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Magnetic Excitations of the Doped-Hole State in DiamagneticLa2Cu0.5Li0.5O4
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Substitution of Li for Cu in La2Cu12xLi xO4 donates holes; atx  0.5 the Li ions form an ordered
superlattice which isolates individual CuO4 plaquettes from one another, and the number of doped hole
is sufficient that each plaquette is occupied. Above 170 K, an activated temperature dependence
Cu nuclear spin relaxation rate reveals a magnetic excitation of the doped-hole state with an ener
,130 meV. Below 170 K relaxation is primarily due to fluctuations of the electric field gradient; th
temperature dependence of this rate is anomalously slow:T21

1 ~
p

T . [S0031-9007(96)01098-8]

PACS numbers: 74.25.Nf, 74.72.Bk, 76.60.Es
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The nature of the doped-hole state [1] in the cupra
is a matter of great importance in understanding both
normal state behavior of the cuprates and the mecha
leading to superconductivity. Compounds containing f
mally trivalent copper are rare, La2Cu0.5Li 0.5O4 provid-
ing one of the few examples [2]. In the cuprates dop
holes are believed to occupy oxygen2ps orbitals which
hybridize with the Cudx22y2 orbital to form ad9L̄ (L̄ lig-
and hole) configuration. Zhang and Rice [1] proposed
particular that the doped hole forms a local singlet s
which involves a phase coherent combination of the2ps

orbitals of the four nearest neighbor oxygens. Althou
this description of the doped-hole state in the cuprate
widely accepted, there is still a lack of straightforward e
perimental evidence that such a local singlet state fo
when holes are doped into the cuprates. This is parti
due to the difficulty of discerning the magnetic behav
of such a singlet in a background of antiferromagnetica
correlated copper moments.

Here we report a Cu nuclear quadrupole resona
(NQR) study of the properties of La2CuO4 hole doped by
substitution of lithium for copper, a compound [2,3] whi
provides a unique opportunity to study the doped-hole s
of the cuprates. In lightly doped La22ySryCu12xLi xO4,
Li and Sr doping (each donate one hole per dopant) h
essentially indistinguishable effects on the magnetic pr
erties and lattice structure of lanthanum cuprate [3].
y  0 this compound is insulating; forx * 0.1, r ~

expfsconstyT d1y4g [4]. The solid solubility of Li is such
that a hole density of one hole per copper (atx  0.5, y 
0) can be readily achieved. At this composition the Li a
Cu ions form an ordered superlattice [5] in which all C
ions are surrounded by four in-plane Li ions (1s2, closed
shell electronic configuration) and thus create isola
CuO4 clusters. This material is unique amongst cuprate
that one is able to study the magnetic behavior of the do
hole confined by the four Li neighbors and in the absenc
the confounding contributions of the antiferromagnetica
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correlated copper moments. For instance, the relaxa
rate we observe atT  100 K is smaller than that observed
in La1.85Sr0.15CuO4 by over 4 orders of magnitude.

As we will show, this singlet state has a,130 meV
gap to magnetic excitations. The energy of the excit
state relative to the ground state is smaller than predic
by Zhang and Rice, and strikingly similar to the value
the effective exchange interactionJ in the lightly doped
cuprates. Below 170 K this gapped magnetic excitati
mechanism becomes sufficiently weak that relaxation
dominated by a charge-fluctuation mechanism which
unusual in two respects. It has a fractional magnetic co
ponent indicating that the mechanism responsible for
charge-fluctuation-induced relaxation also induces a m
netic fluctuation which contributes to relaxation. Furthe
more, the suppression of this relaxation mechanism w
decreasing temperature is quite slow (T21

1 ~
p

T ). In par-
ticular, phononic mechanisms (the most common sou
of charge-fluctuation driven relaxation in nonmagnetic i
sulators) usually exhibit larger power law exponents.

The sample preparation procedure has been descr
elsewhere [3]. Two samples (labeled 1 and 2) we
prepared for this study: sample 2 exhibited more inten
superlattice peaks in the x-ray diffraction pattern. T
concentration of magnetic impurities (estimated from t
Curie contribution to the magnetic susceptibility at lowT )
was 0.5% (0.1%) for sample 2 (1). All results for the tw
samples were essentially the same (although measurem
on the smaller sample 1 suffered from weak signals at h
T ). We will focus primarily on the results from sample 2
All measurements were carried out in zero applied fie
using NQR techniques. The recovery curve was record
by integrating the spin echo intensity obtained after ap

2 -
ts- p

2 -t-p pulse sequence in which the separation timets

is swept. ForH1 * 50 G, T1 is independent ofH1; thus
for our measurements (H1 , 70 G) spin diffusion does not
contribute to relaxation. The measured recovery curv
exhibit a nonsingle exponential decay in all measureme
© 1996 The American Physical Society 2069
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FIG. 1. The T dependencies of various quantities are
shown for sample 1 (triangles) and sample 2 (circles). In
panel (a), 63T21

1 ; in panel (b), R ; 63T21
1 y65T21

1 . The
broken horizontal lines show the values of the ratios
RQ ; s63Qy65Qd2  1.1378 (charge fluctuations, upper line)
and Rg ; s63gy65gd2  0.8720 (spin fluctuations, lower line).
We show the full width at half maximum (FWHM) of the63Cu
NQR line in panel (c) and the63Cu quadrupole frequencynQ
in panel (d).
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due to a distribution ofT1’s. In order to extract the
characteristic time constant of the distributed recove
curve, we fit our recoveries by the expressionMstd 
M0h1 2 expf2s3tyT1dagj. (The factor of 3 is appropriate
for a NQR measurement on aI  3y2 nuclear spin [6].)
The distribution is essentially temperature independe
a  0.6 6 0.1 for 10 , T , 300 K.

In order to examine the degree of LiyCu ordering,
structural studies employing room temperature elect
and neutron diffraction measurements were carried
on sample 2. The absence of diffuse scattering in lo
exposure electron-diffraction patterns implies a high d
gree of LiyCu ordering. Rietveld refinement of neutro
diffraction data (based on the model of Ref. [5];Rp 
3.9%, Rwp  6.5%) confirms this. Furthermore, the C
NQR frequency is very sensitive to the substitution
Li for Cu: nQ . 36 MHz in La2CuO4 and .45 MHz in
La2Cu0.5Li 0.5O4. Thus Cu linewidth is a sensitive indi
cator of Li disorder. Above 170 K, the NQR linewidt
(FWHM) is &300 kHz, only slightly larger than line-
widths in the best samples of YBa2Cu4O8, the most defect-
free cuprate, (Dn , 200 kHz) and much less than in
La22xSrxCuO4 (typically 0.6–2 MHz for nonzerox). Cu
NQR signals originating in significantly Li-poor region
of the sample (if they exist) will have a different NQR fre
quency and so will have no influence on the measureme

For nuclei such as63,65Cu which have a nonzero
quadrupole moment, nuclear spin relaxation can a
either from fluctuations of the hyperfine field of the ele
tronic spin or fluctuations of the electric field gradien
(EFG’s) which arise from charge surrounding the pro
nucleus [7]. (Hereafter, we will use the term “charg
fluctuations” to describe the latter situation which c
arise from any process which causes the electric fi
gradient at the nucleus to fluctuate.) The availability
two copper isotopes provides an opportunity to distingu
between these. IfQ, g, and n are, respectively, the
nuclear quadrupole moment, gyromagnetic ratio, and
atomic number for a given nucleus, thennT21

1 is propor-
tional to ng2 if relaxation is due to spin fluctuations an
proportional tonQ2 if due to charge fluctuations. Thus
measuring the ratioR ; 63T21

1 y65T 21
1 unambiguously

distinguishes between these two mechanisms: the exp
mental value ofR will equal Rg ; s63gy65gd2  0.8720
[RQ ; s63Qy65Qd2  1.1378] in the event that relaxation
is due to spin fluctuations (charge fluctuations). Th
capability has been frequently exploited in studying t
cuprates [8,9]. In Fig. 1(a) we show theT dependence
of T 21

1 . Figure 1(b) shows theT dependence ofR in
La2Cu0.5Li 0.5O4. Above 170 K,R . Rg demonstrating
that relaxation is due entirely to magnetic excitation
below this temperature the mechanism switches abru
to one dominated by quadrupolar fluctuations.

The distribution ofT 21
1 ’s demonstrates that not all C

sites are equivalent. This inequivalence of the vario
Cu sites could arise if relaxation were due to magne
2070
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impurities randomly located in the lattice [10]. As we wi
show, however, the data do not support this explanat
Rather, we believe the distribution of Cu environmen
is due to local variations in the crystal structure simil
to those observed in neutron diffraction experiments
La22xBaxCuO4 [11]. These have shown that the loc
crystal structure (e.g., the local CuO6 octahedral tilt order)
varies on a length scale of,10 Å. It is now evident
that similar local variations in the crystal structure a
present in the majority of, if not all, cuprates [12,13
Such a local variation in the lattice structure will rend
different Cu sites inequivalent, and, in principle, th
different sites will have differentT21

1 ’s. Relaxation due
to a dipolar coupling of the nuclear spins to random
located magnetic impurities leads to distributed relaxat
with a 

1
2 [10]. However, this mechanism canno
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explain our data. At 170 K theT21
1 relaxation mechanism

abruptly shifts from a magnetic to aquadrupolarone. Yet
the value ofa  0.6 is unchanged at low temperature
where the magnetic impurity mechanism is clearly n
responsible for relaxation. This makes clear that
origin of the distribution ofT21

1 ’s is much more genera
than the specific magnetic impurity relaxation mechanis
and apparently more fundamental.

The NQR data fall into two temperature regime
Above 170 K T21

1 increases rapidly with increasingT ;
this regime is well described by an activated proce
sT1T d21  C0 exps2EaykBT d with Ea  130 meV and
C0  14 s21 K21 (see Fig. 2). With decreasing temper
ture this rapidly weakening relaxation rate decrea
sufficiently to reveal a mechanism arising from char
fluctuations. This is demonstrated by the abrupt shift oR
toward RQ [see Fig. 1(b)]. The relevant charge fluctu
tions could arise from distortions of the CuO6 octahedra
or from charge fluctuations within the Cu ion. Howeve
R (.1.05) is constant within the error and less thanRQ

(1.1378) indicating the presence of an intrinsicmagnetic
contribution to relaxation at lowT having the sameT
dependence as the charge-fluctuation mechanism. (
downturn inR below 40 K in sample 2 probably reflect
the influence of impurities.) This implies a coupling b
tween the charge and spin fluctuations which wou
suggest that the mechanism responsible for the cha
fluctuation also introduces a weak magnetic compon
into the doped-hole state. The observed temperature
pendence ofT 21

1 is unusually slow:T21
1 ~

p
T (see Fig. 2

inset). For example, our measurements in the diam

FIG. 2. The activated behavior at high temperature is sho
we plot s63T1T d21 versus 1000yT . The solid line shows the
function fsTd  C0 exps2EaykBT d where EaykB  1510 K
and C0  14 s21 K21. Inset: power law behavior for
La2Cu0.5Li 0.5O4 (open symbols) and Cu2O (closed symbols);
lines indicateT 2 (solid) and

p
T (dashed line) behavior.
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netic, Cu11 compound Cu2O findR  RQ andT 21
1 ~ T 2,

behavior more characteristic of a phononic nuclear s
relaxation mechanism.

To better understand the shift at 170 K, we examined
evolution of the Cu NQR spectrum with temperature. F
ures 1(c) and 1(d) show theT dependencies of the widt
(FWHM) and frequency,nQ, of the63Cu NQR line. While
nQ increases essentially monotonically with decreasingT ,
the FWHM exhibits an anomaly near 170 K, where the
laxation mechanism changes. AsnQ is proportional to the
EFG at the nuclear site, this increase indicates increa
inhomogeneity. SincenQ has contributions from both
electronic charge on the same site and from all surrou
ing ions straightforward, interpretation of these results
difficult.

Our results do not definitively determine the spin of t
ground state of a doped hole occupying a CuO4 plaquette.
The uniform (wave vectorq  0) magnetic susceptibility
of La2Cu0.5Li 0.5O4 is diamagnetic [2]. However, taking
into account an estimate of the core diamagnetic contr
tions to the susceptibility, it is not clear that one can rule
the possibility of a finite, but weakly temperature depe
dent spin susceptibility. Were it not for the small magne
contribution to the low temperature (T , 170 K) T 21

1 ,
the observation of an activated temperature dependen
the nuclear spin relaxation, which decreases until it
comes unobservable in a background of charge-fluctua
induced relaxation, would provide convincing eviden
that the ground state of the local doped-hole state is
deed a magnetic singlet, in agreement with expectatio
The presence of a magnetic component in the low-T re-
laxation leaves open the possibility that the ground s
has nonzero spin. The apparent coupling to the cha
fluctuation mechanism strongly suggests, however, tha
doped-hole ground state is indeed singlet, but that a l
lying excited state has both spin and an altered charge
tribution around the Cu nucleus.

We turn now to the magnetic excitation observed abo
170 K. The small value of the gap to a magnetic state
unexpected.Ea is very close to the value of the effectiv
coupling, J between Cu moments in the undoped a
lightly doped cuprates. Given the isolated nature of
copper moments in this material it is hard to understa
how a similar value ofJ would be observed in this materia
Nonetheless, while possibly coincidental, the appeara
of a fundamental energy scale for cuprates in the spect
of an isolated singlet is striking. Zhang and Rice [1] arg
that the energy gap between the ground state singlet
the lowest-lying triplet state will be6st1 1 t2d, wheret1 
t2
0ysU 2 epd and t2  t2

0yep. Here t0 is the amplitude
of the hybridization between Cusdx22y2d and Os2psd
orbitals,U is the on-site Coulomb repulsion at the copp
site, andep is the O site energy. Using reasonable valu
for these parameters this gives a gap of,6 eV, much larger
than the observed 130 meV.Ab initio cluster calculations
[14] find a similar singlet-triplet splitting (5.4 eV). Thi
2071
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energy is large because the singlet is confined to a si
CuO4 plaquette. However, increasing the size of
local singlet would lead to overlap between neighbor
states and, presumably, delocalization, inconsistent
observed insulating behavior.

Polaron formation [15] has been implicated in the lo
deviations in crystal structure [12,13] noted earlier. Th
retical studies by Yonemitsuet al. [16] find a breathing
mode polaron in the CuO2 planes involving contraction
of the Cu-O distance which alters the mixing of the
and ligand holes, thereby reducing the magnitude of
Cu moment. If this polaronic state were time depend
this could cause a fluctuation of the Cu electronic mom
and thus Cu nuclear-spin relaxation. Very interesting
Anisimov et al. [17] find a low-lying anti-Jahn–Telle
polaron whichcarries a triplet spin. This state involves
hole occupation of the Cus3d3z22r2 d) orbital. The tendency
of the spherical Li11 ion to prefer a nonplanar coordinatio
may encourage such local structural deformations. If th
were dynamic, Li motion would modulate the Cu-O bo
length and thus, possibly, the Cu moment. Finally,
note that lnr ~ T2s1y4d behavior is observed in the ca
of hopping between localized states [18].

In summary, the compound La2Cu0.5Li 0.5O4 provides
the opportunity to study the doped-hole state which res
from adding a hole to a CuO4 plaquette. We observe
low-lying excitation with an energy of 130 meV. Th
is much lower than expectations based on calculat
of the spectrum of a singlet localized on a single Cu4

plaquette. This suggests the involvement of some o
physics which introduces low-lying states into the ex
tation of the doped-hole state. In the low-T regime, the
anomalously slowT dependence of the charge-fluctuatio
inducedT21

1 is not understood, but this process involv
coupled charge fluctuation and magnetic mechanis
This and the simultaneous occurrence of anomalies inT21

1
and the NQR linewidth suggest that the electron-lat
coupling is significantly involved. The doped-hole sta
is the fundamental element from which high temperat
superconductivity arises. We find that this state has s
eral unexpected properties indicating the importance
phenomena not previously appreciated. Further inv
tigations of this and related materials are warrant
Studies of local structure and spectroscopic measurem
capable of directly probing the 130 meV excitation cou
provide important insight into the origin of the unusu
normal state properties and the nature of high tempera
superconductivity in the cuprates.

We acknowledge helpful and stimulating discussio
with E. Abrahams, A. Balatsky, A. Bishop, B. Eich
2072
gle
e
g
ith

l
o-

u
he
t,

nt
y,

se
d
e

lts

ns

er
i-

-
s
s.

e
e
re
v-
of
s-
d.
nts
d
l

ure

s

horn, D. Emin, R. Martin, J. Mitchell, T. M. Rice, J. R.
Schrieffer, M. Takigawa, S. Trugman, and J. Zaanen
well as the use of the facilities and the technical sup
port of personnel at the Intense Pulsed Neutron Sour
at Argonne National Laboratory in obtaining the neutro
diffraction data. Work at Los Alamos National Labora
tory performed under the auspices of the U.S. Departme
of Energy.

*Current address: Department of Physics, The Ohio Sta
University, 174 18th Ave., Columbus, OH 43210.

[1] F. C. Zhang and T. M. Rice, Phys. Rev. B37, 3759 (1988).
[2] A. I. Rykov, H. Yasuoka, and Y. Ueda, Physica (Amster

dam)247C, 327 (1995).
[3] J. L. Sarrao, L. S. Cassady, Z. Fisk, D. Mandrus, and J. D

Thompson, in “Physical Phenomena at High Magneti
Fields-II,” edited by L. P. Gor’kov (World Scientific,
Singapore, to be published).

[4] M. A. Kastneret al., Phys. Rev. B37, 111 (1988).
[5] J. P. Attfield and G. Férey, J. Solid State Chem.80, 112

(1989).
[6] Albert Narath, Phys. Rev.162, 320 (1967).
[7] See, e.g., A. Abragam,The Principles of Nuclear Magne-

tism (Oxford University Press, London, 1961), Chap. VIII.
[8] T. Imai et al., J. Phys. Soc. Jpn.57, 1771 (1988).
[9] M. Takigawa, J. L. Smith, and W. L. Hults, Phys. Rev. B

44, 7764 (1991).
[10] M. R. McHenry, B. G. Silbernagel, and J. H. Wernick,

Phys. Rev. B5, 2958 (1972).
[11] S. J. L. Billinge, G. H. Kwei, and H. Takagi, Phys. Rev.

Lett. 72, 2282 (1994).
[12] T. Egami et al., in Anharmonic Properties of High-Tc

Cuprates,edited by D. Mihailovic´, G. Ruani, E. Kaldis,
and K. A. Müller (World Scientific, Singapore, 1995).

[13] A. Bianconi and M. Missori, inPhase Separation in
Cuprate Superconductors,edited by E. Sigmund and K. A.
Müller (Springer-Verlag, Berlin, 1994); N. L. Sainiet al.,
Physica (Amsterdam)251C, 383 (1995).

[14] Richard L. Martin, Phys. Rev. B53, 15 501 (1996).
[15] See, e.g.,Polarons and Bipolarons in High-Tc Supercon-

ductors and Related Materials,edited by E. S. H. Salje,
A. S. Alexandrov, and W. Y. Liang (Cambridge Univer-
sity Press, Cambridge, England, 1995); David Emin,ibid.;
A. S. Alexandrov and N. F. Mott,High Temperature Su-
perconductors and Other Superfluids(Taylor and Francis,
London, 1994).

[16] K. Yonemitsu, A. R. Bishop, and J. Lorenzana, Phys. Re
Lett. 69, 965 (1992); Phys. Rev. B47, 12 059 (1993).

[17] V. I. Anisimov et al., Phys. Rev. Lett.68, 345 (1992).
[18] David Emin, Phys. Rev. Lett.32, 303 (1974).


