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In single crystals of intrinsically hole-doped ;%r,Ca,Cu,,04; @ strong electron spin resonan@&SR
signal has been observed and studied as a function of temperature and Ca concertraliori2). 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 CuQspin-1/2 chains. For all values afthe 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 x=0 and 2 at 200 and 170 K, respectively. A further increaserapidly destroys the charge ordered state.
A transition to an antiferromagnetically ordered state is observed at 2.5 ¥=f&2. However, the ESR signal
shows critical broadening already fee8 at low temperatures, which indicates the development of magnetic
order for values ofx smaller than 12. For comparison we show ESR data ofSLgCu,,0,; and
La,Ca,Cu,4041, in which the hole concentration is reduced. The whole set of ESR data can be understood in
terms of a transfer of only amall amount of holes from the chains to the ladders with increasirig
Sna «CaCuw,0,; and a simultaneous crossover from independent dimers to antiferromagnetically coupled
chains, which order at low temperatures due to weak interchain interactions.
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. INTRODUCTION about 130 K13 The occurrence of this nonmagnetic
ground state is related to the large hole concentration in the

The interesting interplay of spin and charge degrees othains and to the localization of these holes below about 200
freedom in the complex one-dimensional transition-metak.*°12-14The building units of the nonmagnetic ground state
oxide Sr, ,Ca,Cu,404; has recently attracted much atten- are spin dimers*® which are formed between thosext
tion. Depending on the Ca concentration, one observes magrearest-neighbor Cu spiighat are separated by a localized
netic and charge ordering phenomena, metallic conductivityzhang-Rice singlet® i.e., by a site occupied by a localized
and superconductivity under external pressufithe com-  hole [see Fig. 1a)]. Neutron diffractio#® as well as x-ray
pound possesses a complex layered structure of alternatingattering experiments on,9€u,,0,; (Ref. 14 reveal a pe-

Cu,0; and CuQ sheets which are separated B§r.Ca  riodic spacing of spin dimers together with an additional
layers? The CyO; layers consist of two-leg spin-1/2 ladders

which are built by corner-sharing Cu—O plaquettes. Within
the ladders the- 180° Qu—O-Cubonds give rise to a strong a) X /< K A
antiferromagneti¢AF) superexchange coupling between the
Cu spins, both along the legs and the rufigsNeighboring
ladders can be considered as magnetically decoupled becau AN
they are connected by 90°ucO—-Cubonds, which cause a b) /'< /‘<
weak and frustrated interladder exchange interaction. The
CuGQ, planes are composed of spin-1/2 chains eafge
sharing @—O-plaquettes, i.e., along the chains the Cu spinsc)
are coupled via nearly 90° G-O—-Cubonds.

Independent of the Ca concentration the average Cu va
lence in Sy, CaCu,,0,; is 2.25, i.e., the compound is in- d) N
trinsically doped with six holes per formula urftu.). How-
ever, the electronic and magnetic properties depend strongly
on the Ca content. We first focus on _Ca-fre@48é124041. A ing levels of the Cu@chains. Circles indicate Cu sites, the ten sites
calculation of the M_adelung pOtemla.ls SL_Igg stsat _for represent one formula unit of the chains. The gray squares denote
x=0 r_nOSt of these six hOIe_S_ are Iocal_'zed_ in the chains dl"%hang-Rice singlets(a) The charge-ordered dimerized state with
to their larger electronegativity, resulting in a hole conceng;, nojes per formula unit. Dimers are formed between next-nearest
tration of about 6/10 per Cu site in the chains. Recenheighpors, two dimers are separated by two Zhang-Rice singlets.
polarization-dependent x-ray absorption datindicate (b) A homogeneous antiferromagnetic chain can be formed with
n=0.8 holes per formula unit in the ladders for=0. As  five holes per formula unitc) A disordered arrangement of holes
predicted on theoretical groundsthe spin ladders of combines AF next-nearest-neighbor couplings with ferromagnetic
Sr4Cuwy404; have a singlet ground state with a spin gap ofnearest-neighbor couplingsl) A further decrease of the hole count
about 400-500 K0 Surprisingly, also the spin chains results in short ferromagnetic chain fragments that are coupled an-
show a singlet ground state, in this case with a spin gap adiferromagnetically to each other.

FIG. 1. lllustration of possible spin structures for different dop-
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structural periodicity, which indicates charge order in thechains is not affected by Ca substitution, indicating an appre-
chains. This is corroborated by an anomaly in thermal expanciable amount of holes in the chains even at high Ca concen-
sion data? The localization of the holes is confirmed by the tration. Carteret al® analyzed their static susceptibility data
semiconducting behavior of the electrical resistivitjore-  of polycrystalline samples in terms of a dimerized state up to
over, the resistivity data of $Cu,,0,, reveal a peak of x=10 and found no dependence of the dimer spin gag.on
d In(p)/d(1/T), i.e., a change of the effective activation en- However, this interpretation requires a drastic increase of the
ergy at about 250 K which also points towards the onset oparamagnetic backgroung from about 1x 10~* emu/mole
charge order in the chairid.Remarkably, the isotropic in- Cu for x=0 to about 1% 10 4 emu/mole Cu forx=10.
tradimer exchange interaction between next-nearest neighoreover, thermal expansion data of; Sr,CaCu,40y; in-
bors Hiso=Jnnn2iS S+ » differs quite substantially from the dicate that the occurrence of a rather large spin gap is closely
usual nearest-neighbor coupling in a chain with 90° Cu+elated to the presence of charge order, which is suppressed
O-Cu bonds. The latter is weak and ferromagnetic, whereagith increasingx.*? Charge order isot seen in the resistivity
the intradimer exchangg, ,, is antiferromagnetic and much curves of Sy, ,CaCu,,0,, for largex.** Recently, Ammer-
larger, J,,,,~130 KX® which can be deduced from the ahl et al?® have shown that a consistent description of the
magnitude of the spin gap. Interdimer couplings amount tgusceptibility and of magnetization data can be obtained for
about 10% ofJ,,, both along and perpendicular to the x=12 in terms of antiferromagnetically coupldtbmoge-
chains®—® neouschains, where the dominant coupling is still between
Isovalent substitution of the smaller €a for SP*  next-nearest neighbofsee Fig. 1)]. In this scenario, the
strongly changes the electronic  properties ofgap is obviously zero fok=12. Note that for a given cou-
Sr4CaCu0,4;. With increasing Ca content the system pling J,,, the temperature at which the susceptibility has a
becomes more conductifg?’Additional application of high maximum is rather similar for independent dimers and an AF
external pressure leads to a metal-insulator transition and fehain?* Remarkably, in samples witk=11.5 antiferromag-
nally to superconductivity witif,~10-12 K!®%®|tis gen- netic order has been observed in the chain subsystem at
erally assumed that the chemical pressure induced by CB=2 K (Refs. 26-28 In the scenario of AF chains the
substitution leads to a transfer of holes from the chains to theccurrence of long-range order is naturally explained by
ladders, which can be attributed to the change of the electroveak interchain interactiorfs.
static potential§. In this scenario the ladders provide the  Obviously, the interplay of spin and charge degrees of
conducting channel, and neither metallic conductivity nor sufreedom plays a crucial role in determining the magnetic and
perconductivity can be attributed to the chains. The occurtransport properties of & ,CaCu4O4;. This compound
rence of superconductivity in even-leg ladders had been preseems to offer a unique playground where one can switch
dicted theoreticallf® Experimentally, the precise extent of between very different magnetic states by controlling the
the hole transfer is currently under debate. A substantial inhole concentration and the steric parameters.
crease of the hole count in the ladders fram 1 holes per Recently, a well defined electron spin resonafe&R)
formula unit forx=0 ton=2.8 forx=12 was deduced from response from the Cu spins in ;w404 has been
optical conductivity dat and from n=2 for x=6 to  reported:®?° Due to the large spin gap of the ladders, the
n=3.5 for x=11.5 from NMR® On the other hand, recent magnetic properties below 300 K and hence also the ESR
polarization-dependent x-ray absorption datindicate  Signal are entirely determined by the chains. Therefore ESR
n=0.8 holes per formula unit in the ladders fo=0 and can be used as a powerful tool to study the strength and
only a marginal increase to=1.1 for x=12. With increas- anisotropy of inter- and intrachain magnetic interactions, as
ing x the x-ray data also reveal an increasing occupancy otell as the spin and charge dynamics in the chains. In a
those oxygen orbitals in the ladders that are oriented alongecent pap€ef we have reported the ESR response of
thea axis, i.e., parallel to the rundshus suggesting a more Lajs-,C8Cu,/04;,. There, we have found an unusually
“two-dimensional” character of the ladders. However, the large, temperature-independent linewidthi~1500 Oe of
chemical pressure induced with increasinalso results ina the Cif* ESR signal, which has been shown to reflect the
larger overlap of Cud and oxygenp orbitals in the chain large anisotropy of the ferromagnetic nearest-neighbor super-
layers, possibly making them more two-dimensional andexchange in the nearly 90° Cu-O-Cu bonding geometry of
therefore more conducting too, as discussed in Ref. 13.  this compound. In the present work, we report on the results
From the point of view of magnetic measurements theof an extensive ESR study of single crystals of
issue of the hole transfer appears to be controversial, too. 184 ,CaCu,404; With seven different Ca concentrations be-
particular, since the spin gaps in both chains and ladders ateweenx=0 and 12. We investigate various aspects of the
expected to be sensitive to the hole doping of the respectivimterplay between magnetism, hole mobility, and structural
subsystems, one might hope to shed some light on the redifeatures of the Cu©chains:(i) Our data reveal a remarkable
tribution of holes by studying the influence of Ca substitutioninfluence of the hole dynamics on the Cu-spin relaxation. In
on the two gaps. As far as the ladders are concerned, NMEhe charge ordered state the Cu-spin relaxation freezes out,
datd® indicate a suppression of the spin gap upon Ca subgiving rise to a very narrow and temperature-independent
stitution, thus suggesting an appreciable hole transfer to thESR line forx=0 and 2 at low temperatures. A strong in-
ladders. However, recent neutron scattering experiments rerease of the linewidtlAH above a certain characteristic
veal no doping dependence of the ladder spin gapMR  temperaturél* indicates the melting of charge orderit.
measurement®f 1/T; suggest that the dimer spin gap of the (i) T* rapidly decreases from about 200 K far=0 to
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~80 K for x=5. Moreover, forx=>5 the linewidthAH at St
T=50 K<T* is about a factor of 4 larger than far=0 or 2. Sr,,Cu, O,
Both observations indicate that the charge ordered state i T=100 K
rapidly destroyed by substituting Ca for Sr, resulting in the
destabilization of the spin dimerized statiéi.) For x=8 we -~
find critical broadening of the ESR line at low temperatures = Hljb
which signals a transformation from the nonmagnetic spin%
dimerized ground state to a magnetically ordered state WithR p—==""_ 3 o ——T___
increasing Ca content. A well-defined transition to an antifer-£
romagnetically long-range ordered state is observed for®
x=12 at 2.5 K, in agreement with previous studi&s®
(iv) For all values of the existence of a strong temperature-
dependent contribution to the linewidth associated with the
charge dynamics suggests the presence of a substanti
amount of mobile holes in the chains, even at large values o
Ca doping.(v) The temperature-independent contribution to
the linewidth is at least a factor of 3 smaller in
Sr4xCaCly,0y; than in La, ,CqCuy 0,4 for all values FIG. 2. ESR spectra of $Cu,,0,; at T=100 K for H|b and
of x. The very broad linewidth of the latter system reflectsH| c (dots. Note that the spectrometer measures the field derivative
the large anisotropy of the nearest-neighbor exchange, whiaff the absorbed microwave poweP(H)/dH. The solid lines de-
becomes dominant if the hole concentration in the chains isote Lorentzian fits. Concerning the Lorentzian line shape and the
significantly reduced. The much narrower line observed inanisotropy of both the resonance field and the linewidth, these spec-
Sr4 CaCu,40,; demonstrates that the dominant couplingtra are representative for the,&r,_,CalLa,Cu,404 System.
is the one betweemext-nearestneighbors for G=x<12.
This is in agreement with a transfer of onlyseallamount to measurements of the static magnetization performed in
of holes from the chains to the ladders. Ref. 23 xqa IS field independent forT=25 K and
O<H=<14 T.

experiment,

7 28 29 30 31 32 33 34 35 36
H (kOe )

Il. EXPERIMENT
IIl. RESULTS AND DISCUSSION
Single crystals of S, yCala,Cuy,O4; Were grown in _
an image furnace using the traveling solvent floating zone The ESR spectrum of g1 ,_,Cala,Cu,404; consists of
method. All samples were thoroughly characterized by2 single line. Representative examples of the resonance sig-
means of electron microscopy, energy-dispersive x-ray@l for H||b (normal to the planes of chains and ladglensd
analysis(EDX), x-ray and neutron diffractiorifor details, HI|c (parallel to both chains and laddgese shown in Fig. 2.
see Ref. 31 For the ESR measurements, small specimen&lote that the spectrometer measures the field derivative of
with masses om~6-30 mg were cleaved from large single the absorbed microwave powetP(H)/dH. In the entire
domain crystals. For the present work we have studiedemperature range of the measurements, the ESR signal of all
La;SrsCwhyO41, LaCa,CuyO4, and S, CalCu0,  Samples that we have studied can be fitted very well by a

with x=0, 2, 5, 8, 9, 11, and 12. Lorentzian line profile(see Fig. 2
ESR measurements were performed in d¥band fre-
quency range ¥~9.47 GHz). A helium gas flow cryostat 16ah 2(H=Hes)
inserted into the microwave cavity was used to achieve tem- f(H)=— (3+ hz)z' - AH ) @

peratures from 300 K down to 1.9 K. In order to obtain the
ESR intensity in absolute units and to minimize the uncerHere, a, H,.,, andAH denote the amplitude, the resonance

tainty in its temperature dependence, the intensity of theield, and the width of the Lorentzian absorption derivative,
measured signal was calibrated against the intensity of a seespectively.

called “witness” sample(a standard reference single crystal
Al,0;+0.03% CF*). The “witness” sample was attached
to the wall inside the cavity, which is kept at a constant
temperature of 300 K. In this way one can eliminate possible For T>10 K the resonance field s is practically con-
changes of the quality factor of the resonance cavity due t&tant for all samples studied and depends only on the orien-
temperature-dependent microwave losses in the sample, &ion of the magnetic fieltH with respect to the crystallo-
well as other factors which affect the sensitivity of the specgraphic axes. The correspondirgifactor g=hv/ugH s
trometer. follows g?(6)=g? co(6)+gsir?(), where ¢ denotes the
The magnetic susceptibilitys,;was measured in the tem- angle between the external magnetic field andathgis. Our
perature range from 4.2 to 300 K with a commercial super+esults for the principag-factorsg, andg, are summarized
conducting quantum interference devi@QUID) magneto- in Table I. The experimental error bars are larger Itjb
meter. A field of 1 T was applied along theaxis of the  because also the ESR linewidH is larger for this orien-
sampleq0.1 T in the case of=11). We note that according tation (see Fig. 2. Theseg-factors are typical for the ESR

A. g-factors
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TABLE |. Principal g-factors of the crystals studied.

A x=2 & x=5 A
Sample o8 9 1.0 :ﬁﬁ V x=8 A x=9 _
St14-xCaCl404 /; * o :
x=0-5 2.28+0.03 2.04£0.02 o
x=8 2.29+0.04 2.03:0.03 g
x=9-12 2.32-0.04 2.03:0.03 =
La; S1:CUy O 2.33+0.05 2.07220.03 g 0.5
La,Ca,Clr Oy 2.30+0.05 2.02-0.03 T
4
response of CU ions in ad,2_,2 ground state in a crystal =

field of axial symmetry? From this point of view, the ESR
signal could in principle originate from both chains and lad-
ders, since the Cu ions in both subsystems are fourfold oxy-
gen coordinated in thac plane with theb axis as the axial
symmetry axis. However, due to the large spin gap the con-
tribution of the ladders to the magnetic properties is expected
to be very small folT=300 K, and the ESR response must
be attributed to the Cu ions in the chaifsee below.

For Ci#* ions in a 31° configuration in a crystal field of
tetragonal symmetry thg-factors are usually estimatedas

r data for different x shifted
L | L L L |

o
o

by 0.07 with respect to each |
other (x=12 twice) |

—
(e}

-3

xsm( 10~ emu/mol Cu )

o
n

) 8\ @
v O Axy’
where, e.g.,A,, is the crystal-field splitting between the
dy2_,2 ground state and thd,, level, and\ denotes the
spin-orbit coupling withh~ — 100 meV(Ref. 32 for a free 0.0 Lz et
CW" ion. Using the average values—2),~0.3 and 0 100 200 300
2—g,~0.04 from Table I, we findA,,~2.7eV and
Ay, .x=5 eV. Note that the Cu ions in the chains do not
have an apical oxygen and that the chain layers are sand- FIG. 3. Temperature dependence of the ESR resppBi¥T)
wiched between positively chargé8r,Ca,La layers, which  (top panel and of the static magnetic susceptibiljpy.(T) (lower
may shift in particular thely, andd,, levels to high energies. pane) of SrsCaCu,0,; for variousx. The magnetic field has
However, this naive estimate of the crystal-field levelsbeen applied along the axis. The absolute scale refers to the
should be taken with some reservation, since(Bpis based x=0 data, all other curves are shifted by 0.07 with respect to each
on first-order perturbation theory and assumes a purely ionigther (the x=12 data have been shifted twjceSolid line: Fit of
bonding character. It neither accounts for a possible aniso#st:below 200 K forx=0 using a dimer contributiofdashegand
ropy of spin-orbit coupling in a low-symmetry coordination & Curie term(dotted. Grey lines: estimate of the ladder contribu-

nor for a possible reduction of its magnitude due to covation for Jig=1500 K andJieg/Jrung=0.5 (solid) and 1 (dashed
lency effects? according to the quantum Monte Carlo results of Ref. 34.

=2—
Je Ayz,zx

Temperature (K )

broad maximum around 100 K and then rapidly decreases
and reaches a minimum at25 K. With increasing Ca con-

The integrated intensity of the ESR spectrum is deter- tentx, this minimum is rapidly smeared out in both data sets.
mined by the susceptibility gy of the spins participating in ~ Also the strong I7-like upturn at lower temperatures is ob-
the resonanc®. For the Lorentzian line shape described byserved in bothyg and xFar for all values ofx. However,
Eg. (1) one findsl = 3.63a(AH)?. The calibration of the ESR  there are also certain noticeable discrepanqigis tends to
intensity | against the “witness” sample with knowggar  be somewhat smaller thap(T); in Sr,Cuy,0,; the maxi-
allows us thus to determine the ESR spin susceptibilitymum of y¢.(T) occurs at~77 K, Whereasxé”si?q peaks at
xesi(T) of Sris_y—yCalayClyOy;. ~87 K; and the ESR results fax=8 and, in particular,

In Fig. 3 we plotyZag (top panel and the static suscepti- x=12 show a real minimum at 25 K, which is much less
bility xsa (bottom panelof Sr,,_,CaCu,,O,; for variousx.  pronounced inyga-
Obviously, the temperature dependence of the two data sets It is well established that the dominant contribution to
is qualitatively similar, althoughy$an represents only the xswOriginates from the chain's:***'The similarity between
susceptibility of those spins which participate in the reso-ysw: and xgag suggests thati) also the ESR signal can be
nance. In Ca-free $Cu,,O,4, the susceptibility increases attributed to the chain site Cu ions, and tkiat most of the

moderately with decreasing temperature, passes throughspins contributing to the bulk static susceptibility also par-

B. ESR intensity and static susceptibility
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ticipate in the magnetic resonance. The strong upturp.@f At higher temperatures, the experimental data fall off
for T<25 K is due to quasifree spins. The origin of thesemuch slower than the fit. This discrepancy is frequently at-
quasifree spins is not precisely known, but it is very likely tributed to the ladder contributiogi,qge. The dominant pa-
that they have to be identified with some short spin-chairrameter for the absolute value gf,qqerat 300 K is not the
fragments. These may arise due to a nonuniform distributiofedder gap of about 400 K, but the strong antiferromagnetic
of holes in the chains. Note that perfect charge order witrsuperexchange couplifi.Since the precise exchange pa-
two adjacent dimers separated by two Zhang-Rice singleteameters of the ladderd,y and J,,,4 are currently under
requires six holes in the chains per formula Usiee Fig. debate’ the estimate of the ladder contribution to the total
1(a)], a condition most probably never fulfilled. At low tem- static susceptibility of SCu,40,4; is rather uncertain. The
peratures, the magnetic susceptibility of such fragments rewo gray lines in the bottom panel of Fig. 3 denote rough
sembles that of free spins, i.e., it is expected to diverge asstimates 0fy|qqqer Pased on the quantum Monte Carlo re-
1T33 sults of Johnston and collaboratdfsusing Jjeg= 1500 K
For small values ok, the total static magnetic suscepti- and Jyyng/Jieg=1/2 (solid gray ling and Jyng/Jieg=1
bility y< is Well described by the independent spin-dimer(dashedl
model with a spin gap of about 130 K between the nonmag- A thorough discussion oj g for larger values ofx is
netic singlet ground state and the excited spin tripletgiven in Ref. 23. Here, we only cite the main results: the
state!2131617\We approximate the experimental data for model of noninteracting dimers of E(B) describes the ex-
x=0 by summing a Curie-Weiss tergy.ic and a contribu-  perimental data very well only for small values xoft low
tion of independent spin dimepg;imer (Ref. 23, temperatures, i.e., in the charge ordered state. Mobile charges
in the chains will cause deviations from the dimer model,
e.g., by producing a broad distribution of the strength of the
Xstal T) = Xcurie™ Xdimer intradimer couplingl,,,, (see also Ref. )2 For x=12 the
NAg?u2[ N N data agree nicely with the theoretical results for a homoge-
__A° B free dimer , neous antiferromagnetic chain of Khper’’ The tempera-
24kg [4(T—Tc)  T[3+expJInnn/keT)] ture Tax at which the static susceptibility acquires a local
(3)  maximum decreases with increasingsee Fig. 3. Indepen-
dent of the model usé@ithe reduction ofT 5, indicates that
the next-nearest-neighbor couplidg,,= 134 K forx=0 is
reduced with increasing. Assuming an antiferromagnetic
chain, thex=12 data yieldJ=103 K?23 Note that one can
easily construct a homogeneous, antiferromagnetically
coupled chain with five holes per formula unit: Due to the
Coulomb repulsion, the holes will occupy next-nearest
ﬂeighbor sites and give rise to a strong antiferromagnetic
n&oupling between the spirisee Fig. )].

whereNyee. and Ngimer denote the density of quasifree spins
and of dimers, respectively,,,, is the intradimer exchange
coupling between next-nearest-neighbor spins, Bnthbels
the Curie-Weiss temperature. A spin & 1/2 has been as-
sumed.

We neglect the temperature-independent contributions t
the static susceptibility due to the van Vleck paramagnetis
of Cu?* ions xS and the core diamagnetisyfor®, since

. . The ESR results show further indications for a smooth
both are expected to be STO?JI and practically compensating, nsiiion from spin dimers to a uniform spin chain with

each other. An estimate gfgj, as a sum of the respective jncreasing Ca concentration, which will be discussed in the
contributions from all ions comprising the lattice gives afollowing section.

value of the order of-10"° emu/mole Cu. The van Vleck
susceptibility is set by the crystal-field splitting of the orbital
states of Ct", C. Linewidth

1. Dimers and charge dynamics
c 2 c 2
Xv\y,CZZNAMB/Ayz,zxv Xv\y,bZSNAMB/Axy- 4)

spin

Compared to the intensity(T), i.e., xgsr. the linewidth
AH of the ESR spectrum and the resonance fi¢lg can be
With a crystal-field splitting of a few eV as derived from the determined with a significantly higher accuracy. Similar to
g-factors, a rough estimate givq§\}‘~ 10"° emu/mole Cu. the case of the resonance figii. discussed in connection

Obviously, the description of the susceptibility in terms of with the g-factors, the widthAH of the resonance line is
independent dimers should work particularly well in the anisotropic. For a fixed temperaturéH is proportional to
charge ordered state. According to our analysis of the ESR1+ cos6), whered is the angle between the magnetic field
linewidth (see belowthe charge order in $ICu,40,4, Sets in - H and theb axis. Since the determination of the parameters
at about 200 K. Therefore we have restricted the fiygf,of  is more accurate for narrow ESR lines, we will concentrate
Sr,Cu,,04; to temperatures below 200 K. Indeed, in this in the following on the case dfl||c. The temperature depen-
temperature range the fit by E@) with Ng..=0.22 per f.u.,, denceAH(T) is shown in Fig. 4 for all crystals studied. In
2Ngimer= 3.56 per f.u.,T.=0.16 K, andJ,,,=134 K ap- the following we first discuss the high-temperature regime
proximates the experimental data very weblid line in Fig. T=30 K and then the low-temperature regifmies30 K
3, the two contributiongcyrie aNd X gimer COrrespond to the where the Curie-contribution dominates the susceptibility
dotted and dashed lines, respectiyely (dotted line in Fig. 3.

104422-5



V. KATAEV et al. PHYSICAL REVIEW B 64 104422

2200 —= arises only abov@&™* —at least forx=0 and 2, and with less
oy - 1 confidence also fok=5—indicates a characteristic energy
8 2000 Lazcalzcu24o41 . scal_e for the appearance of a new degree of freedom in the
b - 1 chains.
T 1800 | i We associate this with the charge dynamics in the chains,
= g e a e i.e., with the melting of charge order &t . Since the spins in
- ot b a dimer are coupled via a localized Zhang-Rice singlet, an
Sr CalaCu O £ increase of hole mobility will reduce the dimer lifetime,
wg shorten its spin relaxation time, and broaden the ESR line-
width. Hence the constant widtkH , of the signal belowl*
corresponds to the localization of the charge carriers, and the
strong increase oAH aboveT* reflects the thermally acti-
vated hole mobility.
Both the crossover temperatufé and AHg turn out to
be very sensitive to Ca substitutigsee Fig. 4 Whereasr*

g
1 et
!
g
Yo
>;p
e

i
+
%

800

600 amounts to 200 K for “pure” Sy,Cu,40,,, it decreases to
~ 170 K forx=2 and to 80 K forx=5. This rapid decrease of
] % - S - A
o T* upon Ca substitution clearly indicates an increasing in-
et stability of the charge ordered state in the chains. For still
E larger values ofx it is not possible to define a* below

400 which AH is constant, i.e., there is no signature of charge

order.

Our interpretation ofT*(x) as the charge ordering tem-
perature is in agreement with results based on other tech-
niques. In Sy,Cu,,0,; neutron scattering deta reveal a
quasi-2Dordering of holes in the chains below 150 K}
whereas in x-ray measurements the satellite peaks indicating
charge order disappear close to 300*KDetailed NMR/
nuclear quadrupole resonan@¢QR) studies reveal a static
distribution of holes below 200 K fax=0 (Ref. 43. Resis-
tivity data>?3 show a peak of the derivativen(p)/d(1/T),

Temperature (K ) i.e., a change of the effective activation energy at about
250 K forx=0, 180 K forx=2, and 120 K forx=4, which

FIG. 4. Bottom panel: temperatu_re dependence of the linewidtth55 heen discussed in terms of charge order in the chiins.
AH(T) of Sh,C8CW,0, for various x. The topmost curve  por |arger values of this peak is much less pronounced, but
shows data for LgbnyCu,.0,1. The magnetic field has been ap- g can still observe a shallow maximum at about 88 K.

plied along thec axis of the crystals. The dashed lines denote th ; : .
constant and linear contributions &oH(T) as defined by Eq(5). e;l('iez aggrrlla%l())/r I)?:tgeg],lgl 5%XpKa]2) S;)I(O: Sd%tagcljvfr?els?ge }E)ff?k:e

We defineT* as the crossing point of the dashed lines. Top panel; - . s ;
anomaly is drastically suppressed with increasing
same for LaCa;,Cuy4Oy1 .

For small values ok we have attributed the increasing
linewidth aboveT* to the enhanced hole mobility: the hop-
ping of holes along the chains causes spin flips and therefore
a broadening of the ESR line. It is straightforward to use the
same interpretation for the increaseAdfl for large values of
X. The fact that hole mobility shortens the relaxation time of
copper spins does not depend on whether the zero-

AH(T)=AHy+AH*(T) (5  temperature ground state is dimerized or not. Remarkably,
the slope of the increasing linewidthH* (T) is approxi-
with AH*(T)=constX (T—T*) for T>T*, and AH*(T) mately the same for all values &f suggesting the presence
=0 for T<T*, whereT* is the characteristic temperature of of a substantial amount of mobile holes in the chains even at
the crossover between the two distinctly different regimes, atarge Ca concentration. We note thatxaimdependent slope
defined in Fig. 4. of AH*(T) is compatible with a certain decrease of the hole

In concentrated paramagnetic systems a constant conti¢oncentration in the chains, if this is compensated by a de-
bution AH, to the ESR linewidth is determined mainly by crease of the activation energy for charge motion. In this
(i) the isotropic exchange narrowing effe@t) inhomogene- context the AH data of LaSrsCw,,0, (“+"-signs in
ities (both magnetic and structujaland (iii) anisotropic  Fig. 4) are of particular interest. In this compound the hole
spin-spin interactions like, e.g., dipole-dipole interactionscount is reduced from six to five per formula unit by substi-
and anisotropic exchandg&®The second term\H* (T) ac- tution of trivalent La ions. In the x-ray absorption measure-
counts for other, temperature-dependenspin-relaxation ments of Ref. 7 all holes reside in the chains in all samples
mechanisms. The experimental result that this contributiomith reduced hole count. Remarkably, the slope\éf* (T)

200

In Sr.Cuw,404, the widthAH is almost constant between
30 and~180 K, but for higher temperatures it increases
rapidly and approximately linearly with temperature. We ap-
proximateAH(T) phenomenologically as
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observed at high temperatures in;58,Ct,,0,; is very  order of ~10% of Jii,.3° This strong anisotropic contribu-
similar to the results of $5-,CaCu,404; (see Fig. 4 The tion to superexchange can be explained qualitatively as the
data of LaCa;,Cu,,0,, (top panel of Fig. 4, note the differ- result of the specific Cu-O bonding geometry involving two
ent scalg¢ with nominally four holes per formula unit clearly symmetric 90° @—O-Cu bonds which connect nearest-
demonstrate that a further decrease of the hole concentrati;eighbor Cu sites. In this geometry the influence of spin-
results in a considerable reduction of the slope\éf*(T)  orbit coupling on the magnetic exchange betweeA'Cons
and in a very much larger linewidth at all temperatures.  is found to be considerably enhanc¥d” Due to the sub-
The temperature-independent contribution to the ESFstantial hole doping of the chains in the Sr-Ca system, the
linewidth AH, [see Eq. § strongly depends om also. It ~dominating exchange interaction occurs betweeext-
increases rapidly from-50 Oe forx=0 to ~500 Oe for ngarestnelghbor Cu sites via an intermediate Zhang-Rice
x=9, and then decreases again down to 400 Oexfoll2. s!nglet. The drastic contrast between the.very narrow ESR
Note thatAH, amounts to about 700 Oe in LBr;:ClyOyy signal of S§,Cu,,0,; and the very large Wldth' observed in
and about 1800 Oe in L&a,ClhOs;. All three different La,Ca,Cw,404 thus demonstrates that the anisotropy of the

effects stated abové.e., the exchange narrowing effect, in- exchange coupling is very different for nearest-neighbor and

. . . . L next-nearest-neighbor couplings. In fact there is a certain
homogeneous broadening, and anisotropic spin-spin interag-

. . ) . . - ... similarity between the coupling via a Zhang-Rice singlet in
tions) which determine a temperature-independent I|neW|dtq y Ping g g

. . he Sr-Ca system and the situation in a 180°-Ou-Cu
may possibly contribute to a dependenceldi, on the Ca 1,04 in poth cases the coupling strength is antiferromag-

concentration. _ _ netic and large and shows a relatively small anisotropy due
(i) A reduction of the effective exchange coupling be-q the quenched orbital momentum of Cu
tween the resonating spins gives rise to a reduced exchange The additional increase @fH below100 K with decreas-
narrowing and thereby to an increaseAdflo. An analysis of  ing temperature in LgCa,CyO,; shows that the system
the susceptibility data.dlscussed abdgsee also Refs. 12 and approaches long-range magnetic order at low temperatures,
23) reveals a reduction of,,, by about 20-25% from  as discussed in Ref. 30. According to the analysig.gficin
x=0 tox=12. L Ref. 13, insulating Lg, ,CaCu,,0,, is paramagnetic above
(i) Inhomogeneous contributionSHgy,c to AHo may 50 K, whereas at lower temperatures spin correlations grow
arise due to, e.g., random structural distortions of Cu-Oang finally result in long-range AF order, which has been
plaquettes induced locally by substitution of?Srfor the  gpserved in LaCayCuyO,; at Ty~10 K447 Based on the
smaller C&" ions. This contribution should vary approxi- magnetic-field dependence of the specific heat anomaly at
mately as (14 x)x, i.e., it should vanish fox=0 or 14.  the phase transition an Ising-like character of the chain mag-
Indeed, we observe a small reductiondfl, for x>9 from  petism has been suggestédrhe increase ofAH for tem-
500 to 400 Oe. Together with the small width for2 this  peratures larger than the magnetic ordering temperature is
allows us to give an upper limit akH ;. of about 150 Oe. caused by short-range fluctuations of the staggered magneti-
Note that the Sr-Ca sublattice is incommensurate with thgation. These enhance the rate of the spin-spin relaxation
chains? resulting in an inhomogeneous contribution even for1/-|-2 and consequently broaden the ESR line additiorf4lly.
x=0, whereAH, is very small. This once more indicates the  The data ofAH of La;Sr;;Cu,,O4; Show an interesting
limited influence of structural disorder. Probably more im-mixture of the properties of the Sr-Ca system and the La-Ca
portant is the possible role of magnetic disorder. The magsystem. The absolute value &fH of La;SrsCu,O, is
netic Cu sites in the chains are equivalent only in the charggigher than observed in the former and lower than found in
ordered dimerized staf@ompare, e.g., Fig.(&) with Figs.  the latter. At high temperatures, it shows the same line broad-
1(c) and(d)]. In the absence of charge order the spins will begning AH* (T) induced by hole mobility as the Sr-Ca com-
exposed to locally different exchange or dipolar fields, whichpounds, whereas at low temperatures it broadens addition-

geneous contributions definitely do not dominatd, since  correlations as in the La-Ca samples.

the ESR spectrum remains a single Lorentzian line without a

significant distortion or deviations towards, e.g., a Gaussian . .
2. Quasifree spins

line shape.
(iii ) An increase of thanisotropiccontribution to super- The susceptibility data of Fig. 3 clearly indicate a cross-
exchange will cause a growing linewidth.In a recent over at about 25 K, below which the main contribution to

papef® we have shown that the very broad ESR line ob-both xg, and xi2 stems from the T Curie term of the

served in La, ,CaCu,0,; (See, e.g., top panel of Fig) 4 quasifree spins. It is reasonable to assume that at low tem-
can be attributed to the unusually large anisotropy of theperatures the ESR line of the quasifree spins has a width
nearest-neighborexchange, which becomes dominant for different from that of the response of the interacting spins
low hole concentrations. Thisotropic Heisenberg superex- which dominates at high temperatures. Therefore one can
change interaction betweemearest-neighborCu spins attribute the anomalies @dH at about 25 K to a correspond-
Hiso=Jisoc= S S is weakly ferromagnetic, witljs;~20 K13 ing crossover. In the crossover region we do not observe any
However, the very large temperature-independent w(ftth  significant distortion of the shape of the ESR spectrum since
T>100 K) of AH~1.8 kOe suggests the presence of un-the resonance fields of the two contributions are rather simi-
usually large anisotropic corrections ), which are of the lar. Whereasx=0 and 5 consistently show a rather small
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1500 — (g T T T 40 the lowest temperature that we have measured, 1.9 K. Note
Sr,, .CaCu, O, :E'i x=12 1380 that this is confirmed by the temperature dependend¢, af
D iz PO D0 0000 gggg for x=11, which shows a sudden increase at the lowest tem-
- _'_;__’;:ﬁ | :. l *.I,.I’ +iu.; a0 peratures measure.d. However, from 5 to 2 K the resonance
1000 | Ay y T _ field H s is decreasmg‘or_x:S, 9, and_ll,_wh|ch may |mp_ly
8 s Lo—v—=x=8 &, T 3280 8 the presence of competirfigrromagneticspin correlations in
1 Ce ) | ./'A..A,«'L‘J_‘_Am‘:' 3320 7 the system.
< '.\ \% 1 A <9 1 3250 m In our ESR data, magnetic correlations are confined to
so0 L 0.\.\ é NI temperature_s below 10 K, suggesting allow-e.nergy scale f_or
Aoy, LA F Ty V¥ 3320 the magnetic exchange. In fact, small interdimer magnetic
VgV [ x=8 1380 couplings of different signs along and across the chains are
] - il found in S,Cu,,0,; (Refs. 3—5. In the presence of charge

L R
1 10 0 5 1015 20 25 order the much larger intradimer coupling across a Zhang-
T(X) T(K) Rice singlet forces the system into a nonmagnetic ground
FIG. 5. Low-temperature behavior of the linewidttH (left ~ State. The melt_ing o_f charge order induced by Ca substitution
pane) and of the resonance fielH (right panely of  destroys the dimerized state. The occurrence of long-range
St CaCu,O,y for x=8, 9, 11, and 12. The magnetic field has Magnetic order is easily understood if for largéhe system
been applied along the axis. Note the different scale of the top IS described in terms of antiferromagnetic chesese Ref. 23
right panel. Dotted lines are a guide to the eye and indicatéind the discussion abowven this situation small interchain
H,=3330 Oe. couplings stabilize a magnetically ordered state at low tem-
peratures.

decreasef AH with decreasind’, we observe a pronounced
upturn for x=2. Additional studies are required to clarify IV. CONCLUSIONS
this discrepancy. The much stronger anomalies for larger val-

ues ofx are discussed in the next section In this work we have studied the electron spin resonance

of the C#" ions in the chains of intrinsically hole-doped
single crystals of S ,CaCuw,,041 (x=0, 2,5, 8,9, 11, and
12) which contain six holes per formula unit. We compare
The low-temperature behavior &fH and H,.s of the  the results with the ESR data of two single crystals of
samples withx=8 is shown in Fig. 5. Below 25 K the four La;Sr3Cu,40,4, and LgCa5Cu,404; in Which the hole count
samples withx=8, 9, 11, and 12 first show a decrease ofis reduced to five and four, respectively. For small values of
AH with decreasing temperature, and theniacreaseat the Ca concentrationx the ESR measurement of
even lower temperatures. With increasixghe temperature  Sr, ,CaCuw,40,4, probes the spin dimers above 25 K. We
at whichAH acquires its minimum value increases from 3 tofind that the Cu-spin relaxation is appreciably influenced by
13 K. At the same time, the low-temperature maximum valughe charge dynamics in the chains, resulting in a strong tem-
of AH increases as well, reachidgH~1100 Oe forx=11  perature dependence of the ESR linewidtd above a char-
and 1500 Oe fox=12. Finally,AH exhibits a sharp kink at acteristic temperatureT*. The crossover to a nearly
T=2.5 K for x=12. Remarkably, this kink is accompanied temperature-independent widttH, below T* is identified
by a dramatic shift oH,.s, which first drastically increases with the onset of charge order in the chains. With increasing
below 3 K and then exhibits a small kink at 2.3 (§ee right X this crossover shifts from about 200 K in;@u,4,0,; to
panel of Fig. 5 and note the different scale of the top panel ~80 K for x=5, indicating a rapid destruction of charge
Both anomalies clearly indicate a transition to a magneticallyorder. Remarkably, the spin relaxation is strongly tempera-
ordered state at 2.5 K fax=12. The cusp ofAH at the ture dependent even at high Ca values likell and 12,
ordering temperature is due to critical magnetic fluctuationsuggesting the presence of a substantial amount of holes in
which are strongest in the vicinity of the phase transitionthe chains. At the same time, the spin relaxation of
The strong increase & ¢ is typical for the transition to an La;Sr3Cu,40,4, containing five holes per formula unit in the
antiferromagnetic state and indicates the development of ehains is rather similar to the one of,;r,CaCu,,0,, for
staggered internal magnetic field opposing the applied fieldargex at high temperatures. A further reduction of the hole
This is consistent with recent reports of antiferromagneticcount form five to four as in LaCa,Cu,,0,4; results in a
order forx=11.5 andx=12.5(Refs. 26—-28 where the or- very different ESR linewidth. These results give an upper
dered moments were found to reside mostly in the chaingorder of one hole being transferred from the chains to the
Our ESR data demonstrate that the increase of the Ca contdatders upon Ca substitution of;gr,Ca Cu,,0,;. A certain
from x=8 to 11 continuously drives the system towards antransfer of holes explains the increaseAdfl, with increas-
antiferromagnetic instability. The slowing down of antiferro- ing x: its main impact on the ESR linewidth is related to the
magnetic correlations above the ordering temperélgiges  enhancement of the probability of having two spins on
rise to critical broadening of the linewidth which is observedneighboring sites, resulting in both a strongly enhanced an-
for all four samples wittk=8, 9, 11, and 12. Fox=11 the isotropy and a considerably reduced exchange narrowing. At
increase ofAH is almost as large as for=12, suggesting the same time, a reduced hole count destroys the charge or-
that magnetic order may occur fa=11 not too far below der and therefore gives rise to locally different dipolar fields,

3. Magnetic order for largex
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