz(h )ky—kz-p_lane N .
Y A Real © 3D F

ke = 2nplc is also feasible
‘ﬁé;kg;ﬁ'nag”e'/\\/ff;\; in principle.
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PrinCipIe of SR RPESoton momentumg

hn vacuum q final state
K» &7 <

I

-crystal- gl kel

Wave numpe
(078 kt// l'ékm:pn- E E;

KAK g : photon
Initial state k. K; : initial State. |
_J7m | k: final state in solid
kin = TV B rsing o ay K : final state in vacuum

;e :—Vim\/ E« cos’ g+V, +q. V. inner potential
( Ex.Egn=500eV =p ER”‘J Eyn COS G+, 115 ¢)4 qy 018¢)* )

_ M. Yano et al.,
—> [EIBREURETolgle] Phys. Rev. Lett. 98, 036405 (2007)
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SX-ARPES is powerful for 3-dimentional
bulk Fermiology for SCES

When E s high enough (>500 eV), the
Inelastic mean free path | of photoelectrons
becomes >7 to 10 A. Then eveit&n be

experimentally determinet
K, IS /distorted in conventional ARPES<100 e\

CeRuU,Si,: heavy Ferminon system,
g 350mJ/mol-K?, PRB 77, 035188 (2008).
CeRu,Ge, : Ferromagnet T.~8 K, measured at 20 K
In paramagnetic phase, PRL 88, 036405 (2007).
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hn dependent (0,80,p) ARPES
along the surface normal

745 eV 760 eV (0.0) (T T0)
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Fermi surface topology In the
horizontal and vertical planes

@)
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(a) Band 2

X

X

band 4
band 2, 3

X

band 5 \

FIG. 4: (color online) The FS shape of each band imaged from
Fig. 3. (left) Hole-like F'Ss centered at the Z point derived
from the band 2, 3 and 4. (right) Electron-like FS centered
at the I' point from the band 5.

CeRu,Ge, CeRu,Si,

The difference of the band 5 is qualitatively consistent
with the band calc. The results can be understood with
considering larger 4f-CB hybridization in CeRu,Si,
compared with paramagnetic CeRu,Ge..

Yano et al., PRB 77,035188 (2008).
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dHVA measuremermnequires long coherent length:
very low temperatures & very high purity samples

SXARPES$ applicableat any temperature oto
any phase, eveto non-high puritysamples such
as doped high Tc cuprates

SXARPES is now recognized to be complementa
to dHVA



Ca,_ Sr,RuO,: Layered strongly correlated system

T;;:A Ca, SrRuO, CSRO:
100 E
3 CAF- o 1 g €6 R. Matzdorf et al., Science 298,
= 10 - i Sr(Ca) ¥ i 746 (2000).
M-M i ' e r O ®© 2 0O
1 3
SC\ ; .
014 05 1 15 2 ” g
Ca X Sr ‘C x P
S. Nakatsuji and Y. Maeno, /:‘ b ® &
PRL 84, 2666 (2000). 9 / a e
e il ® ® & e

Rotation of the RuO4 octahedra

within the ab (conducting) plane
for x < 1.5 as well as the surface
layer of Sr,RuQO,.

Sr,RuQ,: Superconductor (x=2)

Ca, sSry:RuO,:
Metal with very large mass-enhancement

Ca,RuO,: Mott Insulator (x=0)
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Fermi Surfaces of Sr,RuO,
probed by ARPES at hn =700 eV

Photoemission Intensity at E.
Measured at hn = 700 eV
[from E¢ to -0.1 eV
(unoccupied states)]
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2 electron-like and -7 ___
1 hole-like |

Fermi Surfaces
are observed.

A.Sekiyama et al., Phys.Rev.B70 R),
060506(2004).
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Sr 3d: Surface weight is seen even for E,~560 eV

FS topology: bulkFSs i;iig
qualitatively  (©)7 | Juaghs, e

similar to that

for Sr,RuO, ;
2 electron-like

and 1 hole- TR s
like FS 7T @ st '
! 233338838585 355 .

g%’gs;jbsﬁuo;%uslz' 3., | srcao kx-ky FS maplg at hn
— hv=708ev A" -l g1
® hv=362eV jN\ o
E== Fitted N S2 o |
suc  INTENSITY IN IS “fmm = -
EFi O-l eV T - |
S = |
:—.—'ET.I_I_L.Lrtr* i on¥e
- L I L




Binding Energy (eV)

o
o

Overdoped La SrCuQ (LSCO:x=0.24)
kx-ky FS mapping eoc
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