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Interplay of spin and charge dynamics in Sr14ÀxCaxCu24O41

V. Kataev,1,* K.-Y. Choi,1 M. Grüninger,1 U. Ammerahl,1,2 B. Büchner,1,† A. Freimuth,1 and A. Revcolevschi2

1II. Physikalisches Institut, Universita¨t zu Köln, D-50937 Köln, Germany
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In single crystals of intrinsically hole-doped Sr142xCaxCu24O41 a strong electron spin resonance~ESR!
signal has been observed and studied as a function of temperature and Ca concentration (x50212). Since the
spin ladders show a large spin gap of about 400–500 K, the dominant contribution to the ESR signal below
300 K is attributed to the CuO2 spin-1/2 chains. For all values ofx the data reveal a remarkable influence of
the hole dynamics on the Cu-spin relaxation. This enables us to identify the onset of charge order in the chains
for x50 and 2 at 200 and 170 K, respectively. A further increase ofx rapidly destroys the charge ordered state.
A transition to an antiferromagnetically ordered state is observed at 2.5 K forx512. However, the ESR signal
shows critical broadening already forx>8 at low temperatures, which indicates the development of magnetic
order for values ofx smaller than 12. For comparison we show ESR data of La1Sr13Cu24O41 and
La2Ca12Cu24O41, in which the hole concentration is reduced. The whole set of ESR data can be understood in
terms of a transfer of only asmall amount of holes from the chains to the ladders with increasingx in
Sr142xCaxCu24O41 and a simultaneous crossover from independent dimers to antiferromagnetically coupled
chains, which order at low temperatures due to weak interchain interactions.

DOI: 10.1103/PhysRevB.64.104422 PACS number~s!: 76.30.2v, 71.27.1a, 71.70.Gm, 75.40.Gb
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I. INTRODUCTION

The interesting interplay of spin and charge degrees
freedom in the complex one-dimensional transition-me
oxide Sr142xCaxCu24O41 has recently attracted much atte
tion. Depending on the Ca concentration, one observes m
netic and charge ordering phenomena, metallic conductiv
and superconductivity under external pressure.1 The com-
pound possesses a complex layered structure of altern
Cu2O3 and CuO2 sheets which are separated by~Sr,Ca!
layers.2 The Cu2O3 layers consist of two-leg spin-1/2 ladde
which are built by corner-sharing Cu–O plaquettes. With
the ladders the;180° Cu–O–Cubonds give rise to a stron
antiferromagnetic~AF! superexchange coupling between t
Cu spins, both along the legs and the rungs.3–5 Neighboring
ladders can be considered as magnetically decoupled bec
they are connected by 90° Cu–O–Cubonds, which cause a
weak and frustrated interladder exchange interaction.
CuO2 planes are composed of spin-1/2 chains ofedge-
sharing Cu–O–plaquettes, i.e., along the chains the Cu sp
are coupled via nearly 90° Cu–O–Cubonds.

Independent of the Ca concentration the average Cu
lence in Sr142xCaxCu24O41 is 2.25, i.e., the compound is in
trinsically doped with six holes per formula unit~f.u.!. How-
ever, the electronic and magnetic properties depend stro
on the Ca content. We first focus on Ca-free Sr14Cu24O41. A
calculation of the Madelung potentials suggests6 that for
x50 most of these six holes are localized in the chains
to their larger electronegativity, resulting in a hole conce
tration of about 6/10 per Cu site in the chains. Rec
polarization-dependent x-ray absorption data7 indicate
n50.8 holes per formula unit in the ladders forx50. As
predicted on theoretical grounds,1 the spin ladders of
Sr14Cu24O41 have a singlet ground state with a spin gap
about 400–500 K.8–10 Surprisingly, also the spin chain
show a singlet ground state, in this case with a spin gap
0163-1829/2001/64~10!/104422~10!/$20.00 64 1044
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about 130 K.10–13 The occurrence of this nonmagnet
ground state is related to the large hole concentration in
chains and to the localization of these holes below about
K.4,5,12–14The building units of the nonmagnetic ground sta
are spin dimers11,13 which are formed between thosenext-
nearest-neighbor Cu spins12 that are separated by a localize
Zhang-Rice singlet,15 i.e., by a site occupied by a localize
hole @see Fig. 1~a!#. Neutron diffraction4,5 as well as x-ray
scattering experiments on Sr14Cu24O41 ~Ref. 14! reveal a pe-
riodic spacing of spin dimers together with an addition

FIG. 1. Illustration of possible spin structures for different do
ing levels of the CuO2 chains. Circles indicate Cu sites, the ten sit
represent one formula unit of the chains. The gray squares de
Zhang-Rice singlets.~a! The charge-ordered dimerized state wi
six holes per formula unit. Dimers are formed between next-nea
neighbors, two dimers are separated by two Zhang-Rice sing
~b! A homogeneous antiferromagnetic chain can be formed w
five holes per formula unit.~c! A disordered arrangement of hole
combines AF next-nearest-neighbor couplings with ferromagn
nearest-neighbor couplings.~d! A further decrease of the hole coun
results in short ferromagnetic chain fragments that are coupled
tiferromagnetically to each other.
©2001 The American Physical Society22-1
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structural periodicity, which indicates charge order in t
chains. This is corroborated by an anomaly in thermal exp
sion data.12 The localization of the holes is confirmed by th
semiconducting behavior of the electrical resistivity.13 More-
over, the resistivity data of Sr14Cu24O41 reveal a peak of
d ln(r)/d(1/T), i.e., a change of the effective activation e
ergy at about 250 K which also points towards the onse
charge order in the chains.13 Remarkably, the isotropic in
tradimer exchange interaction between next-nearest ne
borsHiso5Jnnn( iSiSi 12 differs quite substantially from the
usual nearest-neighbor coupling in a chain with 90° C
O-Cu bonds. The latter is weak and ferromagnetic, wher
the intradimer exchangeJnnn is antiferromagnetic and muc
larger, Jnnn'130 K,13,16 which can be deduced from th
magnitude of the spin gap. Interdimer couplings amoun
about 10% ofJnnn both along and perpendicular to th
chains.3–5

Isovalent substitution of the smaller Ca21 for Sr21

strongly changes the electronic properties
Sr142xCaxCu24O41. With increasing Ca content the syste
becomes more conducting.13,17Additional application of high
external pressure leads to a metal-insulator transition an
nally to superconductivity withTc'10–12 K.18,19 It is gen-
erally assumed that the chemical pressure induced by
substitution leads to a transfer of holes from the chains to
ladders, which can be attributed to the change of the elec
static potentials.6 In this scenario the ladders provide th
conducting channel, and neither metallic conductivity nor
perconductivity can be attributed to the chains. The occ
rence of superconductivity in even-leg ladders had been
dicted theoretically.20 Experimentally, the precise extent o
the hole transfer is currently under debate. A substantial
crease of the hole count in the ladders fromn51 holes per
formula unit forx50 to n52.8 forx512 was deduced from
optical conductivity data21 and from n52 for x56 to
n53.5 for x511.5 from NMR.8 On the other hand, recen
polarization-dependent x-ray absorption data7 indicate
n50.8 holes per formula unit in the ladders forx50 and
only a marginal increase ton51.1 for x512. With increas-
ing x the x-ray data also reveal an increasing occupancy
those oxygen orbitals in the ladders that are oriented al
thea axis, i.e., parallel to the rungs,7 thus suggesting a mor
‘‘two-dimensional’’ character of the ladders. However, t
chemical pressure induced with increasingx also results in a
larger overlap of Cud and oxygenp orbitals in the chain
layers, possibly making them more two-dimensional a
therefore more conducting too, as discussed in Ref. 13.

From the point of view of magnetic measurements
issue of the hole transfer appears to be controversial, too
particular, since the spin gaps in both chains and ladders
expected to be sensitive to the hole doping of the respec
subsystems, one might hope to shed some light on the re
tribution of holes by studying the influence of Ca substituti
on the two gaps. As far as the ladders are concerned, N
data8,9 indicate a suppression of the spin gap upon Ca s
stitution, thus suggesting an appreciable hole transfer to
ladders. However, recent neutron scattering experiments
veal no doping dependence of the ladder spin gap.22 NMR
measurements9 of 1/T1 suggest that the dimer spin gap of th
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chains is not affected by Ca substitution, indicating an app
ciable amount of holes in the chains even at high Ca conc
tration. Carteret al.13 analyzed their static susceptibility da
of polycrystalline samples in terms of a dimerized state up
x510 and found no dependence of the dimer spin gap ox.
However, this interpretation requires a drastic increase of
paramagnetic backgroundx0 from about 131024 emu/mole
Cu for x50 to about 1331024 emu/mole Cu forx510.
Moreover, thermal expansion data of Sr142xCaxCu24O41 in-
dicate that the occurrence of a rather large spin gap is clo
related to the presence of charge order, which is suppre
with increasingx.12 Charge order isnot seen in the resistivity
curves of Sr142xCaxCu24O41 for largex.13 Recently, Ammer-
ahl et al.23 have shown that a consistent description of t
susceptibility and of magnetization data can be obtained
x512 in terms of antiferromagnetically coupledhomoge-
neouschains, where the dominant coupling is still betwe
next-nearest neighbors@see Fig. 1~b!#. In this scenario, the
gap is obviously zero forx512. Note that for a given cou
pling Jnnn the temperature at which the susceptibility has
maximum is rather similar for independent dimers and an
chain.24 Remarkably, in samples withx>11.5 antiferromag-
netic order has been observed in the chain subsystem
T*2 K ~Refs. 26–28!. In the scenario of AF chains th
occurrence of long-range order is naturally explained
weak interchain interactions.23

Obviously, the interplay of spin and charge degrees
freedom plays a crucial role in determining the magnetic a
transport properties of Sr142xCaxCu24O41. This compound
seems to offer a unique playground where one can sw
between very different magnetic states by controlling
hole concentration and the steric parameters.

Recently, a well defined electron spin resonance~ESR!
response from the Cu spins in Sr14Cu24O41 has been
reported.16,29 Due to the large spin gap of the ladders, t
magnetic properties below 300 K and hence also the E
signal are entirely determined by the chains. Therefore E
can be used as a powerful tool to study the strength
anisotropy of inter- and intrachain magnetic interactions,
well as the spin and charge dynamics in the chains. I
recent paper30 we have reported the ESR response
La142yCayCu24O41. There, we have found an unusual
large, temperature-independent linewidthDH'1500 Oe of
the Cu21 ESR signal, which has been shown to reflect t
large anisotropy of the ferromagnetic nearest-neighbor su
exchange in the nearly 90° Cu-O-Cu bonding geometry
this compound. In the present work, we report on the res
of an extensive ESR study of single crystals
Sr142xCaxCu24O41 with seven different Ca concentrations b
tween x50 and 12. We investigate various aspects of
interplay between magnetism, hole mobility, and structu
features of the CuO2 chains:~i! Our data reveal a remarkabl
influence of the hole dynamics on the Cu-spin relaxation
the charge ordered state the Cu-spin relaxation freezes
giving rise to a very narrow and temperature-independ
ESR line forx50 and 2 at low temperatures. A strong in
crease of the linewidthDH above a certain characterist
temperatureT* indicates the melting of charge order atT* .
~ii ! T* rapidly decreases from about 200 K forx50 to
2-2
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INTERPLAY OF SPIN AND CHARGE DYNAMICS IN . . . PHYSICAL REVIEW B64 104422
;80 K for x55. Moreover, forx55 the linewidthDH at
T550 K,T* is about a factor of 4 larger than forx50 or 2.
Both observations indicate that the charge ordered sta
rapidly destroyed by substituting Ca for Sr, resulting in t
destabilization of the spin dimerized state.~iii ! For x>8 we
find critical broadening of the ESR line at low temperatu
which signals a transformation from the nonmagnetic s
dimerized ground state to a magnetically ordered state w
increasing Ca content. A well-defined transition to an antif
romagnetically long-range ordered state is observed
x512 at 2.5 K, in agreement with previous studies.26–28

~iv! For all values ofx the existence of a strong temperatur
dependent contribution to the linewidth associated with
charge dynamics suggests the presence of a substa
amount of mobile holes in the chains, even at large value
Ca doping.~v! The temperature-independent contribution
the linewidth is at least a factor of 3 smaller
Sr142xCaxCu24O41 than in La142yCayCu24O41 for all values
of x. The very broad linewidth of the latter system reflec
the large anisotropy of the nearest-neighbor exchange, w
becomes dominant if the hole concentration in the chain
significantly reduced. The much narrower line observed
Sr142xCaxCu24O41 demonstrates that the dominant coupli
is the one betweennext-nearestneighbors for 0<x<12.
This is in agreement with a transfer of only asmall amount
of holes from the chains to the ladders.

II. EXPERIMENT

Single crystals of Sr142x2yCaxLayCu24O41 were grown in
an image furnace using the traveling solvent floating zo
method. All samples were thoroughly characterized
means of electron microscopy, energy-dispersive x-
analysis~EDX!, x-ray and neutron diffraction~for details,
see Ref. 31!. For the ESR measurements, small specim
with masses ofm;6 –30 mg were cleaved from large sing
domain crystals. For the present work we have stud
La1Sr13Cu24O41, La2Ca12Cu24O41, and Sr142xCaxCu24O41
with x50, 2, 5, 8, 9, 11, and 12.

ESR measurements were performed in theX-band fre-
quency range (n'9.47 GHz). A helium gas flow cryosta
inserted into the microwave cavity was used to achieve t
peratures from 300 K down to 1.9 K. In order to obtain t
ESR intensity in absolute units and to minimize the unc
tainty in its temperature dependence, the intensity of
measured signal was calibrated against the intensity of a
called ‘‘witness’’ sample~a standard reference single crys
Al2O310.03% Cr31). The ‘‘witness’’ sample was attache
to the wall inside the cavity, which is kept at a consta
temperature of 300 K. In this way one can eliminate poss
changes of the quality factor of the resonance cavity du
temperature-dependent microwave losses in the sample
well as other factors which affect the sensitivity of the sp
trometer.

The magnetic susceptibilityxstatwas measured in the tem
perature range from 4.2 to 300 K with a commercial sup
conducting quantum interference device~SQUID! magneto-
meter. A field of 1 T was applied along thec axis of the
samples~0.1 T in the case ofx511). We note that according
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Ref. 23 xstat is field independent forT*25 K and
0,H<14 T.

III. RESULTS AND DISCUSSION

The ESR spectrum of Sr142x2yCaxLayCu24O41 consists of
a single line. Representative examples of the resonance
nal for Hib ~normal to the planes of chains and ladders! and
Hic ~parallel to both chains and ladders! are shown in Fig. 2.
Note that the spectrometer measures the field derivativ
the absorbed microwave power,dP(H)/dH. In the entire
temperature range of the measurements, the ESR signal
samples that we have studied can be fitted very well b
Lorentzian line profile~see Fig. 2!:

f ~H !52
16ah

~31h2!2
, h5

2~H2Hres!

DH
. ~1!

Here,a, H res, andDH denote the amplitude, the resonan
field, and the width of the Lorentzian absorption derivativ
respectively.

A. g-factors

For T.10 K the resonance fieldH res is practically con-
stant for all samples studied and depends only on the or
tation of the magnetic fieldH with respect to the crystallo
graphic axes. The correspondingg-factor g5hn/mBH res

follows g2(u)5gb
2 cos2(u)1gc

2 sin2(u), whereu denotes the
angle between the external magnetic field and theb axis. Our
results for the principalg-factorsgb andgc are summarized
in Table I. The experimental error bars are larger forHib
because also the ESR linewidthDH is larger for this orien-
tation ~see Fig. 2!. Theseg-factors are typical for the ESR

FIG. 2. ESR spectra of Sr14Cu24O41 at T5100 K for Hib and
Hic ~dots!. Note that the spectrometer measures the field deriva
of the absorbed microwave power,dP(H)/dH. The solid lines de-
note Lorentzian fits. Concerning the Lorentzian line shape and
anisotropy of both the resonance field and the linewidth, these s
tra are representative for the Sr142x2yCaxLayCu24O41 system.
2-3
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V. KATAEV et al. PHYSICAL REVIEW B 64 104422
response of Cu21 ions in adx22y2 ground state in a crysta
field of axial symmetry.32 From this point of view, the ESR
signal could in principle originate from both chains and la
ders, since the Cu ions in both subsystems are fourfold o
gen coordinated in theac plane with theb axis as the axial
symmetry axis. However, due to the large spin gap the c
tribution of the ladders to the magnetic properties is expec
to be very small forT<300 K, and the ESR response mu
be attributed to the Cu ions in the chains~see below!.

For Cu21 ions in a 3d9 configuration in a crystal field o
tetragonal symmetry theg-factors are usually estimated as32

gc522
2l

Dyz,zx
, gb522

8l

Dxy
, ~2!

where, e.g.,Dxy is the crystal-field splitting between th
dx22y2 ground state and thedxy level, andl denotes the
spin-orbit coupling withl'2100 meV~Ref. 32! for a free
Cu21 ion. Using the average values 22gb'0.3 and
22gc'0.04 from Table I, we find Dxy'2.7 eV and
Dyz,zx'5 eV. Note that the Cu ions in the chains do n
have an apical oxygen and that the chain layers are s
wiched between positively charged~Sr,Ca,La! layers, which
may shift in particular thedyz anddzx levels to high energies
However, this naive estimate of the crystal-field leve
should be taken with some reservation, since Eq.~2! is based
on first-order perturbation theory and assumes a purely io
bonding character. It neither accounts for a possible ani
ropy of spin-orbit coupling in a low-symmetry coordinatio
nor for a possible reduction of its magnitude due to co
lency effects.32

B. ESR intensity and static susceptibility

The integrated intensityI of the ESR spectrum is dete
mined by the susceptibilityxESR

spin of the spins participating in
the resonance.32 For the Lorentzian line shape described
Eq. ~1! one findsI 53.63a(DH)2. The calibration of the ESR
intensity I against the ‘‘witness’’ sample with knownxESR

spin

allows us thus to determine the ESR spin susceptib
xESR

spin(T) of Sr142x2yCaxLayCu24O41.
In Fig. 3 we plotxESR

spin ~top panel! and the static suscept
bility xstat ~bottom panel! of Sr142xCaxCu24O41 for variousx.
Obviously, the temperature dependence of the two data
is qualitatively similar, althoughxESR

spin represents only the
susceptibility of those spins which participate in the re
nance. In Ca-free Sr14Cu24O41 the susceptibility increase
moderately with decreasing temperature, passes throu

TABLE I. Principal g-factors of the crystals studied.

Sample gb gc

Sr142xCaxCu24O41

x50-5 2.2860.03 2.0460.02
x58 2.2960.04 2.0360.03

x59-12 2.3260.04 2.0360.03
La1Sr13Cu24O41 2.3360.05 2.0760.03
La2Ca12Cu24O41 2.3060.05 2.0260.03
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broad maximum around 100 K and then rapidly decrea
and reaches a minimum at;25 K. With increasing Ca con-
tentx, this minimum is rapidly smeared out in both data se
Also the strong 1/T-like upturn at lower temperatures is ob
served in bothxstat and xESR

spin for all values ofx. However,
there are also certain noticeable discrepancies:xESR

spin tends to
be somewhat smaller thanxstat(T); in Sr14Cu24O41 the maxi-
mum of xstat(T) occurs at;77 K, whereasxESR

spin peaks at
;87 K; and the ESR results forx58 and, in particular,
x512 show a real minimum at 25 K, which is much le
pronounced inxstat.

It is well established that the dominant contribution
xstat originates from the chains.13,16,17The similarity between
xstat and xESR

spin suggests that~i! also the ESR signal can b
attributed to the chain site Cu ions, and that~ii ! most of the
spins contributing to the bulk static susceptibility also p

FIG. 3. Temperature dependence of the ESR responsexESR
spin(T)

~top panel! and of the static magnetic susceptibilityxstat(T) ~lower
panel! of Sr142xCaxCu24O41 for variousx. The magnetic field has
been applied along thec axis. The absolute scale refers to th
x50 data, all other curves are shifted by 0.07 with respect to e
other ~the x512 data have been shifted twice!. Solid line: Fit of
xstat below 200 K forx50 using a dimer contribution~dashed! and
a Curie term~dotted!. Grey lines: estimate of the ladder contribu
tion for Jleg51500 K andJleg/Jrung50.5 ~solid! and 1 ~dashed!
according to the quantum Monte Carlo results of Ref. 34.
2-4
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INTERPLAY OF SPIN AND CHARGE DYNAMICS IN . . . PHYSICAL REVIEW B64 104422
ticipate in the magnetic resonance. The strong upturn ofxstat
for T,25 K is due to quasifree spins. The origin of the
quasifree spins is not precisely known, but it is very like
that they have to be identified with some short spin-ch
fragments. These may arise due to a nonuniform distribu
of holes in the chains. Note that perfect charge order w
two adjacent dimers separated by two Zhang-Rice sing
requires six holes in the chains per formula unit@see Fig.
1~a!#, a condition most probably never fulfilled. At low tem
peratures, the magnetic susceptibility of such fragments
sembles that of free spins, i.e., it is expected to diverge
1/T.33

For small values ofx, the total static magnetic suscep
bility xstat is well described by the independent spin-dim
model with a spin gap of about 130 K between the nonm
netic singlet ground state and the excited spin trip
state.12,13,16,17 We approximate the experimental data f
x50 by summing a Curie-Weiss termxCurie and a contribu-
tion of independent spin dimersxdimer ~Ref. 23!,

xstat~T!5xCurie1xdimer

5
NAg2mB

2

24kB
F Nfree

4~T2Tc!
1

2Ndimer

T@31exp~Jnnn /kBT!#G ,
~3!

whereNfree andNdimer denote the density of quasifree spi
and of dimers, respectively,Jnnn is the intradimer exchang
coupling between next-nearest-neighbor spins, andTc labels
the Curie-Weiss temperature. A spin ofS51/2 has been as
sumed.

We neglect the temperature-independent contribution
the static susceptibility due to the van Vleck paramagnet
of Cu21 ions xvV

Cu and the core diamagnetismxdia
core, since

both are expected to be small and practically compensa
each other. An estimate ofxdia

core as a sum of the respectiv
contributions from all ions comprising the lattice gives
value of the order of21025 emu/mole Cu. The van Vleck
susceptibility is set by the crystal-field splitting of the orbit
states of Cu21,

xvV,c
Cu 52NAmB

2/Dyz,zx , xvV,b
Cu 58NAmB

2/Dxy . ~4!

With a crystal-field splitting of a few eV as derived from th
g-factors, a rough estimate givesxvV

Cu;1025 emu/mole Cu.
Obviously, the description of the susceptibility in terms

independent dimers should work particularly well in t
charge ordered state. According to our analysis of the E
linewidth ~see below! the charge order in Sr14Cu24O41 sets in
at about 200 K. Therefore we have restricted the fit ofxstatof
Sr14Cu24O41 to temperatures below 200 K. Indeed, in th
temperature range the fit by Eq.~3! with Nfree50.22 per f.u.,
2Ndimer53.56 per f.u.,Tc50.16 K, andJnnn5134 K ap-
proximates the experimental data very well~solid line in Fig.
3, the two contributionsxCurie and xdimer correspond to the
dotted and dashed lines, respectively!.
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At higher temperatures, the experimental data fall
much slower than the fit. This discrepancy is frequently
tributed to the ladder contributionx ladder. The dominant pa-
rameter for the absolute value ofx ladder at 300 K is not the
ladder gap of about 400 K, but the strong antiferromagne
superexchange coupling.34 Since the precise exchange p
rameters of the laddersJleg and Jrung are currently under
debate,35 the estimate of the ladder contribution to the to
static susceptibility of Sr14Cu24O41 is rather uncertain. The
two gray lines in the bottom panel of Fig. 3 denote rou
estimates ofx ladder based on the quantum Monte Carlo r
sults of Johnston and collaborators,34 using Jleg51500 K
and Jrung/Jleg51/2 ~solid gray line! and Jrung/Jleg51
~dashed!.

A thorough discussion ofxstat for larger values ofx is
given in Ref. 23. Here, we only cite the main results: t
model of noninteracting dimers of Eq.~3! describes the ex-
perimental data very well only for small values ofx at low
temperatures, i.e., in the charge ordered state. Mobile cha
in the chains will cause deviations from the dimer mod
e.g., by producing a broad distribution of the strength of
intradimer couplingJnnn ~see also Ref. 12!. For x512 the
data agree nicely with the theoretical results for a homo
neous antiferromagnetic chain of Klu¨mper.37 The tempera-
ture Tmax at which the static susceptibility acquires a loc
maximum decreases with increasingx ~see Fig. 3!. Indepen-
dent of the model used24 the reduction ofTmax indicates that
the next-nearest-neighbor couplingJnnn5134 K for x50 is
reduced with increasingx. Assuming an antiferromagneti
chain, thex512 data yieldJ5103 K.23 Note that one can
easily construct a homogeneous, antiferromagnetic
coupled chain with five holes per formula unit: Due to t
Coulomb repulsion, the holes will occupy next-neare
neighbor sites and give rise to a strong antiferromagn
coupling between the spins@see Fig. 1~b!#.

The ESR results show further indications for a smoo
transition from spin dimers to a uniform spin chain wi
increasing Ca concentration, which will be discussed in
following section.

C. Linewidth

1. Dimers and charge dynamics

Compared to the intensityI (T), i.e., xESR
spin , the linewidth

DH of the ESR spectrum and the resonance fieldH res can be
determined with a significantly higher accuracy. Similar
the case of the resonance fieldH res discussed in connection
with the g-factors, the widthDH of the resonance line is
anisotropic. For a fixed temperature,DH is proportional to
(11cos2u), whereu is the angle between the magnetic fie
H and theb axis. Since the determination of the paramet
is more accurate for narrow ESR lines, we will concentr
in the following on the case ofHic. The temperature depen
denceDH(T) is shown in Fig. 4 for all crystals studied. I
the following we first discuss the high-temperature regi
T*30 K and then the low-temperature regimeT&30 K
where the Curie-contribution dominates the susceptibi
~dotted line in Fig. 3!.
2-5
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In Sr14Cu24O41 the widthDH is almost constant betwee
30 and;180 K, but for higher temperatures it increas
rapidly and approximately linearly with temperature. We a
proximateDH(T) phenomenologically as

DH~T!5DH01DH* ~T! ~5!

with DH* (T)5const3(T2T* ) for T.T* , and DH* (T)
50 for T,T* , whereT* is the characteristic temperature
the crossover between the two distinctly different regimes
defined in Fig. 4.

In concentrated paramagnetic systems a constant co
bution DH0 to the ESR linewidth is determined mainly b
~i! the isotropic exchange narrowing effect,~ii ! inhomogene-
ities ~both magnetic and structural!, and ~iii ! anisotropic
spin-spin interactions like, e.g., dipole-dipole interactio
and anisotropic exchange.32,38The second termDH* (T) ac-
counts for other, temperature-dependentspin-relaxation
mechanisms. The experimental result that this contribu

FIG. 4. Bottom panel: temperature dependence of the linew
DH(T) of Sr142xCaxCu24O41 for various x. The topmost curve
shows data for La1Sr13Cu24O41. The magnetic field has been ap
plied along thec axis of the crystals. The dashed lines denote
constant and linear contributions toDH(T) as defined by Eq.~5!.
We defineT* as the crossing point of the dashed lines. Top pan
same for La2Ca12Cu24O41.
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arises only aboveT* —at least forx50 and 2, and with less
confidence also forx55—indicates a characteristic energ
scale for the appearance of a new degree of freedom in
chains.

We associate this with the charge dynamics in the cha
i.e., with the melting of charge order atT* . Since the spins in
a dimer are coupled via a localized Zhang-Rice singlet,
increase of hole mobility will reduce the dimer lifetime
shorten its spin relaxation time, and broaden the ESR li
width. Hence the constant widthDH0 of the signal belowT*
corresponds to the localization of the charge carriers, and
strong increase ofDH aboveT* reflects the thermally acti-
vated hole mobility.

Both the crossover temperatureT* and DH0 turn out to
be very sensitive to Ca substitution~see Fig. 4!. WhereasT*
amounts to 200 K for ‘‘pure’’ Sr14Cu24O41, it decreases to
170 K for x52 and to 80 K forx55. This rapid decrease o
T* upon Ca substitution clearly indicates an increasing
stability of the charge ordered state in the chains. For s
larger values ofx it is not possible to define aT* below
which DH is constant, i.e., there is no signature of char
order.

Our interpretation ofT* (x) as the charge ordering tem
perature is in agreement with results based on other te
niques. In Sr14Cu24O41 neutron scattering data4,5 reveal a
quasi-2Dordering of holes in the chains below;150 K,4

whereas in x-ray measurements the satellite peaks indica
charge order disappear close to 300 K.14 Detailed NMR/
nuclear quadrupole resonance~NQR! studies reveal a static
distribution of holes below 200 K forx50 ~Ref. 43!. Resis-
tivity data13,23 show a peak of the derivatived ln(r)/d(1/T),
i.e., a change of the effective activation energy at ab
250 K for x50, 180 K forx52, and 120 K forx54, which
has been discussed in terms of charge order in the chai13

For larger values ofx this peak is much less pronounced, b
one can still observe a shallow maximum at about 80 K13

The anomaly in thermal expansion data12 gives 180 K for
x52, 80 K for x55, and 50 K forx58, and the size of the
anomaly is drastically suppressed with increasingx.

For small values ofx we have attributed the increasin
linewidth aboveT* to the enhanced hole mobility: the hop
ping of holes along the chains causes spin flips and there
a broadening of the ESR line. It is straightforward to use
same interpretation for the increase ofDH for large values of
x. The fact that hole mobility shortens the relaxation time
copper spins does not depend on whether the z
temperature ground state is dimerized or not. Remarka
the slope of the increasing linewidthDH* (T) is approxi-
mately the same for all values ofx, suggesting the presenc
of a substantial amount of mobile holes in the chains eve
large Ca concentration. We note that anx-independent slope
of DH* (T) is compatible with a certain decrease of the ho
concentration in the chains, if this is compensated by a
crease of the activation energy for charge motion. In t
context the DH data of La1Sr13Cu24O41 ~‘‘ 1’’-signs in
Fig. 4! are of particular interest. In this compound the ho
count is reduced from six to five per formula unit by subs
tution of trivalent La ions. In the x-ray absorption measu
ments of Ref. 7 all holes reside in the chains in all samp
with reduced hole count. Remarkably, the slope ofDH* (T)
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observed at high temperatures in La1Sr13Cu24O41 is very
similar to the results of Sr142xCaxCu24O41 ~see Fig. 4!. The
data of La2Ca12Cu24O41 ~top panel of Fig. 4, note the differ
ent scale! with nominally four holes per formula unit clearl
demonstrate that a further decrease of the hole concentr
results in a considerable reduction of the slope ofDH* (T)
and in a very much larger linewidth at all temperatures.

The temperature-independent contribution to the E
linewidth DH0 @see Eq. 5# strongly depends onx also. It
increases rapidly from;50 Oe forx50 to ;500 Oe for
x59, and then decreases again down to 400 Oe forx512.
Note thatDH0 amounts to about 700 Oe in La1Sr13Cu24O41

and about 1800 Oe in La2Ca12Cu24O41. All three different
effects stated above~i.e., the exchange narrowing effect, in
homogeneous broadening, and anisotropic spin-spin inte
tions! which determine a temperature-independent linewi
may possibly contribute to a dependence ofDH0 on the Ca
concentration.

~i! A reduction of the effective exchange coupling b
tween the resonating spins gives rise to a reduced exch
narrowing and thereby to an increase ofDH0. An analysis of
the susceptibility data discussed above~see also Refs. 12 an
23! reveals a reduction ofJnnn by about 20–25% from
x50 to x512.

~ii ! Inhomogeneous contributionsDHstruc to DH0 may
arise due to, e.g., random structural distortions of Cu
plaquettes induced locally by substitution of Sr21 for the
smaller Ca21 ions. This contribution should vary approx
mately as (142x)x, i.e., it should vanish forx50 or 14.
Indeed, we observe a small reduction ofDH0 for x.9 from
500 to 400 Oe. Together with the small width forx52 this
allows us to give an upper limit ofDHstruc of about 150 Oe.
Note that the Sr-Ca sublattice is incommensurate with
chains,2 resulting in an inhomogeneous contribution even
x50, whereDH0 is very small. This once more indicates th
limited influence of structural disorder. Probably more im
portant is the possible role of magnetic disorder. The m
netic Cu sites in the chains are equivalent only in the cha
ordered dimerized state@compare, e.g., Fig. 1~a! with Figs.
1~c! and~d!#. In the absence of charge order the spins will
exposed to locally different exchange or dipolar fields, wh
gives rise to an enhanced linewidth. However, these inho
geneous contributions definitely do not dominateDH0 since
the ESR spectrum remains a single Lorentzian line witho
significant distortion or deviations towards, e.g., a Gauss
line shape.

~iii ! An increase of theanisotropiccontribution to super-
exchange will cause a growing linewidth.32 In a recent
paper30 we have shown that the very broad ESR line o
served in La142xCaxCu24O41 ~see, e.g., top panel of Fig. 4!
can be attributed to the unusually large anisotropy of
nearest-neighborexchange, which becomes dominant f
low hole concentrations. Theisotropic Heisenberg superex
change interaction betweennearest-neighbor Cu spins
Hiso5Jiso(SiSj is weakly ferromagnetic, withJiso'20 K.13

However, the very large temperature-independent width~for
T.100 K) of DH'1.8 kOe suggests the presence of u
usually large anisotropic corrections toHiso which are of the
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order of ;10% of Jiso.30 This strong anisotropic contribu
tion to superexchange can be explained qualitatively as
result of the specific Cu-O bonding geometry involving tw
symmetric 90° Cu–O–Cu bonds which connect neares
neighbor Cu sites. In this geometry the influence of sp
orbit coupling on the magnetic exchange between Cu21 ions
is found to be considerably enhanced.44,45 Due to the sub-
stantial hole doping of the chains in the Sr-Ca system,
dominating exchange interaction occurs betweennext-
nearest-neighbor Cu sites via an intermediate Zhang-R
singlet. The drastic contrast between the very narrow E
signal of Sr14Cu24O41 and the very large width observed i
La2Ca12Cu24O41 thus demonstrates that the anisotropy of t
exchange coupling is very different for nearest-neighbor a
next-nearest-neighbor couplings. In fact there is a cer
similarity between the coupling via a Zhang-Rice singlet
the Sr-Ca system and the situation in a 180° Cu–O–Cu
bond: in both cases the coupling strength is antiferrom
netic and large and shows a relatively small anisotropy
to the quenched orbital momentum of Cu21.

The additional increase ofDH below100 K with decreas-
ing temperature in La2Ca12Cu24O41 shows that the system
approaches long-range magnetic order at low temperatu
as discussed in Ref. 30. According to the analysis ofxstatic in
Ref. 13, insulating La142xCaxCu24O41 is paramagnetic above
50 K, whereas at lower temperatures spin correlations g
and finally result in long-range AF order, which has be
observed in La5Ca9Cu24O41 at TN'10 K.46,47 Based on the
magnetic-field dependence of the specific heat anomal
the phase transition an Ising-like character of the chain m
netism has been suggested.46 The increase ofDH for tem-
peratures larger than the magnetic ordering temperatur
caused by short-range fluctuations of the staggered mag
zation. These enhance the rate of the spin-spin relaxa
1/T2 and consequently broaden the ESR line additionally48

The data ofDH of La1Sr13Cu24O41 show an interesting
mixture of the properties of the Sr-Ca system and the La
system. The absolute value ofDH of La1Sr13Cu24O41 is
higher than observed in the former and lower than found
the latter. At high temperatures, it shows the same line bro
eningDH* (T) induced by hole mobility as the Sr-Ca com
pounds, whereas at low temperatures it broadens addit
ally, thereby signaling the growth of short-range magne
correlations as in the La-Ca samples.

2. Quasifree spins

The susceptibility data of Fig. 3 clearly indicate a cros
over at about 25 K, below which the main contribution
both xstat and xESR

spin stems from the 1/T Curie term of the
quasifree spins. It is reasonable to assume that at low t
peratures the ESR line of the quasifree spins has a w
different from that of the response of the interacting sp
which dominates at high temperatures. Therefore one
attribute the anomalies ofDH at about 25 K to a correspond
ing crossover. In the crossover region we do not observe
significant distortion of the shape of the ESR spectrum si
the resonance fields of the two contributions are rather s
lar. Whereasx50 and 5 consistently show a rather sm
2-7
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V. KATAEV et al. PHYSICAL REVIEW B 64 104422
decreaseof DH with decreasingT, we observe a pronounce
upturn for x52. Additional studies are required to clarif
this discrepancy. The much stronger anomalies for larger
ues ofx are discussed in the next section.

3. Magnetic order for largex

The low-temperature behavior ofDH and H res of the
samples withx>8 is shown in Fig. 5. Below 25 K the fou
samples withx58, 9, 11, and 12 first show a decrease
DH with decreasing temperature, and then anincreaseat
even lower temperatures. With increasingx the temperature
at whichDH acquires its minimum value increases from 3
13 K. At the same time, the low-temperature maximum va
of DH increases as well, reachingDH'1100 Oe forx511
and 1500 Oe forx512. Finally,DH exhibits a sharp kink a
T52.5 K for x512. Remarkably, this kink is accompanie
by a dramatic shift ofH res, which first drastically increase
below 3 K and then exhibits a small kink at 2.3 K~see right
panel of Fig. 5 and note the different scale of the top pan!.
Both anomalies clearly indicate a transition to a magnetic
ordered state at 2.5 K forx512. The cusp ofDH at the
ordering temperature is due to critical magnetic fluctuatio
which are strongest in the vicinity of the phase transitio
The strong increase ofH res is typical for the transition to an
antiferromagnetic state and indicates the development
staggered internal magnetic field opposing the applied fi
This is consistent with recent reports of antiferromagne
order forx511.5 andx>12.5 ~Refs. 26–28!, where the or-
dered moments were found to reside mostly in the cha
Our ESR data demonstrate that the increase of the Ca co
from x58 to 11 continuously drives the system towards
antiferromagnetic instability. The slowing down of antiferr
magnetic correlations above the ordering temperature49 gives
rise to critical broadening of the linewidth which is observ
for all four samples withx58, 9, 11, and 12. Forx511 the
increase ofDH is almost as large as forx512, suggesting
that magnetic order may occur forx511 not too far below

FIG. 5. Low-temperature behavior of the linewidthDH ~left
panel! and of the resonance fieldH res ~right panels! of
Sr142xCaxCu24O41 for x58, 9, 11, and 12. The magnetic field ha
been applied along thec axis. Note the different scale of the to
right panel. Dotted lines are a guide to the eye and indic
H res53330 Oe.
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the lowest temperature that we have measured, 1.9 K. N
that this is confirmed by the temperature dependence ofH res
for x511, which shows a sudden increase at the lowest t
peratures measured. However, from 5 to 2 K the resona
field H res is decreasingfor x58, 9, and 11, which may imply
the presence of competingferromagneticspin correlations in
the system.

In our ESR data, magnetic correlations are confined
temperatures below 10 K, suggesting a low-energy scale
the magnetic exchange. In fact, small interdimer magn
couplings of different signs along and across the chains
found in Sr14Cu24O41 ~Refs. 3–5!. In the presence of charg
order the much larger intradimer coupling across a Zha
Rice singlet forces the system into a nonmagnetic gro
state. The melting of charge order induced by Ca substitu
destroys the dimerized state. The occurrence of long-ra
magnetic order is easily understood if for largex the system
is described in terms of antiferromagnetic chains~see Ref. 23
and the discussion above!. In this situation small interchain
couplings stabilize a magnetically ordered state at low te
peratures.

IV. CONCLUSIONS

In this work we have studied the electron spin resona
of the Cu21 ions in the chains of intrinsically hole-dope
single crystals of Sr142xCaxCu24O41 (x50, 2, 5, 8, 9, 11, and
12! which contain six holes per formula unit. We compa
the results with the ESR data of two single crystals
La1Sr13Cu24O41 and La2Ca12Cu24O41 in which the hole count
is reduced to five and four, respectively. For small values
the Ca concentrationx the ESR measurement o
Sr142xCaxCu24O41 probes the spin dimers above 25 K. W
find that the Cu-spin relaxation is appreciably influenced
the charge dynamics in the chains, resulting in a strong t
perature dependence of the ESR linewidthDH above a char-
acteristic temperatureT* . The crossover to a nearl
temperature-independent widthDH0 below T* is identified
with the onset of charge order in the chains. With increas
x this crossover shifts from about 200 K in Sr14Cu24O41 to
;80 K for x55, indicating a rapid destruction of charg
order. Remarkably, the spin relaxation is strongly tempe
ture dependent even at high Ca values likex511 and 12,
suggesting the presence of a substantial amount of hole
the chains. At the same time, the spin relaxation
La1Sr13Cu24O41 containing five holes per formula unit in th
chains is rather similar to the one of Sr142xCaxCu24O41 for
largex at high temperatures. A further reduction of the ho
count form five to four as in La2Ca12Cu24O41 results in a
very different ESR linewidth. These results give an upp
border of one hole being transferred from the chains to
ladders upon Ca substitution of Sr142xCaxCu24O41. A certain
transfer of holes explains the increase ofDH0 with increas-
ing x: its main impact on the ESR linewidth is related to t
enhancement of the probability of having two spins
neighboring sites, resulting in both a strongly enhanced
isotropy and a considerably reduced exchange narrowing
the same time, a reduced hole count destroys the charg
der and therefore gives rise to locally different dipolar field

e
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again resulting in an enhanced linewidth. Forx>8 the low-
temperature ESR signal experiences critical broadening
a strong shift of the resonance field, giving evidence for
continuous crossover from the spin dimerized to an antif
romagnetically ordered ground state with increasingx, i.e.,
for largex the system is better described in terms of weak
interacting antiferromagnetic chains.
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