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Magnetic phase transition in the S= ; zigzag-chain compound SrCuQ
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We have studied the magnetic properties of B’Fe% quasi-one-dimensional Heisenberg antiferromagnet
SrCuQ,, which has zigzag chains of €l ions. We have observed a static magnetic ordering balgw2 K.
The weak internal field in the muon spin relaxation spectra and the absence of the magnetic Bragg peaks below
T, suggest that the Gd moments are largely reduced probably due to the quantum fluctuation. The remark-
able suppression of the ordering temperat€,(J,=1.1xX 10~ %), whereJ, is the dominant exchange con-
stant, probably originates from the combined effects of quantum fluctuation and frustration.
[S0163-18297)51318-X

Lower dimensional antiferromagnets have attracted mangrCy,0,.58 The ladders, where spins are coupled by the
researchers since they exhibit novel phenomena originatingg0° Cu-O-Cu interaction, are coupled by the 90° Cu-O-Cu
from quantum fluctuations. Quantum effects are most promiinteraction. The 90° interaction introduces a frustration into
nent in one-dimension&lLD) systems. The most striking ef- the interladder coupling. The frustration does not signifi-
fect in a 1D Heisenberg antiferromagr(etAF) is that inte-  cantly change the spin gap in the excitation spectrum, which
ger and half-odd-integer spins show qualitatively differentoriginates from the ladders, and helps in retaining the spin-
properties, as first suggested by Haldame.high-T, super-  fluid nature®
conducting copper oxides, which are realizations of the spin The ground state of aB=3 1D system with competing
(S) 3 two-dimensional2D) HAF with carrier doping, many nearest-neighborJ¢) and next-nearest-neighbor interactions
studies support the importance of 2D magnetic fluctuation§J,) has been studied by HaldatfeHe argued that there
to an understanding of these mechaniénBased on the exists a transition from a spin-fluid state to a spontaneously
t-J model, superconductivity is also expected in the carriedimerized state at,/J,~  in the Heisenberg case. Recently,
dopedS=1 Heisenberg laddémhich is a system intermedi- White and AfflecR* have studied theoretically é®=3 zig-

ate between one and two dimensions. zag chain. They showed that the system exhibits both dimer-
The compound SrCu® has the orthorhombic crystal ization and incommensurate spiral spin correlations.
structure(space grouD3—Cmcm).* This material has a It would be very interesting to study the magnetic prop-

unique structure consisting of zigzag chains of Cu ions. Aerties of the zigzag chain experimentally. In particular,
section of such a zigzag chain in the plane is shown in whether long-range magnetic ordering exists or not should
Fig. 1. Copper spins are coupled by the nearly 180° Cube investigated. In this paper we report the results of mag-
O-Cu interaction J,) and also by the nearly 90° Cu-O-Cu hetic susceptibility, heat capacity, neutron diffraction and
interaction (,). Judging from the exchange interactions in
similar copper oxides such as $@uQ,, J, is expected to be
strongly antiferromagnetic. In this case, there exists a com-
petition betweenl; and J, irrespective of the sign of;.
Since the nearly 180° Cu-O bond length and the nearly 90°
Cu-O bond length in SrCu® are similar to those in
SrCw03,° the interaction constants are expected to be simi-
lar with each other. Theoretically, the ratio [aF, /J,| was . C
calculated to be 0.1-0(Ref. 6 in SrCu,05, whereJ; and b u
J, are ferromagnetic and antiferromagnetic, respectively. C °© O
Therefore, the zigzag chain in SrCy@an be viewed as

composed of two loosely coupleS=3 antiferromagnetic FIG. 1. The zigzag chain of Ci ions along thec axis in
chains with frustratiord. A similar frustrated coupling can SrCuO,. The filled circles represent copper atoms and the open
also be seen in the two-leg spin ladder compounctircles represent oxygen atoms.
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SrCuO. powder well fitted by the theoretical calculation witly,,=3.35
X10® 2 X 10~° emu/mol and), /kg=1800 K. This result of the sus-

ceptibility is consistent with that reported recenfly.
The heat capacity data are shown in Figh)2The broken
; line represents the lattice heat capacity estimated using the
] data in the range of X5T<30 K. The inset shows the heat
pgepeseed [ ] capacity after the lattice contribution was subtracted. A
Temperatwe 09 /0 ] broad peak is observed a2 K, indicating a magnetic tran-
] sition. This transition temperaturd ) is consistent with that
/! ] obtained in the susceptibility measurement sifigecorre-
ﬁ sponds to the temperature at which derivative of susceptibil-
K ] ity with respect to temperature is maximdfhWe estimate
] i ) ] the magnetic entropy below 12 K as20 mJ(mol K). This
(a) | & (b) amount corresponds to less thar0.5% of the total mag-
00' "266'466‘6(')6'560 00‘"2'"""‘6‘; 8 10 12 netic entropyN,kgIn(2) expected forS=3%, where N, is
Temperature (K) Temperature (K) Avogadro’s number. This is natural because in a 1D magnet
a large amount of magnetic entropy is lost in the short-range
FIG. 2. (@) Temperature dependence of magnetic susceptibiliyordered state above the magnetic ordering temperature. In
in a polycrystalline sample of SrCuOThe solid line represents the fact, the entropy below 12 K is consistent with that calcu-
theoretical susceptibility discussed in the text withks=1800 K lated theoretically for 1D HAF below 12 K with
andyyy=3.35x< 10~% emu/mol Cu/(b) Temperature dependence of J/kg=1800 K’
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heat capacity in a polycrystalline sample of SrGuQhe broken From the susceptibility and heat-capacity measurements,
line represents the lattice heat capacity. The inset shows the heate confirmed that static magnetic ordering takes place in
capacity after the lattice contribution was subtracted. SrCuQ, at ~2 K. A feature of this magnetic ordering is that

the ordering temperature is extremely low compared with
muon spin relaxation gSR) measurements on SrCyQD what one expects from the large exchange interaction con-
from which we get evidence for magnetic ordering atstant. We first tried neutron powder diffraction to study this
T.~2 K magnetic ordering. No distinct magnetic Bragg peak was ob-

Ceramic samples of SrCuQOwere prepared by firing a served down to 1.4 K. We then performed neutron-
stoichiometric ratio of SrC@ (99.99%) and CuO diffraction measurements using the single crystal. No distinct
(99.99%) at 980 °C for 30 h in air with intermittent regrind- magnetic Bragg peak was observed in the0(), (0Ok,l),
ing. A single crystal of SrCu@grown by the traveling sol- (h,k,0), and f,k,3k) zone down to 0.3 K. One way to ex-
vent floating zone(TSF2 method was used for neutron- plain this would be that the spin structure is incommensurate.
diffraction experiments. The dimension of the crystal isHowever, magnetic Bragg peaks should be observed in at
about 3, 3, and 30 mm along tlee b, andc axes, respec- least one of the scattering planes mentioned above when the
tively. spin correlation along the chain directidgthe c axis) is in-

The magnetic susceptibility was measured using a supecommensurate as predicted theoreticilylo explain the
conducting gquantum interference device magnetometeabsence of magnetic Bragg peaks, incommensurate spin cor-
(Quantum Design MPMS2The heat capacity was measured relation along the or b axis should also be taken into con-
using a MagLab® microcalorimeter of Oxford Instruments. sideration, which is unlikely in the present system. There-
The neutron-scattering experiments were carried out on thore, it is probable that the ordered €umoments are very
H4M and H7 triple-axis spectrometers at the High Fluxsmall. The moments are estimated tov8.01uz, assuming
Beam Reactor at Brookhaven National Laboratory. Thehat the spins point along the chain direction antiferromag-
1SR measurements were done at the M13 and M15 beametically as in SsCuOs.® Other spin structures also give a
lines at TRIUMF(Vancouvey. similar limit.

The temperature dependence of the magnetic susceptibil- In order to study the magnetic ordering of SrCu@
ity in SrCuO, powder is shown in Fig. @). The suscepti- more detail, we have performedSR experiments. We show
bility increases with increasing temperaturg) (for 50<T  in Fig. 3(a) the temperature dependenced®R spectra ob-
<800 K. A broad peak in the temperature dependence dfained in SrCuQ@. At high temperatures, where the effect of
susceptibility characteristic of aB=3 1D HAF (Refs. 12 local fields from C#" spins is negligible due to the fast spin
and 13 is assumed to appear above 800 K. The magnetifluctuations, the spectra can be fitted with the static Gaussian
impurity density, assuming Cu as impurities, is estimated functionGy+(t,A) given by Kubo and Toyab¥.The spectra
from the low-temperature Curie tail to be0.02%. The peak originate from static nuclear dipole fields of copper. The ob-
at ~3 K indicates a magnetic transition. We have observederved widthA is ~0.15us™ ! at 100 K. When the tempera-
no difference between field-cooled and zero-field-cooledure is decreased, the depolarization rate rapidly increased,
magnetization measurements, suggesting that the peak doesdlecting the slowing down of random fields from €u
not originate from a spin-glass transition. The solid line inelectron spins. When the fluctuation is relatively fast, this
Fig. 2(@) represents the theoretical susceptibilityn analyz-  field works as an independent channel of muon spin relax-
ing the data we fixed the diamagnetic susceptibiligs.00  ation, in addition to the nuclear dipolar fields. Then the muon
X105 emu/mol Cu (Ref. 14 and fitted the Van Vleck spin relaxation function should be given by a product of the
susceptibilityy,y andJ,/kg . The observed susceptibility is two functiong® as
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FIG. 4. Temperature dependence of muon spin relaxation rate
(\) in SrCuG,. The inset shows the temperature dependence of

B.

R (t)

small field of 100 G almost decouples the muon relaxation,

suggesting that the ordered moments are static. The solid
lines represent nearly static relaxation functions for Lorent-

zian local fields® This function reproduces the observed

. data reasonably well. The relaxation rate is estimated to be
Time (us) 0.4 MHz at 100 mK from the fitting.

We now discuss the origin of the static magnetic ordering
at ~2 K. The results of the magnetic susceptibility and the
heat-capacity measurements demonstrate that a magnetic
transition occurs. As mentioned above, th&R spectrum

FIG. 3. (a) Zero-field SR spectra in SrCu@at various tem-
peratures. The solid lines are the fit with the model function, Eq,
(1). (b) Longitudinal field (LF) decoupling measurements on
SrCuG, at 100 mK. The solid lines represent nearly static relax-

ation functions for Lorentzian local fields. below~0.5us is ra}ther Gal_Jssian-Iike, which suggests that a
large number of spins contributes to the relaxation. However,
Pﬂ(t)=exq—()\t)3]><GKT(t,A), (1) the magnitude of the internal field at low temperatures is

much smaller than that in $€uO; (Refs. 18 and 2Rand

where\ represents the muon spin relaxation rate. The expo€a,CuO; (Refs. 18 and 2B8and no precession in the muon
nent 8 should be 0.5 for dilute fluctuating moments, 1 for spectra is observed. It should be noted that an anomalously
bulk fluctuating moments, and approaches 2 when the spireduced ordered moment has been observed iECG@;
fluctuations become more static. The solid lines in Fig) 3 (~0.09ug) (Ref. 18 and in SL,CuO; (~0.06ug) (Ref. 18.
are fits with the model function, Eql). In the fitting,\ was  This is consistent with the result of the neutron measure-
varied andA was fixed at the value at 100 K. The value of ments, which show that the i moments is<0.01ug in
B was varied belw 5 K and fixed at 1 above 5 K, where the SrCuO,. The greatly reduced moment is probably caused by
Gaussian termGy+(t,A) is dominant and the relaxation quantum fluctuations enhanced by frustration. Note that the
function is insensitive tg. Equation(1) reproduces the ob- absence of the precession signal in zero-figlBR does not
served data quite well. It is noted that the spectrum belowecessarily preclude the existence of long-range spatial mag-
~0.5 us is rather like Gaussian and that abov®.5 us  netic order. Generally, a pointlike magnetic probe in real
becomes exponential beloWw~2 K, suggesting that a large space, such ag™, is rather insensitive to details of long-
number of spins contributes to the spin fluctuations. range spin configurations. Possible causes for smearing of

Figure 4 shows the temperature dependence of muon spthe precession includ@ multiple muon sites with different
relaxation rate X) in SrCuQ,. A sudden increase of at  strengths of local fields, andb) a spread of impurity/
T~2 K indicates static magnetic ordering. This temperaturémperfection concentration in the specimen which results in
also corresponds to the one below whiéhexceeds 1 as spread of the size of the ordered moment. Therefore, the spin
shown in the inset of Fig. 4. This supports that there is statistructure of SrCu@ cannot be determined by the present
magnetic ordering below~2 K. The ordering temperature results only.
is the same as that obtained from the magnetic susceptibility We compare the static ordering temperature to those in
and the heat-capacity measurements. In order to determiribe related compounds SEuO; and CaCuOs, which have
whether the source of this relaxation is static or dynamic, wesimple chains of C&" spins. Both compounds have strong
performed longitudinal fieldLF) measurements, which in- intrachain interactiongan order of 1§ K) via the 180° Cu-
vestigate spin fluctuations by applying the external magneti©-Cu path. This interaction is similar to that in SrCu@s
field parallel to the initial muon polarizatidit. Figure 3b) mentioned above. Although the one-dimensionality is quite
shows uSR spectra from LF decoupling measurements. Agood in the former two compounds, they show an antiferro-
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magnetic long-range ordering because of the finite interchaifowest transition temperature ever observed in Cu-O chain
coupling. The ordering temperatur& ) is 5.41 K for Sr compounds. The suppression of the static ordering tempera-
»CuO;(Ref. 18§ and~11 K for Ca,CuO; (Refs. 18, 23, and ture probably originates from the combined effects of quan-
24), showing a suppression dfy with kgTy/J=2.5X10  tum fluctuation and frustration.
~3 for Sr,CuQj;. The suppression of the magnetic ordering
temperature is more remarkable in SrGUCkT,/J,=1.1 This work was partially supported by the NEDO Interna-
x10_3)_ The suppression probably originates from the comdional Joint Research Grant, by the NSF under Grant No.
bined effects of quantum fluctuation and frustration. ThisDMR-95-10454, by the U.S.-Japan Cooperative Program on
reminds us that the frustration effect between spin chains ibleutron Scattering operated by the United States Department
similar to that between two-leg spin ladders, where the frusof Energy and the Japanese Ministry of Education, Science,
trations help in retaining the spin-fluid natite. Sports and Culture, and by a Grant-in-Aid for Scientific Re-
In conclusion, we have observed a static magnetic ordersearch from the Japanese Ministry of Education, Science,
ing at T.~2 K in SrCuG,. The weak internal field in the Sports and Culture. Work at Brookhaven National Labora-
muon spectra and the absence of the magnetic Bragg peat@y was carried out under Contract No. DE-AC02-
suggest that the Gl moments are reduced probably due to 76CH00016, Division of Material Science, U. S. Department
the quantum fluctuation enhanced by frustration. This is thef Energy.
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