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We have studied magnetic properties of the novel quasi-one-dimensional cuppat€us,
containing edge-sharing CyCOchains. This compound can be described as an alternating-chain
Heisenberg antiferromagnet. The Gu@hains are hole doped with a high hole concentration
(~0.6/Cu®;), and each hole renders the Cu@nit nonmagnetic. The experiments reveal that
Sr.73Cu0, develops a long-range magnetic order at 12 K with a small spontaneous ferromagnetic
momentM, = 3.2(2) X 10 3u/Cu. The observation of long-range magnetic order in Cafains
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

For many decades, spin chains have attracted much atiem move onto the ladders. The respective role of the
tention in condensed matter physics. Because of the efadders and chains will be understood better if one can
hanced quantum fluctuations in one-dimension (1D), thegtudy their properties separately. Very recently, a new
exhibit various interesting quantum magnetic phenomenanember of the 1D hole-doped cuprates with the chemi-
which have no analogy in higher dimensions. Some exaneal formula Sg7;CuQ, was synthesized under high oxy-
ples are the appearance of the Haldane gap in Heisenbeggn pressure [11]. This compound is related closely to
chains with integer spins [1], the observation of the spinthe Si,Cw404; phase, but is made only of edge-sharing
Peierls transition in Cu®chains in the inorganic com- CuQ, chains. The formal valency of copper in the GuO
pound CuGe® [2], and the spin gap formation in pairs chain is +2.54. Thus, Sg73CuO, provides a unique
of antiferromagnetic (AFf = % chain (two-leg ladders) possibility to study the properties of hole-doped GuO
[3,4]. An important issue is the effect of hole doping onchains without complications arising from the presence of
these systems. For example, it was predicted theoreticallkpdders.
that charge carriers doped into the ladder may lead to a su- In this Letter, we report the results of dc magnetic
perconducting or charge density wave state [5]. susceptibility and EPR measurements on polycrystalline

Recently, hole doping of CuOchains was achieved Srp73CuG,. It is found that the Cu® chains in this
in Sri4Clhs04; [6,7]. The structure of S§Cw404; [8,9] compound are hole doped and can be described as an
consists of two unique subcells. One contains a simpl@lternating-chain Heisenberg antiferromagnet similar to
chain of copper ions which are coupled by ne@dy Cu-  SrsCuuO4;. However, in contrast to $ICw04;, We
O-Cu bonds, the other consists of two-leg ladder chainsbserve that the chains inS§CuG, exhibit long-range
of copper ions coupled by nearly80° Cu-O-Cu bonds. magnetic order beloW, ~ 12 K with a small ferromag-
Magnetic susceptibility measurements [7] show that dopedietic moment. This is, to our knowledge, the first ex-
holes go mostly onto the chains, and each hole causesnple of the appearance of long-range magnetic order
approximately one CuQunit to become nonmagnetic, when a substantial number of holes are introduced into
probably due to the Zhang-Rice singlet formation [10].CuG, chains.

Moreover, magnetic susceptibility and electron paramag- Details of the synthesis and structural analysis of
netic resonance (EPR) measurements showed that the sif®ik 73CuQ; are given in [11]. The structure of §5Cu0;,

ple chain unexpectedly has a spin gap in the excitatioshown in Fig. 1, is incommensurate in one direction and
spectrum, which originates from a dimerized state [6]. Theconsists of two sublattices: One contains Sr atoms and the
mechanism of the chain dimerization is not clear at theother one forms Cu-O chains. The translation periods of
moment. However, it is clear that the holes added tdhese two sublattices are different, and the atoms arrange in
the compound play a very important role in the spin gapa way to minimize their free energy. This is reached with
formation [7]. uniform Sr-O bond lengths which leads to the structural

The presence of both ladders and chains ig@i404; modulation of the Cu-O chains along tlaeaxis with a
complicates the unambiguous interpretation of the experiwavelength of about0 A and an amplitude d¥.35 A [11].
mental data. Whereas holes seem more likely to go ontdhe magnetic susceptibility was measured using a Bio-
the chains [7], there is still some debate on how many ofnagnetic Technologies Inc. SQUID magnetometer. The
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EPR measurements were performed with Erband 3 v 5K O I R
BRUKER ER-200D spectrometer. ~ L 20K “aet” w7,
Perhaps the most peculiar feature of 3CuQG, is the = ; ERA 4
small spontaneous ferromagnetic moment observed at low = v ' a
) . . 0.005 v a .
temperatures. Figure 2(a) shows field-cooled suscepti- NG
bility curves at low temperatures measured in different M
magnetic fields. Below~10 K, a sudden jump in the
magnetization is observed, indicating ferromagnetic order. . .

The transition is sharp at low fields and becomes broader
at higher fields. The magnetization versus field isotherms
are shown in Fig. 2(b). Above-15 K, M(H) is linear, H (kOe)

passes through the origin, and is reversible within the exgig 2. (a) Field-cooled susceptibility curves for,SICUO,s
perimental uncertainty. At lower temperatur@sH) ac-  at low temperatures measured in different magnetic fields. The
quires a distinctly different character showing a very largesolid lines are guides to the eye. (b) Magnetization versus
dM /dH at very low fields and a linear increase at higherapplied magnetic field at various temperatures.

fields. There is also a small hysteresis of magnetization

at low fields. The extrapolation of the high field linear

behavior to theH = 0 kOe results in the ferromagnetic splitting is significantly larger than the linewidth. This
componentM, with a magnitude which is strongly de- demonstrates that, belo#., a well defined internal field
pendent on temperatur®f (T, H) = M (T,0) + yH. At  develops in S573CuG; due to 3D long-range magnetic or-

T = 5 K, M, corresponds to a ferromagnetic moment ofder. The temperature dependence of the EPR line split-
3.2(2) X 1073 up/Cu. ting, which represents a measure of the internal magnetic
We performed EPR measurements to study the madield present in the sample, is shown in Fig. 3(b). The

netic properties of $r3CuO, on a microscopic level. solid lines correspond to a power-law(fit — 7/7,)# with
Figure 3(a) shows the EPR signal observed at differenf. = 12.05(5) K and8 = 0.34(5).

temperatures. The powder averaged spectra itk Itis important to note that the observed EPR signal origi-
2.21(1) and g, = 2.015(5) are characteristic for Cii nates from bulk Cti" ions. In fact, the concentration of
ions in an axial crystal-electric field [12]. Thevalue Cu" ions calculated from the EPR intensity agrees well
and linewidth of the EPR signal are temperature indepenwith the C4#* concentration obtained from susceptibility
dent. However, below-15 K, two new lines split from measurements. Furthermore, the temperature dependence
the main EPR line [Fig. 3(a)]. With decreasing tempera-of the EPR integral intensity closely follows the tempera-
ture, one line splits from thg; peak and shifts to lower ture dependence of magnetic susceptibility (see Fig. 4).
fields, while the other line splits from the, peak and All of this suggests that the EPR signal originates from
shifts to higher fields. It is remarkable that the EPR linebulk paramagnetic centers and not from impurities. As
splits at the same temperature where the sharp increaseen in Fig. 3(a), despite the extra peaks which appear be-
of the magnetization was detected [see Fig. 2(a)], and thew T., the unsplit EPR line persists down to the lowest

3627

30 40 50



VOLUME 80, NUMBER 16 PHYSICAL REVIEW LETTERS 20 ARIL 1998

1.5 T T T T T
®
Sr0.73Cu02
- g ) ll:\)CH '\:/IOdjll
3 = D imer Mode|
s g ir o
~ ja-}
z : B
a ® e
o i ~
% 0.5
=
2000 2500 3000 3500 4000 4500 0 : : : : :
H (Oe) 0 50 100 150 200 250 300
T(K)
400 ' ' ' ' FIG. 4. Temperature dependence of the magnetic susceptibil-
b) ity (left axis) and EPR intensity (right axis) of §§Cu0,. The
200 9 . solid and dashed lines represent best fits of the susceptibil-
—_ ity data to the alternating chain Heisenberg (ACH) and dimer
& 0t ;?% . model, respectively.
5 200 | 1 . . .
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-400 | 4 the copper-oxygen chains in this compound are wave
modulated along the: axis forming infinite corrugated
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0 5 10 15 20 term in the spin Hamiltonian. It is worth noting that WF
Temperature (K) with M, ~ 1073 u/Cu was also observed in the 2D AF

FIG. 3. (a) EPR spectra of $5CuO, at various tempera- copper oxides .LZSCUO“ [16] and GdCuQ, [17].
tures. The dashed arrows mark two extra peaks which split L€t us consider the temperature dependence of mag-
from the main EPR line below the magnetic transition temperanetic susceptibilityy in the paramagnetic regimey (T)
ture7. ~ 12 K. (b) Temperature dependence of the positiondata of Sg-3CuQ, above 15 K are shown in Fig. 4. The
of the extra peaks relative to thg andg, components. The  sysceptibility shows a broad plateau near 80 K, followed
;0“9 Illgt(e;(gﬂgezﬁgnd_to a power-law fit — 7/T.)" with by a strong upturn below 50 K. The plateau resembles
L= 12. B = 0.34(5). : . .

the broad maximum also observed in&w404;, which

is ascribed to the formation of a gap in the spin exci-
measured temperatures. However, the line position anthtion spectrum [6,7]. In $53CuG,, the gap feature is
g factor anisotropy is the same as for the EPR line obsignificantly smeared out because of the large Curie term
served above the magnetic transition, suggesting that that low temperature. This behavior was also observed in
EPR line does not originate from the free moments in anSr4Cuy404; With oxygen nonstoichiometry [18] or when
other phase, but from those in the main phase which do natoped with Ca [19]. While the broad peak is a character-
take part in magnetic order or because the internal magstic feature of linear chain Heisenberg antiferromagnets
netic field is canceled at these sites. Simple estimationd CHA) [20,21], the Curie-like increase at low tempera-
show that the intensity of this line is only about 30% of tures may arise from finite length chains with an odd hum-
the total EPR intensity at low temperatures. It means thaber of spins [20], isolated spins, and/or other paramagnetic
at least 70% of the sample volume orders magneticallyimpurities. Following the approach used for &40y,
This is in agreement with preliminary zero-field muon spin[7], we assume that the observgdT) consists of three
relaxation measurements on the same sample which coterms:
firmed a sharp magnetic transition below 10 K and show .
that at least 90% of the sample volume undergoes magnetic X(T) = xo + xew(T) + Xenain(T). (1)
order [13]. where y is the temperature-independent terpaw (T') is

Thus, magnetic susceptibility and EPR measurementhe Curie-Weiss susceptibilitycw = C/(T — 0) with

provide evidence that, below, ~ 12 K, a long-range a Curie constanC = Ngg?ut/4k (Nr is the number
magnetic order with a small spontaneous FM momenof free S = %Cu2+ spins) andycpain (T) is the LCHA
M, = 3.2(2) X 1073 up/Cu occurs in §f73Cu0,. Such  susceptibility.
a weak-ferromagnetic (WF) moment may result from The susceptibility data for $Cw404; Were success-
spin-canted AF due to the Dzyaloshinski-Moriya [14,15]fully fitted by taking, for ycn.i,» the susceptibility of
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noninteracting dimersp [7]: xp = 2Npg?us/ksT[3 + In summary, we have studied the magnetic properties
expJp/ksT)], where Np is the number of dimers with of the novel hole-doped 1D cuprate,&CuO, by mag-
spin% andJp is the dimer coupling. Applied to our case, netic susceptibility and EPR measurements. We find that
this model gives a rather poor fit, as shown in Fig. 4. Ain this compound, in contrast to $€w404;, long-range
better fit can be obtained taking into account the intermagnetic order with a small spontaneous ferromagnetic
dimer interaction by using the alternating chain Heisenmoment occurs below’. ~ 12 K. However, the mi-
berg (ACH) model. The Hamiltonian for this model may croscopic mechanism of this magnetic order is not clear
be written as [21,22] at the moment. At higher temperaturesy2€u0, and
Sr4Cw404; show similar magnetic properties: The CuO
H=J 2(52"‘92"“ + 8281, (@ chains in both compounds a?e diIutF()ed Fr)ﬂghly magnetically
whereJ is the exchange integral between a spin and itQY holes which render the CyQunit nonmagnetic. In
right neighbor ¢ > 0 for AF exchange) andvJ is the addition, the valueg of the A_F'(_exchange mtegrﬁlarg
exchange integral between a spin and its left neighboS/0S€- The magnetic susceptibility data are well described
Parametera measures the degree of alternation. In thePY the ACH model, indicating a possible dimerization of
limit @ = 0, the model reduces to the dimer model with tN€ CuQ chains with an excitation gap105 K. We plan
pairwise interactions, whereas, for= 1, it reduces to the to perform inelastic neutron scattering experiments to clar-

linear chain model [20]. There are no analytical solutiond’Y this point. If a spin gap is present in 5 Cu0;, this
for the magnetic susceptibility of alternating Heisenbergt®mpound will be the second example of a material with

chains. However, a useful closed-form approximation tFO€Xistence of a spin gap state and long-range magnetic
Xacu has been suggested [22] to be order. The coexistence of these qualitatively different

5 2 At v oox? magnetic states was observed recently in the Si or Zn doped
XACH = Neng”tis Bx ad ) spin-Peierls compound CuGe®6,27].
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