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17O NMR study of the local charge state in the hole-doped Cu2O3 two-leg spin-ladderA14Cu24O41
„A14ÄLa6Ca8, Sr14, Sr11Ca3, Sr6Ca8…
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NMR measurements of the17O nuclear quadrupole interactions17nQ show that the charge environment of
the S51/2 Cu2O3 two-leg spin-ladder layer of hole-dopedA14Cu24O41 changes dramatically above a certain
temperatureT* . This temperatureT* decreases with additional doping and is correlated with the magnetic
crossover from the spin gap regime to the paramagnetic regime. We demonstrate that these changes in17nQ are
consistent with an increase in the effective hole concentration in the Cu2O3 two-leg ladder aboveT* . The
effective hole concentration increases primarily in the oxygen 2ps orbitals.
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I. INTRODUCTION

The interplay between quantum spin fluctuations a
doped holes in theS51/2 CuO2 square lattice has been
major controversy in high-Tc superconductivity. The discov
eries of the spin-liquid ground state with spin gapD in the
S51/2 Cu2O3 two-leg spin ladder,1 and superconductivity
under high pressure in hole-doped ladders,2 raise the same
question in a reduced dimension. In this paper, we repo
detailed study of the17O and 63Cu nuclear quadrupole inter
action tensor17,63nQ in the Cu2O3 two-leg ladder layer of the
hole-doped ladder-chain compoundA14Cu24O41 (A
5La6Ca8 , Sr14, Sr11Ca3 , Sr6Ca8).

The nuclear quadrupole interaction tensor17,63nQ mea-
sures the electric-field gradient at the position of the nucle
and thus probes the local charge environment. We definenQ
based on the nuclear quadrupole Hamiltonian as3
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whereQ is the quadrupole moment of the nucleus andI is
the spin of the nucleus (I 53/2 for 63,65Cu, I 55/2 for 17O).
eq is the electric-field gradient at the site of the nucle
along the principal axisz of the tensor,
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where the summation is taken over all charges includ
ions, electrons, etc. The asymmetry parameterh is the de-
viation of the electric-field gradient tensor from axial sym
metry.

The electric-field gradienteq is sensitive to changes in
the amount and symmetry of the charge distribution.
demonstrate that the charge environment of the hole-do
ladder changes dramatically above a certain temperatureT*
somewhat below the spin gap (T* & D). Our calculations
indicate that extra holes moving primarily into oxygen 2ps
orbitals are necessary to reproduce the temperature de
dence of17,63nQ aboveT* .

II. EXPERIMENT AND RESULTS

We grew single-crystal samples of undop
La6Ca8Cu24O41 ~valence of Cu is 12, S51/2) and
Sr14Cu24O41 ~amount of holesPL;0.06 per ladder Cu a
room temperature4! using the floating zone technique. Fo
Sr11Ca3Cu24O41 (PL;0.12) and Sr6Ca8Cu24O41 (PL
;0.17), we uniaxially aligned ceramic powder in epo
along theb axis. All of the samples were enriched with17O
isotope by annealing in17O2 gas at 900°C. We conducte
most of the NMR measurements at 7 or 9 T. We assigned
three sets of17O NMR signals to the O~1! leg and O~2! rung
sites~see Fig. 1! and the additional oxygen site in the CuO2
chain layer based on the symmetry and temperature de
dence of the 17nQ and NMR Knight shift tensors.5 The
quadrupole tensors,17,63nQ , are discussed below.

In Fig. 2~a!, we present theb-axis component of the oxy
©2003 The American Physical Society12-1
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gen nuclear quadrupole interaction17nQ@b# for the O~1! lad-
der leg site. Figure 2~b! shows the asymmetry parameterh of
Sr14Cu24O41 as a function of temperature. A dramatic chan
in 17nQ occurs only for the doped samples, while the u
doped La6Ca8Cu24O41 exhibits a minor decrease of17nQ due
to thermal expansion. We define the temperature where
dramatic change begins asT* and estimateT* 5210 K for
Sr14Cu24O41 and 140 K for Sr11Ca3Cu24O41. For
Sr6Ca8Cu24O41, 17nQ is changing even down to the lowe
temperature (T* ,10 K). We also observed a similar dra
matic change in temperature dependence atT* for 17nQ at
the O~2! ladder rung site for these samples~Fig. 3! and for

FIG. 1. Structure of two-leg ladder layer ofA14Cu24O41. Open
and closed circles represent Cu and O atoms, respectively.

FIG. 2. ~a! Temperature dependence of17nQ(1)@b# at O~1! lad-
der leg site in La6Ca8Cu24O41 (s), Sr14Cu24O41 (m),
Sr11Ca3Cu24O41 (h), and Sr6Ca8Cu24O41 (d). ~b! 17h(1) in
Sr14Cu24O41. ~Double h values caused by slight splitting in17O
lines.!
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63nQ at the copper site in Sr14Cu24O41.6,7 Extremely broad
63Cu NMR line shapes in La6Ca8Cu24O41 and
Sr142xCaxCu24O41 have prevented us from measuring63nQ
accurately.

In order to understand the dramatic temperature dep
dence of17nQ , we divide the electric-field gradienteq based
on a standard ionic picture into two contributions,8

eq5eqhole1~12g!eqlattice. ~3!

The first contribution,eqhole, arises from holes in orbitals o
the ion itself. An isotropic distribution of charge, such
from a filled electron shell, will not produce an electric-fie
gradient, but unfilled shells can. If there is one hole in
oxygen 2p orbital, the electric-field gradient at the nucleus
axial with the largest component along the lobe of thep

orbital,nQ5( 3
20 )( 4

5 )e2Q^r 23&. For our calculations, we take
^r 23&53.63 atomic units, which is 70% of the value for
free atom.9,10 This results in a nuclear quadrupole interacti
of ~2.66, 21.33, 21.33) MHz for 17O 2px , for example.
Similarly, one hole in the63Cu 3dx22y2 orbital produces the
nuclear quadrupole interaction' (238.5, 238.5, 77!
MHz.11,12The second contribution to the electric-field grad
ent in Eq.~2!, eqlattice, arises from the charges of the oth
ions of the crystal. This electric field is then modified by t
distortion which it creates in the electronic orbitals of t
observed ion itself. This effect is accounted for by the Ste
heimer antishielding factorg. For CuO2 planes in high-Tc
superconductors, the value ofg is known to be63g'220
and 17g'29 for 63Cu and 17O, respectively.10,12 To calcu-
late the lattice contribution to the electric-field gradie
eqlattice, we treat the ionic charges as point charges at th
lattice locations.13 The electric-field gradient resulting from
these point charges is then summed over the lattice out
radius sufficient to achieve a stable value~typically 50 to 100

FIG. 3. ~a! Temperature dependence of17nQ(2)@b# at O~2! lad-
der rung site in La6Ca8Cu24O41 (s), Sr14Cu24O41 (m),
Sr11Ca3Cu24O41 (h), and Sr6Ca8Cu24O41 (d). ~b! 17h(2) in
Sr14Cu24O41.
2-2
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lattice spacings!. For example, lattice point charge calcul
tions of the electric-field gradient for the undoped mater
La6Ca8Cu24O41, were done with ionic charges for th
~La,Ca! site12.429, Cu12, and O22. Oxygen results for
g528 are (2193, 1564, 2371) kHz for the O~1! site and
(2713, 1331, 1381) kHz for the O~2! site, in rough agree-
ment with the experimental values (660, 6516, 7540
640) and (7690, 6170, 6540640) kHz at 291 K. For the
copper ladder site, usingg5220 and an axial quadrupol
interaction from the one hole in the 3da22c2 orbital of 77
MHz,12 point charge calculations give (11.1, 116.9,
217.9) MHz in reasonable agreement with (73.3, 616.8,
713.5) MHz from measurements at room temperature.
oxygen quadrupole interaction17nQ of the undoped materia
La6Ca8Cu24O41, shows a steady decrease with increas
temperature.

In contrast, for the doped materials,17nQ has a dramati-
cally different temperature dependence. In the followi
paragraphs, we examine the possible causes for the tem
ture dependence and conclude that redistribution of
doped holes is responsible. In principle, the observed cha
in electric-field gradient could arise from changes in one
more of the three parts of Eq.~2!, eqlattice, g, andeqhole. A
change in the lattice contribution,eqlattice, would be caused
by a change in the crystal structure or lattice parameters
function of temperature. As discussed by Carrettaet al.,6 the
change in lattice parameters as a function of tempera
from 293 K to 520 K can account for less than 1% change
63nQ , while the experimental change is about 15%. Sim
larly, we found that the change of lattice parameters wo
indicate a change of any component of17nQ of 1.5% or less,
while the experimentally observed change is as much
20%. In addition, the sign of the temperature dependenc
17nQ is opposite to what would be expected from latti
expansion. As the lattice expands at higher temperatures
electric-field gradient from the lattice will generally decrea
as we see in undoped La6Ca8Cu24O41. Clearly, the change in
lattice parameters cannot account for the change in qua
pole interaction. Another possibility is that there is a loc
distortion in the crystal structure. Our analysis using po
charge calculations indicates that a local lattice distort
will not produce the experimentally measured sign of
temperature dependence at both the copper and two ox
sites. The observed Cu63nQ temperature dependence wou
require an increase in Cu-O bond length, while the O17nQ

would require a decrease. More complicated lattice dis
tions involving further neighboring atoms do not overcom
this. Thus, lattice changes are not responsible for the la
change in electric-field gradient.

A second possible source for a change in electric-fi
gradient is a change in the Sternheimer antishielding fa
g. However, Shimizu12 showed that63g5220 for copper
does not vary significantly between copper oxide mater
with doping and temperature. Furthermore, our point cha
calculations reproduced both63nQ and 17nQ tensors of un-
doped La6Ca8Cu24O41 with 63g5220 and 17g528, very
close to values known for high-Tc cuprates, 63g5220,
09451
l,

e

g

ra-
e
ge
r

a

re
n
-
d

s
of

he

ru-
l
t
n
e
en

r-

e

d
or

ls
e

17g529. Therefore, we conclude that temperature dep
dent 63,17g in hole-doped ladders is very unlikely.

The third and only remaining possibility is that a chan
in the hole concentration in the ladder Cu2O3 layer changes
eqhole of the doped samples. Unlike lattice changes, ad
tional holes can account for the signs and symmetry of
17,63nQ temperature dependence. In the following, we w
estimate the change in local hole concentration in the Cu2O3
ladder required to account for the changes in the elect
field gradient.

Additional holes affect the electric-field gradient in tw
ways. First, a hole produces an electric-field gradient at
nuclear site of its own atom througheqhole of Eq. ~2!. Sec-
ond, a hole changes the charge of the ion, altering the ch
environment of neighboring atoms. This changes the lat
electric-field gradienteqlattice for neighboring atoms. We cal
culate the effect of the holes on the neighboring atoms
point-charge lattice summations using the values ofg esti-
mated for La6Ca8Cu24O41. For our calculations, we conside
the possibility of holes in the oxygen 2p orbitals of both
oxygen sites and in the copper 3da22c2 or 3d3b22r 2 orbitals.
The subscriptsa, b, andc refer to the crystal axes whereb is
perpendicular to the ladder layer,a is along the rungs of the
ladder, andc is along the ladder direction. We determine t
amount of doped holes in each oxygen and copper orb
from 63nQ and the tensor components of17nQ(1,2) consid-
ering consistently both the on-site effect of a hole on its o
nucleus and the indirect effect of a hole on nearby ato
The resulting equations relating the change in17,63nQ to the
change in hole concentrationDh in each orbital are~in units
of MHz!

D17nQ~1!@b#521.33Dh2pa(1)21.33Dh2pc(1)20.55DhCu

20.19DhO(1)20.14DhO(2)20.20Dhtotal,

~4a!

D17nQ~1!@c#521.33Dh2pa(1)12.66Dh2pc(1)10.49DhCu

10.12DhO(1)10.05DhO(2)10.10Dhtotal,

~4b!

D17nQ~2!@b#521.33Dh2pa(2)21.33Dh2pc(2)20.45DhCu

20.29DhO(1)20.04DhO(2)20.17Dhtotal,

~4c!

D17nQ~2!@c#521.33Dh2pa(2)12.66Dh2pc(2)20.30DhCu

10.10DhO(1)10.06DhO(2)10.10Dhtotal,

~4d!

D63nQ@b#577Dh3da22c2112DhCu135DhO(1)114DhO(2)

113Dhtotal; ~4e!

DhO(1,2)5Dh2pa(1,2)1Dh2pc(1,2) , ~4f!
2-3
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DhCu5Dh3da22c2 , ~4g!

Dhtotal5~14/20!DhCu1~14/20!DhO(1)1~7/20!DhO(2) .
~4h!

These equations have three types of terms. First, the te
that refer to specific atomic orbitals result from the on-s
effect of a hole on its own nucleus. Second, the terms
refer to the holes on specific atomic sites result from
change in the lattice electric-field gradient caused by ho
on neighboring atoms in the ladder layer. Third, the fin
Dhtotal term in these equations results from the effect on
lattice electric-field gradient of removing these holes fro
the chain layer. This third contribution is calculated based
the assumption that there are no holes in the ladder laye
Sr14Cu24O41 in the low-temperature region below 210 K an
that additional holes in the ladder layer are removed eve
from all of the chain layer atoms. For the uniaxially align
powder samples, we have only measuredb axis quadrupole
frequency and we assumed that the distribution of holes
tween the oxygen and copper orbitals was the same a
Sr14Cu24O41.

We summarize the total number of additional holes
quired in the ladder Cu2O3 layer to produce the experimen
tally observed changes of17,63nQ in Fig. 4, and the distribu-
tion of the holes between the oxygen 2p orbitals and copper
3d orbitals in Table I for Sr14Cu24O41 at 500 K. The change
in hole concentration for Sr14Cu24O41 from low temperature
to 500 K represents an observed increase of less than
hole in the ladder layer out of the six holes implicit in th
Sr14Cu24O41 formula unit. Primarily, the holes go into th
oxygen 2ps orbitals, the O~1! leg site 2pa(1) and 2pc(1)
and the O~2! rung site 2pa(2). There is possibly also som
hole transfer to the ladder copper site, but there is m

TABLE I. Additional observed holes in ladder layer orbitals
Sr14Cu24O41 at 500 K deduced from17,63nQ

O 2pa(1) O 2pc(1) O 2pa(2) O 2pc(2) Cu 3da22c2

1.360.3% 1.360.3% 1.060.3% 0.360.3% 0.960.6%

FIG. 4. Additional observed holes in the Cu2O3 ladder layer per
ladder Cu as deduced from17O and 63Cu nQ for Sr14Cu24O41 (m),
Sr11Ca3Cu24O41 (h), and Sr6Ca8Cu24O41 (d).
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larger uncertainty in the calculation of the holes on the c
per site because of the importance of the lattice contribu
of the oxygen holes to the calculated63nQ .

We emphasize that Fig. 4 just shows the additional ho
necessary to account for the temperature dependence o
electric-field gradient. The low-temperature region ofnQ for
Sr14Cu24O41 was taken as a starting point from which th
additional holes necessary to account for the temperature
pendence of17,63nQ are calculated. This is done to avo
uncertainties in the lattice contribution to the electric-fie
gradient. Lattice point charge calculations are clearly a s
plified approximation which prevents an absolute determi
tion of the hole concentration in the ladder Cu2O3 layer.
However, for Sr6Ca8Cu24O41, 17nQ is still changing down to
the lowest temperature~10 K! and our calculations do sug
gest that holes are still present in the ladder layer at 10 K
shown in Fig. 4. We emphasize that the physical pict
given by this analysis is independent of the lattice po
charge calculation and the value ofg. For example, calcu-
lating nQ without including any lattice contributions doe
increase the number of holes required in each orbital to
count for our measurednQ , but does not change the symm
try of the orbitals where the holes reside. From Table I,
see that the majority of the holes reside on the O~1! site
@2.6% on O~1!, 0.65% on O~2!, and 0.9% on Cu site pe
ladder Cu#. For the O~1! site, the on-site hole contribution i
the dominant effect in the calculation and the contributi
from the lattice effect of holes on nearby ions is<25%. That
the holes primarily reside in oxygen 2ps orbitals is consis-
tent with x-ray absorption spectroscopy14 and other copper
oxide materials, such as YBa2Cu3O7 and (La,Sr)CuO4.10,15

III. DISCUSSION

Other measurements of theseA14Cu24O41 materials also
point towards changes in hole concentration atT* . Optical
conductivity measurements4 of the Drude peak at low fre-
quency are attributed to carriers in the ladder layer. The te
perature dependence of the integral of that peak, which
resentsN/m* ~carrier number over effective mass!, is similar
to that of the electric-field gradient. Charge transport16,17

shows an anomaly at aroundT* for several doping levels a
summarized in Fig. 5 and also a possible collective exc
tion in Sr14Cu24O41 below T* .18 In addition, magnetic
susceptibility16,17 indicates that the ladder layer contribut
to the susceptibility only aboveT* . The mean free path o
ladder magnetic excitations also shows a sharp decr
aroundT* .19

Also correlated with the changes in electric-field gradie
are magnetic changes seen in the nuclear spin-lattice re
ation rate 1/T1 for 63Cu.5 1/T1 generally measures low
energy spin fluctuations. As shown in Fig. 6~b!, 63Cu 1/T1
crosses over from a low-temperature gapped regime wh
1/T1 roughly follows an activation law exp(2DT1 /kBT) to a
paramagnetic regime. The onset of the change in the elec
field gradient,T* , is at the beginning of the crossover fro
the low-temperature gapped regime to the paramagnetic
gime. In addition, for Sr14Cu24O41, Takigawaet al.7 and Car-
retta et al.6 noted that forT<225 K, the fit of the nuclear
2-4
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magnetization decay to the standard solution of the
equations becomes poor, and the ratio (651/T1)/(631/T1) de-
creases from (65g/63g)251.15 indicating that charge fluctua
tions are contributing to the relaxation. The quadrupolar
laxation is maximum at about 100 K for Sr14Cu24O41
indicating that charge fluctuations have slowed down to
NMR frequency.6,7 As shown in Fig. 6~a!, we found that
quadrupolar relaxation is significant belowT'DT1 for all
hole-doped samples. Most likely, these charge fluctuati
are associated with very slow hole motion in the ladd
plane.

The additional holes that are observed in the Cu2O3 lad-

FIG. 5. T* (d, this work!, Ttran (3, after Ref. 16!, DT1
(n,

from Ref. 5!, andDx (j, from Ref. 5! for various room tempera
ture hole-doping levelsPL @Ref. 4#, La6Ca8Cu24O41 (PL50),
Sr14Cu24O41 (PL;0.06), Sr11Ca3Cu24O41 (PL;0.12), and
Sr6Ca8Cu24O41 (PL;0.17). Crosshatched region indicates whe
hole transfer occurs.

FIG. 6. ~a! Temperature dependence of the ra
65(1/T1)/63(1/T1) for Sr14Cu24O41 (m), Sr11Ca3Cu24O41 (h), and
Sr6Ca8Cu24O41 (d). A few representative error bars shown.~b!
63(1/T1) for La6Ca8Cu24O41 (s), Sr14Cu24O41 (m),
Sr11Ca3Cu24O41 (h), and Sr6Ca8Cu24O41 (d). Lines are guides for
the eye.
09451
te

-

e

s
r

der aboveT* could arise from two obvious sources: transf
from the chain layer, or delocalization from unobserved
gions of the ladder layer. Transfer of holes from the ch
layer seems quite plausible because of the coincidence o
temperature of the delocalization of holes on the chain w
the appearance of the holes in the ladder layer atT* . NMR,7

ESR,20 and x-ray diffraction experiments21 all show that the
holes in the chain delocalize at aroundT* 5210 K for
Sr14Cu24O41. The ESR experiment also indicates charge
dering of the chain at 170 K for Sr12Ca2Cu24O41 and at; 80
K for Sr9Ca5Cu24O41,20 consistent with our observation o
hole increase in the ladder layer starting at 140 K
Sr11Ca3Cu24O41. Transfer of holes from the chain to the lad
der layer also explains one apparent discrepancy. Below
chain charge ordering temperature, NMR~Ref. 7! and neu-
tron scattering22 measurements show separated dimers on
chain of Sr14Cu24O41. The separated dimer model has s
holes per formula unit, which is all of the holes expected
Sr14Cu24O41. If no holes move between chain and ladd
layers, this does not leave any holes for the ladder layer. T
conflicts with the measurement of holes in the ladder pla
of Sr14Cu24O41 at high temperature by this work and optic
conductivity.4 Takigawa et al.7 noted this discrepancy an
also pointed out that any nonstoichiometry did not se
large enough to account for this effect. On the other hand
holes do move from the chain layer to the ladder layer w
increasing temperature, there is a consistent picture:
holes are all on the chain below 210 K and gradually trans
to the ladder plane at higher temperatures, as shown in
4.

The second possible source of holes is delocalization fr
unobserved regions of the ladder layer. The hole concen
tion in the Cu2O3 ladder belowT* can be smaller for the
majority of the Cu and O~1,2! sites, if holes are localized
within the NMR time scale (;msec) belowT* . One pos-
sible piece of evidence in support of this possibility is t
existence of a collective excitation in the conductivity
Sr14Cu24O41 below ;170 K.18 This might indicate the mo-
tion of pinned charges in the ladder layer. However, the o
gin of the collective excitation is not clear. In addition, th
spectral weight of the conductivity peak is at least six ord
of magnitude smaller than that expected usingPL;0.07 and
an effective mass equal to the free electron mass. Thus,
excitation may involve a very small number of holes. T
anomalies in charge transport and magnetic susceptib
measurements have been interpreted as charge localizati
T* ,17 but this does not seem to account for the NMR resu
This scenario requires NMR line broadening or splitti
aroundT* due to the localization of holes, but we did n
observe any significant broadening of the NMR line sha
aroundT* . Some NMR quadrupole satellite lines are sligh
split, but the size of the splitting is temperature independ
~shown byh in Fig. 2!. Additionally, the peak in quadrupole
relaxation for Sr14Cu24O41 ~Ref. 7! implies that the hole mo-
tion slows down to the NMR frequency only at around 1
K, so the charge dynamics at higher temperatures suc
T* 5210 K should be faster than the NMR time scale, n
slower. Therefore, this delocalization scenario does not s
as consistent as the possibility of holes transferring from
2-5
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chain to the ladder layer. However, the quadrupolar rel
ation does imply that the ladder layer has nearby charge fl
tuations, so it is possible that some holes do localize on
ladder layer.

IV. CONCLUSION

We report a detailed study of17O and 63Cu nQ measure-
ments onA14Cu24O41 two-leg ladder sites. The charge env
ronment of the ladder layer for the doped samples dram
cally changes at temperatures aboveT* . An increase in the
effective hole concentration is observed in the ladder la
aboveT* , primarily in oxygen 2ps orbitals. We suggest tha
these holes may be transferred from the chain layer.
change in the charge environment of the ladder layer oc
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