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Magnetic Susceptibility of Ideal Spin 1yyy2 Heisenberg Antiferromagnetic
Chain Systems,Sr2CuO3 and SrCuO2
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Department of Superconductivity, The University of Tokyo, Bunkyo-ku, Tokyo 113, Japan

(Received 8 November 1995)

Magnetic susceptibility is measured on the one-dimensional spin 1y2 antiferromagnets Sr2CuO3 and
SrCuO2 using single crystals. Large, nearly contamination-free single crystals enable us to measu
intrinsic spin susceptibility over a wide temperature range between 5 and 800 K. The results
excellent agreement with the recent calculation by Eggert, Affleck, and Takahashi, and the exc
interaction energyJ is estimated to be2200 6 200 and 2100 6 200 K, respectively. In Sr2CuO3, an
isotropic susceptibility drop is observed below about 20 K, which is also consistent with the res
this rigorous calculation.

PACS numbers: 75.40.Cx, 75.10.Jm
m

ty
t
a
h

e
e
r
c

g
s
y
-
e
-
.
o

i
h
t

l

O
t

o
u

h

w
re-
ent
F

ra-
the

s-
as

y
re

in
to

to

ng
n
s
c-

lso

a-

u-
tic

als
)
in
d.
ill
lity
It is well known that one-dimensional (1D) quantu
spin systems are expected to show many interesting m
netic properties originating from the low dimensionali
and the quantum fluctuations. In particular, theore
cal studies on these systems have achieved remark
progress. After the exact evaluation of the value of t
magnetic susceptibility at zero temperature [1], Bonn
and Fisher (BF) [2] calculated the magnetic susceptib
ity of the S  1y2 finite-length chain numerically, which
is a good approximation at high temperatures and has b
used to compare the experimental results of real mat
als. Recently, by applying conformal field theory, Egge
Affleck, and Takahashi (EAT) have succeeded in cal
lating the magnetic susceptibility of theS  1y2 antifer-
romagnetic (AF) Heisenberg spin chain system with hi
accuracy [3]. Their result has revealed a characteri
temperature dependence of the magnetic susceptibilit
low temperatures as low as0.01J. Considering such theo
retical progress, it is indispensable to evaluate the magn
properties of 1DS  1y2 AF systems over a wide tem
perature range using well-characterized single crystals

In this Letter, we study the magnetic susceptibility
Sr2CuO3 and SrCuO2 single crystals, which turns out to
be almost ideal systems of 1DS  1y2 AF Heisenberg
chains. The result can be quantitatively compared w
the recent theoretical calculation. It is shown that t
experimental results are in excellent agreement with
theoretical calculation, and the exchange interactionJ is
estimated to be2200 6 200 K for Sr2CuO3 and 2100 6

200 K for SrCuO2, respectively. In particular, Sr2CuO3

exhibits a characteristic temperature dependence at
temperatures (T , 0.01J) as predicted by EAT.

Sr2CuO3 has the 1D chains composed of these Cu4

quadrilateral structures with sharing corner oxygens
gether [Fig. 2(a)] [4]. The exchange interactionJ between
neighboring Cu21 ions is expected to be large because
the superexchange interaction. In the previous study
ing polycrystalline samples, theJ value was estimated to
be more than 1000 K [5,6]. In spite of this largeJ value,
the mSR experiment [5] shows that this material has t
0031-9007y96y76(17)y3212(4)$10.00
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three-dimensional (3D) long range AF order only belo
TN , 5 K; moreover recent neutron scattering measu
ments using the same single crystal used in the pres
study [7] shows that the crystal has the 3D long range A
order only belowTN , 5.4 K. This property enables us
to observe the ideal 1D behavior over a wide tempe
ture range. Thus the exchange interaction between
chainsJ' is expected to be extremely small,J'yJ , 1025

[8]. This situation has not been realized on most 1D sy
tems which have been extensively studied so far, such
CuCl2 ?2NC5H 5 and KCuF3, since these systems usuall
undergo Néel transition at a relatively high temperatu
compared to the exchange interactionJ [9]. Furthermore,
there is no indication that Sr2CuO3 shows phase transitions
such as the spin-Peierls transition usually taking place
a 1D system [6]. Therefore, this system is expected
show an ideal 1D behavior of theS  1y2 of Heisenberg
antiferromagnet over a wide temperature range from 5
1000 K or higher.

The structure of SrCuO2 has two CuO chains combin-
ing to each other by sharing their edges, thus formi
one CuO zigzag chain [Fig. 2(b)] [10]. The intrachai
exchange interaction (J) is expected to be as large a
in Sr2CuO3. On the other hand, the exchange intera
tion between the diagonal Cu-Cu spins (J 0) is expected to
be smallJ 0  s0.1 0.2d jJj [11] and even ferromagnetic.
Hence, at higher temperatures, this zigzag chain can a
be regarded as two independent chains as in Sr2CuO3.
The situation would change, however, at low temper
tures. The interactionJ 0 would frustrate the Cu spin on
the adjacent chains, preventing them from being AF co
pled. Therefore, a qualitative difference in their magne
properties between Sr2CuO3 and SrCuO2 is expected at
low temperatures.

The present work was performed using single cryst
grown by the traveling-solvent-floating-zone (TSFZ
method. By adopting the TSFZ method, we can obta
contamination-free single crystals unlike the flux metho
CuO was used as a solvent in the growth. Details w
be described elsewhere. The magnetic susceptibi
© 1996 The American Physical Society
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measurements were done using a superconducting qu
tum interference device (SQUID) dc magnetomet
between 2 and 800 K. Above 400 K, we used an ov
attachment equipped with the SQUID.

As shown in Fig. 1, the susceptibility of as-grown
crystals has a considerable Curie term as reported
[5,6]. By annealing under Ar atmosphere we succeed
in reducing the Curie term for both compounds. Fro
this result the Curie term is considered to be due to exc
oxygens. In Sr2CuO3, the Curie term, which amounts
to about 0.063% of free Cu21 ions in as-grown crystal,
decreases to about 0.013% by annealing at 870±C for 72 h.
In SrCuO2, the impurities decrease from 0.11% to 0.018
by annealing at 870±C for 36 h.

Figures 2(a) and 2(b) show the temperature depende
of the magnetic susceptibilityx along three principal axes
of Sr2CuO3 and SrCuO2, respectively, annealed under th
best conditions. In both systems,x has the following
characteristic features: (1) as small as1025 emuymol,
the same order as Van Vleck paramagnetic and co
diamagnetic contribution, (2) anisotropic with one large
value in one direction and almost the same values in t
other two directions, (3) increase with raising temperatu
over 800 K, which indicates that the AF coupling is stron
enough to suppressx even at 800 K. It is found that the
major temperature dependent part ofx is isotropic in both
systems, which provides an evidence that the spin syst
in both compounds can be regarded as a Heisenb
systems. As for the temperature independent anisotro
part,x for both systems is largest when the magnetic fie
is applied perpendicular to the CuO4 squares (H k c in
Sr2CuO3, andH k a in SrCuO2).

For a more quantitative analysis, we decomposedx into

x  xCurie 1 xcore 1 xVV 1 xspin , (1)

where xCurie represents an extrinsic Curie contributio
which remained after the annealing.xcore is the diamag-
netic contribution from the ionic cores, andxVV is the Van
Vleck paramagnetic term which results in the anisotropy
these two systems. They are independent of temperat
xspin represents the contribution from the 1DS  1y2
chains in which we are interested.

Sincex was measured over a wide temperature rang
the exchange interactionJ can be estimated accurately

FIG. 1. The temperature dependence ofx of (a) Sr2CuO3 and
(b) SrCuO2 annealed under different conditions.
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from a comparison with the theoretical calculation.
should be noted that theJ values can be determined a
most uniquely from the slope ofx . As demonstrated in
Fig. 3, the experimental data (withxCurie removed) can
be reproduced well by the EAT theoretical calculatio
with J  2100 6 200 K for Sr 2CuO3 and J  2100 6

200 K for SrCuO2. Now that the valueJ can be deter-
mined, the zero temperature spin susceptibilityxspin(0)
can be estimated using the theoretical resultxspins0d 
0.101 32g2m

2
ByJ [1]. From this we can determine the

temperature independent contribution,xVV and xcore, by
subtractingxspin(0) from the experimental value usin
Eq. (1). Using the valuexcore  10.7 3 1025 emuymol
for Sr2CuO3, and6.6 3 1025 emuymol for SrCuO2[12],
xVV for each axis can be extracted. The estimated v
ues ofxVV are listed in Table I. The result for Sr2CuO3

is quantitatively consistent with those by NMR study o
the CuO chain contribution of YBa2Cu3O7 [13].

Nearly the same values of the exchange interact
J for the two compounds are reasonable considering
nearly similar Cu-O configuration. It is interesting t
compare these values with those of the 2D analogs s

FIG. 2. The temperature dependence ofx with the magnetic
field applied along the three axes for the crystals with t
smallest Curie term, (a) Sr2CuO3 and (b) SrCuO2. The
schematic crystal structures are shown in the right hand s
of each panel.
3213
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FIG. 3. x 2 xCurie and the theoretical curves by EAT [3] fo
various values ofJ for (a) Sr2CuO3 and (b) Sr, respectively.

as La2CuO4. In La2CuO4, J is estimated to be 1730 K
by the inelastic neutron scattering experiment [14]. T
value is significantly smaller than that in 1D analogo
systems. Even if comparing the difference in their C
O bond length and other structural difference [15], t
significant difference in theJ value suggests that ther
might be some other factors to determine the valueJ,
such as the difference in dimensions.

The theoretical result by BF has been used for the qu
titative comparison with the experimental data on the r

TABLE I. The estimated value ofxVV for Sr2CuO3 and
SrCuO2. The values estimated from the NMR on the Cu
chains in YBa2Cu3O 7 are also shown for comparison. A
susceptibilities are in units of1025 emuymol.

Material Axis Present result Ref. [13]

a 3.4 6 0.2 1.9
Sr2CuO3 b 3.3 6 0.2 2.0

c 7.2 6 0.2 8.1
a 7.9 6 0.2 · · ·

SrCuO2 b 2.3 6 0.2 · · ·
c 2.3 6 0.2 · · ·
3214
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1D AF systems. There is a significant difference betwe
BF and EAT belowT , 0.23J (,500 K in the present
systems). In this temperature range, BF shows a stee
rise with temperature. Hence, fitting the experimental
sult with BF always yields a largerJ value than that with
EAT. This situation is shown in Fig. 4. The experiment
data fit rather well with BF forJ  2800 K, but a signifi-
cant discrepancy shows up below 100 K.

Although xspin of Sr2CuO3 and SrCuO2 shows similar
behavior at high temperatures, a qualitative difference
tween the two is clearly observed at low temperatures.
particular,x shows an isotropic drop belowT , 20 K in
Sr2CuO3 as shown in Fig. 2. It should be noted that th
feature shows up as a cusp in the experimental data sh
in Fig. 1 even before the Curie term is reduced. This dr
seems to correspond to an onset of 3D AF long range
der. However, the Néel temperatureTN of this compound,
5 K [5,7], is significantly lower than the temperature whe
this drop is observed. Furthermore, no anisotropy is s
in this temperature dependent part, in contrast to that
pected in antiferromagnets belowTN . In this regard, this
drop is difficult to explain by the onset of AF 3D long
range order. The possibility of spin-Peierls transition
this temperature does not explain this drop. In the ca
of spin-Peierls transition, magnetic susceptibility shou
decrease to zero. Therefore the amount of this decre
should have the same value as the spin susceptibility
zero temperaturexspins0d  6.9 3 1025 emuymol [1]. In
the present case, however, the decrease inxspin is ,1 3

1025 emuymol, too small to be expected from the spin
Peierls transition scenario. The absence of the spin-Pe

FIG. 4. xspin for Sr2CuO3 compared to theoretical calcula
tions by EAT [3] with J  2200 K (solid line) and by BF with
J  2200 and2800 K (dotted line) in the temperature rang
below 600 K. The cross (3) at T  0 K indicates the theo-
retical susceptibility atT  0 K for J  2200 K. Inset: the
experimental (dot) and theoretical (line)xspin as a function of
flnsT0yT dg21.
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transition is also supported by the neutron scattering m
surements by Amiet al. [6]. The other explanation should
be necessary for understanding this susceptibility drop

In the recent calculation by EAT,xspin shows an asymp-
totic slnT d21 dependence at low temperature. They su
gest thatxspin of the 1D AFS  1y2 Heisenberg model
at low temperatures below,0.1J has

Jp2xsT d  1 1 1yf2 lnsT0yT dg , (2)

as far as the SU(2) and translational symmetry is preser
In this formula,T0 is a parameter which depends on th
second nearest neighbor interaction. Without the sec
nearest neighbor interaction,T0 , 7.7J. This slnTd21 de-
pendence shows up as a rapid decrease toxspins0d with
infinite slope, when the temperature is lower thanT ,
0.01J. In Sr2CuO3, such a rapid decrease is expect
to occur below 20 K, considering theJ value 2200 K.
The observed drop at,20 K is consistent with this cal-
culation. In Fig. 4 the comparison between the expe
mental result and EAT calculation withJ  2200 K and
T0  7.7J is shown. The experimentalxspin shows a
steep decrease at around 20 K with a minimum va
6.5 3 1025 emuymol, consistent with the EAT calcula
tion which shows a rapid decrease at 20 K and ends
at T  0 with 6.9 3 1025 emuymol. Considering these
similarities, the isotropic drop inxspin at low tempera-
ture is a direct observation of the asymptoticslnTd21 term
calculated by EAT. A more quantitative comparison
made in the inset of Fig. 4, wherexspin is plotted against
flnsT0yT dg21. As can be seen, the experimental and the
retical result coincide with each other in the temperatu
range above,10 K. At the lowest temperature range th
coincidence is not as good. The reason for this is the p
ence of the Néel order ofTN , 5 K, and also due to an
ambiguity in subtracting the extrinsic Curie term from th
experimental data. Indeed the coincidence can be
proved by changingT0 or introducing the Weiss tempera
ture in order to fit the impurity contribution. However,
is difficult to determine all of these parameters uniquely
fitting the experimental data since there are too many
justable parameters and the Néel transition should be ta
into account. Considering the above mentioned item
the experimental result precisely reproduces the theore
calculation over such a wide temperature range, from 1
800 K or higher. Therefore, Sr2CuO3 can be regarded a
an almost ideal 1D AF Heisenberg system. The extrem
largeJ favored the observation of the “low temperatur
behavior at experimentally accessible temperatures (T ,

0.01J). It was also favored by the absence of a spin-Peie
transition and the severe suppression of 3D long range
order due to extremely weak interchain coupling.

In SrCuO2, the corresponding low temperature featu
is not observed. This is not due to the Curie contributio
In fact, the impurity concentration in SrCuO2 is 0.018%,
almost the same as that of Sr2CuO3, 0.013%. Therefore,
if the low temperature drop were present in SrCuO2, it
should have been observed as in Sr2CuO3. This indicates
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thatx is qualitatively different between the two systems
low temperatures. As described before, in SrCuO2, there
exists the direct Cu-Cu exchange interactionJ 0 together
with the superexchange interactionJ. At low tempera-
tures, however, the interactionJ 0 would have some effect
SinceJ 0 frustrates the intrachain AF coupling, it would r
sist against the decrease inx. The result shown in Fig. 3
seems to be consistent with the speculation.

In summary, we have successfully grown high qu
ity single crystals of Sr2CuO3 and SrCuO2. By fitting
the temperature dependence ofx with the recent theo-
retical calculation by EAT, it is demonstrated that bo
systems can be regarded as 1DS  1y2 Heisenberg sys-
tems, and the exchange interactionJ is estimated to
be 2200 6 200 K for Sr2CuO3 and 2100 6 200 K for
SrCuO2, respectively. In addition, very small contam
nation together with the absence or strong suppressio
a spin-Peierls or AF transition enable us to see the int
sic xspin in the low temperature region which is in ex
cellent agreement with the rigorous theoretical calculat
and the 1DS  1y2 Heisenberg AF magnet in the cas
of Sr2CuO3. SrCuO2 shows differentx at low tempera-
tures. The difference may be ascribed to the direct Cu
interaction in a zigzag chain.
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