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Fig. 1 Schematic view of the refraction of photoelectron at the sur-
face potential step. From the relations described in (2.2) and
(2.3) one can map the Fermi surface by observing the pho-
toemission intensity with changing the azimuth and polar an-
gles.
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Fig. 2 Diagram for Fermi surface mapping experiments in the
(110) plane in the reciprocal space of fcc Ni. The dotted cir-
cle is free-electron final state spheres for He . Red and blue
curves are the Fermi surfaces of majority and minority
states. The dark area in k-space is not accessible because of
the refraction of the photoelectron. (from ref.5)
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Fig. 3 (a) Fermi surface mapping of Ni(111) obtained by angle resolved photoemission with hv=21.22 ¢V. (b) the cal-
culated spin-polarized surface states (red: majority spin band, blue: minority spin band). (from ref.5) (c) Angu-
lar distribution curve from Ni(111) along the path indicated by arrow in (a). Filled squares, red triangles, blue
triangles, and open circles represent the total intensity, majority spin intensity, minority spin intensity and polari-

zation, respectively.
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Table 1 Comparison of different spin-polarimeters

Principle Operating Voltage FOM References
Mott detector Spin-Orbit interaction 20~100 kV 1~5x10-4 11, 12, 15, 16
SPLEED Spin-Orbit interaction ~100V ~2x10"* 13
Diffuse scattering Spin-Orbit interaction 150 vV ~1x10-* 14
VLEED Spin-Exchange interaction 6~20V 1073~10-2 17, 18
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Fig. 4 Experimental geometries of spin-polarized photoemission
measurements (a)without and (b) with 90 degree deflector.
Spin polarization vectors at the sample and the target posi-
tions with sample rotation are illustrated in both (c)without
and (d) with 90 degree deflector.
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Electrons from analyzer
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Channeltron2

Fig. 5 Schematic diagram of newly developing spin detector
(VLEED).
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vy (F, BEREE) OX, £L0EF 7Ly R—
% F\ /- Fig. 4(b) OECE TI, HEA—J5H & BT A
vy (G, REREH)OAL PRBICEBTERV, &
AR REIE 1T D 1o OICREHEE L 7 5 A F—ITx L
TELSE S ERBHNO BTl & AV VEHBOET
1LERT—F L 75 < 7%, ZDO/OREINS ALY VIFRE
FEBEDO A VWL B O BT LlicH L7z 0
275 %, Bl 213 (a) OB TR L 7RISR 2 TN T ¢ (8l
e 5 e, MEROETFIE X, YO8 L AE ¢ fHV
RETCAEVREHERICEZET % (Fig. 4(c) BEFREM),
Z D7 HEBIZIE SN D @ Pya, Pya 13306 ik
EE % Py, Py & 4 % & Pxy=Pxcos ¢, Py;=Pycos¢ & 7%
Bo FRRIZ (D) D XD ICHRIE A S RICEERT 5 &, B
WX A R FE L Pxg = Pxcos 0, Py=Pycos 0 & 75 5
(Fig. 4(d)), 7 2 VIH~ v BV I BT 28BEI1CE, B
POBHINL B LD LHEOKRET #EHINT H0E)H
LIz, BEET T A W1 L ThE 4 I i aliE
LBENRD D, ZDDOT IV IMER v V7w FKEICST
SBRICIE, FBloRE bl g O & F L s LTl
—HNBAT B LiTIn B, WH DAY S RCTEF 5t
BTE—HDty MRHEILEET T 54 —ICRE
INTEY, Ty 77 2—75@)h(b) OAEREIC L -
TW5b, £D7z8, Px, Py, P, D> bHD A5 DO AL I
WF B ENPTES, AEVREBRNY MV & IEREIC R D
HTEFTER,

ZITCIOMBEEBRL, AVVSR7 IVIX oV
7% AR 7 R VO ZRICHI A & B b E e CIERE
KREL, BB FHHERTITOFXHHIC, ZD
Z A EEE I HERIEE (COmplete PHotoEmission
Experiment : 3% COPHEE) & "IN A¥EENRF 2 —V
LRFICEVBBINSLS O —AS (A VICEHZR SN
7253, Fig. 6 OPEEXIC R T L D1, TOREIIY VY 4
V=2 LRI B T T F 54—, ZLTCEBEDTy b
B HEmA D> T\hWh, Y2 2 L—23HRO XYZ
ATF— k0,0 DMl OTZF A—X =25
o TRY, RABOHE EEA Crsr) IZHZDH
HICHEIRTE A L5107k ->TW5, o me (&7

3 AERDO A VR E S BB O SRRC THREIN TV 52,

VUV Radiation

Hemispherical
Analyzer —

Sample

p-Metal Chamber

Deflector

Polarimeter | Polarimeter ||
yhz 'z

Fig. 6 Schematic view of the three-dimensional polarimeter; COm-
plete PHotoEmission Experiment system (COPHEE).
(from ref. 5)

B OEEL WREMEY, WA (REEFR, W)L,
WAL KR 75 & 7 dn-situ TRIRETC, H22% W O 93k ac i
LU[RECH H, BT T FI5A T —EHRDOT 54 ¥ —
(Omicron EA125) #&&E L 72 DT, 720F v/ FIb
FavDOSH 3O @EONEFSICHICEL, ALY
BHBRICEBEF #EL BOFISHL LV AW i 572
OPIICBHOI G BB H, ORI EH LV VALDG[EH
INRETIE, 2H0/PME Y FRESE INEERE6O
kV)IOANQETF 4 7L 7 X —, V=LA T v H—, 45
BTG+ 7V 72 —%%i L CEIND, KETRBE—LA
TV X=X OGO ~FNIVVEREORIATED
Ty FRESRICZEICELN A VBRSNS, KD LD
ICTHBDOEy FRHEBIEIZNZ N4l TR D, AW
W OAaERT, CORBEIZLY, W7 FILD Py,
Py, P, 5 % FBRIICIRET A Z LA TE 5,
LOPLFL RS &, KD & 5 I B %R O B+
X, 9,2 EOHEEYy PRI T TRy, z FO ALYV
TR 2, B Tl x, 2z HI O A iR E 2 (3.1)
DERANHRD LS ICRDH LN S,

p =l (In,g— I p) =l (I p—18)
S ygtIne) S (et
Pz—i (IL—I») _1 (I, — Iy ») (5.1)

S (ILo+1hw) S (In,p+Inwr)

CIT, L 3SR m n=1%72131D) OnF v /x
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JV n=R (), L (£), F (§), B () THHIHI
LmEERL, P, P, P AV VIRBED x, y, 2 5 %
INZENRT,

BeNTC, TV EEEET AGEYE LD L, EEOY
VW ETORBAN 7 RV P

P=TP (5.2)
22T, TIREEER LY R$1T75IT

cos 0 cos ¢p+singp —cos O cos ¢+sin ¢

ﬁ 4/7 sin 6 cos ¢
T cos fsinp—cos ¢ cos 6 sin ¢ +cos ¢ —sin 6. cos ¢
7z {2
—sin @ —sin 6
ﬁ ﬁ cos 6
(5.3)
THbo

B o TO AR EZE 2 S L EI21E, O
BALN Y PV M &35 &, Bibss BB S h 5 RE
7 NV Mp &EEFE,

Mp=T-'M=T'M (5.4)

Thb, - TH, MNDO X FHICHALL TW B3k %
%2, M=(1,0,0) 45,

(cos O cos p+sing) /2
Mp=T 'M=| (—cosfcosp+sing)/,/2 (5.5)
sin 6 cos ¢

Lis%o COBREMWT, FEEHCHE S N7~ 27+
Wi Pp &4 % Lk ECORMETT IR O R %

P=Mp- Pp (5.6)

ERDLIENTES, #-T, M=1(0,1,0), M= (0,0,
1) ICX L CRBROAE % 1T 218, KHhHROmEN 7 k
WPy, Py, Pz RODLHI LB TEL, TDEDIT,
COPHEE Tii—&OEy MMatHsdAH WA LT LD,
A/ RN RV P % d 6@ 5K ALIC I\ CTIERE
ICRESTHT ENTE A,

Fig. 3(c)IC, COEBICLL AV « AESRLET S
HOWE F %779, Fig. 3(a) THP SN/ Ni(111) D7 =
VIO D BR§H TR L 728K Fig. 3 % R Ty h 5
koA P A VDT d/NU R E, AR Tzsp
N R RO AEMBHBICTFEINTVS (hEvOd
KEWO), Fig.3(@) i, QD7 VI@E~y BV 7ICE
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W, RENCIE - TRIE L 72 A RRREE O f EE 53 A7 D%
B (hv=21.22¢V, 6,,=78",0<¢,<360°) Thb, K
B F— 2 VONETEE, OB AEVRRED ¢, KAF
MarrnztnEd, HNAOEE L HICARICAY ViF
WENELLL TOABET RGP 5, REALHFOVR
(3.3) DBAR D HRDIZEW AV Y EDF AV IRFED ¢,
KM TH D, CNERDLLHEPITINY ERPEAY
VIREEN G, sp NV EBER AV LR AV VI
GELL TS C EREEC G 5,

CDOEDIT, AV « MESBITET DI XV EERD
BTREL AV VG L GO THHIICIRETE S 2 L
el CHEHT /2B S, MEAOmE»HEd 5 ETlok
DI A T R LU ICE T IREOBNAEE TH A Z &1
SOETLHWVA, Bl CIRIERMEAOEREH TO ALY V#
WA IR TW b, kE T COPHEE # & H\7-3F
BHEARR COAC VST VIS v UV T BN
%o

6. RAEVRBRIINIERYELY
(32 anNHROERR)

BEE Q1) RO sp- /N FOIELREEEITY 3 v
7V —HERL T, REBFETFRICRE S RTEL 22k
HHETFH AWLIRL BN RT Z EDPMLNT WS, £
D72 Z OREEERIIE N TR B B TR/ 35 RS HR
DI E b2, Au(11) R TIEZDOKIL/SV F3, FH
—OFNEE L R IVF— b ICEB) B 2RI
BWTCY T F LT OOY TNV FILHEd 5T &5,
LaShell 512 k- C#&E SN (Fig. T(h)2MR), oV TN
VR, AV VEGEHEERIC LS4 DTH 5 LIRS
722, BE /L7 OBTRETEIAC VBHLESZIC L S
TNV PR S —AFmBIC LD FELER Y, 2%
R Rl PRt 20 & ET (k) =EV(— k), 22RE Bl Bk
HEk)=E"(—k) ODEFEND Sz, EN(R)=E (k) &
BN LTH B, L L7 ERER Tl 22 s i
HEEIBN TS0 0 COMRPMT HFREEL D 5,

FHEN AT E B E P Wk CTHEBILETICHY
B ACVHERAFERNIIVEF 2T VT

h

Hsoc=7"—-
dm*c?

(VVXP) » G (6.1)

LEFBH, 2T, VVIIERFORLBKRT VY v b
7R, 6IRACVANV—=RTh b, Hsocld pICHBI
DFD, WHEICHBITHOToHHEIL

N MCESDE

E" (k) =Ey+—=*ak=E;+ (6.2)
2m 2m
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Fig. 7 Conceptual diagram of the (a) Fermi surface and (b) the
dispersion of the sub-bands of Au(111) Shockley surface
states. The sub-bands result from Rashba spin-orbit split-
ting. Red curves are the Fermi surface and band dispersion
without Rashba effect. (c) Observed Fermi surface of the
surface state on Au(111) by COPHEE. (d) In-plane and (e)
out-of-plane spin-polarization map of (c). (from ref. 28)

LT 5,
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JTH BT, (nearly free electron approximation) @
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FIVF—AT ) v 7 4 VT a4 EREERNTITE N
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DESBANCTFHIN TV 28 AV VU HH L REN 520,
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INB, 2F DALV EROM X Fig. 7(a) DRHIOREIC
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REO b RFICBBIS N 525, COETHFIRGE & Bl
R AW EEBIC AV TE T Y 2 N AY VELE SR A0
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Fig. 8 Schematic diagram of the Fermi surface and band structure
of the magnetic materials modified by Rashba effect. Red
curves are the Fermi surface and band dispersion without
Rashba effect.
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Spin-resolved Fermi-surface-mapping by means of
spin- and angle-resolved photoelectron spectroscopy

Taichi OKUDA Institute for Solid State Physics, University of Tokyo,
Kashiwanoha 5-1-5, Kashiwa, Chiba 277-8581, Japan

Abstract Spin- and angle-resolved photoemission spectroscopy provides ‘‘complete’’ information on an
electronic state of a material, energy, momentum and spin. The detection of photoelectrons with spin- and an-
gle-resolutions, however, has been a challenging issue due to the extremely low count rate at a spin detector.
A photon source of the 3rd generation synchrotron radiation has shed light on this difficulty. With the high-bril-
liant beam, even time-consuming experiments, such as the spin-resolved Fermi surface mapping, are now
being operable.

In this paper, methods and researches of spin-resolved Fermi surface mapping are presented, focusing on
the Rashba spin-orbit splitting on Au(111) surface and itinerant electron magnetism of Ni(111) surface. Re-
cent developments of spin detectors are also reviewed together with introduction of our new high-efficient
spin-detector.
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