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NMR measurements of th€O nuclear quadrupole

interaction&q show that the charge environment of

the S=1/2 Cy,0; two-leg spin-ladder layer of hole-dopéd ,Cu,,0,; changes dramatically above a certain

temperaturel*. This temperaturd* decreases with

additional doping and is correlated with the magnetic

crossover from the spin gap regime to the paramagnetic regime. We demonstrate that these cﬁ?;wgase'n
consistent with an increase in the effective hole concentration in th©.LCuvo-leg ladder abovd™. The
effective hole concentration increases primarily in the oxygpn Drbitals.

DOI: 10.1103/PhysRevB.67.094512

I. INTRODUCTION

The interplay between quantum spin fluctuations an
doped holes in th&s=1/2 CuQ square lattice has been a
major controversy in higf-. superconductivity. The discov-
eries of the spin-liquid ground state with spin gapin the
S=1/2 Cy,0; two-leg spin laddet, and superconductivity
under high pressure in hole-doped ladderajse the same
guestion in a reduced dimension. In this paper, we report
detailed study of thé’O and ®3Cu nuclear quadrupole inter-
action tensor” %%, in the Cy0; two-leg ladder layer of the
hole-doped ladder-chain  compoundA;,Cu,404; (A
=LagCaq, Sha, SrCa, SKCq&).

The nuclear quadrupole interaction ten§6r63uQ mea-
sures the electric-field gradient at the position of the nucleu
and thus probes the local charge environment. We define
based on the nuclear quadrupole Hamiltoniah as

_lh z 3 2 1 2 2
Ho=ghvg(312-1(1+ D +5 7015 +1%) |, (13
3e?qQ
Z __
ST hai21—-1) (1b)
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Q

whereQ is the quadrupole moment of the nucleus drid
the spin of the nucleud € 3/2 for 835%Cu, 1 =5/2 for 0).

PACS nuntder74.25.Nf, 74.72-h, 76.60-—k

d w3 i @

where the summation is taken over all charges including
ions, electrons, etc. The asymmetry parameies the de-
viation of the electric-field gradient tensor from axial sym-
metry.

The electric-field gradiengq is sensitive to changes in
?he amount and symmetry of the charge distribution. We
demonstrate that the charge environment of the hole-doped
ladder changes dramatically above a certain temperdttire
somewhat below the spin gag{ =< A). Our calculations
indicate that extra holes moving primarily into oxygep®
Sorbitals are necessary to reproduce the temperature depen-
dence of'"%%, aboveT*.

Il. EXPERIMENT AND RESULTS

We grew single-crystal samples of undoped
LagCaCuw,0,; (valence of Cu is+2, S=1/2) and
Sn.Cu,,04q (@amount of holesP ~0.06 per ladder Cu at
room temperatufe using the floating zone technique. For
SniCaClpyOs (PL~0.12) and CxCW04 (PL
~0.17), we uniaxially aligned ceramic powder in epoxy
along theb axis. All of the samples were enriched witfO
isotope by annealing it’O, gas at 900°C. We conducted
most of the NMR measurements at 7 or 9 T. We assigned the
three sets of ‘O NMR signals to the Q1) leg and @2) rung
sites(see Fig. 1 and the additional oxygen site in the CuO
chain layer based on the symmetry and temperature depen-
dence of the'’v, and NMR Knight shift tensors.The

eq is the electric-field gradient at the site of the nucleusquadrupole tensors, %, are discussed below.

along the principal axiz of the tensor,

In Fig. 2(a@), we present th&-axis component of the oxy-
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FIG. 1. Structure of two-leg ladder layer 8§,Cu,,0,,. Open

and closed circles represent Cu and O atoms, respectively. FIG. 3. (a) Temperature dependence J&i/Q(Z)[b] at 0(2) lag-

der rung site in LgCqkCw, 04 (O), Sr14Cu24%u (A),
Sr;,CaCu,,0 ), and SgCaCuw,,0O, ®). (b 2) in
gen nuclear quadrupole interactidfvg[ b] for the O(1) lad- Srﬁc?;pff. a () ECaCEOn (8). () Tn(2)
der leg site. Figure(®) shows the asymmetry parametgof
Sn.Cu,40,41 as a function of temperature. A dramatic changess at the copper site in 0,. 87 Extremelv broad
in 17vQ occurs only for the doped samples, while the un-mé?J NMR pIFi)ne shap?scuz?n 41'@68(:“2 o y and
doped LgCaCu,40,; exhibits a minor decrease 6fvq due for Ca,Clh.Oy have prevented us from méaétljriﬁﬁy
to thermal expansion. We define the temperature where thiR"L4-x 44l Q
dramatic change begins 3% and estimatél* =210 K for accurately. .
SClOn and 140 K for SpCaCuyO For In order to understand the dramatic temperature depen-
14tk 1844 dence of!’v, we divide the electric-field gradieety based

S1;CaCly,0y41, 'vg is changing even down to the lowest o . A
temperature T* <10 K). We also observed a similar dra- on a standard ionic picture into two contributidhs,

matic change in temperature dependencg*affor 17vQ at e0=eGoet (1— 7)€ 0aice. 3)

the Q2) ladder rung site for these sampldsg. 3) and for
The first contributionggyge, arises from holes in orbitals of

620 , , : : , the ion itself. An isotropic distribution of charge, such as
- from a filled electron shell, will not produce an electric-field
i o °°° | gradient, but unfilled shells can. If there is one hole in an
5809 ® - A . oxygen 2 orbital, the electric-field gradient at the nucleus is
i AAA | axial with the largest component along the lobe of fhe
A orbital, vo=(35) (2)€*Q(r ~3). For our calculations, we take
(r~*)=3.63 atomic units, which is 70% of the value for a
L o o | free aton™° This results in a nuclear quadrupole interaction
© o of (2.66, —1.33, —1.33) MHz for 'O 2p,, for example.
(0) ettt Similarly, one hole in thé’3Cu 3d,2_,2 orbital produces the
nuclear quadrupole interactior= (—38.5, —38.5, 77
MHz.1**2The second contribution to the electric-field gradi-
ent in EQ.(2), €Qatice; arises from the charges of the other
ions of the crystal. This electric field is then modified by the
distortion which it creates in the electronic orbitals of the
observed ion itself. This effect is accounted for by the Stern-
0760 260 300 460 500 600 heimer antishielding factos. Fpr CuQ planes 6|3[1 hight .
Temperature [K] superconductors, the value ¢fis known to be*?y~—-20
P and Yy~ —9 for 3Cu and*’O, respectively®'?To calcu-
FIG. 2. (a) Temperature dependence Bio(1)[b] at O(1) lad- late the lattice contribution to the electric-field gradient
der leg site in LgCa&CuyOs (O), ShCuOs (A), €0atice; We treat the ionic charges as point charges at their
SK,Ca;CW,0s (), and SECaCuOs (@). (b) 75(1) in lattice locations? The electric-field gradient resulting from
Sr.Cu,0,4;. (Double 7 values caused by slight splitting iWO  these point charges is then summed over the lattice out to a
lines) radius sufficient to achieve a stable valtygpically 50 to 100
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lattice spacings For example, lattice point charge calcula- 1y=—9. Therefore, we conclude that temperature depen-
tions of the electric-field gradient for the undoped material,dent 37y in hole-doped ladders is very unlikely.
LasCaCuw,40,4,, were done with ionic charges for the  The third and only remaining possibility is that a change
(La,Ca site +2.429, Cu+2, and O—2. Oxygen results for in the hole concentration in the ladder £y layer changes
y=—8 are (- 193, +564, —371) kHz for the @1) site and  €0hole Of the doped samples. Unlike lattice changes, addi-
(— 713, +331, +381) kHz for the @2) site, in rough agree- tional holes can account for the signs and symmetry of the
ment with the experimental valuest@0, =516, 540 ' rq temperature dependence. In the following, we wil
+40) and (690, = 170, = 540+ 40) kHz at 291 K. For the  €sStimate the change in local hole concentration in theQgu
copper ladder site, using=—20 and an axial quadrupole ladder required to account for the changes in the electric-

. . . : field gradient.
interaction from the one hole in thed3 .2 orbital of 77 o i : .
MHz,12 point charge calculations give HL.1, +16.9, Additional holes affect the electric-field gradient in two

—17.9) MHz in reasonable agreement with 8.3, = 16.8, ways. First, a hole produces an electric-field gradient at the

_ nuclear site of its own atom througg,,. of Eq. (2). Sec-
+13.5) MHz from measurelments at room temperature: Th%nd, a hole changes the charge of the ion, altering the charge
oxygen quadrupole mteracuoﬁvQ of the undoped material

N . environment of neighboring atoms. This changes the lattice
LagCaClp4O41, Shows a steady decrease with increasings|ectric-field gradient Gagee for neighboring atoms. We cal-
temperature. culate the effect of the holes on the neighboring atoms by
In contrast, for the doped materialSlvg has a dramati-  point-charge lattice summations using the valuesy fsti-
cally different temperature dependence. In the followingmated for LgCa;Cu,,0,;. For our calculations, we consider
paragraphs, we examine the possible causes for the tempeftge possibility of holes in the oxygenp2orbitals of both
ture dependence and conclude that redistribution of thexygen sites and in the copped3_ 2 or 3ds,2_ 2 orbitals.
doped holes is responsible. In principle, the observed changene subscripts, b, andc refer to the crystal axes whebeis
in electric-field gradient could arise from changes in one omperpendicular to the ladder layerjs along the rungs of the
more of the three parts of ER), €Qatices ¥» ande - A ladder, andt is along the ladder direction. We determine the
change in the lattice contributioeg,ice, Would be caused amount of doped holes in each oxygen and copper orbital
by a change in the crystal structure or lattice parameters asfeom 63VQ and the tensor components Eﬂ‘vQ(l,Z) consid-
function of temperature. As discussed by Carrettal,® the ering consistently both the on-site effect of a hole on its own
change in lattice parameters as a function of temperaturducleus and the indirect effect of a hole on nearby atoms.
from 293 K to 520 K can account for less than 1% change infhe resulting equations relating the change' % to the
63,,Q, while the experimental change is about 15%. simi-change in hole concentratiakh in each orbital aréin units
larly, we found that the change of lattice parameters wouldf MH2)
indicate a change of any component'df, of 1.5% or less,
while the experimentally observed chgnge is as much asAﬂVQ(l)[b]:_1'3mh29a(1)_1'33Ah29c(1)_0'55AhC“
20%. In addition, the sign of the temperature dependence of _ _ _
"y, is opposite to what would be expected from lattice 0-1% o)~ 0. 140z~ 020 Notar
expansion. As the lattice expands at higher temperatures, the (43
electric-field gradient from the lattice will generally decrease 17
as we see in undoped §@aCu,,0,;. Clearly, the change in A~ vo(1)[c]=—1.33N;, (1)+2.6@A N5, (1)+0.4%AN¢,
lattice parameters cannot account for the change in quadru-
pole interaction. Another possibility is that there is a local +0.12ANo(3)+ 0.0 ho o)+ 0. 1A hiota,
distortion in the crystal structure. Our analysis using point (4b)
charge calculations indicates that a local lattice distortion
will not produce the experimentally measured sign of the A”VQ(Z)[b]=—1.3’3Ah2pa(2)—1.33Ah2pc(2)—0.4&h(;u
temperature dependence at both the copper and two oxygen
sites. The observed C?f’vQ temperature dependence would —0.20ANg ()= 0.040hg )~ 0.17A hga,
require an increase in Cu-O bond length, while theé"@, (40)
would require a decrease. More complicated lattice distor-
tions involving further neighboring atoms do not overcome A”vQ(Z)[c]: —1.33Ahy, (2)+2.660h,, 2y~ 0.3 N,
this. Thus, lattice changes are not responsible for the large @ ¢
change in electric-field gradient. +0.1A hg(1y+ 0.0 hg(2)+ 0.1A hygy,
A second possible source for a change in electric-field (4d)
gradient is a changebzin the Sternh%Lmer aggsfhielding factor
. However, Shimiztf showed that*>>y= — or copper
Ziloes not vary significantly between Zopper oxide rr?gterials AGs”Q[b]:77Ah3daLc2+ 12Ahcyt+ 358 No)+ 1440 )
with doping and temperature. Furthermore, our point charge 13N (40
calculations reproduced bottfyg and v, tensors of un- total
doped LgaCaCu,,0,; with 8y=—20 and'’y=—8, very
close to values known for high<T cuprates, ®3y= — 20, ANo = ANzp 1.2+ Ahgp (1,9), (4f)
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5 6 . . . . . larger uncertainty in the calculation of the holes on the cop-

3 sl oo® i per site because of the importance of the lattice contribution

S s o * of the oxygen holes to the calculat&tv,, .

o = 4f A 4 We emphasize that Fig. 4 just shows the additional holes

3 3 3.. DD N | necessary to account for the temperature dependence of the

g 5 DE‘ N electric-field gradient. The low-temperature regionvgffor

2 § 2r ml T SrCu,0,4, was taken as a starting point from which the

S5l o A | additional holes necessary to account for the temperature de-

g s O a pendence of!"®%, are calculated. This is done to avoid

= OfD g Aat ] uncertainties in the lattice contribution to the electric-field

2 1 , , , , , gradient. Lattice point charge calculations are clearly a sim-
0 100 200 300 400 500 600 plified approximation which prevents an absolute determina-

Temperature [K] tion of the hole concentration in the ladder Q4 layer.

However, for S§CaCuy,Oy1, v is still changing down to
the lowest temperatur€lO K) and our calculations do sug-
gest that holes are still present in the ladder layer at 10 K as
shown in Fig. 4. We emphasize that the physical picture
given by this analysis is independent of the lattice point
2! (49 charge calculation and the value of For example, calcu-
lating v without including any lattice contributions does
Ahioa= (14120 Ahg+ (147120 Ahg1)+ (7120 Ahgp) - increase the number of holes required in each orbital to ac-
(4h)  count for our measured,, but does not change the symme-
_ ) try of the orbitals where the holes reside. From Table I, we
These equations have three types of terms. First, the termge that the majority of the holes reside on thel)Gsite
that refer to specific atomic orbitals result from the on-site[2_6% on @1), 0.65% on @2), and 0.9% on Cu site per
effect of a hole on its own nucleus. Second, the terms thagqder Cq. For the Q1) site, the on-site hole contribution is
refer to the holes on specific atomic sites result from thene dominant effect in the calculation and the contribution
change in the lattice electric-field gradient caused by holegom the lattice effect of holes on nearby ionsi€5%. That
on ne|ghb0(|ng atoms in .the ladder layer. Third, the finalihe holes primarily reside in oxygerp2- orbitals is consis-
Ahyoy term in these equations results from the effect on thgent with x-ray absorption spectroscdpyand other copper

lattice electric-field gradient of removing these holes fromgyiqe materials, such as YBAu,O, and (La,Sr)Cu@ 1015
the chain layer. This third contribution is calculated based on

the assumption that there are no holes in the ladder layer of
S14Cly 404, in the low-temperature region below 210 K and

that additional holes in the ladder layer are removed evenly Other measurements of thesg,Cu,,0,; materials also
from all of the chain layer atoms. For the upiaxially aligned point towards changes in hole concentratioriTt Optical
powder samples, we have only measubeaxis quadrupole  conductivity measuremerit®f the Drude peak at low fre-
frequency and we assumed that the distribution of holes beyyency are attributed to carriers in the ladder layer. The tem-
tween the oxygen and copper orbitals was the same as Werature dependence of the integral of that peak, which rep-
S14CU404; - resentdN/m* (carrier number over effective masss similar
We summarize the total number of additional holes re+q that of the electric-field gradient. Charge transifort
quired in the ladder GiO; layer to produce the experimen- shows an anomaly at aroufid for several doping levels as
tally observed changes 6f *%vq in Fig. 4, and the distribu-  symmarized in Fig. 5 and also a possible collective excita-
tion of the holes between the oxygep Prbitals and copper tion in SK,Cu,,0,; below T*.'8 In addition, magnetic
3d orbitals in Table I for Si,Cuy,04; at 500 K. The change  sysceptibility®!” indicates that the ladder layer contributes
in hole concentration for $iCu,0,; from low temperature  to the susceptibility only abov&*. The mean free path of
to 500 K represents an observed increase of less than ofgyder magnetic excitations also shows a sharp decrease
hole in the ladder layer out of the six holes implicit in the 5roundT* . 1°
Sn4Clp4Oyy formula unit. Primarily, the holes go into the  also correlated with the changes in electric-field gradient
oxygen Do orbitals, the @1) leg site D,(1) and D(1)  are magnetic changes seen in the nuclear spin-lattice relax-
and the @2) rung site 2,(2). There is possibly also some ation rate 1T, for %3Cu’ 1/T, generally measures low-
hole transfer to the ladder copper site, but there is mUCIénergy spin fluctuations. As shown in Figb§ %Cu 1T,
crosses over from a low-temperature gapped regime where
TABLE |. Additional observed holes in ladder layer orbitals of 1/T, roughly follows an activation law exp(Ar;/kgT) to a
Sn4CO4; at 500 K deduced front” g paramagnetic regime. The onset of the change in the electric-
field gradient,T*, is at the beginning of the crossover from
O2p4(1)  O2po(1) O2a(2) O2p(2) Culdez-cz  yhe |oy.temperature gapped regime to the paramagnetic re-

1.3+0.3% 1.3-0.3% 1.0-:0.3% 0.3-0.3% 0.9-0.6% gime. In addition, for Sy,Cu,,0,;, Takigawaet al.” and Car-
retta et al® noted that forT<225 K, the fit of the nuclear

FIG. 4. Additional observed holes in the £ ladder layer per
ladder Cu as deduced frotfO and ®*Cu vq for Sr;,Cu,O41 (A),
Sr1CaCly,04 (O), and SgCa,CU04; (@).

Ahg,= Ah3da2,

Ill. DISCUSSION
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600 . . . der abovel* could arise from two obvious sources: transfer
from the chain layer, or delocalization from unobserved re-
gions of the ladder layer. Transfer of holes from the chain

%3 400 i layer seems quite plausible because of the coincidence of the
= temperature of the delocalization of holes on the chain with
® the appearance of the holes in the ladder laydratNMR,’
2 / ESR? and x-ray diffraction experimerftsall show that the
§ 200 |- 1 holes in the chain delocalize at arourid =210 K for
X, }/ Sn.Cuw,04,. The ESR experiment also indicates charge or-
X// dering of the chain at 170 K for $C&Cu,,0,4; and at~ 80
0 . . L K for SryCa;Cu,,0,;,%° consistent with our observation of
000 005 010 015 020 hole increase in the ladder layer starting at 140 K for
P, [holes /ladder Cu (at RT)] ShCaCuy,0,4; . Transfer of holes from the chain to the lad-

. , der layer also explains one apparent discrepancy. Below the
FIG. 5. T (@, this work, Tyan (X, after Ref. 16, Ay, (A, chain ‘charge ordering temperature, NMRef. 7 and neu-
from Ref. 5, andA, (M, from Ref. 3 for various room tempera- o gcatterind? measurements show separated dimers on the
ture hole-doping levels, [Ref. 4, LaC&ClyOu (PL=0).  chain of Sf,Cu,,0,,. The separated dimer model has six
ShyClOs  (PL~0.06),  SiCaCL0Oy (PL~012), and g per formula unit, which is all of the holes expected in
SrCxCWw,04; (P ~0.17). Crosshatched region indicates WhereSr14CuZ4041. If no holes move between chain and ladder
hole transfer occurs. layers, this does not leave any holes for the ladder layer. This

magnetization decay to the standard solution of the rat%?rglr'cg’ wgh tgtehr?iatseu,;ergfar;hg QOltehsis"\]N:)hri :‘:ddir E(I:Zrl]e
equations becomes poor, and the rafieifT,)/(531/T,) de- 14 hd a1 9 P y P

creases from®y/53y)2=1.15 indicating that charge fluctua- conductivity? Takigawaet al.” noted this discrepancy and

tions are contributing to the relaxation. The quadrupolar ref”‘lso pointed out that any no.nst0|ch|ometry did not seem
. . . large enough to account for this effect. On the other hand, if
laxation is maximum at about 100 K for S€u,,041

indicating that charge fluctuations have slowed down to theboIes do move from the chain layer to the ladder layer with

7 A increasing temperature, there is a consistent picture: the
NMR frequency’ A.S show_n n Fig. @), we found that holes are all on the chain below 210 K and gradually transfer
quadrupolar relaxation is significant belolv=A+; for all

hole-doped samples. Most likely, these charge fluctuationt0 the ladder plane at higher temperatures, as shown in Fig.
are associated with very slow hole motion in the ladder™

plane.
The additional holes that are observed in theQulad-

The second possible source of holes is delocalization from
unobserved regions of the ladder layer. The hole concentra-
tion in the CyO; ladder belowT* can be smaller for the
majority of the Cu and @,2) sites, if holes are localized

1'20_(§)_ _' i 16f§/§y)2_ 'mgg_néti_c [el_all)_<a£io_n within the NMR time scale { usec) belowT*. One pos-
o0 ¢ (4§ A sible piece of evidence in support of this possibility is the
1100 o .AAA I existence of a collective excitation in the conductivity of
o Sr,Cuy,0,; below ~170 K.28 This might indicate the mo-

- 1 tion of pinned charges in the ladder layer. However, the ori-
A gin of the collective excitation is not clear. In addition, the
B = o ] spectral weight of the conductivity peak is at least six orders
L. - % L) eharge relaxation of magnitude smaller than that expected usihg-0.07 and
an effective mass equal to the free electron mass. Thus, this
excitation may involve a very small number of holes. The
anomalies in charge transport and magnetic susceptibility
measurements have been interpreted as charge localization at
T*,Y" but this does not seem to account for the NMR results.
This scenario requires NMR line broadening or splitting
aroundT* due to the localization of holes, but we did not
observe any significant broadening of the NMR line shape
aroundT*. Some NMR quadrupole satellite lines are slightly
split, but the size of the splitting is temperature independent
(shown by in Fig. 2). Additionally, the peak in quadrupole
FIG. 6. (@ Temperature dependence of the ratio "elaxation for Sg,CupO4 (Ref. 7) implies that the hole mo-
65(1/T,)/%%(1/T,) for SruClhuOsy (A), SHiCaCU04 ((), and  tion slows down to the NMR frequency only at around 100

S,CaCly,04; (@). A few representative error bars show) K, so the charge dynamics at higher temperatures such as
8(1T,) for LaCaCw,Osn (O), SnCuyO, (A), T*=210 K should be faster than the NMR time scale, not

Sr,CaCuy,0,; (), and SgCaCu,,0,; (@). Lines are guides for  slower. Therefore, this delocalization scenario does not seem
the eye. as consistent as the possibility of holes transferring from the

o
©
=}

65(1/T1)/63(1/T1)
P
o

-
N
[=]
o

8Bcu (1T ), [sec M

Temperature [K]
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chain to the ladder layer. However, the quadrupolar relaxat the beginning of the magnetic crossover from the low-
ation does imply that the ladder layer has nearby charge fludemperature gapped region to the high-temperature paramag-
tuations, so it is possible that some holes do localize on thaetic region. This suggests that spin and charge degrees of
ladder layer. freedom are closely connected in the hole-doped two-leg
Cuw,0; ladder ofA1,Cuy40,4,. Holes are excluded from the
IV. CONCLUSION majority of the ladder plane beloWw*, when the two-leg

) 63 ladder is in the low-temperature spin-gapped state. Above

We report a detailed study dfO and ®*Cu vq measure-  7* "the spin-gapped state is disturbed by holes and spin ex-
ments 0nA1,Cl,404, two-leg ladder sites. The charge envi- citations are seen in T and magnetic susceptibility.
ronment of the ladder layer for the doped samples dramati-

cally changes at temperatures ab@ve An increase in the
effective hole concentration is observed in the ladder layer
aboveT™*, primarily in oxygen Do orbitals. We suggest that
these holes may be transferred from the chain layer. The Early parts of this work were supported by NSF DMR
change in the charge environment of the ladder layer occur89-71264, NSF DMR 98-08941, and NSF DMR 96-23858.
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