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Magnetic properties of the S=; quasi-one-dimensional antiferromagnet CaCwO4
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We report single-crystal growth and magnetic susceptibility and neutron diffraction studies 8fthe
guasi-one-dimensional antiferromagnet Cg04 The structure of this material is similar to that of the proto-
type two-leg spin-ladder compound St@j4. However, the Cu-O-Cu bond angle in the ladder rungs in
CaCuy0Oj; is equal to 123°, and therefore the magnetic interaction along the rung is expected to be much
weaker in this material. At high temperatures, the magnetic susceptibility of a@an be decomposed into
a contribution from one-dimensional antiferromagnetic chains or finite-size chain segments together with a
weak Curie contribution. The intrachain magnetic exchange condtardetermined from the magnetic sus-
ceptibility measurements, is 208@00 K. CaCuO,; undergoes a N transition atTy=25 K with ordering
wave vector 0f0.4295), % %]. The magnetic structure is incommensurate in the direction of the frustrated

interchain interaction. Weak commensurate magnetic Bragg peaks with the reduced wave%ve%;[(é)(are

also observed below . Application of a magnetic field induces a metamagnetic transition at which the
incommensurability of the magnetic structure is substantially reduced. Above the transition field, the material
possesses only short-range magnetic order, and no well defined temperature-driven transition is observed.
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[. INTRODUCTION confirmed experimentally.However, our understanding of
these intriguing materials is still incomplete from both the

Low-dimensional quantum spin systems exhibit a varietytheoretical and experimental points of view.
of intriguing properties originating from the low dimension-  Adding to the complexity of the picture, frustrated mag-
ality and quantum fluctuations. Quantum effects are moshetic interactions and disorder are often present in real-life
pronounced inS=3% systems. The one-dimensiondD) S  materials and result in new and unexpected phenomena. In
=1 nearest-neighbor Heisenberg antiferromagnéid) the cuprate spin-ladder systems mentioned above, the inter-
chain and its two-dimensioné2D) analog, the square lattice ladder Heisenberg interactions are indeed essentially frus-
antiferromagnet, have been extensively investigated bottrated. That is, classically they cancel exactly, and therefore
theoretically and experimentally. The properties of these sysaeak magnetic interactions resulting from magnetic anisot-
tems turn out to be very different: the nearest-neighboropy or from minute lattice distortions should play an impor-
Heisenberg AF chain exhibits a critical ground statehile  tant role in these compounds. The effects of frustration and
true long-range order takes place at temperaius® in the  disorder together with the effects of anisotropic interactions
2D systent These observations have motivated extensiveon the properties of low-dimensional materials provide a rich
research activity that has resulted in the discovery of magfield for both theoretical and experimental work. A substan-
netic systems consisting of a finite number of interacting 10tial amount of research activity is currently being devoted to
chains which interpolate between the 1D and 2D cases. these subjects.

The most notable examples of such systems are planar In this paper, we report single crystal growth and mag-
arrays of strongly coupled chains, the so-called-legged  netic susceptibility and neutron-diffraction studies of the
spin ladders.S=1 n-legged spin ladders exhibit fundamen- =3 quasi-1D magnet CaGQ@;. The structure of this mate-
tally different properties for even and odd Even-legged rial, shown in Fig. 1, is similar to that of the prototype two-
ladders exhibit a spin liquid ground state with a gap in theleg spin-ladder compound Sr&D;. It consists of an array of
magnetic excitation spectrum, while odd-legged ladders extadderlike structures with quasi-1D copper-oxide chains ex-
hibit a ground state isomorphous to that of the 1D chaintending along the crystallographie direction. However,
Several good physical realizations of these systems, notablyhile the Cu-O-Cu bond angle in the rungs is 180° in the Sr
Sty—1Clys 105 and Si,Cuy0,;, have been found, and the compound! it equals 123° in CaGiDs; colloquially, the lad-
main predictions for the nature of the ground state have beeder is “buckled.” Therefore, according to the Goodenough-
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magnetic structure. The application of a magnetic field in-

duces a metamagnetic transition in which the incommensu-

rability of the magnetic structure is substantially reduced.

The material possesses only short-range magnetic order
a) above the transition field.

The format of this paper is as follows. In Sec. Il, we
describe the single-crystal growth and the sample character-
ization, together with experimental details of the magnetic
susceptibility and neutron-diffraction measurements. Section
Il presents the results and analysis of the magnetic suscep-
tibility measurements. In Sec. IV, we discuss neutron-
diffraction measurements of the crystal structure, zero-field
magnetic ordering, and also the effects of a magnetic field.

b) Finally, in Sec. V we give a summary and conclusions.

Il. EXPERIMENTAL DETAILS

CaCyO; has an orthorhombic lattice, space group
Pmmn® with a=9.949 A b=4.078 A andc=3.460 A at
C) T=10 K. Single crystals of CaG®; have been grown using
the traveling solvent floating zon@SF2) method with CuO
as a flux. To prepare Ca@D; powder, a mixture of CaCQ

FIG. 1. (a) The atomic structure of CaG0s. (b) The projection ~and CuO powders was calcined at 850 °C for 12 h with sub-

on the crystallographiab plane, andc) on theac plane. Ca atoms sequent heating at 995°C in air for 3 days with frequent
are not shown. The dotted line indicates the structural unit cell. Irgrindings. Only small amounts of @auO; and CuO impu-
(c) arrows correspond to the zero-field model magnetic spiral strucrities have been found in the as-prepared powder. Oxygen or
ture, andy and y designate the angles between the adjacent spindnert gas annealing at 995 °C does not result in any signifi-
as discussed in the text. cant magnetic or structural change, which implies that the
oxygen content is close to being stoichiometric.

The growth is carried out in a four-lamp optical FZ fur-
nace built by Crystal Systems Inc. The temperature range, in
which crystals of the required composition are stable, 975—
) L 1020 °C, is extremely narroWequiring careful temperature
can be_ descnbe_d as the sum of a contrlb_ut_lon from ON€2ontrol. We use as-prepared powder to make feed rods. To
dimensional antlferromagnet!c Cha”?s or f|n|te-3|_ze Cha'.nreduce the radial thermal gradient of the hot zone, feed rods
segmer!ts, and a weak Curie contrlputlon_ The Intr""Ch"""avith diameter less than 5 mm are used. By careful observa-
magnetic exchange constaljt, determined from the slope i, o the amount of extra feed rod that dissolves into the

‘if the high-temperature susceptibility curve, J5=2000  \q1ten z0ne, we estimate that 17.8% Ca0/82.2% CuO is the
*+300 K. Similar values have been previously reported for, ima| injtial concentration of the flux rod. Stable growth is
the related quasi-1D compounds,Su0O; and SrCuQ.

- achieved using a pulling rate of 0.8 mm/h, a 35-rpm rotation
CaCyO; undergoes a Na transition to 3D long-range rate, and an ambient gas flow of oxygé&20 mi/min and

order atTy~25 K. The magnetic ordering occurs with @ 590n (20 ml/min). The growth direction in the obtained
three-dimensional-like critical exponefit=0.3-0.4. The or-  ¢ystals is approximately parallel to the copper-oxide chain
dering wave vector i§0.4295), 1, 3]. The magnetic struc- (010) direction.

ture is_ inqommensurate in the direction of the frust(ated in- Magnetic susceptibility measurements in the temperature
terchain interaction. Weak commensurate magnetic Braggierval 2—800 K were carried out using a commercial Quan-
peaks with the reduced wave vectdr, (3, 3) are also ob- tum Design superconducting quantum interference device
served belowl . The experimental data are consistent withmagnetometer equipped with a furnace attachment. To per-
a spiral (or possibly conical magnetic structure with spins form measurements with the magnetic field oriented along
rotating in the ac crystallographic plane. The low- chosen crystallographic axes, the crystals were aligned using
temperature magnitude of the ordered magnetic moment de-ray-diffraction techniques.

termined using this model magnetic structure is 0.2 For single-crystal neutron diffraction experiments, two
+0.07ug . The observed incommensurate magnetic structursingle grain crystals of CaG®; with mosaicities of~0.2°

can result either from the presence of anisotropic magnetirom two different batches were chosen. We refer to them as
interactions, or from the existence of a lattice distortion lift- sample 1 and sample 2. The samples were of cylindrical
ing the frustration of the interladder Heisenberg interactionshape~4 mm in diameter ané-20 mm in height. Neutron

It is also possible that transverse incommensurate magnetfowder-diffraction measurements performed on powder
correlations are intrinsic to coupled Heisenberg spin laddersamples prepared from various other single crystals showed
and that these correlations are responsible for the observéhdat up to 7% by weight of the impurity phase LaO; may

Kanamori-Anderson rulesthe interchain interaction in the

buckled ladders in CaG®; should be substantially weaker
than that in SrCu03. At high temperatures, the temperature-
dependent part of the magnetic susceptibility of CAGu

144418-2



MAGNETIC PROPERTIES OF THE=3 QUASI-ONE- . .. PHYSICAL REVIEW B 63 144418

CaCu,0, 5
5 T T o
25154 ©
8 ot 3 |&3 %ﬁ% lg088
i3 o Hllg <20 & — 2012 oooo
/_\4 %’;&sﬁ, A S B =] = o
3 5% Hib S5 E5l | 0% %
Spe e B S 0 10 20 300 ,0°
s, o % <10 £ °
E3re % © ] S 10+
| R =05
g “ " =5
T 2r el % 50 100 150 200 250 300
=] 2 T (K)
= fo
> 25
1+ tﬁoﬁ%.lq E . 25
'éiﬂom.am'é.é.é‘o& =1
f.ﬁh o 20|
0 1 1 TD
0 50 100 150 200 250 300 E 5
T (K) 2
2 10F
FIG. 2. Temperature dependence of the magnetic susceptibility =
of CaCyO; in a magnetic field of 1 kG oriented along the three 5
major crystallographic axes, with the temperature-independent part 0
0 1 2 3 4 5

subtracted. The inset shows the inverse magnetic susceptibility after
subtracting theT-independent part. The solid line is the result of a H (T)

fit to the Curie form. L L
FIG. 3. () Magnetization versus magnetic field fét|a on

. . ramping the field up and dowiib) Magnetization versus magnetic

be present. However, n_o S'nglfa'crys_ta”me phase other thaﬁ]ald along the three major crystallographic axes. The temperature is

CaCyOs _Was Qetected ”? the Investlgated samples. There5 K. The data for the magnetic field aligned with theaxis are

fore any impurity phase, if present, was in the form of scat-ghjtteq up by 4 emu/mol for clarity. The inset shows the tempera-

tered powder inclusions. ture dependence of the transition fight} for the magnetic field
The neutron-diffraction measurements were carried out arallel to thea axis.

the reactor of the National Institute of Standards and Tech-
nology (NIST). The powder-diffraction experiment was car- lographic axes. Temperature-independent contributions of
ried out at the BT-1 high-resolution powder diffractometer.2.23x 104, 1.73<10 4, and 2.3% 10" 4 cm®/mol Cu were
The data were collected in thef2range 3-165° using a subtracted from the data of Fig. 2 for the magnetic field
neutron beam of wavelength 1.5401 A produced by a coppealigned with thea, b, and ¢ crystallographic axes, respec-
(311) monochromator. The collimations used weretively. The sample undergoes a &ldike transition atTy
15'-20'-S-7'. Data were collected at 295, 40, and 10 K. ~25 K. The anisotropy of the susceptibility beloky indi-
Crystal structure refinements were carried out usingsthes  cates that spins are mostly confined to the crystallo-
program® Single-crystal measurements were performed atraphic plane at low temperatures. For temperatures 50
the BT-2 and BT-9 triple axis spectrometers, using neutrons<300 K, the temperature dependence of the magnetic sus-
of energy 14.7 and 30.5 meV for the measurements with andeptibility is well described by Curie T/behavior(see the
without applied magnetic field, respectively. Pyrolytic graph-inset in Fig. 2. The effective concentration of €u free
ite (002 monochromator and analyzer crystals were used. T@pins extracted from the corresponding Curie constant
reduce higher energy harmonics present in the beam, pyr@mounts to 3% of all the Cu atoms present in the sample. It
lytic graphite filters were placed before and after the sampleis impossible, however, to ascribe the Curie term to extrane-
The collimations used were 6@0'-S-80-80° and ous impurities since the Curie contribution is dramatically
60'-40'-S-40-40' for the measurements taken in zero anddecreased below the ‘Mitemperature, and therefore the
applied magnetic field, respectively. Zero-field experiments‘free” spins responsible for the Curie term participate in the
were performed using either a closed cycle helium refrigeratow-temperature magnetic ordering. Specifically, the data of
tor with base temperature 10 K, or a pumped helium cryostaFig. 2 imply that the effective concentration of €ufree
which allowed one to perform measurements downTto spins present in the sample bel@w= 25 K is less than 1%.
=1.5 K. Data were taken in thé( k, k), (h, k, 3k), (h, 3k,  As shown in Sec. IV, our neutron studies show thafl gt
k), and (, 5k, k) scattering planes. A 9-T vertical field CaCyO; undergoes a transition to a magnetically ordered
superconducting magnet was used for the measurements gfate with a relatively large value of the ordered magnetic
an applied field, and the experiment in a field was performednoment, for a quasi-1lDS=3% antiferromagnetic system.
in the (h, 3k, k) scattering plane. This, in turn, means that virtually all of the €u spins par-
ticipate in the magnetic ordering.

From Fig. 3 one sees that far<Ty the material under-
goes a field induced transition whehis parallel to the crys-

Figure 2 shows the temperature dependence of the magallographica axis. The transition results in a small increase
netic susceptibility of CaCiO; for T<300 K measured in a of the magnetic moment &i~3 T at low temperature, and
magnetic field of 1 kG aligned with the three major crystal-exhibits hysteresis on ramping the magnetic field up and

Ill. TEMPERATURE-DEPENDENT SUSCEPTIBILITY
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down for T<20 K. ForH parallel to thec axis there is no 18.0———— T
jump in the moment but the slope & (H) increases at =175 ﬁalclugsgin J_16495’Ui1940|<
approximately the same fieldee Fig. 8)]. The inset in Fig. o

3 shows the temperature dependence of the transition field € 17.0

H. for the magnetic field parallel to the crystallographic s
axis. To determindd. we have averaged the maxima in the L?" 16.5 o

field derivative of the magnetization for increasing and de- 2 J=2240K © oy
creasing the magnetic field. The error bars in the inset reflect 2160 8
the width of the hysteresis region far<20 K; at higher ol ; .
temperatures, error bars correspond to the with of the peak in =150 g .
dM/dH. The transition shown in Fig. 3 exhibits some fea- 15.0 ‘ ‘

tures characteristic of a spin-flop transition in a magnetic
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system in which spins are confined to thecrystallographic

plane at zero field, but are not parallel to eitlzeor c. In FIG. 4. High-temperature magnetic susceptibility of CaOy
particular, the transition does not occur when the magnetigeasured in a magnetic field d T with the Curie part subtracted.
field is parallel to theb axis. The transition field varies  The magnetic field points along the crystallographi@xis. The
with temperature in the way characteristic to the spin-flopsolid and dashed lines are the results of Bethe ansatz calculations
field of a typical anisotropic antiferromagrieor H parallel  for the 1D Heisenberg spif-chain for several values of the intra-
to c the transition appears to be continuous even at the loweghain magnetic coupling;. The sudden drop of the susceptibility
temperatures. Such continuous transitions are known to o@boveT=700 K is due to sample decomposition.
cur in collinear antiferromagnets when the easy axis is not
parallel to the applied field,and also in compounds with acting extraneous impurities, and thus, at this stage(Hq.
noncollinear magnetic structures. In Sec. IV we show thal@cks a physical explanation. The high-temperature data of
the magnetic structure of Cagll, is, in fact, noncollinear. ~ Fig. 4 were fitted to the theoretical results fg(T) for a 1D

The dominant magnetic interaction in CaQy is the in-  S=7 chain obtained using the Bethe ansatz mettiothe
trachain couplingd; which, by analogy to $€u0O; and solid aqd dashed curves in I_:lg. 4 are Bethe ar!satz results for
SrCuG, is expected to be of the order of 2000 K. The Spinthree different \_/alues od; with a tempergture—mdependent
gap, however, is proportional to the leg couplidg. In  t€rm representingycoret x,, added. Evidently, abovel
SrCw,0; JL%%JH,ll and the spin gap is equal to 420'K. ~300-400 K_and below th_e sample decompo_smon tempera-
The approximate value o, in in CaCyO; can be esti- ture, xspin(T) is well described by the theoretical curve for
mated from the Cu-O-Cu angle in the rungs and from the? 1D S=3 chain with J=1950+300 K. This value is in
known values of the magnetic Coup"ng in other Copper-QOOd agreement with the results for the related quaSi'lD
oxide based chain compounds. Using the data of Refs. 1¢hain compounds $EuUO;, SrCuQ, and SrCy0O;. % **Us-
and 14, we obtaird, ~100—300 K. Because of the reduced ing the valueyore=—3.3X10"° cm*/mol Cu** (Ref. 17,
value ofJ, in the buckled ladders of CagD,, we expect We obtainy,,=1.0<10"* cm*/mol Cu. This result fory,,
that the material will have a smaller gap than that iniS somewhat larger than the previously reported values of
SrCy,0; and will exhibit 1D behavior characteristic of un- Xv,=2-8x%10"° cm?/mol for SLCuO; and SrCu@.*® We
coupled spin-chains above~300-400 K*° At lower tem-  Nnote that these results are virtually independent of the details
peratures, three-dimensional magnetic interactions are, |ﬁf the IOW-temperature fits that have been used to extract the
general, not negligible, and the magnetic susceptibility carXcurie t€rm.
only be calculated accurately if these interactions are taken TO explain the observed temperature-dependent magnetic
into account. To estimate the numerical value of the intracSusceptibility at a microscopic level, we consider a model in
hain Coup“ng\]H, we have used two approaches which areWthh |mpUr|t|eS- or S.trUC.tUra.l |mperf.ect|0nsl break the
described below. quasi-1D magnetic chains into weakly interacting segments

Figure 4 ShOWS high_temperature Suscep“bmty measureef f|n|te Size. We haVe Ca|Cu|a'[ed the Susceptlblhty Of f|n|te
in a field d 1 T approximately aligned with the spin-chain spin-chain segments using quantum Monte Carlo simulations
direction. The Curie term is subtracted from these data. Thaltilizing the loop cluster algorithrf:** The only parameters
sample starts to decomposeTat 700 K, and, as a result, the in these calculations are the size of the chain segments, and
susceptibility abruptly decreases f6t>700 K. To analyze the intrachain magnetic couplinty. We useg=2.1 for the
the contribution to the magnetic susceptibility from the Landefactor, which is a typical value for Ci in insulator
quasi-1DS=3 systemyspin, We write y as cuprate compounds. Chain segments with even and odd
number of spins exhibit qualitatively different behavior. In
our calculations, we assume that identical numbers of
“even” and “odd” segments are present. We find that this
model reproduces the Curie-like behavior of the magnetic
cores, andy,, is the Van Vleck paramagnetic ternycore  Susceptibility at low temperatures, as well as the gradual in-
andy,, are independent of temperature. Equatibnis phe-  crease of the susceptibility with temperature at high tempera-
nomenological because, as we have mentioned above, tleres. However, to achieve satisfactory agreement with the
low-temperature Curie term cannot be ascribed to noninterexperimental data, it is necessary to add a small additional

D

where y.ore IS the diamagnetic contribution from the ionic

X= Xcurie™ Xcoret Xvo T Xspin:
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TABLE I. Atomic coordinates and temperature parameters for

7 —
=6 2 CaCuyO; at T=10 K. The space group iBmmn The lattice pa-
° £ rameters ar@=9.9491(1) A,b=4.0775(1) A,c=3.4604(1) A.
Tg_ 5 & The atomic positions are given in the lattice parameter units. The
- s 7 temperature parameteBsfor the oxygen atoms were constrained to
5 {:1 be equal in the refinement.
‘.*o 3
= Atom X y z B(A?)
><2 """
1 , . . Ca 0.25 0.25 0.3636) 0.71(2)
0 200 400 600 800 Cu 0.08291) 0.75 0.84363) 0.64(2)
T (K) o) 0.25 075 05832  0.942)
0(2) 0.08121) 0.25 0.8720%) 0.942)

FIG. 5. High-temperature magnetic susceptibility of CaQyu
measured in a magnetic field b T aligned with the spin-chaitb)

direction. The solid line is the result of a Monte Carlo calculation 5 temperatures higher thah= 2300 K, the agreement of

for the finite-segment model described in the text Wi 1940 K. 4,0 finite_segment model with the experimental data is satis-
The inset shows the high-temperature magnetic susceptibility on g

expanded scale. The dashed lines are the results of Monte Car%Ctolr.y (se‘]e ihzeog];te thé) FIE') ST?e Vtalt;je fOf the tIrT tra(;]ha;]n
calculations withJ; = 1500 K andJ;= 2500 K. The sudden drop of coupiing H_f_ . del extracted romb heh Ign- ¢
the susceptibility abové& =700 K is due to sample decomposition. temperature fits to this model Is insensitive to both the size o

the chain segments and to the magnitude of the added Curie

Curie term to the calculated susceptibility. The magnetic susterm. Therefore the two models described above give the
ceptibility in this model is therefore given by the same equa-same value of; within the errors.
tion as the phenomenological model discussed alj&ee
(1)] in which xs,in now stands for the magnetic susceptibil- IV. NEUTRON DIFFRACTION
ity of the finite 1D chain segments.

In Fig. 5 we show the CaGD3; magnetic susceptibility
data together with the results of Monte Carlo calculations for The structure of CaG; is shown in Fig. 1. The corre-
the susceptibility of equal numbers of spin chains consistingponding atomic coordinates and temperature parameters de-
of segments with 13 or 14 spins in every segment. We ustermined in the neutron powder-diffraction experimenirat
Jj=1940 K for the intrachain exchange. A Curie term cor-=10 K (Rp=3.53%,R,,,=4.45%) are listed in Table |. The
responding to a 1% effective concentration of?Cufree  structure contains copper oxide chains running along the
spins, as well as Van Vlecl,,=9.4x10 ° cm®/mol Cu  crystallographid direction; the chains form ladderlike pairs
and ionic coreycere=—3.3x107° cm/mol Cu contribu-  as shown in Fig. 1. As we have mentioned above, the main
tions are added. Calculations for the finite-segment modestructural difference between Cafll and its Sr analog is
with segments containing more than 20 spins, or less than 1ifiat in CaCyO; the Cu-O-Cu angle in the rungs of the lad-
spins, are incompatible with the experimental data. Thus, ilers is 123°, while the corresponding angle equals 180° in
the context of this model, a substantial number of weak linksSrCy05. As in SrCyO;, the ladders are coupled to each
in the magnetic chains is required to explain the observedther via~90° Cu-O-Cu bonds in the direction. In the
magnetic susceptibility. Such weak links can occur due tarystallographicc direction, the copper oxide ladders are
presence of oxygen vacancies or extrinsic impuritiesstacked on top of each other with Ca atoms in between.
Whether or not the actual concentration of defects in the CaCyO; undergoes a 3D Mg transition atTy~25 K.
crystal structure of our samples can explain the large numbdtigure 6 shows an elastic neutron-diffraction scan along the
of weak links required by the finite-segment model will be (h, 0.5, 0.5 direction atT=12 K. (The wave-vector trans-
the subject of future work. fers are quoted in reciprocal lattice units, r).Below T

The results of our calculations exhibit systematic devia-=25 K, superlattice Bragg peaks with reduced wave vector
tions from the experimental data for temperatures below [0.4295), 0.5, 0.9 are detected. Note that, within the accu-
=300 K. This indicates that, as expected, interchain interacracy of our experiment, these peaks can be described as com-
tions are not negligible at these temperatures. However, ounensurate peaks at tti@/7, 0.5, 0.5 position. In this case,
Monte Carlo calculations, that were carried out in absolutehe magnetic unit cell is seven times larger than the chemical
units with a small number of adjustable parameters for aunit cell in the crystallographi@ direction. Much weaker
simple finite-segment model, are clearly in good qualitativescattering is also found at tH6.5, 0.5, 0.5 positions. The
agreement with the experimental data. Therefore we believiatter peaks are not due to nuclear multiple-scattering effects
that the finite-segment model provides a plausible explanasince they are temperature dependent and disappear above
tion for the unusual temperature dependence of the magnetic (see Fig. 7. The intensity ratio of th€0.5, 0.5, 0.5 peak
susceptibility, including the presence of the Curie-like termto the (0.429, 0.5, 0.5peak is sample dependent, and spe-
at temperatures higher thdg,. Since all of the copper spins cifically, in sample 2 this ratio is approximately two times
are expected to participate in the low-temperature 3D magsmaller than that in sample 1.
netic ordering, this term should disappear below thelNe  The data of Fig. 6 and the corresponding data taken at
temperature, in agreement with the experimental results. various temperatures have been fitted to three resolution-

A. Zero-field measurements
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CaCu,0 B. Zero-field magnetic structure
1800 ; 23,

In this section we present a simple model magnetic struc-
ture consistent with our experimental observations. To con-
struct a plausible model, we first consider the magnetic in-
teractions known to be present in CgQy. The magnetic
interaction is strongest along the copper-oxide chains. As
shown in Sec. Ill, the intrachain Heisenberg exchange con-
stant isJ;=2000+ 300 K. The rung exchange constahtis
greatly reduced compared y because of the reduced Cu-
505 5 O-Cu angle in the rungs. Due to the diminished rung cou-
05 140 145 150 155 160 165 pling, the energy gained upon the transition to the gapped

h (rlu.) spin liquid state is also diminished since this gain is propor-
tional to the gap value, which goes to zero in the limit of

FIG. 6. Neutron-diffraction scan along thk, (0.5, 0.5 direction  decoupled chainTherefore the three-dimensional magnetic
atT:l.2 K .in .sample 1. The solid line is thg resglt of a fit to three interactions in CaCiD; are relatively more important than
resolution-limited Gaussian peaks as described in the text. those in SrCyO,. The fact that the former compound under-

goes a 3D Nel transition afT =25 K while the latter stays
limited Gaussian peaks. The position of the central peak wai the nonmagnetic state down to the lowest temperattires
fixed at the commensurate value (4f5, 0.5, 0.5 The tem- s consistent with this suggestion.
perature dependence of the magnetic Bragg peak intensities However, since the Cu-O-Cu angle is different from 180°,
is shown in Fig. 7. The critical exponert and the Nel  in addition to the Heisenberg coupling a Dzyaloshinsky-
temperaturél’y are extracted by fitting the data to the power Moriya (DM) interaction is also present in the rungs of the
law | ~(1—T/Ty)?#. For samples 1 and 2 the parameters ardadder. This interaction is of the fofhHpy=D-S X S
found to beTy=25.7(0.2), 25.0.2), 8=0.35(0.03), and The magnitude of the DM vectdD can be estimatéd as
0.44(0.04), respectively. The large values gfindicate that D~ (Ag/g)J, ®, whereAg is the shift of the gyromagnetic
the transition has a three-dimensional Heisenberg charactematio g from the g value for a free electron, and is the
The differences between the samples are likely due to slighdeviation of the Cu-O-Cu rung angle from 180°. Sirog/g
variations in their composition. Despite these differences, thés typically of the order of 0.1¢~ 1, and our rough estimate
positions of the incommensurate peaks are the same in thgr J, is 10-30 meVD may be as large as several meV. The
both samples. The positions of these peaks are temperatugirection of the DM vector is defined by the lattice
independent. symmetry?? In CaCy0;, it points along theb axis; the DM

Neutron-diffraction data were also collected in thie k,  vectors for the two ladders belonging to the same chemical
3k), (h, 3k, k), and (, 5k, k) reciprocal space zones. unit cell [see Figs. (b) and 1c)] are antiparallel. The DM
Altogether, the integrated intensities for 27 magnetic Braggnteraction is anisotropic with the anisotropy energy of the
reflections were measured Bt 12 K. These data were used order ofD?/2J, . In the present case, it favors configurations
for the determination of the low-temperature magnetic strucwith spins confined to thac plane.
ture described in the next section. The strongesinterladderinteraction is likely to be along
thec axis, in the stacking direction of the ladders. As pointed
out by Greven and Birgened&tithe exchange constant along
this direction,J;, should be of the order of 10 meV in

1200 -

600 -

Intensity (cts / 1 min)

(1.43, 0.5, 0.5) Peak

3000 :
= 00 g SrCy,03, and because the geometry is similar, it is likely of
€ 2500 © o o the same order of magnitude in Cg@4. The interladder
o~ 00 interaction in thea direction is more complex. The Heisen-
~ 2000 (1.5, 0.5, 0.5) i berg interaction in this direction is ferromagnetic and rela-
2 1500 1 200 3ea tively weak (J,~10 me\)).z‘.1 Moreover, because of the ex-
L 150 3 treme]y strong AF.|ntrqcha.|n |nteraqt|0nJ||, the magnetic
>1000 |40 °O _ couplmg in thea Q|rect!on is essgnthlly frustrated. Speuﬁ—
i 50 T call_y, in the classical limit the-direction |r_1terladder inter-
o 500 R action cancels exactly. Therefore, to a first approximation,
< 0o 5 101520 25 30 . the magnetic system consists of an array of 2D double planes
00 5 10 15 20 25 30 in which spins are coupled by Heisenberg interactions with
T (K) antiferromagnetic coupling constars, J., andJ, . In the

normal direction (crystallographica axis), the interplane
FIG. 7. The intensity of thé1.429, 0.5, 0.5magnetic peak as a Heisenberg interaction is frustrated, and the planes are only
function of temperature in sample 1. The solid line is the result of aweakly coupled. A nonzero interplanar magnetic coupling,
fit to a power law as described in the text. The inset shows thavhich is required for the 3D magnetic ordering to occur, can
temperature dependence of the intensity of (th&, 0.5, 0.5com-  result from weak anisotropic interactioff&?®> such as the
mensurate magnetic peak. pseudodipolar interaction. Another possibility is that an ap-
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propriate lattice deformation, small enough to be undetected TABLE Il. Observed integratedl (9 and calculated intensities
in our powder measurements, lifts the exact cancellation oflcaic) of incommensurate magnetic Bragg reflections in G&u
the interladder Heisenberg interaction, thereby providing thd he measurements were performedrat12 K.

necessary interplanar couplif?’ Finally, recent numerical

calculations indicate that incommensurate peaks in the statié k 1) lobs lcalc
magnetic structure factor can occur in #raxis direction for (0.43,—0.5, —0.5) 177G30) 1674
certain values ofl, even in the absence of the anisotropic (1.43, 0.5, 0.5 203070) 4010

interactions and lattice deformatiéh.These calculations,
hov_vever, were carried out for the_ so-called modified Frellis(2_43, —05,-05) 58a20) 829
lattice which differs in some details from the conventional (5.43,—0.5. —0.5) 16223) 172
trellis lattice which appears to be the simplest model Iattice(o'43’ _1'5’ _1'5) 13612 201
describing magnetic interactions in CafQ4. Clearly, fur- T

ther theoretical work is needed to establish which of the pos(-2'43’ —15-15) 14420 222
sible scenarios discussed above is valid for Galzu (3.43,-15,-1.5) 1530) 110

(1.43,-0.5, —0.5) 233@30) 4010

In the following refinement, we address the magnetic(4'43*’1'5' -19) 39110 357
structure that gives rise to the strong incommensurate refle¢943, 0.5, 1.5 20020 309
tions; the origin of the weak commensurate peaks will bel1-43, 0.5, 1.5 129060 1298
briefly discussed at the end of this section. Magnetic suscep2-43. 0.5, 1.5 22520) 362
tibility measurements discussed in Sec. lll indicate that spiné3-43, 0.5, 1.5 13023 168
are mostly confined to thac-crystallographic plane, consis- (4.43, 0.5, 1.5 676(80) 544
tent with the geometry of the DM interaction. Therefore we(0.43, 1.5, 0.5 746(25) 481
start with trial structures obeying this restriction and then(—0.43, 1.5, 0.5 706(35) 481
remove it. Since the unit cell is doubled in thendc direc-  (1.43, 1.5, 0.5 12901175 1920
tions, the magnetic structure is of a simple antiferromagneti¢2.43, 1.5, 0.5 36320 557
type along these axes. At the moment, it is unclear how the3.43, 1.5, 0.5 210(50) 191
interladder interactions give rise to the observed incommene.43, 1.5, 0.5 360(25) 533
surability along thea axis; a detailed theoretical model is (543, 1.5, 0.5 70(40) 100
needed to answer this question. In the absence of a detaileg 43, 2.5 0.5 268(15) 104
theory, we have considered two simple phenomenological_g 43, 2.5, 0.5 270(40) 104
models for the incommensurate spin structure: a spin-densityj 43 55 o5 525(15) 414
wave model, and a spiral model. We have found that th§2_437 15 05 170(60) 111
former doe; not rgproduce 'ghe experimentally obse.rved magPA& 15,05 11025) 47
netic peak intensities. As discussed below, the spiral mod 43,15 05 190(20) 138

is, on the other hand, in reasonable agreement with the ex-
perimental data.

In the spiral mode[Fig. 1(c)], we assume that the spins 0.5), we have assumed that the actual magnetic unit cell is
rotate by a constant angje from ladder to ladder. The net 7ax2bx2c, expressed in terms of the chemical unit-cell
interladder interaction alon@g is expected to be much parameters. The anisotropia,d_,> magnetic form factor
weaker than the interaction across the rungs, and therefoigas calculated using formulas given in Ref. 30. The period
the relative orientation of the rung spins is defined by theof the lattice modulation fixeg at 37/7-+n, wheren is an
latter interactions. Since both Heisenberg and DM interacinteger.
tions are present in the rungs, the angle between the rung We use our spiral model spin structure and Ej.to fit
spins should deviate from 180°. We denote this angleyas the experimental data which consist of 27 magnetic Bragg
In the classical approximation, tap=D/J, ~(Ag/g)®. reflections collected in then( k, k), (h, k, 3k), (h, 3k, k),
The sign of» changes from ladder to ladder together withand (, 5k, k) zones. In addition ta; and the spin magni-

the direction of the DM vectofsee Fig. 10)]. tudeS the tilt of the plane of spin rotation with respect to the
At low temperatures, the integrated intensity of the mag-crystallographic axes is varied. The best results are achieved
netic Bragg peaks is given E’%’ for the spins rotating in th@c plane with »=160°+20°.

2(0) The \/_crystallographic r\e/ﬂability index, defined aR

_ AF ~on a . , :E| Iobsemed_ Icalc|/2 lobsemed: isR=0.18 (See Table

" sin(26) ;ﬁ waﬁ_kakﬁ)% <§,>($ﬂ)exp[|k-(l—l )} II). The magnitude of the ordered magnetic moment calcu-
2 lated in this model by comparing the magnetic peak intensi-

ties with the intensity of the weak structural Bragg peak

where 29 is the scattering angld is the scattering vectol,  (5,1,1) is 0.2+ .07ug.

denotes atomic positionsy,8 stand for the space indices  Despite the relatively large value & the simple model

X, y, andz, andF(k) is the C¢* magnetic form factor. The described above reproduces the qualitative behavior of the

sum is taken over all copper atoms in the magnetic unit cellexperimental data, such as the high intensity of the peaks

Since the reduced wave vector of the magnetically orderediith h=1.43 and 4.43 as compared to those with 0.43,

state equals, within the accuracy of our experimési, 0.5, 2.43, and 3.43, together with the growth of the peak intensity
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with the projection of the scattering unit vector on thaxis. T=10 K
The value of7 is consistent with the rough estimate of the ' ' ' '
DM constantD given above, and the fitted magnitude of the
ordered magnetic moment is typical for quasi-$B 3 mag-
netic systems. Taking into account the simplicity of the 3000 g 1
model, these results are quite satisfactory. However, our .
model is in all likelihood oversimplified. It does not, for £ 2500 - 7
example, explain the anisotropy of the magnetic susceptibil-
ity in the ac plane(see Fig. 2 We have considered elliptic ~.2000
magnetic structures that could account for this anisotropy.
Such structures, however, produce fits of similar quality to
those obtained using the circular spiral model. Clearly, more
theoretical and experimental work is required to elucidate the
magnetic structure of CaG0s; in detail.

The weak commensurate scattering at (@&, 0.5, 0.5
position can have at least two different origins. Canting of
the spins out of thac plane with canting angle of the order
of 10° and with the appropriate periodicity is one possible . ‘ . . . ‘
scenario. In this case, a conical magnetic structure is real- 0.35 0.40 0.45 0.50 0.55 0.60 0.65
ized. Alternatively, commensurate and incommensurate h (r.l.u.)
components can originate from spatially distinct parts of the

sample, possibly differentiated by slight compositional varia- F1G- 8. Neutron-diffraction scans along thk, (1.5, 0.5 direc-
tions. tion at T=10 K in various magnetic fields. Each scan is shifted

along they axis by a constant offset value. The solid lines are
results of the fits as described in the text.

(%]
w
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1000
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C. Effects of a magnetic field The data of Fig. 8 have been fitted to the sum of three

The application of a magnetic field has a dramatic effectGaussian peaks. The results of the fits are shown as solid
on the low-temperature magnetic structure in C&Qxu Ac-  lines in Fig. 8. Figure 9 shows the magnetic-field dependence
cording to the magnetic susceptibility measurements of Seaf the intensities of all the three peaks, the separation be-
[ll, application of a magnetic field along tha or c axis  tween the incommensurate peaks, and the full peak width at
results in a transition at a magnetic field of approximately 3.5T=10 K. In agreement with the susceptibility data for the
T at low temperatures. Taking into account the zero-fieldmagnetic field parallel to the axis, the transition begins at
magnetic structure discussed in the previous section, it isl~3 T and is not complete di=5 T. In fact, it is evi-
natural to expect that, in agreement with the magnetizationlently not complete even &a=8 T, as the data of Fig. 9
data of Sec. Ill, application of a magnetic field along $@r  show. The redistribution of the scattered intensity between
c axis may result in a spin-flop-like transition. In general, thethe different peaks in Fig. 8 reflects the field-induced
periodicity of the magnetic structure is expected to change ithanges in the magnetic structure; a more extensive diffrac-
this transition. tion experiment is required to determine the high-field mag-

To investigate the effects of a magnetic field, we havenetic structure. To determine the high-field correlation
performed elastic neutron diffraction scans in the vicinity oflength, the data have been fitted to an intrinsic 3D Lorentzian
the (0.5, 1.5, 0.5 reciprocal-lattice position in sample 2. The cross section convoluted with the experimental resolution
horizontal scattering plane coincided with thh, (3k, k) function. For the correlation length along theaxis, we ob-
zone, and the field was perpendicular to the scattering planeain £,=250 A+80 A. The transverse resolution is too
In this geometry, the magnetic field has aexis compo- coarse to allow us to determine the correlation length in the
nent, and the angle between the field anddfeis is 22°.  transverse directiof0.5, 3, k).

The diffraction scans taken dt=10 K in various mag- The temperature dependences of the peak intensities, the
netic fields are shown in Fig. 8. As may be seen in Fig. 8separation between the incommensurate peaks, and the full
application of a magnetic field results in a substantial reducpeak width aH=6.9 T are shown in Fig. 10. The correlation
tion of the incommensurability of the magnetic structure.length at this field is always finite, and no well defined phase
That is, the diffraction peaks move closer to the “commen-transition is observed. Note that at high temperatures the
surate” h= 0.5 position. However, even in a field of 8 T, the period of the incommensurate spin modulation reverts back
magnetic structure in tha direction is still incommensurate. to the value characteristic of the zero-field magnetic struc-
An unexpected result is the measurable broadening of thaire.
diffraction peaks with the application of a magnetic field The unexpected result of our experiment is the finite cor-
(compare scans at zero field andHst5 T in Fig. 8. This  relation length of the high-field state. The domain size in this
broadening indicates that the long-range magnetic ordestate(200—300 A is certainly large. However, as the data of
characteristic of the zero-field magnetic structure is de¥ig. 10 show, there is no well defined phase transition as a
stroyed at high magnetic fields. function of temperature in the high-field state. This type of
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FIG. 9. Magnetic-field dependence of the peak intengitythe 0.035 5 1'0 1'5 2'0 25
separation between the incommensurate péaksnd the full peak T (K)

width (c) at T=10 K. The data were taken in the vicinity of the

(0.5, 1.5, 0.5 position, as shown in Fig. 8. Th.e scanning direction  F|G, 10. Temperature dependence of the peak intexsitthe
was (h, 1.5, 0.5. The “left,” “central,” and “right” keys in (&)  separation between the incommensurate péaksind the full peak
refer to the lower, intermediateommensurajeand higheh peaks  \yigth (c) atH=6.9 T. The scattering geometry and the keysan

in Fig. 8. are the same as in Fig. 9.

behavior is often found in magnetic systems with quenchedery existence of magnetic ordering in CaOg may also be
disorder such as, for example, the doped spin-Peierls conglue to the presence of structural imperfections because the
pound CuGe@ or random-field Ising materiaf:*?In some  ground state of low-dimensional systems is extremely sensi-
of these materials, the application of a magnetic field alsdive to even a small amount of disordef”. It is well known,
results in the destruction of long-range ordeherefore for example, that while pure SrGQ; stays in the spin liquid
one possible explanation of the finite correlation length in thetate down to the lowest temperatures, substitution of just a
magnetic field is that it is due to impurity effects. The mag-féw percent of copper ions with zinc induces low-
netic long-range order can be destroyed, for example, bjfMpPerature magnetic orderid At this stage, the precise
random fields that arise due to the presence of impurities ifontro! of the chemical composition of our samples has not

an antiferromagnetic system in which the applied field has o been atheved. Itis e\.”dent’ howeyer, that disorder can
component along the direction of the spis? In our play a very important role in this material, and the synthesis

S . of single crystals with a controlled amount of disorder is
samples, the loss of long-range order coincides with a tranﬁighly desirable
sition from a state with magnetic periodicity which is a ra- '
tional fraction of the unit-cell lengtli7/3) to a series of in-

termediate states which exhibit the periodicity that is not

such a rational fraction in the range of the magnetic fields |n summary, we have carried out magnetic susceptibility
used in our experiment. This gives an additional argument imnd neutron-diffraction studies of th&=3 quasi-one-
favor of the important role of impurities because impurity dimensional magnet Cag@D;. Above T=50 K, the mag-
effects are, in general, more pronounced in systems withetic susceptibility of this material is in good agreement with
continuous symmetry than in systems exhibiting periodicthe results of Monte Carlo calculations for a model consist-
“locked” structures. As mentioned above, the nonzero Curieing of 1D spin3 Heisenberg chains broken into weakly in-
constants found in our samples as well as our powderteracting segments of finite size wifli=2000+ 300 K, plus
diffraction measurements suggest that either impurities oan additional small Curie term due to extrinsic impurities.
structural disorder might indeed be present in our samples.CaCyO; undergoes a phase transition to an incommensurate
While long-range order is found in the zero-field state, themagnetically ordered state @~ 25 K. The ordering wave

V. SUMMARY
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vector is[0.4295), 3, 3]. The magnetic structure is incom- presumably results from impurity effects, as discussed in
mensuratgor high oder commensuratéen the direction of  Sec. IV.

the frustrated interchain interaction. Weak commensurate In brief, CaCyO; is an experimental quasi-1D magnetic
magnetic Bragg peaks with the reduced wave veciory system that provides an inperesting opportunity to study the
1) are also observed beloW,. The experimental data are gffects-of q“a”t“(“ r_nagnetl_sm, magngtlc frqstra}tlon, fand an-
consistent with a spirdlor possibly conicglmagnetic struc- Isotropic magnetlg |r]t_eract|ons, and in Wh.'Ch impurity ef-
ture with spins rotating in thac crystallographic plane. The fects can pIay_a significant rple. These subjects are currently
low-temperature magnitude of the ordered magnetic momerfiiracting an intense attention of cond_ense_d-ma‘;ter _phy3|-
determined using this model magnetic structure is O. ists. Fur.ther experimental e_md theorencal investigation of
+0.07ug . aCyO0;s is therefore of considerable interest.

Application of a magnetic field induces a metamagnetic
transition at which the incommensurability of the magnetic
structure is substantially reduced. Surprisingly, only a short- We would like to thank G. Shirane, A. Aharony, O. Entin-
range order is found in the high-field state. The correlationNVohlman, A. B. Harris, and J. A. Riera for valuable discus-
length of the high-field staté200—300 A is, however, rela- sions. The work at MIT was supported by the NSF under
tively large. The finite correlation length found in this state Grant No. DMR 97-04532.
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