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DIRECT OBSERVATION OF THEPRESSURE-INDUCED SEMICONDUCTOR-TO-METALTRANSITION IN Yb MONOCHALCOGENIDES�M. Matsunami, L. Chen, T. NanbaGraduate S
hool of S
ien
e and Te
hnology, Kobe UniversityNada-ku, Kobe 657-8501, Japanand A. O
hiaiCenter for Low Temperature S
ien
e, Tohoku UniversityAoba-ku, Sendai 980-8578, Japan(Re
eived July 10, 2002)We have measured infrared absorption spe
tra under pressure and re-�e
tivity spe
tra of YbS in the wide photon energy range from 7meV to30 eV. The absorption edge shifts linearly toward lower energy with pres-sure, and above 11 GPa it disappeared in the infrared energy region. Theresults are 
onsidered to 
orrespond to the development of a f�d mixingabove this pressure, whi
h lead to an o

urren
e of the semi
ondu
tor-to-metal transition.PACS numbers: 71.30.+h, 78.40.K
1. Introdu
tionYb mono
hal
ogenides (YbX, X=O, S, Se, Te), whi
h 
rystallize in theNaCl stru
ture, show semi
ondu
ting properties at ambient pressure andundergo a pressure-indu
ed semi
ondu
tor-to-metal transition without any
hange in the 
rystal stru
ture. Pressure�volume behavior on YbS [1℄ sug-gests that Yb 
hanges from a divalent state to an intermediate valen
e statewith Yb2+ and Yb3+ under high pressure and YbS exhibits �nally metalli
properties above � 10 GPa due to a partial f ele
tron delo
alization. Theopti
al properties of YbX have been investigated by Narayanamurti et al. [2℄and Syassen et al. [1℄. However, they did not observe 
learly 
hange in� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(1011)
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troni
 stru
ture near the Fermi level due to the semi
ondu
tor-to-metaltransition of YbX, sin
e their measurements were performed in the near-infrared and visible region.In this study we have investigated the opti
al properties of YbS underpressure down to photon energy as low as 0.15 eV in the infrared (IR) regionwith use of syn
hrotron radiation (SR) light sour
e.2. Experimental detailsIn this study YbS single 
rystal was used. Opti
al re�e
tivity spe
traat ambient pressure were measured in the wide energy range from 7meV to30 eV. The measurements were performed using a Fourier-transform interfer-ometer with 
onventional thermal light sour
es below 2.5 eV, and using SRsour
e at the beam line BL7B of UVSOR in the Institute for Mole
ular S
i-en
e for the energy range between 2 eV and 30 eV. The opti
al 
ondu
tivityspe
tra �(!) were obtained by a Kramers�Kronig analysis of the re�e
tivitydata [3℄.Opti
al absorption measurements under pressure up to 11.4 GPa were
arried out in IR and near-IR regions (0.15�1.4 eV). A membrane diamondanvil 
ell (DAC) with type II-a diamond anvil with 0.6 mm 
ulet-diameterwas used to generate high pressure. Pressure was 
alibrated by a ruby�uores
en
e measurement [4℄. The sample was mounted into about 150 �mhole of a stainless steel gasket with ruby 
hips and Fluorinert as the pressuretransmitting medium. The spe
tra were measured using a IR mi
ros
opeopti
al system with SR sour
e at the beam line BL43IR at SPring-8 [5℄. Theuse of IR�SR sour
e, whi
h is highly 
ollimated and highly brighter than the
onventional IR light sour
e, allows IR light to be fo
used on the spe
imensas small as 10 �m in the diameter without any apertures. Therefore, thereare de
ided advantages in the IR spe
tromi
ros
opy with a DAC.3. Results and dis
ussion3.1. Ele
troni
 stru
ture in YbSFig. 1 shows the �(!) of YbS at room temperature in a logarithmi
s
ale. The onset of �(!) is observed at about 1.2 eV, whi
h indi
ates the4f�5d ele
troni
 ex
itation a
ross the energy gap. The many peak stru
turesdue to inter-band transition are observed above the gap energy. The insetin Fig. 1 shows the �(!) below 7 eV in a linear s
ale in whi
h the fourabsorption peaks are mainly observed. In a

ordan
e with previous studiesof YbX [1, 2℄, the four peaks originate from the transitions of 4f14(1S0) !4f13(2F7=2; 2F5=2) 5d(t2g; eg), respe
tively.
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Fig. 1. Opti
al 
ondu
tivity spe
trum (�) of YbS at room temperature. Inset shows� below 7 eV in a linear s
ale.3.2. Pressure dependen
e of absorption edge stru
tureTo the next, we have measured the opti
al transmission spe
tra of YbS toinvestigate the pressure dependen
e of the absorption band due to4f�5d ex
itation. The transmission spe
tra of YbS under several pressuresare shown in Fig. 2. In the spe
trum at ambient pressure, the thresholdderived from the 4f�5d absorption edge was observed around 1.2 eV. Thethreshold energy shifts toward lower energy with in
reasing pressure andabove 11 GPa the transmitted signal intensity disappeared in this energyregion, whi
h indi
ates the semi
ondu
tor-to-metal transition.

Fig. 2. The transmission spe
tra of YbS measured at several pressures.To determine a pressure dependen
e of the absorption edge in YbS, op-ti
al density (OD) as a fun
tion of photon energy were obtained from thetransmission spe
tra (Fig. 3(a)). The absorption band is 
orresponding tothe opti
al ex
itation 4f14(1S0) ! 4f13(2F7=2)5d(t2g). Fig. 3(b) shows thepressure dependen
e of the absorption edge, whi
h was taken at a level ofOD=1 at ea
h pressure. It is 
learly seen that the absorption edge shifts
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Pressure (GPa)Fig. 3. (a) Absorption spe
tra (opti
al density versus energy) of YbS obtainedfrom the transmission spe
tra at ea
h pressure. (b) Pressure dependen
e of theabsorption edge de�ned at OD=1 in YbS. The solid line represents the �tted
urves to the experimental data.linearly toward lower energy with pressure. The data points 
an be �ttedby linear relation with a slope of dE=dP = �100meV/GPa as indi
ated bythe solid line. Sin
e the 4f�5d ex
itation energies de
rease at the rate, theonset of 4f�5d mixing should begin to develop near 12 GPa, whi
h lead toa semi
ondu
tor-to-metal transition in almost agreement with the pressure�volume study [1℄.In 
on
lusion, we have extended the energy range of the opti
al measure-ments under high pressure in YbS down to 0.15 eV in the IR region withuse of SR light sour
e (SPring-8). The de
reasing rate of the gap with pres-sure is �100meV/GPa. The results may indi
ate that f�d mixing shouldbegin to develop near about 12 GPa, whi
h lead to an o

urren
e of thesemi
ondu
tor-to-metal transition.The authors would like to thank H. Kimura, T. Moriwaki, Y. Ikemotoand T. Hirono (SPring-8/JASRI sta�) for their help and useful advi
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