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We have performed magnetic susceptibility and electron spin resonance measurements on the quasi-one-
dimensional magnet Sr14Cu24O41, which has simple chains and two-leg ladder chains of copper ions. The
magnetic signals which we observed below room temperature mainly come from the simple chains. The
experimental results show that the simple chain unexpectedly has a spin gap in the excitation spectrum, which
originates from a dimerized state.@S0163-1829~96!03218-3#

I. INTRODUCTION

One-dimensional~1D! antiferromagnets have attracted
many researchers since they exhibit interesting phenomena
originating from quantum fluctuations. The most striking ef-
fect in a 1D Heisenberg antiferromagnet~HAF! is that inte-
ger and half-integer spins show qualitatively different prop-
erties, as suggested by Haldane.1 The recent discovery2 of a
spin-Peierls transition in CuGeO3 has stimulated the study of
1D antiferromagnetism. Another interesting quantum phe-
nomenon in a spin quantum number (S) 1

2 1D antiferromag-
net has been predicted theoretically by Majumdar and Gosh3

and later by Haldane.4 The former authors showed rigorously
that the ground state of theS5 1

2 1D AF with competing
nearest-neighbor ~NN! (J1) and next-nearest-neighbor
~NNN! interactions (J2) is in a dimerized state forJ2 /J15
1
2. Haldane argued that a spontaneously dimerized ground
state exists in a wider range ofJ2 /J1 . This dimerized state is
distinguished from the one found in spin-Peierls systems in
that the former is not associated with a lattice distortion. The
spontaneously dimerized state is a superposition of two
states in one of which a spin forms a dimer with the spin on
its right and in the other of which with the spin on its left.
Thus the dimerized state appears as the result of quantum
phenomena.

The structure of Sr14Cu24O41
5,6 consists of two unique

subcells as is shown in Fig. 1. One is simple chains~space
groupAmma! of copper ions which are coupled by the nearly
90° Cu-O-Cu bond. The other is two-leg ladder chains
~space groupFmmm) of copper ions which are coupled by
the nearly 180° Cu-O-Cu bond along thea andc axes. Each
ladder is coupled by the nearly 90° Cu-O-Cu bond. The in-
teraction between the ladders is considered to be much
weaker than that within the ladders.7 Each chain and the Sr
ions form a layered structure in theac plane and stack alter-
nately along theb axis. It is noted that the valence state of
the copper ions in the stoichiometric Sr14Cu24O41 is
12.25. It has been reported that there exists excess stron-
tium in SrxCu24O41 (x514.74),5 and oxygen deficiency in
~Sr0.4Ca0.6)14Cu24Oy (y540.07).8 If these values are taken
into account, the valence state of the copper ions becomes
12.11. The hole carriers are considered to be localized be-
cause the compound is highly insulating.5,9

Susceptibility measurements on a single crystal of
Sr14Cu24O41 have been performed by McElfreshet al.

9 They
found a broad peak around 60 K and claimed that it origi-
nated from antiferromagnetic long-range ordering. Suscepti-
bility measurements on a powder sample of Sr14Cu24O41

have been performed by Katoet al.10 and Uehara, Ogawa,
and Akimitsu.8 The latter authors claimed that there exists a
spin gap of 87 K which originates from the ladder chain. In
this paper, we report the results of susceptibility and electron
spin resonance~ESR! measurements on single crystals of the
S5 1

2 quasi-1D AF compound Sr14Cu24O41. These results
can be interpreted with a model based on dimerizedS5 1

2

spins. These dimers are probably formed in the simple chain.

II. EXPERIMENTAL METHOD

Single crystals of Sr14Cu24O41 were grown by a
traveling-solvent floating-zone~TSFZ! method in air. They
were confirmed to be single crystals by neutron diffraction
and the x-ray back-reflection Laue method. The dimensions
of the crystal used in both the magnetic susceptibility and
ESR experiments were about 3, 0.5, and 2 mm parallel to the
a, b, andc axes, respectively. The magnetic susceptibility
was measured using a superconducting quantum interference
device~SQUID! magnetometer~Quantum Design MPMS2!.
The ESR measurement was done with an X-band spectrom-
eter ~JEOL-JES-RE2X!.

III. EXPERIMENTAL RESULTS

We show in Fig. 2 the temperature dependence of the
magnetic susceptibility in a single crystal of Sr14Cu24O41.
The core diamagnetic susceptibility of this sample is esti-
mated to be24.0231025 emu/mol Cu and the value of
the Van Vleck paramagnetism (4.4731025 emu/mol Cu!
is assumed to be the same as in the similar compound
SrCu2O3.

11 The sum of the two terms, 4.531026 emu/mol
Cu, is almost negligible compared with the observed value.
The susceptibility decreases with increasing temperature and
shows a minimum around 20 K and a broad peak around
80 K. There is an anisotropy in the susceptibility
(xb.xa.xc). Most of the anisotropy comes from the an-
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isotropy in theg value as described below. The data below
10 K were fitted with a Curie-Weiss law ofC/(T11.72)
emu/mol Cu, whereC and T represent the Curie constant
and temperature, respectively. We obtained the anisotropic
Curie constant along thea, b, and c axes as
Ca55.9531023, Cb56.8931023, and Cc55.7731023,
respectively. The magnetic impurity density, assuming
Cu21 as impurities, is estimated to be;1.4%. The Curie-
type susceptibility (x imp) shows the same anisotropy
(xb

imp.xa
imp.xc

imp) as in the bulk. This suggests that the
Curie-type susceptibility originates not from the free mo-
ments in another phase but from those in the main phase.
The magnetic-field dependence of the magnetization of this
sample at low temperatures follows a Brillouin function for
S5 1

2, which means that the Curie-Weiss tail in the low-
temperature susceptibility comes from free moments.12 The
magnetic impurity density is consistent with that estimated
from the Curie constant. In order to get conclusive evidence
that the increase of the susceptibility at low temperatures
comes from paramagnetic impurities, we performed specific
heat measurements in magnetic fields. A Schottky anomaly
is observed. The magnetic impurity density is also consistent
with that estimated from the Curie constant. The data in the
inset of Fig. 2 show the susceptibility after the Curie-Weiss
term was subtracted. The susceptibility becomes almost zero
below 20 K.

Figure 3 shows typical ESR spectra of Sr14Cu24O41. We
obtained theg values along thea, b, and c axes as
ga52.05, gb52.26, andgc52.04, respectively. Theg val-
ues are almost temperature independent. The integrated in-
tensity of the absorption spectra along thea, b, andc axes
in Sr14Cu24O41 is plotted in Fig. 4. The intensity (A) has a
broad peak around 80 K. This shows clearly that the ESR
signal comes from a transition within excited states. The
linewidth of the absorption spectrum is almost temperature
independent below about 150 K and begins to increase when
the temperature is increased further.

IV. DISCUSSION

The nearly 180° Cu-O bond lengths~1.90 Å perpendicu-
lar to the ladder chain and 1.97 Å along the ladder chain! of
the two-leg ladder chains in Sr14Cu24O41 are close to the

corresponding values in SrCu2O3 ~1.93 Å perpendicular to
the ladder chain and 1.97 Å along the ladder chain!.13 Then it
is natural to assume that the gap energy of the ladder chain in
Sr14Cu24O41 is close to that of SrCu2O3 ~420 K from sus-
ceptibility measurements and 680 K from NMR
measurements11!. This means that the ladder chain in
Sr14Cu24O41 has a singlet ground state with a fairly large
gap and that the magnetic susceptibility and the ESR signal
intensity from the ladder chain are very small below room
temperature. Therefore the magnetic susceptibility and the
ESR signal which we observed essentially come from the
simple chain. In order to clarify this, susceptibility measure-
ments at higher temperatures~600–800 K! are desirable. The
susceptibility is expected to show a broad peak at a much
higher temperature.

From the magnetic susceptibility and ESR measurements
on Sr14Cu24O41, we are convinced that there is a spin gap in
the excitation spectrum of the simple chains. We first ana-
lyze the results of the ESR measurements with the following
simple model: the ground state is a singlet and there is an
energy gap (D) between the singlet and the first excited
state. In anS5 1

2 1D HAF elementary excitations are spin-
wave-like and are not localized. Also, a spin-wave excitation
with a large gap energy is not expected in Cu21 compounds.

FIG. 1. The simple chain~a! and the ladder
chain ~b! of copper ions in Sr14Cu24O41. Filled
circles represent copper atoms and open circles
represent oxygen atoms.

FIG. 2. Temperature dependence of magnetic susceptibility in a
single crystal of Sr14Cu24O41.
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Then we take a triplet for the first excited state. In this case
the ESR intensity (A) should follow the equation

A}2Z21exp~2D/kBT!sinh~gmBH/kBT!,

Z[11exp~2D/kBT!$112 cosh~gmBH/kBT!%, ~1!

wherekB andH represent Boltzmann’s constant and the ap-
plied magnetic field, respectively. The solid lines in Fig. 4
are fits to Eq.~1! with D5120 K. The model reproduces the
experimental data fairly well. It should be noted, however,
that the model explains the temperature dependence of the
relative intensity. We have not studied the absolute intensity.

Stimulated by this finding, we have analyzed the magnetic
susceptibility data. The magnetic susceptibility (x total) in
Fig. 2 consists of the following four terms:

x total5xconst1xCurie-Weiss1xchain1x ladder, ~2!

wherexconst represents the sum of the core diamagnetic and
Van Vleck terms, which is negligible as discussed above. For
x ladder we take the susceptiblility of the similar compound
SrCu2O3.

11 The spin gap behavior inS5 1
2 1D HAF’s is

expected to be observed in the spin-Peierls, the alternating
interactions, and the competing NN and NNN interactions
systems. In an ideal spin-Peierls system, the susceptibility
follows the Bonner-Fisher14 curve (xBF) above the transition
temperatureTSP and shows a rapid drop belowTSP. In the
alternating interactions system, the susceptibility should have
a value betweenxBF and the susceptibility of the noninter-

acting dimers. Using the same energy level scheme used to
derive Eq.~1!, we obtain for the susceptibility of the nonin-
teracting dimers

xD5
Ng2mB

2

kBT

1

31exp~2J/kBT!
, ~3!

whereN, mB , andJ (5D/2) represent the number of Cu
atoms, the Bohr magneton, and the exchange interaction be-
tween nearest-neighbor Cu moments, respectively. In the
competing NN and NNN interactions system with
J25J1/2, the susceptibility (xSS) was calculated by Shastry
and Sutherland15 as

xSS5
Ng2mB

2

4kBT
expS 2

1.25J

kBT
D I 0S J

kBT
D , ~4!

where I0 is a Bessel function. The susceptibilityxSS be-
comes smaller thanxD due to many-body effects Also, the
decrease of the susceptibility at high temperatures is slower
than that in the noninteracting dimer state. This originates
from the contribution of the excited states in which pairs of
Sz56 1

2 solitons propagate.
4,15

Figure 5 shows the averaged susceptibility
(xa1xb1xc)/3 after subtraction of the Curie-Weiss term.
The solid line representsx ladder, which is the susceptibility
of SrCu2O3 multiplied by 0.58. Here, 0.58 is the ratio of the
copper ions at the ladder chain site to the total copper ions in
the crystal. As is seen from this figurex ladder is negligibly
small compared to the observed data. The dotted line repre-
sents xD @Eq. ~3!# with g52.21, 2J/kB5133 K, and

FIG. 3. Typical ESR spectra of Sr14Cu24O41 at
various temperatures.

53 12 203OBSERVATION OF A DIMERIZED STATE IN THES51/2 . . .



N50.42NA , whereNA represents Avogadro’s number. Here,
0.42 is the ratio of the copper ions at the simple chain site to
the total copper ions in the crystal. The dash-dotted line rep-
resentsxBF with 2J/kB5133 K. The broken line represents
xSS @Eq. ~4!# with 2J/kB5300 K. In these fittings, we ad-
justed the valueJ so that the theoretical and experimental
temperatures at which the susceptibility is maximum coin-
cide.

We now discuss the origin of the dimerized state observed
in Sr14Cu24O41. In the alternating interactions and the spin-
Peierls systems, there exists structural distortion, which
causes an alternating interaction to the Cu21 moments in the
chain. Since the distance between NN Cu atoms is uniform
in the simple chain,5 there should be no alternating interac-
tions in the chains at least at room temperature. The struc-
tural distortion, if present, should be reflected in the tempera-
ture dependence of susceptibility as observed in the spin-
Peierls material CuGeO3.

2 However, we have observed no
anomaly in our susceptibility measurements below 300 K.
Furthermore, no specific heat anomaly has been observed in
the range of 5.3<T<350 K.16 From these facts, we exclude
the possibility of structural distortion. This is consistent with
the fact that the susceptibility data in Fig. 5 do not fit at all
with the models which are based on structural distortion.

In the competing NN and NNN interactions system, a

spontaneously dimerized ground state is expected to be ob-
served as predicted by Majumdar and Gosh3 and by
Haldane.4 As is seen from Fig. 1~a!, the following two ex-
change interaction paths between Cu21 spins are possible.
One is the nearly 90° Cu-O-Cu superexchange interaction
which is probably antiferromagnetic as in CuGeO3 (J588
K!.2 The other is the superexchange interaction between
next-nearest-neighbor Cu spins. If the latter interaction is
antiferromagnetic and has a value in the range of
J2 /J1>0.25,17 the ground state becomes spontaneously
dimerized. Very recently, Castilla, Chakravarty, and Emery18

have reported that the competing NN and NNN interactions
play an important role in CuGeO3. They have shown that
the magnetic susceptibility and the magnetic excitation spec-
trum are well described by the Heisenberg model with a
competing interaction with the ratio ofJ2 /J1.0.24, which
is slightly smaller than the critical value required to produce
a spontaneously dimerized state. The observed susceptibility
in Fig. 5 is close to the theoretical curve withJ2 /J15

1
2.
15 A

more elaborate calculation is expected to give a better agree-
ment between theory and experiment.

In conclusion, we have performed magnetic susceptibility
and ESR measurements on the quasi-one-dimensional mag-
net Sr14Cu24O41, which has simple chains and two-leg lad-
der chains of copper ions. The magnetic signals which we
observed below room temperature mainly come from the
simple chains. The experimental results show that the simple
chain unexpectedly has a spin gap in the excitation spectrum,
which originates from a dimerized state.
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FIG. 5. Temperature dependence of the averaged magnetic sus-
ceptibility (xa1xb1xc)/3 in Sr14Cu24O41. The solid line repre-
sentsx ladder. The dotted line representsxD calculated by using Eq.
~3! with 2J/kB5133 K. The dash-dotted line representsxBF calcu-
lated with 2J/kB5133 K. The broken line representsxSScalculated
by using Eq.~4! with 2J/kB5300 K.

FIG. 4. Temperature dependence of the integrated intensity
(A) of the ESR spectra in Sr14Cu24O41.

12 204 53M. MATSUDA AND K. KATSUMATA



1F. D. M. Haldane, Phys. Rev. Lett.50, 1153~1983!.
2M. Hase, I. Terasaki, and K. Uchinokura, Phys. Rev. Lett.70,
3651 ~1993!.

3C. K. Majumdar and D. K. Gosh, J. Math. Phys.10, 1399~1969!.
4F. D. M. Haldane, Phys. Rev. B25, 4925~1982!.
5E. M. McCarron III, M. A. Subramanian, J. C. Calabrese, and R.
L. Harlow, Mater. Res. Bull.23, 1355~1988!.

6T. Siegrist, L. F. Schneemeyer, S. A. Sunshine, J. V. Waszczak,
and R. S. Roth, Mater. Res. Bull.23, 1429~1988!.

7T. M. Rice, S. Gopalan, and M. Sigrist, Europhys. Lett.23, 445
~1993!.

8M. Uehara, M. Ogawa, and J. Akimitsu, Physica C255, 193
~1995!.

9M. W. McElfresh, J. M. D. Coey, P. Strobel, and S. von Molnar,
Phys. Rev. B40, 825 ~1989!.

10M. Kato, H. Chizawa, Y. Koike, T. Noji, and Y. Saito, Physica C
235-240, 1327~1994!.

11M. Azuma, Z. Hiroi, M. Takano, K. Ishida, and Y. Kitaoka, Phys.
Rev. Lett.73, 3463~1994!.

12Y. Narumi, K. Kindo, M. Matsuda, and K. Katsumata~unpub-
lished!.

13Z. Hiroi, M. Azuma, M. Takano, and Y. Bando, J. Solid State
Chem.95, 230 ~1991!.

14J. C. Bonner and M. E. Fisher, Phys. Rev.135, A640 ~1964!.
15B. S. Shastry and B. Sutherland, Phys. Rev. Lett.47, 964~1981!.
16R. Shaviv, E. F. Westrum, Jr., T. L. Yang, C. B. Alcock, and B.

Li, J. Chem. Thermodyn.22, 1025~1990!.
17T. Tonegawa, I. Harada, and M. Kaburagi, J. Phys. Soc. Jpn.61,

4665 ~1992!.
18G. Castilla, S. Chakravarty, and V. J. Emery, Phys. Rev. Lett.75,

1823 ~1995!.

53 12 205OBSERVATION OF A DIMERIZED STATE IN THES51/2 . . .


