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The authors report on NMR-NQR, dc susceptibility and resistivity measurements,in $a Cu,,0,, for
0=<x=<2. The analysis of the dc susceptibility points out that only a small fraction 6f Gpins are involved
in the dimerization of C(1L) O, chains while the remaining spins possibly form Zhang-Rice singlets with the
localized holes. The role of structural distortions, evidenced either in NQR spectra or by anomalies in the
resistivity measurements, in assisting the dimerization is discussed. The introduction of extra holes by Na
doping is observed to slightly decrease the C&{1niform static susceptibility at low temperatures, to reduce
the amplitude of the gap between singlet and triplet states in the gD{2Wo-leg-ladders and to increase the
conductivity. The amplitude of the gap in the dimerized chain, derived either from dc susceptibility or
ZNallT, was found to be the same, while a discrepancy is found in the estimate of the amplitude of the gap
in the ladders by the same two techniqUe&x0163-182608)05018-4

. INTRODUCTION susceptibility and NMR measurementsThe chains are in-
trinsically doped by six holes due to the three exceds O
The discovery of high-temperature superconductivity hasons present in the stoichiometry. By doping this system with
brought a renewed interest in the study of low-dimensionaC&" an increase in the chemical pressure was obtained, a
cuprate$ and the search for superconductivity in the quasi-more efficient transfer of holes to the ladders was observed
one-dimensionalquasi-1D ones[ (Sr,Ca)C,40,] has re-  and a superconducting state was realized.
cently proven to be successfullhis fact appears of major In this paper we report on the modifications of the spin
interest and could lead to a reexamination of the propertiedynamics in the chains and in the two-leg ladders of
of high-T, superconductor§HTSC'’9) in the frame of a  Sr,Cuw,,0,; after the introduction of extra holes by?Srfor
quasi-1D scenario, particularly if a phase separation takeNla* susbstitution. By varying the Nacontent we expect to
place®* Namely, HTSC's could be considered not as ran-vary the concentration of holes in the ladders, due both to an
domly disordered 2D compounds but as compounds whericrease in the chemical pressure and to the heterovalent na-
the strong correlation causes the segregation of the itineramiire of the substitution?®Na nuclei are also excellent NMR
holes along stripes or rivet§ which separate hole-depleted probes and allow one to achieve further information on the
antiferromagnetidAF) spin-ladder structures. In particular, Cu(1)0O, chains spin dynamics. In the following, through a
the gap in the spin excitations observed in the normal state afuantitative analysis of susceptibility data we will show that
underdoped HTSC's should not be associated to the one ewnly a small fraction of Cu(1)" spins dimerize around 80—
pected for randomly frustrated 2D quantum ARef. 7) but 100 K, the remaining spins possibly forming Zhang-Rice
to that existent when an even number of chains are paired tsinglet$? with the localized extra holes even at room tem-
form anS=1/2 spin laddef. All these conjectures, however, perature 2Na nuclear spin-lattice relaxation ratel1/at low
are speculative ones at the moment and further extensiiemperatures is determined by the spin dynamics in the
investigation of either pure or hole doped quasi-1D cuprate€u(1)O, dimerized chains. At temperatures abow@00 K
and a comparison with normal state properties of HTSC's is®Na 1/T; shows an anomalous behavior which cannot be
required. explained in the frame of the simpf&=1/2 chain dimeriza-
S, Cw,404; is the parent of this new family of quasi-1D tion scenario. The possible effects of structural distorsions on
superconductors and its structure comprise6l¢@, chains  *Na relaxation is then discussed, particularly in the light of
and Cu(2)0; two-leg ladders. Cu(1)** spins dimerize the anomalies observed in the temperature dependence of the
around 80—100 K and the origin of this dimerization is still resistivity and of the ®3Cu(2) nuclear quadrupolar fre-
under debaté® On the other hand, the comprehension of thequency. The high temperature behavior HCu(2) NMR
properties of spin excitations in the two-leg ladders could bel/T, is driven by the two-leg ladder spin dynamics and one
considered almost complete if it was not for the discrepancybserves that the amplitude of the gap between singlet and
by almost a factor 2 in the value of the gap derived from ddriplet states decreases with Naloping, pointing out that
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extra holes are introduced in the Cu®) ladders. The 20
same behavior was deduced from the analysis of dc suscep-
tibility measurements. However, at variance with the situa-
tion observed in the dimerized chain, the amplitude of the
gap derived from this technique is smaller than the one de-
rived from 11T,.

Il. SAMPLE PREPARATION AND EXPERIMENTAL
DETAILS

Snra «NaCu04; (x=0,0.7,2) was prepared by solid
state synthesis starting from high purity CuO,,8g0,, and
SrCG;. The starting materials were weighted in the required
stoichiometric ratio, suspended in acetone and mixed over-
night. The acetone was evaporated and the resulting powder
was pressed isostatically at 2000 bars to yield a compact 0
pellet. The pellet was then heated in a platinum crucible at 12
800 °C in a pure oxygen flux for 76 h with two intermediate
grinding and pressing steps. The completion of the chemical
reaction and the homogeneity of the as prepared material was
checked by x-ray powder diffraction and microscofipti-
cal scanning electron microscope and electron microprobe
analysis(EMPA)] inspection. According to the EMPA mi- b)
croanalysis, during the synthesis no loss of Na occurs when
the reaction is carried out at 800 °C. A sizeable evaporation
of NaO takes place only if the temperature is raised over 404 -
850 °C. We point out that using this procedure we did not
succeed in increasing the Naontent abovex=2. The sto-
ichiometry of the oxygen content of the as prepared materials
was measured by following the weight loss occurring in the
reaction at 500 °C with a flowing mixture of hydrogen in 20- ° -
argon(7% H,) with a TA Thermal Analyst 2000 apparatus
equipped with a thermogravimetric analyzer attachment. A
platinum pan was employed as a sample holder. The x-ray
diffraction patterns were found in agreement with the index-
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ing scheme reported in Ref. 13. Resistivity measurements 0 ———— —_—

were performed by a standard four probes technique. 0 20 40 60 80 100
Standard dc susceptibility measurements were performed T (K)

with a SQUID magnetometer, directly providing the magne-

tization M of the sample in an applied field. Hereafter we FIG. 1. () ®%%u(2) NQR spectrum for the=2 sample at

will call susceptibility the quantity=M/H, which does not  T=77K. () Temperature dependence of the full width at half in-
necessarily correspond talk1/dH),.** In particular, we tensity of the centra?®Na NMR line for thex=2 sample in a field
find that on increasing the field intensity slightly saturates H,=5.9 T along theb axis.
(see the inset to Fig. 5 later pn

NMR and NQR measurements have been performed biral line is also well defined and its width is around 10 kHz,
using standard rf pulse sequencéSCu(2) NMR-NQR instead of the~40 kHz observed for the unoriented pow-
spectra were obtained by recording the echo intensity owlers. This linewidth is close to the one expected on the basis
sweeping the irradiation frequency®Na NMR spectrum of of an estimate of the quadrupolar coupling frequengy
the central line was derived directly from the Fourier trans-from point charge calculations. In particular, if Naeplaced
form of half of the echo signal, obtained for a long delay SP* ions, one would obtaing=2.8 MHz, with an asym-
=100 us between the pulses in order to avoid contaminaimetry parameter;=0.6, and a corresponding powder spec-
tion from %3Cu(1) NMR signal. This procedure was used trum for the centraP®Na NMR line with a linewidth around
also during®Na T, measurements. Th&Cu(2) NQR fre- 30 kHz. 2Na NMR linewidth in the oriented powders is
quency strongly depends on temperatfirand the corre- observed to increase on decreasing temperature in a Curie-
sponding spectrurhsee Fig. 13)] lightly broadens with in- like form, evidencing the presence of randomly distributed
creasing Na dopingx. The NMR measurements were unpaired spingFig. 1(b)].
performed in powders aligned with theaxis parallel to the The recovery of %3Cu(2) nuclear magnetization after
magnetic field. For this orientatiof?Cu(2) NMR spectrum inversion of the population between thel/2 levels obeys
is characterized by a well defined central line, correspondinghe characteristic double exponential lay(t)=0.1lexp
to %Cu(2) nuclei, shifted by=1.3% from a less intense (—2Wt)+0.9exp(— 12Wt), with 2W=1/T, [Fig. 2(a)]. For
spectrum corresponding t5Cu(1) NMR line!* 2Na cen- %*Na a double exponential recovery law is also observed
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FIG. 2. (8 Recovery of®3Cu(2) nuclear magnetization after
inversion of the population between thel/2 levels in NMR.(b)
Recovery of Na nuclear magnetization after inversion of the
population between the:1/2 levels in NMR.
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FIG. 3. Recovery of®Cu(2) nuclear magnetization after satu-
ration of the population on the 1/2 and=3/2 levels in NQR. In the
inset the dependence of the coeffici&fty) in the exponential re-
covery is reported as a function of the asymmetry paramgter

600

of a relevant contribution from indirect nuclear dipole inter-
action and one has tHat

E(27)=E(0)exd — (27/2T5 clexp—27/Tyr), (1)

where 1T,z=(1/T1), +(a/T4);, with a=3 for NMR when

the central line is irradiated and=2 in NQR. L and ||
indicate the direction of the magnetic field with respect to the
b axis. Since for®3Cu(2) the decay of the echo is strongly
dominated by the Gaussian term the uncertainty in deriving
1/T; anisotropy[ (Ty);/(T1), =3.9],* influenced by small
misalignments, is not relevant for the estimateTgg, .

Ill. EXPERIMENTAL RESULTS AND DISCUSSION
A. Resistivity and dc susceptibility

The temperature dependence of the resistivity i6 re-
ported in Fig. 4. For all samples the trend @f/s tempera-
ture is similar and evidences two different regimes, below
and above a crossover temperatufg=130 K. At this
temperature one observes a characteristic kigle the inset
to Fig. 4 which is peculiar of structural distortio8 Above
T, an activated behavior is observed with an energy bar-
rler E decreasing with increasing (see Sec. IY. At T, a

but with the coefficients of the exponentials which differ sharp increase of the energy barrier to a vaﬂiLels ob-
from the ones reported above, possibly due to the partiaderved, as shown by the plot of the derivative of thep)n(

irradiation of the satellite lines. Then, the long decay com-<see the inset to Fig.)4The occurrence of structural distor-
ponent[exp(—2Wt)] allows for an accurate estimate of tions could play an important role in the dimerization of
1/T, [see Fig. ®)]. The weight of the two exponentials Cu(1)Q, chains since it can modify the CI-O-Cul)
changes as a function of temperature possibly due to modbonding angle and the corresponding superexchange
fications in the electric field gradient at théNa site, as  coupling®* In fact, if the Cy1)-O-Cu1) bonding angle re-
observed also for®Cu(2)* On the other hand, in NQR mained around 90°, as at room temperafuiewould be
®3Cu(2) recovery law is characterized by a single exponendifficult to justify a superexchange coupling along the
tial y(t)=exd —k(n)Wt], wherek(») is a factor which Cu(1)G chains giving rise to a dimerization g&g,=140 K
depends on the asymmetry paramefeand in the case of (see in the next paragraph
83Cu(2) one hak(7=0.6)=5.6 (Ref. 14 (see Fig. 3. Be- The temperature dependence of the dc susceptibility is
low =90 K some slight deviation from the above recoverydue to a dominant contribution from Cu(®) spins and its
laws can be observed. trend is the one expected in the case of spin dimerization
The decay of®3Cu(2) echo intensity, on increasing the with a broad maximum around 100 K, as first pointed out by
delay r between the rf pulses, is the one expected in the caselatsuda and Katsumat8.Cu(2* spins in the ladder are
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FIG. 4. Temperature dependence of the resistivity forthdé®
(solid line) andx=2 (dotted ling samples. In the inset we report o2 04 06 o0 7o
the derivative of Inp) with respect to I for the x=2 sample H(Tesla)
where a clear peak around a temperafliyés observed. 0'0 i 5'0 j 1(')0 ) 1,'50 ' 2(')0 ) 2,'50 ) 300
strongly coupled forming singlets and their contribution is T (K)
rather small, however, not negligible far=200 K. There-
fore, one can write the total spin susceptibility as FIG. 5. Temperature dependence of the dc susceptibility for the
x=0 (squarep and x=2 (triangles samples. A low-temperature
x=(10/24 xp+ (14124 x\_, 2 Curie-Weiss contributionycyw=C/(T—0®) has been subtracted

from the raw data, withC(x=0)=0.015 emu K/mole Cif,

. . . C(x=0.02=0.0167 emu K/mole Ci, ®(x=0)=-1.23 K, and
chains andy, that of the ladder. The coefficient in front of 0(x=0.02=-1.14 K. The solid lines give the best fit according to

: +
ea_ch tern; glvels tha péarcr(]entage of Ctl)f(*l)a_nd C_u(if f Egs.(3) and(4) over all the temperature range. In the inset we show
spins per formula unit. Both terms can be written in the OMihe field dependence of the magnetization at two different tempera-
tures for thex=0 sample. The line is a guide to the eye.

where yp is the susceptibility of the dimerized CL)O,

NaQ?ug 25, (T,Apy) 3
XD,L™ .
keT 1432, (T,Ap ) increases fromm,=6.4 ton,=7 on increasingk. Keeping

For a chain of noninteracting diméfs one has z these two parameters fixed one can estindgtdrom the fit
=exp(—Ap/T), while for a two-leg ladder in the isotropic of the data over all the temperature range with E(qB.
limit (3=J,=J=2A_,J; being the superexchange and (4) (see Fig. 5 One hasA =500 K for x=0, wh_lle_
coupling along the chains andl in the rung$ and for J A =420 K for x=2. It should be mentioned that a similar
>T, one has, =0.4/T/2A exp(— A, /T).18 value for the gap of the«<=0 sample can be determined

! : . i 63 i

From a quantitative analysis of the susceptibility data a@iréctly from >*Cu(2) NMR shift data. o
low temperature$T<200 K), one immediately realizes that 1€ value forn, derived for the pure compound is in
only around 35% of the spins in the () O, chain contrib- 900d agreement with the valug =6 that one would expect
utes to the susceptibility. This fact indicates that in the@n the basis of previous considerations on the oxygen sto-
chains, at relatively high temperatures, there are Cii(1) Ichiometry. From the same considerations, for2 one
spins forming singlets. As first suggested by Caeteal, w_ould.expect a stronger increasergf. The fact that only a
on the basis of analogous measurements, this could Rlight increase is observed suggests that part of the holes start
related to the formation of strongly bound Zhang-Ricef‘O dope the Cu(2)05 I.adde_rs, causing_the observed decrease
singlets'? formed by the Cu(13" spins and the extra holes I AL The opservaﬂons in the previous paragraph suggest
intrinsically present in this compound. If one supposes thathat '_[he dimerization occuring at low '_temperatures involves a
there aren, of these localized holes in the chain, per formularlatively small number of Cu(£) spins. The fact thatp

unit, the dc susceptibility should be reduced by a factorS independent on doping suggests that the dimers are weakly
(10—n;,)/10. Then one has interacting and supports the use of the expressionfarsed

in the analysis of the low-temperature dc susceptibility data.

~10-n, N 14 @
X 24 X0 2aAL B. 2°Na nuclear spin-lattice relaxation rate
By fitting the low temperaturéfor T<130 K x, is negli- Now we turn to the discussion of the spin dynamics in

gible) experimental data for the=0 andx=2 compounds the chain probed by®Na NMR 1/T,. The temperature de-
with just the first term of the above equation one can derivpendence of*Na 1/T, for H|/b is shown in Fig. 6. One
n, andAp. One finds thatAp=140 K, weakly sample de- observes an increase on decreasing temperature and then a
pendent, while the number of localized holes in the chairsharp activated decrease at low temperatures. This tempera-



57 SPIN DYNAMICS IN HOLE-DOPEDS=3 CHAINS ... 11549

e term of Eg. (5)]. Then the temperature dependence of
1/T, for T<Ap | is an activated one, the value ofT4/in-

o creasing with the increasing population of triplet stafe®.
One has

2 A
T, o ﬁex;{ - kB—T>{(A§)q0[O.89O9— (g /ksT)]
s +(A?)4-0[0.8909- In(f we /K T) ]} (6)

At temperaturesT>A, 1/T,; reaches asymptotically the
value

1T, (s)

2
- v2 S(S+1) V2
M=% —3 (A§+Af)w—E (7)

» . . [ with wg the Heisenberg exchange frequency which for an
(o | 5 15 ;2 S=1/2 chain corresponds tdkg/%. This is indeed the be-
L] _ _ __1000T(K) havior observed for®Cu(2) in the S=1/2 AF two-leg
0 50 100 150 200 250 300 350 laddet* and inS=1/2 dimerized chain&. however, it is not
T (K) the one observed fo?3N_a /Ty in Sty N&Cup,04y which
between these two regimes shows a broad maximum.

FIG. 6. Temperature dependence ?9Na 1/T, for the x=0.7 The broa.d peak irf*Na 1/T, §hou|d not_ be gssociated
(circles andx=2 samplegsquaresin a magnetic fieldH=5.9 T to the, S|0\'Nlng.d0W.n of the spin ﬂucwa,t'ons, 'ndu_ced b_y
along theb axis. In the inset the corresponding Arrhenius plot is hole diffusion since in that case a peak with higher intensity
shown forT=100 K. The solid lines shows the activated trend for Should be observed, even if one considers just a dipolar
Ap=130 K. coupling of ?®Na nuclei to Cu(1j* spins?** Further-

more, it would imply that the hopping rate of the holes in the
ture dependence is very similar to the one of the spin suschain is around nuclear Larmor frequenoy=4x 10° rad/s
ceptibility and the activation energy estimated from thearound 130 K, which is not compatible to the high activation
low-temperature trend if\p=130 K. This value is very energy E,=0.2 eV) derived from transport measurements
close to the one derived from susceptibility measurementésee Fig. 3?° Moreover the activated temperature behavior
and points out thaf—3Na nuclei below~130 K probe essen- below 100 K should be characterized by a gap related to the
tially Cu(1)?* spin dynamics. Only at high temperatures hole itineracy{ 1/T;«exp(~ E,/kgT)] and not toAp, as it
the contribution from Cu(2" spin fluctuations to the relax- is found. _ _
ation start to be observed, giving rise to a smooth increase in On the other hand, one could suspect that the maximum is
23\a 1/T,. Nuclear spin-lattice relaxation rate can be ex-due to structural distortions, which either progressively
pressed in terms of the components of the dynamical struc{fcl’gi;y trt]e Typerfine ccaumingt 'Or|cau$g?f2i S|]9Wint% dtOtVr\]/n of
RV e ot ield fluctuations around a critical regionThe fact that the
ture factorS;_; ,(d,@) = /Z(S;(1) S;(0))e**"d(z]Hol[b), structure of this compound is rather soft has been already
evidenced by the strong temperature dependence of the
2 83Cu(2) nuclear quadrupole frequency, which changes by
1f|-1:27_NZ [A(0)2S,(q,0n) + A, (9)2S, (0, we* 0y)] more than 20% over 500 K and by the anomalies in the
q resistivity aroundT,. Remarkably, the broad maximum in
) 2Na 1/T, occurs aroundr ,- However, a structural transi-
with w andwy, the electron and nuclear Larmor frequenc:ies,':)IOn usually gives rise to sharp singularifiésind not to a
. . o road maximum as the one observed. Therefore, we believe
respectivelyA, ,(q) are form factors describing the hyper- at the effect of the structural distortions 8#Na 1/T,, if
fine coupling of the spin excitations at wave vectpwith  any, could be the one of progressively modifying the hyper-
the nuclei. The coupling of*Na to Cu(1§* spins will  fine coupling to Cu(13* spins. Nevertheless, to definitely
be assumed to be essentially of dipolar origin, consideredxclude a dynamical origin of the maximum, a careful study
the order of magnitude of T4. Then, both terms of the of the field dependence dfNa relaxation rate is required.
above equations are present. In dimerized chains, two-
leg ladders or Haldane gap systems, for low temperatures ¢ 63cy(2) NMR-NQR relaxation rates 1/T; and 1/T g
and low magnetic fields gugH/kg<T<Ap ), only the
low part of the triplet magnon branch is populated. In that Now we turn to the discussion of the temperature depen-
case, following Sagi and Afflec®, the nuclear relaxation dence of®3Cu(2) 1/T, (see Fig. 7. The hyperfine coupling
is dominated by indireatj=0 processes which can be either tensor for®3Cu(2) is essentially on sité?*and it is diagonal
intrabranch(Am,=0) ones, described by the first term of in the frame of reference of the crystallographic axes; there-
Eq. (5), or interbranch(Am,==*1) ones where a simul- fore the first term in Eq(5) is absent foH|lb. Around room
taneous flip of the electron and nuclear spins odeecond temperature®®Cu(2) 1T, probes the spin dynamics in the

in the form
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FIG. 7. (a) Temperature dependence $Cu(2) 1/T, for the
x=2 sample in a magnetic field=5.9 T along theb axis. The
solid line describes the high-temperature activated trdpdTem-
perature dependence &fCu(2) 1/T; for the x=0.7 sample in
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FIG. 8. Temperature dependence®Cu(2) 1/T,g for thex=2
sample in a magnetic fieltl=5.9 T along theb axis. The solid
line shows the results from QMC calculations by Sandetial.
(Ref. 3) for J=850 K and a transferred hyperfine coupling
B=-0.1A,.

tions in the ladders. One observes that the gap amplitude
decreases on increasing implying that holes are being in-
troduced in the ladders with Nadoping and perturbing the
S=0 ground state. Accordingly one observes a decrease in
the dc resistivity gap. This dependence on doping is analo-
gous to the one observed by Kumagaial?’ and Magishi
et al?® in Ca doped compounds, where the change in the
chemical pressure promotes holes from the chains to the lad-
der. The amplitude of the ga, estimated from I, mea-
surements, however, differs by a facterl.4 from the one
estimated from dc susceptibility data. This difference was
also observed in other two-leg ladder cuprates, as Spgtt
however, it is not always present and there &rel/2 two-
leg ladders where it is not observ&dThe origin of this
discrepancy is still under debate and it will be briefly dis-
cussed in the last section.

83Cu(2) transverse relaxation rateT34, derived from
the decay of the echo amplitufieee Eq(1)], is much higher

NQR. The solid line describes the high-temperature activated trenqhan the one associated to the direct nuclear dipole interac-
tion and is related to the indirect nuclear dipole coupling via

ladders and, since the energy gap is around 500—700 K, the localized C&i* magnetic moments. In this case one can

its temperature dependence is activdteee the second term express the transverse relaxation rate in terms of the real part

in Eq. (6)]. It is interesting to notice that I{ in NMR is  of the static spin susceptibility,,(q,0) along the quantiza-

reduced to nearly half of the value measured in NQR. Thigjon axis z=b)*®

fact could be considered as an indication of the logarithmic

divergence of IV, on decreasing.* wy [see Eq(6)]. Re- 12 0.69 1

cently, by means of a careful Zeeman perturbed NQR study ( ) =——h2y* —E (AZ)‘E[)(;Z(ﬁ,O)]2

the divergence of%Cu(2) 1/T, was confirmed to be g N%g K

logarithmic?® At low temperature§T<150 K) a broad peak 2

superimposed to the activated trend is observed. This peak — } (8)

occurs at temperatures lower than the one observedNa

1/T, and, therefore, should not be related to relaxation pro-

cesses involving Cu(£) spin fluctuations, but rather to the with =4 for NQR ands=8 for NMR when irradiating the

slowing down of the spin fluctuations induced by holés.  central line. In Fig. 8 one observes that on decreasing tem-
The high-temperature behavior allows us to estimate th@erature 1T, progressively increases. By comparing the

amplitude of the gap\, between singlet and triplet excita- temperature depndence &fCu(2) NMR 1, with the

Ty

1 -
N (A)ax:4a.0)
q
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guantum Monte Carlo(QMC) calculations by Sandvik S
et al® we observe a reasonable agreement, provided one Sr.. Na Cu..O
considers an isotropic superexchange coupling in the ladders  5ppA 14-x"""x~" 2441
J=850 K, i.e.,, a gapA| =425 K, and a small transferred
hyperfine coupling. Therefore, from the measurement either
of the g-integrated or uniform static susceptibility one de-
rives a gap much smaller than the one estimated figm
data. It is interesting to mention that the ratio betweén,d/

in NQR and in NMR s higher than the factqf2 expected o .
from the difference in the constait see Eq(8)] for the two 'ELl e

2
<

(K)
—
o
S
%
x

cases and keeps increasing on decreasing tempetéture.

IV. SUMMARIZING REMARKS AND CONCLUSIONS . 400- -

We have presented a series of NMR, dc susceptibility and qQ
resistivity measurements aiming at clarifying the modifica-
tions of the spin dynamics in QL)O, chains and in 2004 -
Cu(2),0; ladders as a function of temperature and doping in
Sra4«Na,Cu,40,41. The transport and magnetic properties in
the chains appear to be essentially the ones expected for 0
weakly interacting dimers. In fact, the analysis of the suscep- 00 0f5 ) 1f0 ) 1f5 ) 2'0 ) 25
tibilty evidences the presence of a rather small number of ' '
spins which dimerize while the other Cu@t) spins possibly X
form Zhang-Rice singlets with the localized holes. There-
fore, CYU1)O, chains should be rather considered as formed
by dimers separated by an average distance around 4-5 |
tice steps. This could also explain why the intensity of neu
tron scattering spectra shows a peak for wave vectors arou
1/4—1/6 reciprocal lattice unitdt The amplitude of the gap
Ap between thes=0 andS=1 states was estimated either
from the dc susceptibility o”*Na 1/T; data and a good
agreement is observed. The amplitullg=140 K does not

vary with increasing dopingsee Fig. 9, suggesting that the crepancy. . . .
dimers are weakly interacting, thus supporting our analysis A, was estimated from the dc susceptibility data by using

of the dc susceptibility. For a simple dimer, the spin corre-2" expression based on a low-temperature expansion of the

lation function and the charge transfer show singular behaR2rtition function. This approximation should be valid for

iors as a function of the distan@ebetween the spin. In ;53/4" 1.e., In t.he ||sotrotp|c l'tm(;frt’ﬁALf' T_aklng T;fA.L i
particular, on decreasing one can show theoretically the € values previously estimated, the above inequalily Implies

eisence o @ sharp cossover fom eiherSmL or 8~ 197 021 U 1 approAlon a5 RIS K el
charge transfer state to &+ 0 state. This could lead one to ccordpin to gohnstcfﬁ thge small value of the ga measurgd )
assert that for a system with a soft structure such ag‘ 9 gap

o i dc susceptibility is possibly due to a couplidg<J; and
Sr4-«Na,Cuw,,0,4, the anomalies in the resistivity, followed y . .-
at low temperatures by dimerization, can be explained inthe trfend ofy vs T IS also aﬁecté?d by the non-negligible
terms of these arguments. coupling between adjacent laddérdn further support for

: the existence of a small gap, we remark that®*Cu(2)
Concerning the Cu(2)D; two-leg ladders we observe ; L .
that the amplitude of the galy, , derived both from dc sus- 1/T, data could be satisfactorily reproduced on the basis of

ceptibility and 11, measurements decreases with increasin MC simulations® for a gapA, arounq 450 K. Finally,
doping (Fig. 9. This trend is analogous to the one of the ecently, by means of neutron scattering measurements a

activation barrierE';1 measured through dc resistivitFig. 9) \{a!qe for the gap close to the one derived from static suscep-
tibility measurements was fourtd.

and evidences a frustration of the AF correlations on increas- Keeping this in mind one has to understand why 1/

ing the hole itineracy. It is interesting to observe that themeasures a different gap or, in other terms, why @lis

initial suppression rate for the gap=—da,/dx is higher not adequate to derive it. Recently Sachdev and Ddrnle,

for Na-doped $=70 K/Na" ion) than for Ca-doped samples . : ; . ;

~ S 2728 on the basis of a semiclassical approach to describe the spin
(5=45 KIC& +|on), +as expected for the heterovalent na- o, ciations in quasi-1D gapped quantum AF, valid for
ture of the St* for Na" substitution. T<A found that

Despite of the agreement in the trendx/ghe amplitude
of the gap derived from T/ and dc susceptibility differ T
by a factor~1.4. This situation is similar to the one observed _ \ﬁ
in other two-leg ladder cuprates but is at variance with LTycexp(—3A/2T) H ©
the one observed in ladders whedg>J; (Ref. 29 or
in dimers, as the ones formed by Cuf1)spins. Hereafter while

(¢]
(€3

II>

FIG. 9. Doping dependence of the high-temperature transport
ctivation energye" (solid squares A, derived from®3Cu(2) 11T,
(solid circleg, A, derived from dc susceptibility measurements
{gelid triangles, Ap estimated from?*Na 1/T, (open circley and
Ap from dc susceptibility measuremeritspen triangles The lines
are guide to the eye.

we will mention some of the possible origins for this dis-
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(100 persion curve becomes more and more linear aroupd
— /2 and deviations with respect to theTk/exp(—A/T)
One notices that in this case the gap probed Ay Bhd y behaviors are fountf
differs by a factor 1.5, very close to what is experimentally In conclusion, we have evidenced through dc susceptibil-
measured. However, it is not clear why this model should noity and NMR 1/T; measurements a dimerization of @)O,
apply to dimerized chains or to other ladder compodhds chains, involving only a few Cii spins in the chain. The
where the gap derived from susceptibility and'jlis the  remaining Cu(13* spins possibly form Zhang-Rice singlets
same. It is interesting to notice that according to this modelvith the holes intrinsically present. The structural distortions
the low frequency spectral density should diverge/a#d as  evidenced in NQR spectra and resistivity measurements are
the field intensityH is decreased. believed to cause an increase in the superexchange coupling
Another possibility is that one cannot neglect the dampingalong the chain to values arourddy,=140 K. The introduc-

of the triplet excitations on increasing temperature. In thistion of extra holes by doping with Nacauses a reduction of
case ITI'i«(l/rr)exp(—A /T), with 7 the temperature- the susceptibility at low temperatures which is tentatively
dependent lifetime of the triplet excitatioffSlt is interesting  associated to the formation of other Zhang-Rice singlets in
to observe that if one considers a lifetime inversely proporthe chain. Some extra holes are observed to dope the two-
tional to the temperatureto1/T one finds a rather good leg ladders and to cause a decrease in the spin gap and an
agreement between the gap estimated from ahd the one increase in the conductivity. An anomalous behavior of
derived from dc susceptibility, both for=0 andx=2. The = %Na 1/T,, associated either to structural distortions or to
damping of the spin excitations in the temperature range oflynamical effects, is evidenced. The difference in the gap
interest could be due to the lattice vibrations which are neestimated from I; and from measurements of the static
glected in the derivation of Eq6). On the other hand, it is susceptibility (¢ or 1/T,g) in the ladders is related to the
certainly negligible when considering the temperature dependynamics probed by T4. The relationship between T{
dence of the relaxation for two-leg ladders with small valuesand A can differ from the one in Eq6) due to damping
for the gap?® Another possibility is that excitations around effects, to a non-negligible contribution from 3-magnon pro-
g=, involving three magnon®, can become more and cesses and, more in general, because of the form of the dis-
more important as the gap decreases due to a reductidn of persion curve fod,>J, .
with respect taJ. In that case the continuum of spin exci-
tations moves to low energies and there is a higher density of
states with energies®, which are involved in the 3-magnon
processes. Then one should have an extra contribution of the
form (1/T4)zy<exp(—2A,/T). An agreement with the dc ACKNOWLEDGMENTS
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