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The downward shift of the electron chemical potentialwith hole doping in La_,Sr.CuQ, has
been deduced from the shifts of photoemission and inverse-photoemission spectra. While the shift is
large (~1.5 eV/hole) in overdoped samples, it is suppresse@.2 eV/hole) in underdoped samples,
implying a divergent charge susceptibility near the metal-insulator transition. In the overdoped regime,
the u and the electronic specific heat coefficienare consistently explained within Fermi-liquid theory,
whereas the same analysis gives unphysical results in the underdoped regime, indicating the breakdown
of the Fermi-liquid picture in the underdoped regime. [S0031-9007(97)04058-1]

PACS numbers: 71.30.+h, 71.28.+d, 74.72.Dn, 79.60.Bm

A long-standing, yet unresolved issue in the hiffh- excess oxygen) concentration in the LaO double layer:
cuprates is how the electronic structure evolves with holéd =1 — n = x.
doping from the antiferromagnetic insulator (Mott insula-  Single crystals of La ,Sr,CuQ; were grown by the
tor) to the paramagnetic metalperconductor. While it traveling-solvent floating-zone method. Uncertainties in
has been found that the renormalized conduction-electrothhe Sr concentratiom were =0.01. The x = 0 sample
massm” diverges towards a filling-control metal-insulator was slightly hole doped by excess oxygems: 0.005
transition (MIT) in 3D Ti oxides [1] as predicted theo- in La,CuQ,+,, judging from the Néel temperature of
retically [2,3], the electronic specific heat coefficient ~220 K [11] and henceé ~ 0.01. X-ray photoemis-
(ecm™) diminishes towards the MIT in La,Sr,CuQ, [4].  sion (XPS) measurements were performed using a Mg
According to Fermi-liquid theory, charge susceptibility Ka (hv = 1253.6 eV) line. In inverse-photoemission
xec = dn/du, wherep is the electron chemical potential (bremsstrahlung-isochromat spectroscopy: BIS) measure-
and n is the band filling, is proportional ton* and ments, 1486.6 eV photons were detected. Incident elec-
therefore the rate of the chemical potential slifi/0n  tron current in the BIS measurements was limited to
should be suppressed if* diverges. However, how ~100 uA in order to minimize possible damages of
the chemical potential is shifted in the cuprates withsample surfaces. We note that even with the resolu-
hole doping has so far been quite controversial. In ondion of XPS (~1.0 eV) it was possible to measure bind-
picture, the chemical potential is fixed in the middle ofing energy shifts with an accuracy af40 meV, as we
the charge-transfer gap of the parent insulator and newhall show below. The accuracy of the BIS measure-
states evolve around it with hole doping [5]. In anotherments was*0.15 eV. We found that any weak extrin-
picture, the chemical potential is shifted to the bottom ofsic features due to surface degradation or contamination
the gap upon hole doping and is further shifted down-hindered accurate determination of core-level peak posi-
wards with increased doping concentration [6,7]. Sincdions, and therefore we had to keep the sample surfaces
measured photoemission spectra are referenced tbis  extremely clean. The spectra presented here were taken
possible to infer the shift ofx from the shifts of photo- within ~45 min at liquid-nitrogen temperature-80 K).
emission spectral features [8]. In metallic samples oBinding energies were calibrated using Au evaporated on
Y-substituted and oxygen-controlled ,Bir,CaCuyOg- s, each sample. There was no charging effect, which causes
a downward chemical potential shift of1 eV/hole shifts of spectral features away from the Fermi level, even
has been observed by photoemission spectroscopy [8,9pr the x = 0 sample as can be seen from the data pre-
A downward chemical potential shift with hole dop- sented below. It can be said from the measuring tempera-
ing in La-,Sr,CuQ, has also been concluded from ture and the accuracy of the measured energy shifts, that
the generally decreasing core-level binding energies [10]Jone can probe the charge response of_L.&r,CuQ, on

In this Letter, we have made a detailed photoemisthe energy scale of a few tens meV.
sion investigation of the chemical potential shift in Figure 1 shows the XPS spectra of the @ La 3d,
La,—,Sr,CuQy. La_,Sr,CuQ, is the simplest super- and Cu 2 core levels and the BIS spectra of the 4 A
conducting cuprate system in that it has single €uOlevel. Energy shifts of the core levels were determined
conducting layers and that the hole concentratdoin by comparing the positions of spectral features whose line
the CuQ layer is uniquely determined by the Sr (and/orshapes do not change with composition: ThedlfaBIS
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FIG. 1. Core-level XPS (Ols, La 3d, Cu 2p) and Lads  extra-atomic relaxation energy [14]. Her®Q produces
BIS spectra of La ,Sr,CuQ,. Energies are referenced to the changes in the electrostatic potential at the core-hole site
chemical potential (i.e., the Fermi level). as well as in the intraatomic relaxation energy of the core-
hole final state. AEg is due to changes in the screening
and O1s line shapes remain largely unchanged, but theof the core hole potential by metallic conduction electrons
high binding energy side of the L2d peak shows some and polarizable surrounding ions. The “linear” compo-
changes possibly due to slight surface degradation or coment of the Cu 2 core-level shift can be attributed to
tamination, even with the above experimental precautionghe increase in the Cu valence with hole dopirg-A Q)
(The low kinetic energies of photoelectrons from 84  from CU** towards Ca", i.e., so-called “chemical shift”
would have increased surface sensitivity.) Therefore, thgl5]. Then, the shift common to all the four levels should
low binding energy side of the Lad peak is used to ob- reflect the chemical potential shiftx. In order to evalu-
tain the shift of La3d. The obtained shifts relative to ate AV, for different core levels, we calculated changes
x = 0 are plotted as a function & = x in Fig. 2. The O in the Madelung potentials by taking into account the
1s, La A, and La4f levels show almost the same shifts doping dependence of the crystal structure [16] and as-
with 8, namely, large£1.5 eV/hole) shifts towards lower suming the average charges @f — x/2)+, (2 + x)+,
binding energies for the overdoped £ 0.15) samples and2— at the LaSr, Cu, and O sites, respectively. The
and small €0.2 eV/hole) shifts for the underdoped <  results showed thaAV,, are approximately linear i
0.15) samples. The line shape of the Cp core level, and towards different directions for different atomic sites.
on the other hand, shows a stronglependence [12]; its Hence, the nonlinear and identical shifts of the L& Ba
peak position is shifted towards higher binding energies irlf, and O ¥ levels indicate thaA V), is strongly screened
the underdoped regime and then towards lower binding erby the redistribution of electric charges and therefore can
ergies in the overdoped regime. This complicated @u 2 be neglected.AEr would also be negligible because this
shift could be decomposed into two simple components, asould shift both filled and empty levels toward the chemi-
shown in Fig. 2: the shift which is nearly linear thhand cal potential and hence in the opposite directions. We
the shift common to all the core levels [13]. note that the line shapes of the core levels do not show
The shiftAE of a core level (or a localized empty level asymmetric broadening characteristic of metallic screen-
such as Latf) with varying chemical composition mea- ing [17] for all compositions, indicating negligible metal-
sured relative tou is given by AE = Ay + KAQ +  lic core-hole screening. The parallel shifts of the 34
AVy + AEg, whereAp is the change in the chemical and O1s core levels are consistent with this view since
potential, AQ is the change in the number of valence metallic screening would contribute more to an oxygen
electrons on the atom considerely,, is the change in core hole in the metallic CuOplane. Presumably, the
the Madelung potential, andEx is the change in the carrier concentration~10>' holescm™3) is too low to
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produce ordinary metallic screening. Instead, the verjor F? = 0 is shown by a solid curve in Fig. 3(b). Be-
large dielectric constant of lightly doped 1@uQ, [18] causedu/dn thus predicted i = 2 times smaller than
may have lead to a strong dielectric screening of the corebservedou/dn in the overdoped regime, we obtain
hole. Thus we conclude that the common shift observed® ~ 7 = 2. From y [4] and Nj,(u) [19], m*/m;, =
in the core levels and the 14y level faithfully reflects the  N*(uw)/Ny(n) ~ 2.5 = 0.5. These values are compared
chemical potential shif u. The Au deduced from the with those of liquid*He at ambient pressuré. = 9.15
average of the Qs and La3d core-level shifts is plotted andm*/m, = 2.76 [21]. Inthe underdoped regime, while
in Fig. 3(a) as a function od. From a purely experimen- the present results indicate that the charge susceptibility is
tal point of view, one cannot completely rule out the pos-enhanced Y. — “»”) asé — 0 (n — 1), the specific
sibility that, although unlikely, the small . for x < 0.15  heat coefficient diminisheg/(— “=") [4]. If the Fermi-
is a result of cancellation between an intrinsic lowering ofliquid relation (1) is applied to these behaviors, we have
w and increasing charging effect with decreasingcrom  F? — —1, which obviously contradicts the basic assump-
a thermodynamic point of view, if a downward shift of tion thatF? represents repulsive interaction. This suggests
u with decreasing hole concentration existed, the systerthe breakdown of the Fermi-liquid description in the under-
would undergo an electronic phase separation and result®ped regime. (Inclusion of anisotropy in the Fermi-liquid
indu/on = 0. analysis would not change the conclusion qualitatively.)
Let us first analyze the chemical potential shift in the Suppression of the chemical potential shift ®— 0
overdoped regime, where the system is believed to be las been suggested by numerical studies of the 2D Hub-

Fermi liquid. For an isotropic Fermi liquid [20], bard model [3,22]. In the Monte Carlo study, the cal-
o 1 + FO mp\ 1 + FO culated chemical potential shift followa x « —§2 for
o= WM) = <m*> m, (1)  0< 6 =03(hencey. = 8 1) [3]. Actually, the experi-

i ] mental data are compatible wittye « — 82 within experi-
whereN"(u) is the density of states (DOS) of renormal- mental error, as shown in Fig. 3(a). Note that the observed
ized quasiparticles (QP's)n, and Nj(w) are the bare pehavior,y, — “0” for 6 — 0, has not been predicted
(unrenormalized) band mass and the band DOB,ae-  py mean-field theories such as the Gutzwiller approxima-
spectively, and) (>0) is a Landau parameter which rep- ion and the dynamical mean-field approximation, which
resents the isotropic spin-symmetric part of the QP-QRyredicty, — 0 for 6 — 0[23]. This implies that quan-
repulsion.  Sincey = (m?/3)kzN*(un), one can predict tym fluctuations are important near the MIT critical point.
Aw from measuredy, if F is known. Aw predicted One may suspect that the suppression of the chemical
potential shift for smallb is caused by the pinning of the
chemical potential by the impurity potential of substituted
l I I I Sr or other defects. Such a pinning effect cannot be ex-
(@ - cluded for the semiconducting= 0 (6 ~ 0.01) sample.
However, the same effect would not occur in metallic
. samples § > 0.05) when the impurity potential is weak
enough. In fact, the acceptor binding energy has been es-
. timated to be as small as40 meV for semiconducting
La,CuQy+, with y ~ 0.001 and is rapidly reduced to be-
. low ~10 meV fory ~ 0.01 [18]. These small acceptor
binding energies indicate that, if pinning occurs, the chemi-
N cal potential in ther = 0 sample is located very close to
the bottom of the band gap of £@uQ;, and that for the
N metallic samples the pinning effect is too weak to affect the
chemical potential shift. Zaanen and co-workers [24] have
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o1l g — - suggested that doped holes are segregated in the bound-
La,,,Sr,CuQ, + aries of antiferromagnetic domains in a stripe form and
021 o Experiment I may pinw. In fact, the system becomes metallic already
o oY e calo, + at 5 ~ 0.05 and the stripe correlation can normally exist
-03 B | | ] as dynamical fluctuations [25]. The presence of the spin-
0.0 0.1 0.2 03 charge stripes itself in La,Sr,NiO, and Nd-doped La

cuprates [26] means that the Sr impurity potential is prac-
tically negligible when the stripe correlation is observed.
FIG. 3. (a) Chemical potential shifhx plotted againzst the The experimental observatiogn— “0” for § — 0 in

hole concentrations. The dashed line isAu ~ —6° as  ha ynderdoped samples, on the other hand, has not been

predicted by the Monte Carlo simulation [3]. (A compared . ; .
with the shift predicted from the specific heat coefficient predicted by any theoretical studies on 2D metals. The

[4] assumingF® = 0 and that derived by, (u) of the band- ~apparently conflicting behaviors of and y. may be
structure calculation [19]. resolved if we assume that a tiny excitation (pseudo)gap
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is opened atu within the renormalized QP band for [4] N. Momono et al., Physica (AmsterdamP33C, 395
any small 6. Recent angle-resolved photoemission (1994); J.W. Loramet al., Physica (Amsterdam}l62C,
studies have indicated the opening of a “normal-state” 498 (1989); T. Nishikawaet al., Physica (Amsterdam)
gap aboveT, in underdoped BiS,CaCuOg., [27] as 209G, 553 (1993).

described by a mean-field treatment of thg model % \I]-Ivl\és Cgsegt(iatlaghzzysl&.’ g/e‘gaeﬁ‘gg‘r’og?lggg;o)'

[28].' AIt(_—:‘rnatlver, strong antlfer_romagnetlc Spin .ﬂUC_ [7] M.A. van Vee’nendaal, G.A. éawatzky, and W. A. Groen,
tuations in the underdoped regime may give rise to

. : Phys. Rev. B49, 1407 (1994).
a pseudogap ap [29]. Pairing fluctuations (or pre- [8] M. A. van Veenendaatt al., Phys. Rev. B47, 446 (1993).

formed Cooper pairs) are another possible explanationg] z.x. shenet al., Phys. Rev. B44, 12098 (1991).

for the suppression of in spite of the enhancef..  [10] G. Rietveld, M. Glastra, and D. van der Marel, Physica
It should be noted that the experimental results for the — (Amsterdam)241C, 257 (1995).

underdoped samples are not compatible with the simplgl1] B. Dabrovskiet al., Physica (Amsterdam162C—-164C
small hole pocket either because the same expression 99 (1989).

(1) andy = (772/3)/(%]\7*(#) should hold if we regard [12] A close inspection of the line shapes of @Qp for
N*(w) as the QP DOS around the “small Fermi surfaces.”  1arge x's suggests the presence of two peaks, probably
Finally, the present result for the overdoped samples is ~ corresponding to overlapping €uand Cu* components.
similar to the result{u/on ~ 1 eV/electron) for metallic If this is the case, the apparently "linear” shift of the
Bi,ShCa_, Y, CtyOs [8] and BhSHCaCuOgs 5 [9]. The _Cu 2p__core level is a result of the varying relative
29008 -y ¥y LLhUs . intensities of the two components. The Zp core-

.rapld.shlft of ~8 eV/electron observed for semlcon_dl_Jct- level photoemission spectra of,Y,Ca, TiOs clearly show

ing Bi,SnCa—,Y,ClhOg samples [8] would be reminis- two components, Ti and Ti**, whose relative intensities
cent of an insulator with a finite band gap/dn — o change with x following the average valence of Ti
The finited u/dn would be due to a low but finite density [K. Morikawa et al., Phys. Rev. B54, 8446 (1996)].

of localized states within the band gap, which are createfll3] The same decomposition has successfully been made for
by the Ca-Y disorder adjacent to the Cuganes. La,—Sr,CuG,s [T. Mizokawa et al., Phys. Rev. B55,

In summary, we have experimentally determined the = R13373 (1997)]; Lai7-PhVS;y; [A. Ino et al. (to
doping dependence of the chemical potential shit in be published)]; La-.Sr.TiO; [T. Yoshidaet al. (to be
La,_,Sr,CuO, and observed a suppression of the shift _ Published)]. ,
in the underdoped regime. The result indicates that thgH4] S. Hufner, in Photoelectron  SpectroscopySpringer-

harge susceptibility is enhanced towardls~ 0, most Verlag, Berlin, 1995), Chap. 2, p. 35. .
cnarg eptibIiity . ! [15] The experimental data seem to show that there i& A@
l'ke_ly reflecting Cr't'?al ﬂUCtl_Jat'onS near the MIT. Cpm- contribution to the Ols core-level shift, although it is
paring the result with the linear specific heat coefficient  pejieved that a large part of doped holes enter thepO
¥, the behaviors ofu and y are consistently explained orbitals. This is probably because of the large spatial
within Fermi-liquid theory in the overdoped regime if a extent of the Q2p orbitals compared to CBd.
large Landau parametél’ ~ 7 is assumed. On the other [16] V. Voronin et al., Physica (Amsterdam)218C 407
hand, the same comparison indicates a breakdown of the (1993); M. Braderet al., Physica (Amsterdanmg23C, 396
Fermi-liquid description in the underdoped regime, sug- _ (1994). _ o o
gesting the opening of a tiny (pseudo)gap at the chemical?! GK We_rthelm and P.H. Citrin, |rPhotoe_m|SS|on in
potential. It is interesting to see how the chemical po-  Solids.edited by M. Cardona and L. Ley (Springer-Verlag,

. . . Berlin, 1978), Vol. I, Chap. 5, p. 197.
:e”t'a! beha"ehs.”fear '\ﬂ.'T n 3%.""”3 aasl 12 SYSBMSy a1 'y Chenet al., Phys. Rev. Lett63, 2307 (1989).
00, SINCe such Intformation compinea with electronic Spe-lg] L. F. Mattheiss, PhyS Rev. Lef8, 1028 (1987)

cific heats quld give dee_p insight into the _Fermi-liquid [20] N. Furukawa and M. Imada, J. Phys. Soc. Jph. 3331

vs non-Fermi-liquid behaviors of unconventional metals.” ~ (1992).

The temperature dependence of the chemical potentigh1] D.S. Greywall, Phys. Rev. B7, 2747 (1983).

shift would also reflect the highly nontrivial nature of cor- [22] E. Dagottoet al., Phys. Rev. Lett67, 1918 (1991).

related electrons near MIT. [23] A. George and W. Krauth, Phys. Rev. LeB9, 1240
We would like to thank M. Imada and K. Yamada for (1992).

enlightening discussions. This work is supported by d24] J. Zaanen and A.M. OlesAnn. Phys. (Leipzig)s, 224

grant-in-aid for scientific research from the Ministry of 25] (I\igl%s). ola V.1, E 45 A Kivelson Phvs. R
E tion ien rts an [tur f n. 1. Salkola, V. J. Emery, an .A. Kivelson, YyS. ReV.
ducation, Science, Sports and Culture of Japa Lett. 77, 155 (1996).

[26] J. M. Tranquadat al., Nature (London)375 561 (1995).
[27] D.S. Marshallet al., Phys. Rev. Lett.76, 4841 (1996);

[1] Y. Tokuraet al.,Phys. Rev. Lett70, 2126 (1993).

H. Ding et al., Nature (London382 51 (1996).

[2] X.Y. Zhang, M. J. Rozenberg, and G. Kotliar, Phys. Rev.[28] T. Tanamoto, H. Kohno, and H. Fukuyama, J. Phys. Soc.

Lett. 70, 1666 (1993).
[3] N. Furukawa and M. Imada, J. Phys. Soc. Jp8,. 2557
(1993).

2104

Jpn.61, 1886 (1992).

[29] J.J. Deisz, D.W. Hess, and J.W. Serene, Phys. Rev. Lett.

76, 1312 (1996).



