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The 4f spectra of YbInCus were measured by photoemission spectroscopy by using 880 eV
photons. We analyzed the 4f spectra theoretically with the single impurity Hamiltonian. By
analyzing the 4f spectra theoretically, we found a bare 4f binding energy (es) rather than a
hybridization (Aqv) to be more important in explaining the change of a Yb 4f electron number.
Hence, we concluded that the change of the e¢; in the Kondo volume collapse model was the driving

force of the phase transition of YbInCuy.
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Fig. 1. 4f spectra of YbInCuy. The black lines and the black dots are the 4 f spectra at 20 K and 200 K, respectively.
The peaks between the Fermi energy and 2 eV are the spin-orbit doublet of Yb 4f!3, the peaks in the range of 6 eV
to 12 eV the multiplet structures of Yb f!2, and the peaks of 2 eV and 4.5 eV correspond to Cu 3d spectra.
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Fig. 2. (Color online) Experimental and theoretical 4 f spectra of YbInCuy. Red lines and black dots correspond to the
theoretical and the experimental Yb 4f spectra, respectively. The upper and the lower parts are the Yb 4f spectra
measured at 200 K and 20 K, respectively. The peaks between 2 eV and 4.5 eV correspond to Cu 3d spectra.

Table 1. €5 is the bare 4f electron energy, A, the average hybridization of a 4f electron and conduction electrons,
U the coulomb interaction of 4f electrons, ny the number of 4f electrons, Tx the Kondo temperature, x,,(0) the

theoretical magnetic susceptibility at zero temperature, and x<P(0) is the experimental magnetic susceptibility [1-3].

€5 A U ny Tx xm (0) X" (0)
(meV) (meV) (eV) (meV) (x107 emu) (x107 emu)
20 K —370 36.8 6.18 13.31 58.2 3.0 6.37
200 K —490 34.3 6.24 13.14 26.2 12.4
JEH O AN Yb 4f WA AMEY AT BAA LRI} Yb 4718 AATE 15T 4fr B0 AT
B AgoR 248 Vb 4f A7 AMEAS us] & o) Aolo] o7t A& 4 e
Argett}. Figure 29] WY AAo= FAIE Yb 4f A 20 K] Yb 4f Hz} AMEZHS AL ff AFLE T

uTrE=

= —370 meV, A,, = 36.8 meV, D U A os =AYb 4f Az} AHMEH st BAL A

==

€f
= 6.18 eVE AR 1|3 o] 22|} Al4tol A fojd Zrsitt. Gf, ww, AU HMSE2 Halg WA 7| HA T4

el

A _/}_Tﬁ]_E_ é—% ]EZJ o=z ?.o]— U;H /\}-_Q_Q 7]-7~T— 14146]— €, A(wa E’i U AT O ]_ 5]—051 200 Koﬂ/\_] JJ'Z']X]-E——TH'
_Q_

v

uTrEa=

YbInCuy Sk BB YD A4f 22k 5= ny = 1331, jum agom 248 200 KO Yb 4f A7 AHES
2T @ — TAO
BE 25 T = 582 meV, AT OKIN ANELE S g gg o A, 9 UB Fch o 29
xm(@) = 3.05 x 107 emu/mol o[, 0}24 2.2 A4 200 K9] Yb 4f Az} AHE o=z o 2 AAXrst At
o AHgE WSS ol At ATHES Table 10] 4

_ - F 2 ﬁ H Y BH]-Z_ ]j og :Laﬂ Fi )
Eﬁﬂq— 20 Koﬂj\i ﬂ;q;q"]?‘ﬂ }\]3] ox 57{4Q YbInCuy lg& jj HH]-7]—:];ﬂ Al A O TA|E o ijO] li'lllorz
QJ-ElE'_/]Yb4fl37HZ]-;LZO]E— ]—_,]4f7/2 31_47:101 "’]H_I "I‘T'_“Oﬂ =210 E‘___JJ_]_ ] f

Az A EH S FAARG APgor 2An7 HEZ &

U ZHE 3 E 2% 33l 45 meVe} o2& oz
AN Pe ZE ©% Zhol 58.2 meV Aol wpolzp  A1E 200 Ko Yb 4f A2 ~AHMEHS

]o o
e

>., H.Ilo

gt}

=3
=
FAR AL A
-

ot

AHE S ufo & A}
i

EARE. 1 ol 4f BAE Aole] 28 gugge] &= —A0meV Ay = 3ImeV, KU =624 eV HFS

§A5L7] W Rotk. o] ZA 07 4f ARE Alolo] 27 4 = AHEEIA B Ao = LErd 200 K] Yb Af A%
G0l o] R o), ARG Ao ZHE  AWEYDZ o|2HOR A9l 200 Kejl4] o]z H o 7
Yb 4f'3 AAF2 0572 Afr )y 92 o] Agtelui A<} *POHH 32 YbInCuy SHgHE vFEgeo] Yb 4f A2k
=x 257t g} [9,10,18]. HrH] 4f MRS 13.14, 25 2% Tk = 26.2 meV, 9 0 KA 2}7]

T gl g W, o]2Hor ArtsiA d2 2k

D¥

& Xm(O) = 12.5 x 1072 emu/mol o|t}. o]2Z <] Yb



870

4f 744;(]- /\iﬂEFHE. 73"1\ }st EH7 }\]'%E]C/d?j e, Aav, E-l U
W45 Table 19] 453} o g4 02 Atela
dojz AA-EI Table 19f £=E35}% o]%@gi B
shaA Aol e _9_01’0]-11] tte 3} 2o A
Af 27} o217k 20 K] Yb 4f A7} i:ﬁ]gag ; moy
) ¢; = —370 meVo|A] 200 K] Yb 4f A2} AHEHS

—Ll

S ep = —490 meVE €,0] Aojjgto] F71stch =4,
B &4 ool 20 K| A, = 36.8 meVoﬂH 200
K| A,y = 34.3 meVE Eo|Ett. £&7 AT o, A,

of vt Aol 2 Belth A, Y 17 A Aol
22 5280 20 KO U = 6.18 eV A 200 K] U =
6.24 eVE 7| AT}

IV.E &

Fold] YbInCuy 3FeHE 9] o] &&= 45 K 4] o]t}
[1-3]. 5000 eV FA-E ARt FH2-2d ARloA 54
Ybdf A2 AHEHS EARF Aato] 2, Aol Kt
& 2o A golg] YbInCuy 3FeHE HIE/SHI O] Yb 4f
Az} = 13.220]10, 8 25 oA Yb 4f Az} = 13.1
7 Ee Adem A [7]. 22y 2 =wolA A

B Adog ZAHSYb4f AR AW EHS o270 7
AR Aol oJstd, YbInCuy ShehE BHE/gE e Yb

W~

f AR =7} 200 K2 13.1490 4] 20 K©] 13.312 H3tc},
2 =129 YbInCuy 3}eH& HEFE O] Yb 4f AR} 4
et Ads g AFAES] 800 eV FAE ARER
BAAEG AP o2 ZAE Yh 4f AAF AHEHO] oL
Avte} A2 H|Z=5lt} [6]. 5000 eV BALE AFR-F-S w
Axre] Hat Aol A 7E Wi AA gold] Yb 4f A
2R A E Y-S F26H gol S4sH "ot kA 5000
eV FAE AR FAANEG A og 24 % YbInCuy
A= YbAf AR AHER LS 2 Jojg JRo=
ZHrEnh 2 A 2 =wollAl YbInCuy 2HFE9] Yb 4f
Azt 2HEYS Z2A0A 22 AT ny = 1331+
ol2] YbInCuy 2}eH& HFE/JEI 9] Yb 4f X2 4 13.263%F
OE2oe= A& 47 "Jo [7]. E o]28oFg AL 0 K
ol A 27172 Zkel xm(0) = 3.05 x 1073 emu/mol
L YbInCuy S}HE9] 2477589 Nﬁ”ﬂﬂol Xm(0) =
6.37 x 1073 emu/molX t} Zt} TR 1o oA
YbInCuy 3FHE0] Yb 4f M2} 47} 13.318 0 22 2k
7EAoF gt} whEbA] 0 Ko Ap7|ghgof tigt o] &4 <
AATE YbinCuy 3FHE] golg] Yb 4f H2}F 47}
13.315 t} Zfofof Fth= Z1-& SRrgich 2 =gl A &
2 YbInCuy SFHE v e] Q] Yb 4f AR} 471 Folg

=2 A

Q-]

New Physics: Sae Mulli, Vol. 74, No. 9, September 2024

YbAf A2 -0} thE A WE+= A2
5T B4 o] thE Al Qoo e Yb 44E
Fog P7Ech B AFAEL A2 o] Yb 9%
52 E3Y Yb gAEo|gt . Wit FEW Yb 92t
0] Yb 4f139} 4f12 A2 5250 A A
gote] Yb 471 A7 B9 0] Aol |et A 2
o]7} 911, YbInCuy ZEH vlebalef o] Yb 4f AR} $=7}
Joia] wrepAEl o] Yb 4f A7 SHt gris Aol ot
214 Fig. 2] Lhebd 880 oV BA2 AMEa)A B2
Ao g A= YbInCuy SHEQ] Yb4f A AHEH
2 golaoh T Yb Y5 YR o 74 o] 9lrt.
2 =wolA #Aske] A H 20 KeoF 200 KoflA] 2he
YbInCuy o}etz BFE/SH O] Yb 4f A& o it #fo]
7F YbInCuy 3FHE ©Wold] 9] Yb 4f A2} 4=2] A=k}
Aol x|t} TEA 2= WSt g YbInCuy StehE
o] Yb Af Az} AElE o] HIgH AL Ao glEE tlojg]
Yb 9771 WsjA vehdtn AZEch £ Lz o)F
SiA YbInCuy 2FetE HIE/SH O] Yb 4f A} 4=9] Z}o]
7} YbInCuy SFeHEo] A7 Axlo] A4t e paiol
9Aet.

YbInCuy 3}GHEQ] AAA AFH o] EAS =
572)-uto] & A4 Oﬂﬂ e 2o whge] Aol =
Aolc} [1-3]. § E4L 2= Yb 4f WA} F2)-vto]
A BAAE WEL W2 oA Yb 4f o] g
/o] AR o3t EA& 2 =W A YbInCuy 3}
o] we] AR 2 "ok 2 =wo] g
w2 R fel-utol A A 2 gelel A YbinCuy 8
t=2] Yb 4f A7 = 13.140] 20 nh2@] RS e
2 2Eo|A Yb 4f A $& 13310tk o] A4 A4
AP H o R st g Tr LBy nyo]
[21-23]. YbInCuy AAA}S2] ST Th9jA| . B}
$oAg-g 27 W] WEolN 25 27} At
Hshs o] 2r Hulgy] my o] folct [21-23].

m53] Bgo] Aijo] v, 4 458l %

Mo

Ak gef2] Yb
°f

i

a1

o]
=

Hir
> o
rfo
l> i Lo

flo >l-J

oﬁr

i

Q|

_\f_L

o

—_

=
] AEAZS0] SHEL Yb 4f AAES A5 71 4
o] A S+ Yb 4f AR7} Fal-alo] A AR A ut
ot & 34 Aszgo] 2 o] A AAE0] L Yb
A3 7k A Yb Af AR 3 ARS &
5] Qo] MeA ohge] Aol B Aolth |7
51‘__1;_ BuE3y 288 71X3 YbInCuy SHHE 2]
= Jistam Lo o]Z8)4 YbInCu, S}
o A ]_ F2=7F 37 ¥sjoF gt} 181 YbInCuy 3F
SHEo] AR} Al AF29] 7.13 A4 20K 7.14 Ao g
ARk 28 ng Az M) At (2] b 2o
o]&5l= YbInCuy SIHE 34 A 2-4-0] Mol 2

M =2 o rl o ror TL L T

B
\h
R
Y
il
rk&



Study for the Phase Transition of YbInCu4 — En-Jin CHO et al.

o= AL &% & Qlr} Table 19] =55 YbInCuy
SIME] 4f HAF AHERS o]2AH o7 HAJA d&
Aito] 2w, g T4 A52H20] 200 K9] 34.3 meV

3 d

oA 20 K9] 36.8 meVE ot T4 YbInCuy SH3H

Jo2H-g-0] M A= S0l gt IER
2o oJE A A HoteE &4 A5AEo] Er 2L g
At HelA gte L 25 Hn]E 3] 23 0 2 YbInCuy
SHtEo] A2 Aol AT 4 it wEtA 220
olE3s|A A Hsts o2 H4rE D asitt 2 =RofA
YbInCuy 213H=E9] 4f A2} AHEHS o205 24
St ATt o5t W 4f A} oL A] €7} 200 K] —490
meVollA] 20 Ko —370 meVE 27 WH3tth %o o
Eoh= Attt e WS YbInCuy 33HE9] Yb 4f Azt
5 9EAA BEL AoE 2 259] HEHE o]t
1A YbInCuy 3}9F=E9] €p7F 3A] Wk Ao] 4
Arolet BHAHTHE AR Lt & 2of o]&3|
Al ey BSH= Zo] YbInCuy 2RFE9] A AAxolE
FH5ts A dE oty 2 Fu5y] B4
24 AJaa-go Wl Al e WSS Fa3 uizf #H
42 A8 A YbInCuy 1322 A AdolEe
Zr Ruj5y] Bygor AAHOoR HYst= Ao] 7He
Sttt & Yb 4f HAFE Atol9] EF ATA-8-Ql UZF 200
K9] 6.26 eVOA] 20 K9] 6.18 eVE Hal= 2L o o
T JAollA epo] Adigto] 2HA == Axt Aol ot

it

nhge] o] Bl We L& ololq Y 4f A4
S5t E4o] oklx|7] Wil Yb 4f AAE Afo]o] 2%
52 go] ZotA7 et

V.2 E

=

el 20 KeF 21 200 Kol A 880 eV =}
= B3 AH 02 YbInCuy SHHES] Yb 4f
Az 2" E RS SAeh YbInCuy 31922 Yb 4 f 22}
> P2 Au-Qug A5 zrgo ot 413 AT X9
o]F Tt 4f1? AP x| thE o2 LA E et Yb 4f
BH AP AZF R0 0)FTS 37
S HHOR Yb 4f HAF AHE-TS
AP EaE 29 YEYSE AREAlA oled o
2 AT o, 39H Yb 4f M2 AHER-E A 9|5ty 2]
YbInCuy 2}H=E9] goj2] Yb4f 2 AHEY vhg 74
SHTh 20 Kol A FAaxE-g A o2 ZHH Yb4f 2}
2HEHS o]2H o2 BAT off, ¢ = —370 meV, Ay,
=36.8 meV, I U = 6.18 eV HLES AL 20 K9]
Yb4f M2 AHEHZ o]2H 072 ALtolA A2 dit=

ot

871

ny = 13.31, Tx = 58.2 meV, ¥ x,,(0) = 3.05 x 1073
emu/mol °o]t}. 200 KA A H Yb 4f Az} AHEHS
€f = —490 meV, A = 343 meV, W U = 6.24 eV H
S AHEoiA ol o x EAFIH. 200 Kol A 2415l Af
Ao Ail= ny = 13.14, Tk = 26.2 meV, 2 x,,(0) =
12.4 x 103 emu/mol ©]t}.

W Yb 4f AR} o[ JZ]Q] €7} 20 K] 370 meVeol A
200 K9] —490 meVZE AttEA HFT, Yb 4f AAE
Atolo] E5 A Aol U7} 20 K2 6.18 eVollA] 200 K
9] 6.24 eVE F7ltr}. HhHof| 248 A2 2H-8-91 Ay, 7t 20
K] 36.8 meVOA 200 KQ] 34.3 meVE A% zlolz]=
o], &3 02-80] watero]l At 1A Ay HthE e
H37E YbInCuy 2FebE0] Yb 4f AR} o 2 h s
Aok A HsHA RtE= 4 Yot 1822 W Yb
4f Az} oz Mot 2 fu53 R4 YbInCuy
SIgtE Q] A dHolE dovle S8ttt Fgolg=
Az =23

REFERENCES

[1] I. Felner et al., Ytterbium valence phase transition
in Yb,In;,Cug, Phys. Rev. B 35, 6956 (1987).

[2] J. M. Lawrence et al., Structure and disorder in
YbInCuy, Phys. Rev. B 54, 6011 (1996).

[3] J. L. Sarrao et al., Thermodynamics of the first-
order valence transition in YbInCuy, Phys. Rev. B
58, 409 (1998).

[4] F. Reinert et al., Photoemission experiments on
YbInCuy: Surface effects and temperature depen-
dence, Phys. Rev. B 58, 12808 (1998).

[5] D. P. Moore et al., Bulk electronic structure of
YbInCuy from photoemission:A unique test of the
single impurity model, Phys. Rev. B 62, 16492
(2000).

[6] H. Sato et al., Soft-x-ray high-resolution photoemis-
sion study on the valence transitions in YbInCuy,
Phys. Rev. B 69, 165101 (2004).

[7] H. Sato et al., Valence Transition of YbInCuy Ob-
served in Hard X-Ray Photoemission Spectra, Phys.
Rev. Lett. 93, 246404 (2004).

[8] C. Kittel, Introduction to Solid State Physics, Tth
ed. (John Wiley & Sonc, Inc. 1996), Chap. 14.

[9] O. Gunnarsson and K. Schénhammer, Electron
spectroscopies for Ce compounds in the impurity
model, Phys. Rev. B 28, 4315 (1983).


http://dx.doi.org/10.1103/PhysRevB.35.6956
http://dx.doi.org/10.1103/PhysRevB.35.6956
http://dx.doi.org/10.1103/PhysRevB.54.6011
http://dx.doi.org/10.1103/PhysRevB.54.6011
http://dx.doi.org/10.1103/PhysRevB.58.409
http://dx.doi.org/10.1103/PhysRevB.58.409
http://dx.doi.org/10.1103/PhysRevB.58.409
http://dx.doi.org/10.1103/PhysRevB.58.12808
http://dx.doi.org/10.1103/PhysRevB.58.12808
http://dx.doi.org/10.1103/PhysRevB.58.12808
http://dx.doi.org/10.1103/PhysRevB.62.16492
http://dx.doi.org/10.1103/PhysRevB.62.16492
http://dx.doi.org/10.1103/PhysRevB.62.16492
http://dx.doi.org/10.1103/PhysRevB.62.16492
http://dx.doi.org/10.1103/PhysRevB.69.165101
http://dx.doi.org/10.1103/PhysRevB.69.165101
http://dx.doi.org/10.1103/PhysRevB.69.165101
http://dx.doi.org/10.1103/PhysRevLett.93.246404
http://dx.doi.org/10.1103/PhysRevLett.93.246404
http://dx.doi.org/10.1103/PhysRevLett.93.246404
http://dx.doi.org/10.1103/PhysRevB.28.4315
http://dx.doi.org/10.1103/PhysRevB.28.4315
http://dx.doi.org/10.1103/PhysRevB.28.4315

872

[10] N. E. Bickers, D. L. Cox and J. W. Wilkins, Self-
consistent large- N expansion for normal-state prop-
erties of dilute magnetic alloys, Phys. Rev. B 36,
2036 (1987).

[11] Y. Saitoh et al., Performance of a very high resolu-
tion soft x-ray beamline BL25SU with a twin-helical
undulator at SPring-8, Rev. Sci. Instrum. 71, 3254
(2000).

[12] A. Sekiyama et al., Probing bulk states of correlated
electron systems by high-resolution resonance pho-
toemission, Nature(London) 403, 396 (2000).

[13] M. P. Seah and W. A. Dench, Quantitative electron
spectroscopy of surfaces: A standard data base for
electron inelastic mean free paths in solids, Surf. In-
terface Anal. 1, 2 (1979).

[14] C. D. Wagner, L. E. Davis and M. Riggs, The energy
dependence of the electron mean free path, Surf. In-
terface Anal. 2, 53 (1980).

[15] E.-J. Cho and S.-J. Oh, Surface valence transition in
trivalent Eu insulating compounds observed by pho-
toelectron spectroscopy, Phys. Rev. B 59, R15613
(1999).

[16] E.-J. Cho et al., Surface core-level shifts and elec-

tronic structures of Yb compounds studied with use

New Physics: Sae Mulli, Vol. 74, No. 9, September 2024

of photoemission spectroscopy, Phys. Rev. B 47,
3933 (1993).

[17] L. H. Tjeng et al., Temperature dependence of the
Kondo resonance in YbAls, Phys. Rev. Lett. 71,
1419 (1993).

[18] E.-J. Cho et al., High resolution photoemission
study of YbAl;3 at low temperature, Physica B 186-
188, 70 (1993).

[19] J. J. Yeh and I. Lindau, Atomic subshell photoion-
ization cross sections and asymmetry parameters: 1
< Z < 103, At. Data Nucl. Data Tables 32, 1 (1985).

[20] F. Gerken, Calculated photoemission spectra of the
4f states in the rare-earth metals, J. Phys. F 13, 703
(1983).

[21] J. W. Allen and R. M. Martin, ondo Volume Col-
lapse and the v — «a Transition in Cerium, Phys.
Rev. Lett. 49, 1106 (1982).

[22] L. Z. Liu et al., a-y transition in Ce: A detailed
analysis of electron spectroscopy, Phys. Rev. B 45,
8934 (1992).

[23] J. W. Allen and L. Z. Liu, o~y transition in Ce. II.
A detailed analysis of the Kondo volume-collapse
model, Phys. Rev. B 46, 5047 (1992).


http://dx.doi.org/10.1103/PhysRevB.36.2036
http://dx.doi.org/10.1103/PhysRevB.36.2036
http://dx.doi.org/10.1103/PhysRevB.36.2036
http://dx.doi.org/10.1103/PhysRevB.36.2036
http://dx.doi.org/10.1063/1.1287626
http://dx.doi.org/10.1063/1.1287626
http://dx.doi.org/10.1063/1.1287626
http://dx.doi.org/10.1063/1.1287626
http://dx.doi.org/10.1038/35000140
http://dx.doi.org/10.1038/35000140
http://dx.doi.org/10.1038/35000140
http://dx.doi.org/10.1002/sia.740010103
http://dx.doi.org/10.1002/sia.740010103
http://dx.doi.org/10.1002/sia.740010103
http://dx.doi.org/10.1002/sia.740010103
http://dx.doi.org/10.1002/sia.740020204
http://dx.doi.org/10.1002/sia.740020204
http://dx.doi.org/10.1002/sia.740020204
http://dx.doi.org/10.1103/PhysRevB.59.R15613
http://dx.doi.org/10.1103/PhysRevB.59.R15613
http://dx.doi.org/10.1103/PhysRevB.59.R15613
http://dx.doi.org/10.1103/PhysRevB.59.R15613
http://dx.doi.org/10.1103/PhysRevB.47.3933
http://dx.doi.org/10.1103/PhysRevB.47.3933
http://dx.doi.org/10.1103/PhysRevB.47.3933
http://dx.doi.org/10.1103/PhysRevB.47.3933
http://dx.doi.org/10.1103/PhysRevLett.71.1419
http://dx.doi.org/10.1103/PhysRevLett.71.1419
http://dx.doi.org/10.1103/PhysRevLett.71.1419
http://dx.doi.org/10.1016/0921-4526(93)90497-T
http://dx.doi.org/10.1016/0921-4526(93)90497-T
http://dx.doi.org/10.1016/0921-4526(93)90497-T
http://dx.doi.org/10.1016/0092-640X(85)90016-6
http://dx.doi.org/10.1016/0092-640X(85)90016-6
http://dx.doi.org/10.1016/0092-640X(85)90016-6
http://dx.doi.org/10.1088/0305-4608/13/3/021
http://dx.doi.org/10.1088/0305-4608/13/3/021
http://dx.doi.org/10.1088/0305-4608/13/3/021
http://dx.doi.org/10.1103/PhysRevLett.49.1106
http://dx.doi.org/10.1103/PhysRevLett.49.1106
http://dx.doi.org/10.1103/PhysRevLett.49.1106
http://dx.doi.org/10.1103/PhysRevB.45.8934
http://dx.doi.org/10.1103/PhysRevB.45.8934
http://dx.doi.org/10.1103/PhysRevB.45.8934
http://dx.doi.org/10.1103/PhysRevB.46.5047
http://dx.doi.org/10.1103/PhysRevB.46.5047
http://dx.doi.org/10.1103/PhysRevB.46.5047

	서  론
	실험과정
	실험자료 및 분석결과
	토  론
	결  론
	REFERENCES

