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We have studied magnetic properties of the novel quasi-one-dimensional cuprate Sr0.73CuO2,
containing edge-sharing CuO2 chains. This compound can be described as an alternating-ch
Heisenberg antiferromagnet. The CuO2 chains are hole doped with a high hole concentratio
s,0.6yCuO2d, and each hole renders the CuO2 unit nonmagnetic. The experiments reveal tha
Sr0.73CuO2 develops a long-range magnetic order at 12 K with a small spontaneous ferromag
momentMs ­ 3.2s2d 3 1023mByCu. The observation of long-range magnetic order in CuO2 chains
doped with a substantial number of holes is very surprising. [S0031-9007(98)05749-4]

PACS numbers: 75.10.Jm, 75.30.Et, 75.40.Cx, 76.30.–v
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For many decades, spin chains have attracted much
tention in condensed matter physics. Because of the e
hanced quantum fluctuations in one-dimension (1D), the
exhibit various interesting quantum magnetic phenomen
which have no analogy in higher dimensions. Some exam
ples are the appearance of the Haldane gap in Heisenb
chains with integer spins [1], the observation of the spin
Peierls transition in CuO2 chains in the inorganic com-
pound CuGeO3 [2], and the spin gap formation in pairs
of antiferromagnetic (AF)S ­ 1

2 chain (two-leg ladders)
[3,4]. An important issue is the effect of hole doping on
these systems. For example, it was predicted theoretica
that charge carriers doped into the ladder may lead to a
perconducting or charge density wave state [5].

Recently, hole doping of CuO2 chains was achieved
in Sr14Cu24O41 [6,7]. The structure of Sr14Cu24O41 [8,9]
consists of two unique subcells. One contains a simp
chain of copper ions which are coupled by nearly90± Cu-
O-Cu bonds, the other consists of two-leg ladder chai
of copper ions coupled by nearly180± Cu-O-Cu bonds.
Magnetic susceptibility measurements [7] show that dop
holes go mostly onto the chains, and each hole caus
approximately one CuO2 unit to become nonmagnetic,
probably due to the Zhang-Rice singlet formation [10
Moreover, magnetic susceptibility and electron parama
netic resonance (EPR) measurements showed that the s
ple chain unexpectedly has a spin gap in the excitatio
spectrum, which originates from a dimerized state [6]. Th
mechanism of the chain dimerization is not clear at th
moment. However, it is clear that the holes added
the compound play a very important role in the spin ga
formation [7].

The presence of both ladders and chains in Sr14Cu24O41
complicates the unambiguous interpretation of the expe
mental data. Whereas holes seem more likely to go on
the chains [7], there is still some debate on how many
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them move onto the ladders. The respective role of t
ladders and chains will be understood better if one c
study their properties separately. Very recently, a ne
member of the 1D hole-doped cuprates with the chem
cal formula Sr0.73CuO2 was synthesized under high oxy
gen pressure [11]. This compound is related closely
the Sr14Cu24O41 phase, but is made only of edge-sharin
CuO2 chains. The formal valency of copper in the CuO2

chain is 12.54. Thus, Sr0.73CuO2 provides a unique
possibility to study the properties of hole-doped CuO2
chains without complications arising from the presence
ladders.

In this Letter, we report the results of dc magnet
susceptibility and EPR measurements on polycrystalli
Sr0.73CuO2. It is found that the CuO2 chains in this
compound are hole doped and can be described as
alternating-chain Heisenberg antiferromagnet similar
Sr14Cu24O41. However, in contrast to Sr14Cu24O41, we
observe that the chains in Sr0.73CuO2 exhibit long-range
magnetic order belowTc , 12 K with a small ferromag-
netic moment. This is, to our knowledge, the first ex
ample of the appearance of long-range magnetic ord
when a substantial number of holes are introduced in
CuO2 chains.

Details of the synthesis and structural analysis
Sr0.73CuO2 are given in [11]. The structure of Sr0.73CuO2,
shown in Fig. 1, is incommensurate in one direction an
consists of two sublattices: One contains Sr atoms and
other one forms Cu-O chains. The translation periods
these two sublattices are different, and the atoms arrang
a way to minimize their free energy. This is reached wi
uniform Sr-O bond lengths which leads to the structur
modulation of the Cu-O chains along thea axis with a
wavelength of about10 Å and an amplitude of0.35 Å [11].
The magnetic susceptibility was measured using a B
magnetic Technologies Inc. SQUID magnetometer. T
© 1998 The American Physical Society
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FIG. 1. Perspective view of the crystal structure of Sr0.73CuO2
along thea axis. A 1D CuO2 chain is shown separately at the
bottom.

EPR measurements were performed with anX-band
BRUKER ER-200D spectrometer.

Perhaps the most peculiar feature of Sr0.73CuO2 is the
small spontaneous ferromagnetic moment observed at l
temperatures. Figure 2(a) shows field-cooled suscep
bility curves at low temperatures measured in differe
magnetic fields. Below,10 K, a sudden jump in the
magnetization is observed, indicating ferromagnetic orde
The transition is sharp at low fields and becomes broad
at higher fields. The magnetization versus field isotherm
are shown in Fig. 2(b). Above,15 K, MsHd is linear,
passes through the origin, and is reversible within the e
perimental uncertainty. At lower temperatures,MsHd ac-
quires a distinctly different character showing a very larg
dMydH at very low fields and a linear increase at highe
fields. There is also a small hysteresis of magnetizati
at low fields. The extrapolation of the high field linea
behavior to theH ­ 0 kOe results in the ferromagnetic
componentMs with a magnitude which is strongly de-
pendent on temperature:MsT , Hd ­ MssT , 0d 1 xH. At
T ­ 5 K, Ms corresponds to a ferromagnetic moment o
3.2s2d 3 1023mByCu.

We performed EPR measurements to study the ma
netic properties of Sr0.73CuO2 on a microscopic level.
Figure 3(a) shows the EPR signal observed at differe
temperatures. The powder averaged spectra withgk ­
2.21s1d and g' ­ 2.015s5d are characteristic for Cu21

ions in an axial crystal-electric field [12]. Theg value
and linewidth of the EPR signal are temperature indepe
dent. However, below,15 K, two new lines split from
the main EPR line [Fig. 3(a)]. With decreasing tempera
ture, one line splits from thegk peak and shifts to lower
fields, while the other line splits from theg' peak and
shifts to higher fields. It is remarkable that the EPR lin
splits at the same temperature where the sharp incre
of the magnetization was detected [see Fig. 2(a)], and t
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FIG. 2. (a) Field-cooled susceptibility curves for Sr0.73CuO2
at low temperatures measured in different magnetic fields. Th
solid lines are guides to the eye. (b) Magnetization versu
applied magnetic field at various temperatures.

splitting is significantly larger than the linewidth. This
demonstrates that, belowTc, a well defined internal field
develops in Sr0.73CuO2 due to 3D long-range magnetic or-
der. The temperature dependence of the EPR line sp
ting, which represents a measure of the internal magne
field present in the sample, is shown in Fig. 3(b). Th
solid lines correspond to a power-law fits1 2 TyTcdb with
Tc ­ 12.05s5d K andb ­ 0.34s5d.

It is important to note that the observed EPR signal orig
nates from bulk Cu21 ions. In fact, the concentration of
Cu21 ions calculated from the EPR intensity agrees we
with the Cu21 concentration obtained from susceptibility
measurements. Furthermore, the temperature depende
of the EPR integral intensity closely follows the tempera
ture dependence of magnetic susceptibility (see Fig. 4
All of this suggests that the EPR signal originates from
bulk paramagnetic centers and not from impurities. A
seen in Fig. 3(a), despite the extra peaks which appear b
low Tc, the unsplit EPR line persists down to the lowes
3627
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FIG. 3. (a) EPR spectra of Sr0.73CuO2 at various tempera-
tures. The dashed arrows mark two extra peaks which sp
from the main EPR line below the magnetic transition temper
ture Tc , 12 K. (b) Temperature dependence of the positio
of the extra peaks relative to thegk andg' components. The
solid lines correspond to a power-law fits1 2 TyTcdb with
Tc ­ 12.05s5d K andb ­ 0.34s5d.

measured temperatures. However, the line position a
g factor anisotropy is the same as for the EPR line o
served above the magnetic transition, suggesting that t
EPR line does not originate from the free moments in a
other phase, but from those in the main phase which do n
take part in magnetic order or because the internal ma
netic field is canceled at these sites. Simple estimatio
show that the intensity of this line is only about 30% o
the total EPR intensity at low temperatures. It means th
at least 70% of the sample volume orders magnetical
This is in agreement with preliminary zero-field muon spi
relaxation measurements on the same sample which c
firmed a sharp magnetic transition below 10 K and sho
that at least 90% of the sample volume undergoes magne
order [13].

Thus, magnetic susceptibility and EPR measureme
provide evidence that, belowTc , 12 K, a long-range
magnetic order with a small spontaneous FM mome
Ms ­ 3.2s2d 3 1023mByCu occurs in Sr0.73CuO2. Such
a weak-ferromagnetic (WF) moment may result from
spin-canted AF due to the Dzyaloshinski-Moriya [14,15
3628
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FIG. 4. Temperature dependence of the magnetic susceptib
ity (left axis) and EPR intensity (right axis) of Sr0.73CuO2. The
solid and dashed lines represent best fits of the susceptib
ity data to the alternating chain Heisenberg (ACH) and dime
model, respectively.

antisymmetric exchange. As was mentioned abov
the copper-oxygen chains in this compound are wav
modulated along thea axis forming infinite corrugated
ribbons, which can allow an antisymmetric superexchang
term in the spin Hamiltonian. It is worth noting that WF
with Ms , 1023mByCu was also observed in the 2D AF
copper oxides La2CuO4 [16] and Gd2CuO4 [17].

Let us consider the temperature dependence of ma
netic susceptibilityx in the paramagnetic regime.xsT d
data of Sr0.73CuO2 above 15 K are shown in Fig. 4. The
susceptibility shows a broad plateau near 80 K, followe
by a strong upturn below 50 K. The plateau resemble
the broad maximum also observed in Sr14Cu24O41, which
is ascribed to the formation of a gap in the spin exc
tation spectrum [6,7]. In Sr0.73CuO2, the gap feature is
significantly smeared out because of the large Curie ter
at low temperature. This behavior was also observed
Sr14Cu24O41 with oxygen nonstoichiometry [18] or when
doped with Ca [19]. While the broad peak is a characte
istic feature of linear chain Heisenberg antiferromagne
(LCHA) [20,21], the Curie-like increase at low tempera
tures may arise from finite length chains with an odd num
ber of spins [20], isolated spins, and/or other paramagne
impurities. Following the approach used for Sr14Cu24O41
[7], we assume that the observedxsTd consists of three
terms:

xsT d ­ x0 1 xCW sTd 1 xchainsT d , (1)

wherex0 is the temperature-independent term,xCW sT d is
the Curie-Weiss susceptibilityxCW ­ CysT 2 Qd with
a Curie constantC ­ NFg2m

2
By4k (NF is the number

of free S ­ 1
2 Cu21 spins) andxchainsTd is the LCHA

susceptibility.
The susceptibility data for Sr14Cu24O41 were success-

fully fitted by taking, for xchain, the susceptibility of



VOLUME 80, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S 20 APRIL 1998

t

c

d

noninteracting dimersxD [7]: xD ­ 2NDg2m
2
BykBT f3 1

expsJDykBTdg, whereND is the number of dimers with
spin 1

2 andJD is the dimer coupling. Applied to our case
this model gives a rather poor fit, as shown in Fig. 4.
better fit can be obtained taking into account the inte
dimer interaction by using the alternating chain Heise
berg (ACH) model. The Hamiltonian for this model ma
be written as [21,22]

H ­ J
X

i

sS2iS2i11 1 aS2iS2i21d , (2)

whereJ is the exchange integral between a spin and
right neighbor (J . 0 for AF exchange) andaJ is the
exchange integral between a spin and its left neighb
Parametera measures the degree of alternation. In th
limit a ­ 0, the model reduces to the dimer model wit
pairwise interactions, whereas, fora ­ 1, it reduces to the
linear chain model [20]. There are no analytical solutio
for the magnetic susceptibility of alternating Heisenbe
chains. However, a useful closed-form approximation
xACH has been suggested [22] to be

xACH ­
NChg2m

2
B

kT
A 1 Bx 1 Cx2

1 1 Dx 1 Ex2 1 Fx3 , (3)

where x ­ JykT and Nch is the number of Cu21 spins
contributing to the chain susceptibility. The values of p
rametersA, B, . . . , F were calculated numerically by Hal
et al. [22]. A fit to the data using the ACH model (solid
line in Fig. 4) yields x0 ­ 3s1d 3 1025 emuymol Cu,
J ­ 180s10d K, a ­ 0.6s1d, Nch ­ 0.32s1d spins per
formula unit (f.u.), NF ­ 0.06s1d spins per f.u., and
Q ­ 0.35s5d. For the calculations, we usedg ­ 2.08
determined from our EPR measurements.

The total spin density per f.u.,Nch 1 NF ­ 0.38, is
close to the expected Cu21 concentration which is 0.46 as
derived from the chemical formula. This means that ea
hole in the CuO2 chain causes approximately one CuO2

unit to become nonmagnetic [7]. It is very unusual th
such a highly diluted compound, where only about 40
of the Cu ions are magnetic, exhibits long-range magne
order withTc , 12 K. This striking result remains to be
understood.

Another interesting question is as follows: Can a sp
gap similar to that in Sr14Cu24O41 exist in Sr0.73CuO2.
The ACH model with the obtained valuesJ ­ 180 K and
a ­ 0.6 predicts a spin gap of about 105 K in Sr0.73CuO2

[23]. If a spin gap exists,xchain goes to zero asT !
0, but, unfortunately, a large Curie contribution and fe
romagnetism prevent us from following the behavior
xchain at low temperatures. Nevertheless, it is interesti
to note that the susceptibility ofsSr0.8, Ca0.2d14Cu24O41 is
well described also by the ACH model withJ ­ 135 K
anda ­ 0.6 [24]. This indicates that the magnetic prop
erties of the hole-doped chains insSr, Cad14Cu24O41 and
Sr0.73CuO2 are similar. Inelastic neutron scattering ex
periments similar to those performed onsSr, Cad14Cu24O41

[24,25] would be important to establish the existence o
spin gap in Sr0.73CuO2.
,
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In summary, we have studied the magnetic properties
of the novel hole-doped 1D cuprate Sr0.73CuO2 by mag-
netic susceptibility and EPR measurements. We find tha
in this compound, in contrast to Sr14Cu24O41, long-range
magnetic order with a small spontaneous ferromagnetic
moment occurs belowTc , 12 K. However, the mi-
croscopic mechanism of this magnetic order is not clear
at the moment. At higher temperatures, Sr0.73CuO2 and
Sr14Cu24O41 show similar magnetic properties: The CuO2
chains in both compounds are diluted highly magnetically
by holes which render the CuO2 unit nonmagnetic. In
addition, the values of the AF exchange integralsJ are
close. The magnetic susceptibility data are well described
by the ACH model, indicating a possible dimerization of
the CuO2 chains with an excitation gap,105 K. We plan
to perform inelastic neutron scattering experiments to clar-
ify this point. If a spin gap is present in Sr0.73CuO2, this
compound will be the second example of a material with
coexistence of a spin gap state and long-range magneti
order. The coexistence of these qualitatively different
magnetic states was observed recently in the Si or Zn dope
spin-Peierls compound CuGeO3 [26,27].
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