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Quantum effects dominate the behaviour of many
diverse materials. Of particular current interest are those
systems in the vicinity of a quantum critical point (QCP).
Their physical properties are predicted to reflect those
of the nearby QCP with universal features independent
of the microscopic details. The prototypical QCP is the
Luttinger liquid (LL), which is of relevance to many quasi-
one-dimensional materials. The magnetic material KCuF,
realizes an array of weakly coupled spin chains (or LLs)
and thus lies close to but not exactly at the LL quantum
critical point. By using inelastic neutron scattering we
have collected a complete data set of the magnetic
correlations of KCuF; as a function of momentum, energy
and temperature. The LL description is found to be
valid over an extensive range of these parameters, and
departures from this behaviour at high and low energies

and temperatures are identified and explained.
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hase transition between quantum ground states—provides an
attractive approach for describing regions dominated by quantum
mechanics in condensed matter. In its vicinity, universal behaviours
are predicted that are independent of the microscopic details of the
system. An example of this is universal energy/temperature (E/T)
scaling of the collective response of the system—a phenomenon that
has received heightened attention due to its observation in both cuprate
high-temperature superconductors™ and unconventional metals®®.
By exploiting the powerful mathematics of scaling, the aim is to set
up systematic expansions of the physical properties of these special
points thus explaining the quantum-dominated behaviour found in a
diverse range of systems. In quasi-one-dimensional quantum magnets,
experimental and theoretical techniques’ are now sufficiently advanced
to study these ideas and methods in depth. Here we consider the generic
problem of an array of one-dimensional systems weakly coupled
together into three dimensions.

Quantum critical states in one-dimension (1D) are thought
to apply to systems as diverse as carbon nanotubes, stripes in
cuprate high-temperature superconductors, and spin chains'®!".
The prototypical example is the spin-Y2 (S=1'2) Heisenberg
antiferromagnetic chain (HAFC), which maps onto the Luttinger
liquid (LL) QCP. Here the magnetic ions possess spin angular
momentum of %2, and interact with their nearest neighbours by
antiferromagnetic Heisenberg exchange couplings in only one
crystallographic direction. This system fails to develop long-range
Néel ordering (where neighbouring spins point anti-parallel to
each other) even at the lowest temperatures and has exceptional
dynamical properties. The basic excitations are spinons'?, which are
topological excitations that can be visualized as twists of 7 in the
spin order. Spinons are fractional particles that possess spin values
of S=13, and because in quantum mechanics changes in angular
momentum are restricted to integer units, only an even number of
spinons can be created".

The multi-spinon excitation spectrum forms a continuum over
an extended region of energy (E) and momentum or wavevector

Te concept of a quantum critical point"*—a zero-temperature
p
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Figure 1 Inelastic neutron scattering data for KCuF;. The data is plotted as a function of E and g parallel to the chains for the temperatures a, T=6 K, b, T=50K, ¢, T=150 K
and d, 7= 300 K. The colours indicate the size of the neutron scattering cross-section S(g,E) and the superimposed black dashed lines indicate the region where the multi-spinon
continuum is predicted at 7= 0 K by the Muller Ansatz equation (1). The data was collected using the MAPS time-of-flight spectrometer at ISIS, Rutherford Appleton Laboratory, UK.

(q) space. The excitation spectrum is reflected in the dynamical
structure factor probed by neutron scattering. At T=0XK, this is
given approximately by the Miiller Ansatz equation'

_ Ay® (E-E (9)O(E, () ~E)

\ E? —El2 (9) M

where © is the Heaviside step function and A, is a constant. The
quantities E, and E, are the lower and upper energy boundaries of
the continuum and are sinusoidal functions of wavevector given by

sin (%) ‘ @)

where c is the lattice parameter in the chain direction and J is the
antiferromagnetic exchange constant coupling nearest neighbours
along the chain. The two-spinon contribution that dominates S(g,E)
has been calculated exactly’®, and found to extend between the same
upper and lower boundaries, with an identical singularity at E(q)
and a smooth cutoff at E,(g). In order to develop the model for finite
temperatures, field-theory techniques are used where the discrete
lattice is approximated by a continuous medium. Schulz predicts

S(g.E)

E(q) = T[T] | sin(qc) | and E,(q) =]
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that at the antiferromagnetic zone centre (AFZC) gupc = 1/c, the
dynamical structure factor is given by

2
%lm[’) (45T) ] 3)

where p(x) = I'(1/4—ix)/I'(3/4—ix) and A is a constant'®. It is clear from
this equation that the structure factor multiplied by temperature
depends only on the dimensionless ratio of Eto T rather than on these
quantities separately, and therefore obeys universal scaling. The ideal
§= Y2 HAFCis rarely if ever found in the real world because inevitably
any hamiltonian contains extra terms that have the potential to change
the physical state; for example, even the smallest amount of interchain
coupling alters the ground state and gives rise to Néel order (although
with reduced ordered spin moment). The first problem we address in
this paper is the experimental confirmation of the scaling specific to a
1D LL in a real material, which is close to but not at this QCP.
Dimensionality ~ has important consequences for
antiferromagnetism. For systems with nearest-neighbour exchange
interactions this is evident from simple topological considerations,
because the number of magnetic ions with which each spin
interacts directly is an important factor in stabilizing long-range

eE/kT

S(E) = ——+#—
( ) eE/kT_l
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order. The ideal 1D S = ¥ antiferromagnet, with only two nearest-
neighbours for each spin, fails to develop Néel order. Conversely,
in the simple cubic 3D, S = antiferromagnet where there are six
nearest neighbours, mean-field effects lead to long-range order
and the Néel state is often an adequate approximation to the true
ground state. The excitations in the ordered state are spin-waves
(Goldstone modes), which possess spin values of one and follow
a well-defined trajectory in energy and wavevector'”'® in complete
contrast to the multi-spinon continuum. Quantum fluctuations are
largely suppressed in this system and a semi-classical description in
terms of the 3D nonlinear sigma model (NLoM)" is appropriate.
The second problem that we address in this paper is the evolution
of the magnetic correlation function with momentum, energy and
temperature under the influence of interchain coupling.

To study these problems we investigate the magnetic excitation
spectrum of the quasi-1D, S=%, Heisenberg antiferromagnet
KCuF;. The magnetic Cu®" ions carry S=' and are coupled
into chains by a strong antiferromagnetic exchange interaction
J =34 meV, there is also a weak ferromagnetic exchange interaction
J. =-1.6 meV, which acts to couple these chains together'®*. The
magnetic hamiltonian is

H:]ZSn,r‘ Sn+1,r+]J_ Z Sn,r'sn,r+8 (4)

nr nr,

where 7 labels the sites along the chain, r represents a lattice vector
lying in the plane perpendicular to the chains, and § is summed
over the four nearest neighbours in this plane. Magnetic ordering
occurs below the Néel Temperature of Ty =39 K with a saturated
moment of 0.5 y/Cu®" at T'= 4 K (ref. 20). The suppressed ordering
temperature and moment reduction of 50% (from Néel ordering)
show that despite the interchain coupling, KCuF; exhibits strong
quantum fluctuations and is in the proximity of a QCP.

To measure the magnetic excitations in KCuF;, we used the
experimental technique of inelastic neutron scattering, for which
the cross-section is directly proportional to the dynamical structure
factor and can be used to probe it as a function of wavevector
(1/distance) and energy (1/time) transfer. Figure 1 shows data
collected over the full energy and wavevector range of the excitations
at 6 K, 50 K, 150 K and 300 K (data was also collected at 75 K, 100 K,
200 K). The data are presented as a function of energy and wavevector
parallel to the chains and are integrated over the two-dimensional
Brillouin zone perpendicular to the chains. Figure2b shows a
detailed measurement at T'= 11 K of the low-energy spectrum close
to the antiferromagnetic zone centre. In all cases corrections have
been made for background and the magnetic form factor of copper.

The data show that distinct regimes of behaviour occur in
different regions of energy and temperature space. The extended
scattering at high energies in Fig. la—c is similar to the excitation
continuum of the 1D LL,indeed the scattering is bounded by the black
dashed lines marking the theoretical upper and lower boundaries of
the spinon continuum of a 1D S =% HAFC in its ground state given
by the Miiller Ansatz equation (1). Although this result might be
expected at temperatures above the Néel temperature, it is clear that
the continuum scattering is also present below T, where long-range
magnetic order develops. Figure 2 gives our complete data set for
T << Ty. Although continuum scattering is present at most energies,
detailed measurements made at low energies reveal highly dispersive
V-shaped scattering (Fig. 2b) typical of the spin-waves of the 3D
NLGM. Such coexistence of ID LL and 3D NLoM behaviour has
been observed previously*"* in KCuF; and is a feature of the quasi-
1D S =Y HAFC; similar observations have been made in copper
benzoate?® and BaCu,Si,0, (ref. 24).

To test whether the 1D LL model is appropriate for KCuF; at
high energies, the data was compared to the field theory result given
by equation (3). The data was summed over the AFZC parallel to
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Figure 2 Inelastic neutron scattering data for KCuF, measured well below

T, and plotted as a function of energy and wavevector parallel to the chain
direction. Again the colours indicate the size of the neutron scattering cross-section
S(q,E) and the superimposed black dashed lines indicate the region where the
multi-spinon continuum is predicted at 7= 0 K by the Muller Ansatz equation (1).
The solid horizontal black lines are used to mark the energy ranges of the different
regimes that exist at low temperatures, and these are labelled on the diagram.

a, Data collected at 7= 6 K using the MAPS time-of-flight spectrometer at ISIS,
Rutherford Appleton Laboratory, UK. b, Data collected at T< 11 K using the HB1
triple axis spectrometer at HFIR, Oak Ridge National Laboratory, USA. The intensity
scales on the two data sets are different.

the chain direction (0.48 < g¢/2m < 0.52) and integrated over the
entire Brillouin zone perpendicular to the chain. This is plotted as
a function of energy for the T'= 50 K data in the inset of Fig. 3 and
the solid line represents equation (3). Data lies on the theoretical
curve for 26<E<80 meV proving that the 1D LL description is valid
over this energy range, however, the data fails to follow this theory
at higher and lower energies. The data sets for other temperatures
were treated in a similar manner and all of them except the 300 K
data were found to follow the 1D LL expression over a large range
of energies. In each case, the lower limit of this range was chosen
as the energy below which two successive data points were more
than 1.5 standard deviations above the fitted line. The main part
of Fig. 3 shows the combined data for which the 1D theory gives
an accurate description, multiplied by temperature and plotted as
a function of the universal scaling parameter E/T, again the solid
line is equation(3). What is remarkable is that although the data sets
range in temperature from 6 K to 200 K they all lie on the same solid
line with the same constant of proportionality A; that is, they depend
only on the ratio of energy to temperature but not on these quantities
independently. This result shows that the theoretical concept of the
1D LL strongly influences the physics of real magnetic systems that
lie close to but not at this QCP due to a small amount of interchain
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Figure 3 Universal energy/temperature scaling in KCuF. Inset: The corrected

data at 7= 50 K plotted as a function of energy. The data is integrated over the entire
Brillouin zone perpendicular to the chain direction and summed over a narrow range

at the AFZC parallel to the chain direction (0.48<qc/2rt<0.52). The error bars represent
two standard deviations. The solid line through the data is the field-theory expression
for an ideal 1D S = %2 HAFC given by equation (3), which maps onto the 1D LL. The data
follows this line for energies in the range 26 < £ < 80 meV (bounded by the vertical
dashed lines) indicating that the 1D LL description is valid for KCuF; at these energies.
Main figure: The data for all the other temperatures (except 300 K) were treated in a
similar manner and were also found to follow equation (3) over a defined energy range.
The combined data showing 1D LL behaviour is multiplied by temperature and plotted
as a function of the universal parameter £/Tin the main part of the figure. Again the
solid line through the data is equation (3).

coupling. It also clearly proves experimentally that the magnetic
excitation spectrum of a material in this regime obeys universal E/T
scaling over an extensive range of energies and temperatures.

The analysis described in the previous paragraph shows
that by testing the magnetic excitation spectrum for scaling it is
possible to identify not only whether a magnetic system behaves
like a 1D LL, but also the energy and temperature ranges over
which the QCP dominates. Thus this technique can be used to
identify the different regimes of behaviour for the correlations of
a quantum magnet, and construct a ‘magnetic crossover diagram’
showing where the different descriptions are dominant. Figure 4
shows this diagram for KCuF;. Besides the 1D LL regime, it has
also been possible to identify a 3D NLoM regime that occurs
at low energies and temperatures and is bounded by an upper
temperature of Ty above which long-range magnetic order is
lost. The existence of this phase was established by measuring
the sharpness of the excitations. §-function modes, observed in
neutron scattering as resolution-limited peaks, are a signature
of spin-wave excitations and for the T = 6 K data they are found
at energies of 11 meV and below. Above this, extra scattering is
observed at the AFZC and the spin-wave model can no longer
quantitatively account for the data. The scattering can be seen
directly in Fig. 2b where, as energy transfer is increased at the
AFZC, the intensity first decreases as the spin-wave branches
disperse apart, however, above 11 meV the contours indicate an
increase in the scattering intensity.

Although excitations with energies and temperatures that place
them just outside the 3D NLoM regime cannot be explained by a
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Figure 4 Magnetic crossover diagram showing the different physical regimes
of KCuF, as a function of energy and temperature. The methods described in
the caption of Fig. 3 and the text, have been used to identify the different magnetic
regimes and the regions in energy and temperature that they occupy. In particular,
the solid black symbols represents the lower energy limit of the 1D LL regime
identified by the breakdown of scaling (see the inset of Fig. 3, which illustrates

this for the T= 50 K dataset). The error bars are the instrumental resolution. The
regimes are labelled on the diagram and the dashed lines mark the places where
one phase crosses over into another.

spin-wave model, they also do not show the scaling behaviour of the
1D LL (equation (3)). We denote this intermediate state between the
3D NLoM and 1D LL regimes the crossover region (Fig. 4), because
physically it corresponds to the onset of deconfinement where the
§=1 spin-waves begin to fractionalize into pairs of S= Y2 spinons.
This regime is characterized at low temperatures by the presence
of a novel longitudinal mode—an excitation whose existence has
only recently been established theoretically and experimentally-%.
The mode appears for T< Ty lying at an energy of E= 15 meV
(see Fig.2b) and is broadened in energy with a full-width at
half-maximum intensity of 5meV (ref. 25), indicating a lifetime
reduced by decay processes. The longitudinal mode is a crossover
phenomenon existing in the presence of long-range magnetic order,
but where the size of the ordered moment is significantly less than the
full spin moment. Long-range order is required because longitudinal
excitations are defined as oscillations in the length of this ordered
moment, however if the full spin moment of each magnetic ion were
to point along the ordering direction then these oscillations would
clearly be restricted and their intensity negligible.

The ranges in energy and temperature occupied by the various
regimes in KCuF; are very significant. Broadly speaking, the 1D LL
description is valid at high energies and temperatures where the
effects of interchain coupling become negligible, whereas the 3D
NLoM description is valid at low energies and temperatures where
the interchain interaction energy is similar to the thermal and
excitation energies. The 3D NLoM regime exists for 7'< Ty where
long-range order occurs, and E< 11 meV where no longitudinal
mode or spinon continuum scattering can be observed. Significantly,
this energy is similar to M = 11 meV, the maximum (zone boundary)
energy of the spin-waves perpendicular to the chain direction due to
interchain coupling. The 1D LL regime occurs for 26 < E < 80 meV
(at T= 6 K). The lower limit of this regime is identified by the onset
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of scaling and is similar to 2M =22 meV, which is the lowest energy
that a spinon-pair must have if both spinons are to have energies
greater than the perpendicular zone-boundary energy.

The upper edge of the 1D LL regime is also interesting and has
its roots in the discrete nature of the crystal lattice. The 1D LL QCP
maps directly onto the field theory expression (equation (3)). This
equation, however, provides only an approximation to the behaviour
of a §=1%HAFC where the discrete lattice has been replaced by a
continuous medium so that the single-spinon excitation energies vary
linearly with wavevector rather than sinusoidally as is the case for a
lattice. This contrastswith the ground-state expression (equation (1)),
which takes the lattice into account. The continuum assumption is
adequate for wavevectors around the AFZC where the length scale
of the excitations is much greater than the lattice spacing, but will
clearly start to deviate away from the AFZC. Simulations suggest that
the deviation is significant for wavevectors lg—g,z,d > 0.15 x 21/¢,
for which the single-spinon energy is ~40 meV. The implication is
that equation (3) can be expected to fail for energies greater that
the corresponding spinon-pair energy of ~80 meV. It follows that
1D LL scaling is not obeyed above this energy. This is manifest in
the measured data as a reduction in spectral weight at the highest
energies compared with the predictions of equation (3). Figure la—c
shows a drop in intensity (contour line) around E = 75-80 meV for
all data sets except the T'=300 K data. This is a gradual crossover,
and the upper limit of the 1D LL regime was set at ~80 meV, which
is the average energy of all the data sets at which two consecutive
points fall below the scaling expression by more than 1.5 standard
deviations. Finally, as mentioned before, the scaling expression fails
to account for any of the data collected at T'= 300 K. The explanation
for this is that thermal fluctuations dominate over quantum
fluctuations at high temperatures and the magnetic response
becomes paramagnetic. The Curie-Weiss temperature can be used
as a rough guide to the onset of paramagnetism and for KCuF; it is
calculated® to be T e weiss = 216 K using the experimental values for
the exchange constants. At temperatures greater than this, thermal
fluctuations are expected to destroy the 1D LL behaviour.

Our findings are consistent with QCP theory that has been
modified to take account of interchain and other couplings?’. The
procedure is to map each magnetic chain onto a quantum ‘string’
and use the powerful mathematics of conformal field theory to
calculate quantities such as the collective response (equation (3)).
This method can take into account all the relevant couplings that
displace the S = ¥ HAFC away from the quantum critical state. Essler,
Tsvelik and Delfino (ETD)* have considered the coupling between
chains in KCuF; and show that this particular operator acts to drive
the system away from criticality, giving rise to magnetic order. They
are able to calculate the response functions at T=0 K using the
method of form factors®, and they find that in the ordered phase,
the effect of ordered neighbouring chains is to confine spinons on
long time and distance scales into 3D spin-waves below 11.5 meV,
just as we find experimentally. Physically, this is because as spinons
separate they leave overturned regions of spins that are mismatched
with the order, this is expressible as a potential that confines spinons,
which is proportional to their separation distance. ETD also predict
a longitudinal mode, a novel type of bound mode of spinons, at
17 meV, which we indeed observe at the slightly lower energy of
15 meV in the crossover regime®. For energies above 22 meV, the
response is expected to resemble the uncoupled 1D LL, because on
these short timescales the spinons behave as if nearly free, which
again corresponds to our findings. In fact, expansions around the
1D LL QCP account also to high accuracy for the size of the ordered
spin moment and Néel temperature?®?!.

To conclude, by testing for scaling we have been able to
construct the first magnetic crossover diagram of quasi-1D, S = 2
Heisenberg antiferromagnet, where the limits of the 1D LL regime
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are determined by the energies and temperatures where scaling
breaks down, and the neighbouring phases have been identified
and understood. Our measurements give firm experimental
support to the QCP concept and show that it influences the
behaviour of real materials that lie close to the QCP.

METHODS

The neutron scattering data shown in Fig. 1 and Fig. 2a was collected using the MAPS neutron
scattering spectrometer at the ISIS neutron spallation source in the Rutherford Appleton Laboratory,
UK. MAPS is a new state-of-the-art spectrometer with unprecendented detector coverage allowing large
expanses of energy and wavevector space to be measured simultaneously to give the complete excitation
spectrum. The crystal was aligned with its chains perpendicular to the incident neutron beam. A Fermi
chopper was phased to select neutrons with an incident energy of 150 meV and was rotated at 500 Hz
to provide an energy resolution of 5 meV. The sample was cooled in a closed cycle cryostat and was
measured at a variety of temperatures from 6 K to 300 K, each temperature was collected for about a
day (~3,000 pAmphr). The data shown in Fig. 2b was collected at T'= 11 K using the HB1 triple-axis
spectrometer at the High-Flux Isotope Reactor in Oak Ridge National Laboratory, USA*. The crystal
was aligned so that chains lay in the horizontal scattering plane. The incident and final energies were
selected using a monochromator and an analyser made of pyrolytic praphite (PG). The final energy was
fixed at 13.5 meV and a PG filter was placed after the sample to remove higher order neutrons from the
beam. A series of collimators with values 48’-40"-40"-120" were used between the source and detector to
provide an energy resolution of 1.3 meV and a wavevector resolution of 0.057 A~! parallel to the chains
at an energy transfer of 16 meV.
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References

1. Sachdev, S. Quantum criticality: competing ground states in low dimensions. Science 288, 475-480
(2000).

2. Hertz, J. A. Quantum critical phenomena. Phys. Rev. B 14, 1165-1184 (1976).

3. Keimer, B. et. al. Scaling behavior of the generalized susceptibility in La, Sr,CuO,,,. Phys. Rev. Lett.
67, 1930-1933 (1991).

4. Hayden, S. M. et al. Magnetic fluctuations in La, 4sBa, ,;CuO,. Phys. Rev. Lett. 66, 821-824 (1991).

5. Aeppli, G., Mason, T. E., Hayden, S. M., Mook, H. A. & Kulda, J. Nearly singular magnetic
fluctuations in the normal state of a high- T, superconductor. Science 278, 1432-1435 (1997).

6. Aronson, M. C. et al. Non-Fermi-liquid scaling of the magnetic response in UCu;, Pd, (x=1,1.5).
Phys. Rev. Lett. 75, 725-728 (1995).

7. Grigera, S. A. et al. Magnetic field-tuned quantum criticality in the metallic ruthenate Sr;Ru,0,.
Science 294, 329-332 (2001).

8. Schroder, A. et al. Onset of antiferromagnetism in heavy-fermion metals. Nature 407, 351-355
(2000).

9 Gogolin, A.,0., Nersesyan, A. A. & Tsvelik, A. M. Bosonization and Strongly Correlated Systems
(Cambridge Univ. Press, Cambridge, 1998).

10. Luther, A. & Peschel, I. Single-particle states, Kohn anomaly, and pairing fluctuations in one
dimension. Phys. Rev. B9, 2911-2919 (1974).

11. Luther, A. & Peschel, I. Calculation of critical exponents in two dimensions from quantum field
theory in one dimension. Phys. Rev. B 12, 3908-3917 (1975).

12. Faddeev, L. D. & Takhtajan, L. A. What is the spin of a spin-wave. Phys. Lett. A 85, 375-377 (1981).

13. Haldane, F. D. M. Fractional statistics in arbitrary dimensions — a generalization of the Pauli
principle. Phys. Rev. Lett. 67, 937-940 (1991).

14. Muller, G., Thomas, H., Beck, H. & Bonner, J. C. Quantum spin dynamics of the antiferromagnetic
linear chain in zero and nonzero magnetic field. Phys. Rev. B 24, 1429-1467 (1981).

15. Karbach, M., Miiller, G., Bougourzi, A. H., Fledderjohann, A. & Miitter, K.-H. Two-spinon dynamic
structure factor of the one-dimensional S=1/2 Heisenberg antiferromagnet. Phys. Rev. B 55,
12510-12517 (1997).

16. Schulz, H. J. Phase diagrams and correlation exponents for quantum spin chains of arbitrary spin
number. Phys. Rev. B 34, 6372—-6385 (1986).

17. Anderson, P. W. An approximate quantum theory of the antiferromagnetic ground state. Phys. Rev. B
86, 694-701 (1952).

18. Satija, S. K., Axe, J. D., Shirane, G., Yoshizawa, H. & Hirakawa, K. Neutron scattering study of spin
waves in one-dimensional antiferromagnet KCuF,. Phys. Rev. B 21, 2001-2007 (1980).

19. Haldane, F. D. M. O(3) nonlinear sigma-model and the topological distinction between integer-spin
and half-integer-spin antiferromagnets in 2 dimensions. Phys. Rev. Lett. 61, 1029-1032 (1988).

20. Hutchings, M. T., Samuelsen, E. J., Shirane, G. & Hirakawa, K. Neutron-Diffraction Determination
of the Antiferromagnetic Structure of KCuF,. Phys. Rev. 188, 919-923 (1969).

21. Tennant, D. A., Cowley, R. A., Nagler, S. E. & Tsvelik, A. M. Measurement of the spin-excitation
continuum in one-dimensional KCuF, using neutron scattering. Phys. Rev B 52, 13368—13380
(1995).

22. Tennant, D. A, Nagler, S. E., Welz, D., Shirane, G. & Yamada, K. Effects of coupling between chains
on the magnetic excitation spectrum of KCuF,. Phys. Rev. B 52, 13381-13389 (1995).

23. Dender, D. C. et al. Magnetic properties of a quasi-one-dimensional S=1/2 antiferromagnet: Copper
benzoate. Phys. Rev. B 53, 2583-2589 (1996).

24. Zheludev, A. et al. Spin dynamics in the quasi-one-dimensional S =1/2 antiferromagnet BaCu,$i,0,.
Phys. Rev. B 65, 014402—014410 (2002).

25. Lake, B., Tennant, D. A. & Nagler, S. E. Novel longitudinal mode in the coupled quantum chain
compound KCuF;. Phys. Rev. Lett. 85, 832-835 (2000).

26. Lake, B., Cowley, R. A. & Tennant, D. A. dimer model of the magnetic excitations in the ordered
phase of the alternating chain compound CuWO,. J. Phys. Condens. Matter 9, 10951-10975 (1997).

333

©2005 Nature Publishing Group



ARTICLES

27. Essler, E. H. L., Tsvelik, A. M. & Delfino, G. Quasi-one-dimensional spin-1/2 Heisenberg magnets in
their ordered phase: correlation functions. Phys. Rev. B56, 11001-11013 (1997).

28. Schulz, H. J. Dynamics of coupled quantum spin chains. Phys. Rev. Lett. 77, 2790-2793 (1996).

29. Kittel, C. Introduction to Solid State Physics 6th edn, 443-450 (Wiley, New York, 1986).

30. Smirnov, E A. Form Factors in Completely Integrable Models of Quantum Field Theory (World
Scientific, Singapore, 1992).

31. Bocquet, M. Finite temperature perturbation theory for quasi-one-dimensional spin-1/2 Heisenberg
antiferromagnets. Phys. Rev. B 65, 184415-184425 (2002).

334

Acknowledgements

We thank J. S. Caux, R. Coldea, F. H. L. Essler and A. M Tsvelik for helpful discussions and G. Shirane
for the loan of the crystal. ORNL is operated by UT-Battelle LLC., under contract no. DE-AC05-
000R22725 with the US Department of Energy.

Correspondence and requests for materials should be addressed to B.L.

Competing financial interests

The authors declare that they have no competing financial interests.

nature materials | VOL 4 | APRIL 2005 | www.nature.com/naturematerials

©2005 Nature Publishing Group



	Quantum criticality and universal scaling of a quantum antiferromagnet
	Introduction
	Methods
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e005000470020005000520049004e005400200050004400460020004a006f00620020004f007000740069006f006e0073002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003300200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


