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We use magnetic susceptibility and inelastic neutron scattering measurements to show that copper benzoate,
Cu~C6D5COO!2•3D2O, is a quasi-one-dimensionalS51/2 antiferromagnet with an exchange constantJ 5
1.57 meV. BelowT50.8 K a ferromagnetic contribution to the susceptibility marks the onset of canted
three-dimensional~3D! antiferromagnetic order. An external magnetic field suppresses this effect, and the
susceptibility measured in high field shows only the response of aS51/2 chain. The dynamic correlation
functionS~q̃,v! measured by neutron scattering shows only 1D spin correlations for\v>0.4 meV atT 5 1.8
K. There is clear evidence of a continuum of magnetic excitations, consistent with the current theoretical
picture of the excitation spectrum of theS51/2 chain atT 5 0 K.

I. INTRODUCTION

The linear chainS51/2 Heisenberg antiferromagnet
~AFM! is of fundamental importance in many-body physics,
as it is one of the few systems where a nontrivial ground
state is known exactly.1 This ground state has only quasi-
long-range order with power law decay of the instantaneous
spin correlations.2 The Hamiltonian for this system in an
applied magnetic fieldH is

H5(
i

@JSi•Si112gmBH•Si #. ~1!

Unlike spin-wave excitations in ordered magnets, which are
spin-1 objects, the elementary excitations of theS51/2
chain, known as spinons, carry spin 1/2.3 Although the
spinons have a well-defined dispersion relation, they can be
produced only in pairs, and the resulting magnetic excitation
spectrum is a continuum bounded from below by the des
Cloiseaux–Pearson~dCP! relation4

e1~ q̃!5
p

2
Jusinq̃u ~2!

and above by

e2~ q̃!5pJusin~ q̃/2!u. ~3!

There is now considerable theoretical and numerical evi-
dence for this continuum based on Bethe ansatz, exact diago-
nalization, and quantum Monte Carlo studies.5–10 The p/2
enhancement ofe1(q̃) compared to spin-wave theory was
first observed experimentally by inelastic neutron scattering
experiments on the material CPC.11 Hints of the continuum
were found in line shape asymmetries observed in CPC~Ref.
12! and KCuF3,

13,14 but the best evidence to date comes

from recent experiments on KCuF3 that show a clear mag-
netic response at energies well above the dCP lower
bound.15,16

There remain, however, a number of important questions
that deserve further study. These include the dynamics in
high magnetic fields,6,17,18and the proximity of the system to
aT50 quantum critical point.19 It is thus of interest to obtain
and characterize additionalS51/2 materials to address these
issues. In this work, we present magnetic susceptibility and
inelastic neutron scattering measurements on copper ben-
zoate that demonstrate that it is a clean model system that is
particularly well suited for magnetic field studies. We have
also obtained a complete mapping of the spinon continuum
for this material.

II. EXPERIMENT

Copper benzoate, Cu~C6H5COO! 2•3H2O, was identified
as a linear chain antiferromagnet by Dateet al.20 Its crystal
structure is monoclinic with room temperature lattice con-
stantsa56.98 Å, b534.12 Å,c56.30 Å, andb589.5°.21

At T54.2 K, we find a56.913 Å, c56.225 Å, and
b589.3°. The Cu21 ions form chains along thec axis, with
a Cu-Cu distance ofc/2. There are two copper sites that
alternate along the chain with local symmetry axes that differ
by 20°.20 This is relevant for the low-temperature and low-
field properties as will be discussed below. Through Faraday
balance, electron spin resonance~ESR!, and NMR measure-
ments Dateet al.determined the exchange constant along the
chain to beJ 5 1.5 6 0.1 meV from a comparison to the
standard Bonner-Fisher result for the susceptibilityx(T) of
the S51/2 AFM chain.22 Substantial deviations from the
Bonner-Fisher curve were reported for 4 K,T,8 K, par-
ticularly for Hiĉ, where there was a sharp upturn inx(T) at
the lowest temperatures. No field dependence ofx was re-
ported. We note that these techniques involve the application
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of fields of order several kOe, and thus the low-field features
we describe below were not observed. Spin diffusion in this
material has been studied extensively by ESR and NMR,23

and evidence has been reported for Ne´el ordering atTN 5
0.76 K.24

A. Sample preparation

Copper benzoate is insoluble in water, but single crystals
may be grown from water solutions by a diffusion method.20

The crystals grow as flat plates in the~010! plane with well-
defined edges parallel to thec axis. To grow deuterated
samples for neutron scattering studies, crystallization dishes
with vertical glass dividers separating the reagents
C6D5COONa and CuSO4•5H2O were slowly filled with
D2O under a N2 atmosphere. The dishes were placed in
sealed jars in a cold water bath atT510 °C for 5–8 days
while the crystals grew on the tops of the dividers. Typical
crystal dimensions were 530.4315 mm3 along theâ, b̂,
and ĉ axes, respectively. Deuteration was.95% as deter-
mined by promptg-ray neutron activation analysis.25

B. Susceptibility

We have performed a detailed exploration of the ac sus-
ceptibility x(H,T) as a function of temperature and dc mag-
netic field. The susceptibilities measured with the magnetic
field parallel to the principal crystal axes are denotedxa,
xb, andxc, respectively. For 3,T,300 K, measurements
were made in a commercial~Quantum Design! supercon-
ducting quantum interference device~SQUID! magnetome-
ter. Below 8 K, measurements were made with a home-built
ac susceptometer mounted on the top loader of a dilution
refrigerator. To obtain sufficient sensitivity for these mea-
surements, the pickup coils of the ac susceptometer were
connected to a low-temperatureLC circuit consisting of a
superconducting inductorL50.1 H in series with a capacitor
C;1 mF. When the susceptometer is driven at
f 051/2pALC;550 Hz, theLC circuit provides both a
highly stable gain ofQ5200 and good matching to the noise
figure contour of the room temperature lock-in detection
electronics. At f 0 , the sensitivity of the susceptometer is
2310210 emu/AHz in zero field. This sensitivity decreases
by only a factor of 1.5 atH52 T.

C. Neutron scattering

For inelastic neutron scattering measurements, the sample
consisted of approximately 450 deuterated crystals arranged
in six stacks. The crystals were aligned by placing their
c-axis edges against a metal plate and clamping the stack.
The total sample mass was 3.47 g, and the mosaic was 5° in
the (h0l ) scattering plane. The Cu atoms in a chain are
spaced byc/2, and so we refer to momentum transfer along
the chain asq̃5Q•c/25 lp. The experiment was performed
on the TAS7 cold neutron triple-axis spectrometer at
Risø National Laboratory in Denmark. All measurements
were made with the pyrolythic graphite PG~002! analyzer
fixed at a nominal final energyEf 5 5.1 meV. Full width at
half maximum ~FWHM! beam divergences were 608/
k~Å 21) –498 around the PG~002! monochromator,k being
the incident neutron wave vector and 1008–2568 around the

analyzer. A liquid-nitrogen-cooled beryllium filter was used
after the sample to exclude neutrons with energies above 5.1
meV from the detection system. This filter also had the effect
of transferring the good energy resolution of the monochro-
mating system to the\v.0 side of the overall energy reso-
lution function of the instrument whose FWHM for incoher-
ent elastic scattering wasDE50.23 meV.

III. RESULTS AND DISCUSSION

A. Susceptibility

In copper benzoate in small fields, the magnetic response
associated with linear chain antiferromagnetism is obscured
by a large paramagnetic feature at low temperatures. As will
be shown below, this feature is suppressed by the application
of a magnetic field, and the one-dimensional~1D! behavior
may be observed directly in the susceptibility forH> 2 T. At
very low fieldsH,50 Oe,x is highly anisotropic.xc is as
much as 10 times bigger thanxa and 100 times bigger than
xb. This prevents accurate measurements ofxb, as even a
1° misalignment between the ac field andb̂ is sufficient to
cause a significant error. Figure 1 showsxc for 0.3<T< 3.5
K andH< 80 Oe. This figure is a 3D representation of a data
set containing approximately 1000 measured values ofxc.
The intersections of the lines on the grid correspond directly
to the data points. The spacing between points inT is
DT5 0.05 K for 0.3<T<2 K, andDT5 0.3 K for T.2 K.
The spacing inH is DH51.4 Oe for H<32 Oe and
DH510 Oe forH. 32 Oe. The zero-field susceptibility is
indicated by a thick black line. Note that there is a sharp
peak inxc atT50.8 K andH520 G. Above this field,xc is
drastically reduced. At temperatures below the peak and for
fields near the peak, the imaginary component of the suscep-
tibility x9 was nonzero. Coupled with the concomitant de-
crease inx8, this indicates that the average spin relaxation
time grows larger than 1/2p f 0 in this region.x9 is negli-
gible, however, for fields greater than 50 G.

The presence of two different orientations of the local
environment of the Cu sites and the large susceptibility for
Hiĉ suggests that spin canting occurs along that direction as

FIG. 1. ac susceptibility forH i ĉ of copper benzoate at low
field. The intersections of the grid correspond to measured points.
The bold curve highlights the zero-field response.
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the system enters a three-dimensional antiferromagnetically
ordered state.29 The small value ofxb indicates thatb̂ is the
easy axis for the antiferromagnetic order. Similar ac suscep-
tibilities of weak ferromagnets have been reported
previously.30 The observed long relaxation times at low fields
can be attributed to the motion of domain walls. Applying a
weak field is sufficient to align the domains, at which point
the ac susceptibility is reduced and independent of fre-
quency.

To further suppress the weak ferromagnetic response due
to the spin canting, we measuredx(T) in progressively
larger fields. Figure 2 shows the temperature dependence of
xc asH is increased. AsH increases,xc decreases further,
and its temperature dependence changes. ForH>1 T, the
susceptibility is an increasing function of temperature in the
range of temperatures shown, and effects due to linear chain
antiferromagnetism can be observed. This is demonstrated in
Fig. 3, which shows the susceptibility measured with the

SQUID at fieldsH52 T and 5 Ti ĉ andH52 T i â. As can
be seen in the inset,x is much more isotropic than at low
fields. The inset also shows the low-temperature data at
H52 T, where the remnant of the low-field feature can still
be seen. Note that low-temperaturec-axis data atH52 T are
the same curve as that in Fig. 2. The main part of Fig. 3
showsxc for H52 T over our full temperature range, and
shows clearly the characteristic response of a 1D antiferro-
magnet.

To determine the parameters inH @Eq. ~1!# appropriate
for copper benzoate, we fit the data in Fig. 3 tox(H,T)
calculated from exact diagonalization ofH for spin chains
of up to 16 sites. Comparison between results for chains with
even and odd numbers of spins indicates thatx(H,T) calcu-
lated in this manner is valid forkBT/J.0.25, and we there-
fore confined our fits to the temperature range 5<T<300 K.
Using ga52.17 andgc52.27, the values determined by
ESR,20 our three data sets withHa52 T andHc52 and
5 T were fit simultaneously, yieldingJ51.5760.01 meV
~5kB318.260.1 K!. The results of this fit are shown as
solid lines in Fig. 3, demonstrating that linear chain antifer-
romagnetism dominates the bulk properties of this material
at high magnetic fields.

B. Neutron scattering

Inelastic neutron scattering provides additional proof that
copper benzoate is a quasi-one-dimensional antiferromagnet.
Figure 4 shows theQ dependence of the inelastic scattering
intensity at\v50.4 meV along lines parallel and perpen-
dicular to the chain direction in the (h0l ) reciprocal lattice
plane. Parallel to the chain direction, the intensity distribu-
tion is strongly peaked forQ–ĉ5 c* , corresponding to wave
vector transferq̃5p along the chain. Because this peak van-
ishes on warming toT 5 40 K @open diamonds in Fig. 4~a!#,
it must arise from magnetic scattering and not scattering
from phonons, which increases with temperature. From the
position of the peak we conclude that spins displaced from
each other byc/2 are antiferromagnetically correlated. Figure

FIG. 2. ac susceptibility forHi ĉ of copper benzoate. Note sup-
pression of low-field paramagnetic signal with increasing field.

FIG. 3. High-field susceptibility of copper benzoate forH
52 T i ĉ. Inset: open squares,xa at H52 T; open circles,xc at
H52 T; solid circles,xc atH55 T. Dashed lines: low temperature
susceptibilityxa and xc at H52 T. Solid lines: fit withJ51.57
meV as described in the text.

FIG. 4. Wave vector dependence of inelastic neutron scattering
at \v50.4 meV~a! for Q5(0.3,0,l ) varying only along the chain
direction atT 5 1.8 K ~solid symbols! andT 5 40 K ~open sym-
bols!, and ~b! for Q 5 (h,0,1) andQ 5 (h,0,1.25) varying only
perpendicular to the chain direction atT 5 1.8 K.
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4~b! shows that there is no discernible variation of the inelas-
tic scattering intensity with momentum transfer perpendicu-
lar to the chain whether the parallel componentQ–ĉ corre-
sponds to the center of the peak in Fig. 4~a! (q̃5p) or not
(q̃51.25p). This proves that magnetic correlations are ab-
sent alongâ for energies down to\v50.4 meV. We have
not probed theQ–b̂ dependence of the magnetic scattering,
but since the spin chains are separated by 34 Å alongb̂, any
magnetic interactions must be even smaller along that direc-
tion than alongâ. Therefore, we conclude that magnetic cor-
relations atT 5 1.8 K are antiferromagnetic and purely one-
dimensional in the energy range\v>0.4 meV probed by
these neutron scattering measurements.

We now turn to a detailed investigation of theq̃ andv
dependence of the magnetic scattering cross section. Since
the cross section is independent ofQ–â, we can choose this
component of wave vector transfer to optimize resolution
and signal to noise. The broad sample mosaic (h'5°
FWHM! makes the projection of the resolution function onto
the direction in the horizontal plane perpendicular toQ,
ud Q'u'0.09uQu, longer than its projection ontoQ,
ud Qiu'0.04 Å21. The best resolution of wave vector trans-
fer along the chain,q̃, is therefore achieved forQi ĉ. How-
ever, to avoid background from a ridge of coherent diffuse
elastic scattering alongQ5(h01), we chose to perform the
experiment along the (0.3,0,l ) direction. Data were taken at
T 5 1.8 K on a grid in the rangep<q̃<2p and 0.4 meV
<\v< 6 meV with grid spacings 0.1p and 0.2 meV, re-
spectively.

Figure 5 shows a constantq̃51.3p cut through the raw
intensity distribution~solid circles!. We observe an asymmet-
ric peak with a lower bound of 1.75 meV and a high-energy
tail that extends up to at least 4 meV. The low-energy upturn
arises from incoherent elastic scattering. Although the mag-
netic signal is clearly visible, a detailed determination of the
background, which we shall now describe, is necessary to
establish the nature of the magnetic scattering cross section.

After extracting the sample with its aluminum holder from
the cryostat, we measured the contribution to the detector
count rate not associated with neutrons scattered from the
sample region. Under these conditions, the count rate
throughout the range ofQ andv described above was 3.2~3!
counts/107 monitor counts' 6.5 min. This is shown as a
dashed line in Fig. 5. Upon subtracting this constant back-
ground and applying a measured,\v-dependent factor com-
pensating for the contribution to the monitor count rate from
higher order neutrons reflected by the monochromator, the
magnetic contribution to the data is proportional to
uF(Q)u2Ĩ (q̃,v), whereF(Q) is the magnetic form factor26

and

Ĩ ~Q,v!5
1

2(ab
~dab2Q̂aQ̂b!S̃ab~Q,v!. ~4!

In this expressionS̃ab~Q,v) is the convolution of the dy-
namic spin correlation function,27

Sab~Q,v)5
1

2p\E dteivt
1

N(
RR8

^SR
a~ t !SR8

b
~0!&

3e2 iQ•~R2R8!, ~5!

with the normalized, instrumental resolution function in
Q-v space.28Additional contributions to the count rate in the
detector, however, arise from incoherent elastic nuclear scat-
tering and inelastic scattering from phonons. These back-
ground contributions may be isolated by examining theT
dependence of the scattering data. Magnetic neutron scatter-
ing from an isotropic one-dimensional magnet satisfies the
total moment sum rule

3E
p

2pdq̃

p E \dv Ĩ ~ q̃,v!5(
a

E
p

2pdq̃

p E \dvSaa~ q̃,v!

5S~S11!, ~6!

whereas inelastic nuclear scattering increases with tempera-
ture according to the Bose-Einstein thermal population factor
11n(v)51/@12exp(2b\v)#. At sufficiently highT, scat-
tering from phonons is therefore the dominant inelastic con-
tribution to the intensity. AtT585 K the integrated magnetic
scattering cross section accounts for only 26% of the inte-
grated inelastic intensity, and so we took data over our se-
lected range ofQ andv at this temperature. As expected,
these data were only weaklyq̃ andv dependent, and so to
improve statistics we performed a moving average which
effectively coarsened the resolution todq̃ 5 0.2 and\dv 5
0.4. After appropriate scaling with thev-dependent ratio of
Bose-Einstein factors, this yielded the inelastic nuclear scat-
tering background atT 5 1.8 K, shown as open circles in
Fig. 5.

Incoherent elastic nuclear scattering is approximatelyT
independent forT!QD and this allows us to derive its con-
tribution to the detector count rate by comparing data at
T51.8 and 85 K. To this end we used the following ansatz
for the low-energy nuclear scattering intensity:

FIG. 5. Solid symbols show raw inelastic neutron scattering
intensity versus energy for copper benzoate atT 5 1.8 K andQ
5~0.3,0,1.3! corresponding toq̃51.3p. The asymmetric peak at
\v'2 meV is magnetic. The dashed line shows the average detec-
tor count rate after extracting the sample from the cryostat. Open
symbols show the background contributions from incompletely re-
solved elastic nuclear scattering~diamonds! and from inelastic
nuclear scattering~open circles! as determined by the procedures
described in the text.
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I ~ q̃,v!5 f ~ q̃!g~v!1C~ q̃!
v

12e2b\v , ~7!

whereg(v) is a sharply peaked function ofv normalized to
1 atv50 that describes the elastic scattering profile and the
second term accounts for the incoherent inelastic nuclear
scattering. We extractedg(v) by fitting q̃-integrated data
with \v,e1(q̃) atT 5 1.8 K andT 5 85 K to theq̃ integral
of this equation. Subsequent scaling byf (q̃)'I (q̃,v50)
yielded an accurate measure of the ‘‘wings’’ of the elastic
scattering profile, shown in Fig. 5 as open diamonds.

After subtracting these two background components we
divided the data by the squared magnetic form factor26 and
normalized it by imposing the total moment sum rule of Eq.
~6!. The resulting magnetic intensity distributionĨ (q̃,v) is
shown as a color contour map in Fig. 6. At first glance the
data resemble inelastic scattering from a classical long range
ordered antiferromagnet. The intensity is highest close to
q̃5p and\v50 and asq̃ varies through the Brillouin zone
there is a ridge inq̃-v space which approximately follows a
sinusoidal dispersion relation. Closer examination of the
data, however, reveals an important qualitative result: The
asymmetric maximum inĨ (q̃,v) for q̃'p is much broader
than the half maximum resolution ellipse also shown in Fig.
6. From this observation it follows thatĨ (q̃,v) cannotbe
accounted for by the discrete dispersion relation of conven-
tional long-lived spin wave excitations. Instead, the data bear
evidence of a continuum of excited states. The solid lines in

Fig. 6 are the boundaries of the spinon continuume1(q̃) and
e2(q̃) @Eqs.~2! and ~3!#, calculated using the valueJ51.57
meV, derived from our susceptibility measurements.
Whereas the data are too noisy to identify an upper bound on
the continuum, they do show clear evidence of a resolution-
limited lower edge which followse1(q̃), the des Cloiseaux–
Pearson lower bound on the energy of excited states with
wave vectorq̃ in theS51/2 one-dimensional antiferromag-
net.

Müller et al.5,6 have derived an approximate model for the
dynamic spin correlation functionS(q̃,v) of the S51/2
chain,

Saa~ q̃,v!5
1

2p

A

A~\v!22e1
2~ q̃!

Q„\v2e1~ q̃!…

3Q„e2~ q̃!2\v…, ~8!

whereQ(x) is the step function. There are two parameters in
this model,A andJ. Taking the valueJ51.57 meV obtained
from our susceptibility measurements, we performed a si-
multaneous one-parameter fit of Eq.~4! convolved with the
instrumental resolution function28 to the entire data set rep-
resented in Fig. 6. The model provides a good fit to the data
(x252.3) for A51.260.2. Not surprisingly, given that we
normalized our data by imposing the total moment sum rule,
this value of A is indistinguishable from the value
A'1.347 for which Eq.~8! satisfies the same sum rule.5

FIG. 6. Contour plot of back-
ground subtracted and normalized
magnetic neutron scattering inten-
sity from copper benzoate atT 5
1.8 K. The ellipsoid is the half
maximum contour of the instru-
mental resolution function. Solid
lines are boundaries of the spinon
continuum given by Eqs.~2! and
~3! in the text withJ 5 1.57 meV.
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Figure 7 provides a detailed comparison of model and data
from which it is evident that our magnetic neutron scattering
data from copper benzoate are very well accounted for by
Eq. ~8!.

IV. SUMMARY AND CONCLUSION

Through high-field susceptibility measurements and in-
elastic neutron scattering we have shown that copper ben-
zoate is a quasi-one-dimensionalS51/2 antiferromagnet
with an exchange constantJ51.5760.01 meV. Weak ferro-
magnetic behavior at low temperature and low magnetic field
was carefully characterized, and we have determined that it
is likely to result from spin canting in the three-dimensional

antiferromagnetic state and has little consequence for
gmBH/J.0.1 or\v/J.0.25. Although we could not grow
large single crystals of the material, we have demonstrated
the feasibility of combining large numbers of single crystals
to form an oriented sample suitable for neutron scattering
experiments. Using this sample we obtained a map of the
dynamic spin correlation functionS(q̃,v) at kBT/J50.1 for
p,q̃,2p and 0.25J,\v,3.8J. These data clearly show a
bounded continuum of excited states as has been predicted
for the one-dimensionalS51/2 antiferromagnet. The ap-
proximate expression forS(q̃,v) derived by Müller et al. for
zero temperature adequately describes the data with an over-
all scale factor as the only adjustable parameter. The value of
the exchange constant in copper benzoate,J51.57 meV, ren-
ders this organic magnet an excellent system in which to
study the field dependence ofS(q̃,v) for theS51/2 antifer-
romagnetic spin chain. First, as our experiments demon-
strate, adequate energy resolution and sensitivity is obtained
on conventional cold-neutron triple-axis spectrometers. Sec-
ond, given a 10 T superconducting magnet it will be possible
to achieve a reduced fieldh5(gmBH/J)50.8 which will
bring the system deeply into the high-field phase where un-
usual incommensurate spin correlations have been
predicted.6,17 High-field inelastic neutron scattering experi-
ments in copper benzoate to explore this phase are currently
underway.
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