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Critical behavior of the three-dimensional Heisenberg antiferromagnet RbMnF3
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The magnetic critical scattering of the near-ideal three-dimensional Heisenberg antiferromagnet~AF!
RbMnF3 has been remeasured using neutron scattering. The critical dynamics has been studied in detail in the
temperature range 0.77TN,T,1.11TN , whereTN is the Néel temperature. In agreement with previous mea-
surements, atTN and for wave vectors away from the AF zone center, the scattering has a quasielastic
component in addition to the inelastic response predicted by renormalization-group and mode-coupling theo-
ries. Both components scale with the dynamic exponentz51.4360.04, in agreement with dynamic scaling. On
cooling belowTN the inelastic peaks transform into the transverse spin waves and a crossover has been
observed in the dispersion from a power-law relationvq5Aqz at TN to a linear behaviorvq5cq in the
hydrodynamic region belowTN . The quasielastic component evolves belowTN into the longitudinal suscep-
tibility identified in an earlier polarized neutron experiment. The intensity and energy width of the longitudinal
scattering decrease on cooling belowTN . Down to the lowest temperatures where the longitudinal suscepti-
bility could be measured the leading term in the scaling behavior of the energy width wasgq'q1.5860.03

~hydrodynamic theory predicts aq2 law!. Possible explanations for the observed behavior of the longitudinal
susceptibility are discussed.@S0163-1829~98!00310-5#
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I. INTRODUCTION

There are a surprising number of unresolved problem
the study of the critical behavior of isotropic magnetic sy
tems of which three are the failure to observe the predic
behavior of the longitudinal susceptibility belowTN , the na-
ture of the crossover from hydrodynamic to critical behavi
and the failure of current theories to predict the obser
dynamic response at the critical temperature. B
renormalization-group1 and spin-wave theories2 predict that
the longitudinal static susceptibilityxL(0) is divergent at all
T,TN due to spin-wave fluctuations, whereas it is finite in
mean-field theory that neglects the fluctuations. This beh
ior arises because of the coupling of the divergent transv
modes into the longitudinal susceptibility. For thre
dimensional systems it is predicted thatxL(q)'1/q, whereas
the transverse susceptibility diverges as 1/q2. The predicted
behavior ofxL(q) has not yet been directly observed expe
mentally. Renormalization-group calculations predict th
the longitudinal susceptibility is quasielastic1 and experi-
ments on both isotropic ferromagnets3,4 and antiferro-
magnets,5 as well as weakly anisotropic antiferromagne
such as MnF2,6 are consistent with this conjecture, but th
difficulty of the experiments did not allow a detailed dete
mination of the scaling properties.

In the case of the three-dimensional~3D! Heisenberg an-
tiferromagnet both renormalization-group7,8 ~RNG! and
570163-1829/98/57~9!/5281~10!/$15.00
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mode-coupling9 ~MC! theories predict that the dynamic re
sponse atTN has an inelastic component that arises fro
heavily damped collective excitations. Measurements h
shown, however, an additional quasielastic response10 that is
not explained by these theories. Furthermore, the cross
in the long-wavelength excitations from well-defined sp
waves with a linear dispersion in the hydrodynamic regi
belowTN to the highly damped excitations atTN that have a
power-law dispersion with the dynamic exponentz51.5
~Ref. 1! has not been studied experimentally.

RbMnF3 is probably the closest realisation of an isotrop
3D Heisenberg antiferromagnet~AF! and is a near ideald
53, n53 system on which to study the critical fluctuation
The manganese Mn21 ions have a large spin-only moment o
S55/2 that arises from a half-full 3d electronic shell. The
magnetic moments are arranged on a simple cubic lattice
are antiferromagnetically coupled by a Heisenberg near
neighbor interaction that originates from superexchan
through the intervening fluorine F2 ions. The spin waves in
RbMnF3 are well explained by linear spin-wave theory wi
an isotropic exchange constantJ50.2960.03 meV between
nearest neighbors and a second-neighbor constant of
than 0.02 meV.11 Antiferromagnetic resonanc
measurements12,13 give a negligible magnetic anisotropy o
only about 631026 of the exchange field. The magnet
anisotropy is low because the Mn21 ion has no orbital mo-
ment and because of the cubic symmetry of the site. M
5281 © 1998 The American Physical Society



on
he

i

pi
po
-

n
o
e
th

us
e

th

e
dy
e

he

gi
n
be
nt
vi-

la
te

ex
t
s

ng

bl

in
o

u
is
ut
n

na-
l.
ure

per-

he
the

0.5)

-
er-

e
w

7

er
lu-

loss

ne

n-
the
ere
nt
in-

ature

ured
ace
the
-
ity,

is
les
a-

ergy
ergy

ere
nt at
are
ing,
in-
las-
re-

5282 57COLDEA, COWLEY, PERRING, McMORROW, AND ROESSLI
netic ordering occurs below the Ne´el temperatureTN583 K,
and in this phase the spins align antiferromagnetically al
the main diagonals of the cubic unit cell, i.e., along t
@1,1,1# crystallographic easy directions.12,13

The critical properties of the magnetic phase transition
RbMnF3 have been measured by Tucciaroneet al.10 and the
values obtained for the static exponentsb, n, g, andh agree
well with those obtained theoretically for ad53, n53
system.14 Measurements of the dynamic response10 at TN
showed a quasielastic peak in addition to the inelastic s
wave peak and the Lorentzian energy width of both com
nents scaled asv'q1.460.1 in agreement with dynamic
scaling theory, which predicts aq1.5 behavior for the
characteristic frequency atTN .14

Polarized neutron-scattering experiments5 below TN ,
where the spin fluctuations separate into longitudinal a
transverse with respect to the direction of the spontane
staggered magnetization, have shown that the transvers
sponse is inelastic and dominated by spin waves, while
longitudinal scattering is quasielastic. The longitudinal s
ceptibility was observed to decrease in intensity with d
creasing temperature belowTN , but the difficulty of the po-
larization experiments precluded a detailed study of
scaling behavior.

In this paper we report results of a series of unpolariz
neutron-scattering experiments to study the critical spin
namics in RbMnF3. From high-resolution measurements w
find a nonhydrodynamic scaling of the energy width of t
longitudinal susceptibility belowTN , which we argue may
arise from the effect of spin-wave fluctuations on the lon
tudinal modes. We observe a crossover in the dispersio
the long-wavelength excitations from a linear behavior
low TN to a power-law relation with the dynamic expone
z51.4360.04 at the critical temperature. We confirm pre
ous results that showed that the dynamic response atTN has
a quasielastic component in addition to the predicted ine
tic response and we characterize the wave vector and
perature dependence of both components.

The rest of the paper is organized as follows. In the n
section we describe the experiments. Section III presents
measurements and describes the data analysis for the
dynamics, first atT>TN and then atT,TN . The results are
summarized and discussed in Sec. IV.

II. EXPERIMENTAL DETAILS

The sample used in the experiments was a large si
crystal ~5 cm3) of RbMnF3. It was mounted on the cold
finger of a closed-cycle cryostat, which provided a varia
temperature control in the range 8 K to room temperature
with a stability of 60.01 K ~IN14! and 60.001 K ~TAS7!.
The sample was aligned with the@1, 1̄ , 0# axis vertical so
as to allow access to the (0.5,0.5,0.5) reciprocal-lattice po
which becomes the antiferromagnetic zone center in the
dered phase. The cubic lattice parameter wasa54.239 Å at
8 K.

The neutron-scattering measurements were performed
ing the three-axis crystal spectrometers TAS7 at the R”

National Laboratory in Denmark and IN14 at the Instit
Laue-Langevin, in Grenoble, France. The presample mo
chromator of the neutron beam was a pyrolytic graphite~PG!
g
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~002! crystal and the energy of the scattered beam was a
lyzed using the~002! reflection from another PG crysta
Both the monochromator and the analyzer were flat to ens
good wave-vector resolution. The spectrometers were o
ated with a fixed final wave vectorkF between 1.2 and 1.55
Å21 and a cooled beryllium filter was inserted after t
sample to eliminate the higher-order contamination in
beam. The collimations used for TAS7 were 78
3l(Å) -608 -608-OPEN with kF51.55 Å21 giving an in-
plane wave-vector resolution measured at the (0.5,0.5,
magnetic Bragg peak at base temperatures of 2.1531022

Å21 longitudinal and 1.1731022 Å21 transverse to the scat
tering wave vector, while the energy resolution for incoh
ent elastic scattering was 0.25 meV@full width at half maxi-
mum ~FWHM!#. A narrower resolution was required for th
measurements of the longitudinal susceptibility belo
TN and the configuration was changed to 8
3l(Å) -308 -208-OPEN andkF51.3 Å21 giving an energy
resolution of 0.09 meV. At IN14 use was made of the high
flux and a tighter collimation was chosen for better reso
tion 528/kI(Å

21) -408 -408 -408 with kF51.2 Å21 and the
corresponding widths were 1.0331022 Å21, 0.7331022

Å21, and 0.056 meV.
Constant wave-vector scans in both neutron energy

and gain were made with the wave-vector transferQ along
the @1,1,1# direction and around the antiferromagnetic zo
center (0.5,0.5,0.5), in the temperature range 64 K,T,92
K, where the Ne´el temperature was around 83 K. The inte
sities were measured against a monitor counter placed in
incident beam and appropriate corrections to the data w
made for the higher-order contamination in the incide
beam.15 The nuclear incoherent elastic scattering and the
strumental background were measured at base temper
and then subtracted from the scans.

III. RESULTS AND ANALYSIS

A. Measurements atT>TN

The transition temperatureTN was determined from the
temperature dependence of the elastic scattering meas
when scanning the wave-vector transfer in reciprocal sp
through the (0.5,0.5,0.5) magnetic Bragg position. Using
method suggested by Bruce,16 TN was located by the maxi
mum in the temperature derivative of the integrated intens
which gaveTN582.7360.02 K ~TAS7! and 82.9360.05
~IN14!. The small shift of 0.2 K between the two values
probably due to a slight difference in the temperature sca
of the two thermometers and in the following all temper
tures are given relative to the measuredTN .

Constant wave-vector scans at the Ne´el temperature and
for wave vectorsQ5(0.51q,0.51q,0.51q) showed an in-
elastic, broad peak on both the energy loss and the en
gain side, as well as another peak centered at zero-en
transfer. Measurements were taken forq in the range 0.02–
0.12 and a representative summary is shown in Fig. 1, wh
the structure of the scattering line shape is most appare
largeq’s where the inelastic and quasielastic components
better separated in energy. As expected for critical scatter
the intensity decreases and the linewidth broadens with
creasing wave vector. The observed inelastic plus quasie
tic structure of the dynamic response is consistent with p
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57 5283CRITICAL BEHAVIOR OF THE THREE-DIMENSIONAL HEISENBERG . . .
vious measurements10 and with the results of compute
simulations,17 but disagrees with RNG~Ref. 8! and MC
theories,9 which do not give a peak at zero-energy transfe

For a quantitative comparison with the two theories,
measurements were fitted to a profile that contained a qu
elastic peak of minimum intensity in addition to the pr
dicted line shape. Since both the RNG and the MC sca
functions are constructed to satisfy exact sum rules9 and to
give the correct frequency moments, adding an extra t
will violate the sum rules and so this approximation is e
pected to be valid only if the extra term is relatively sma
The choice in the functional form of the quasielastic peak
not unique and a Lorentzian line shape was used sinc
allowed a good description of the data and also made
comparison easier with measurements belowTN , where a
quasielastic peak with a Lorentzian line shape is predicte
arise from longitudinal fluctuations.1

The functional form used to analyze the data in terms
RNG theory was

FIG. 1. Critical scattering atTN as a function of energy and
wave vector. Data points have been corrected as described in
text. The asymmetry between the energy loss and energy gain
is well accounted for by the thermal population factor. The so
lines show a fit to Eq.~1! and the long-dashed lines represent t
RNG component in the fit, while the arrows above the scans in
cate the positions of the inelastic peaks. The prediction of M
theory is shown by the dotted lines in the top and bottom scan
which numerical calculations are available. The spectrometer c
figuration was TAS7@783l(Å) -608-608-OPEN# with fixed kF

51.55 Å21 and the measured energy resolution~FWHM! is shown
by the horizontal bar in the top scan.
.
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I ~Q,v!5
v

12e2\v/kBTFx1

f RNG

G1
1x2

G2 /p

v21G2
2G , ~1!

where the prefactor is due to detailed balance14 andx1 and
G1 are the integrated intensity and the characteristic
quency width of the RNG component whose line shape
given by the normalized universal function7 f RNG5 f (x,n)
defined in the Appendix withx5 q̃ /K the reduced wave vec
tor andn5v/G1 the reduced frequency;q̃5(2p/a)A3q is
the wave vector expressed in units of Å21 and K is the
inverse correlation length assumed known from previo
measurements10 K50.476@(T2TN)/TN#0.707 (Å21). The fit-
ting parameters in Eq.~1! are x1, G1, the quasielastic peak
intensityx2, and the Lorentzian half-widthG2.

The solid lines in Fig. 1 show the results of the overall
to Eq. ~1!, while the long-dashed lines represent the RN
component. AboveTN the inelastic peaks decrease in ener
and the scattering line shape progressively transforms in
broad quasielastic peak that can be well described in term
RNG theory without any extra term as shown in Fig. 2 f
q50.08 andT>1.064TN . The characteristic energy width
are plotted in Fig. 3, where the solid line labeledG1 is a
power-law fit to the scaling behavior atTN , which gives
G15(82.4769.3)qz ~meV!, with z51.4360.04. A power
law with the same exponent can be used to fit the behavio
G2 at TN with the resultG25(16.960.9)q1.43 ~meV! and the
fit is shown by the solid line labeledG2 in the figure. The
scaling behavior of both components is in good agreem
with dynamic scaling theory which gives that the frequen
response atTN increases with wave vector asq1.5.14 The
dashed and dotted lines in Fig. 3 show the prediction of R
theory for the behavior ofG1 at two temperatures aboveTN
and the calculation is in qualitative agreement with the m
surements. The curves were plotted using Eq.~A3! in the
Appendix

G1~q!5G0~ q̃ 21K2!z/2, ~2!

whereG0 andz were determined from the fit to the behavi
at TN , q̃ is the wave vector expressed in Å21, andK is the
inverse correlation length obtained from Ref. 10.

The wave-vector and temperature dependence of the
grated intensities are plotted in Fig. 4~a!, x1, and Fig. 4~b!,
x2. The solid lines in the figures are power-law fits to t
behavior at TN and give x1;1/q1.7360.07 and x2
;1/q1.7360.2, which are close to the 1/q22h (h50.055) pre-
diction of dynamic scaling theory for the wave-vector depe
dence of the static susceptibility atTN .

The fits shown in Figs. 1 and 2 were made without a
account of the instrumental resolution. In order to test
effects of the resolution the data was fitted to Eq.~1! con-
volved with the Gaussian resolution function along the e
ergy axis. For the areasx1 and x2 fixed the fits gaveG1
unchanged to within 1% andG2 smaller by 15% at lowq’s
and by 3% at largeq’s. The scaling behavior of both width
was similar to the one obtained without resolution decon
lution and so these fits will not be discussed further.

To summarize, it was found that RNG theory gives
good description of the behavior in the hydrodynamic regi
aboveTN whereq̃!K. However, in the critical region where
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5284 57COLDEA, COWLEY, PERRING, McMORROW, AND ROESSLI
q̃@K, the theory predicts the correct value for the dynam
exponentz, but does not explain the quasielastic peak o
served in the scaling function.

The mode-coupling theory gives the dynamical respo
in terms of a system of coupled integral equations.9 The
spectral line shapef MC(q,v) at TN and a selection of tem
peratures aboveTN was calculated numerically by Cuccoli18

using a wave-vector mesh that spanned the Brillouin z
and had a finest spacing of1

24 (2p/a), such that results were
obtained for the behavior at wave vectors close to the m
sured points atq50, 0.04, 0.08, and 0.12. The measured li
shape was compared with the calculation using a functio
form similar to Eq.~1!,

I ~Q,v!5
v

12e2\v/kBTFx1f MC~q,v!1x2

G2 /p

v21G2
2G , ~3!

where f MC(q,v) is the normalized MC spectral line shap
andx1 is the integrated intensity, while all the other para
eters are the same as in Eq.~1!. The frequency scale of th

FIG. 2. Critical scattering atq50.08 as a function of energy an
temperature. Data points have been corrected as described i
text. At temperatures well aboveTN the scattering line shape can b
described in terms of RNG theory~dashed line!, whereas close to
TN an extra quasielastic peak needs to be included in the fit.
prediction of MC theory is indicated by the dotted lines in t
vicinity of the quasielastic position in the top and middle scan
which numerical results are available. The spectrometer config
tion was the same as for Fig. 1.
c
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e
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theoretical response is already incorporated in the calcul
form of the spectral line shape and is not a free paramete
the fit, unlike in the RNG theory@Eq. ~1!#. Overall fits to Eq.
~3! with the imposed condition thatx2 is a minimum gave
similar results to the solid lines shown in Figs. 1 and
where the MC component is indicated by the dotted lines
the wave vectors and temperatures for which numerical
culations are available. The results show that the the
overestimates the linewidth of the dynamic response
consequently a large part of the spectral weight of the
served response at low energies is attributed to the e
quasielastic peak. The wave vector and temperature de
dence of the integrated intensitiesx1 andx2 were extracted
from the fit to Eq.~3! and are shown in Fig. 5, where th
solid line is a fit to a power-law relation for the data atTN
giving x1;/q1.8460.08 and the dashed lines are guides to t
eye. The relative intensity of the quasielastic peak decrea
with increasing temperature and with approaching the hyd
dynamic regime. The results show that mode-coupl
theory, like RNG theory, does not explain the quasielas
peak observed in the dynamic response in the critical reg
whereq̃.K.

B. Measurements atT<TN

In the absence of magnetic anisotropy the magnetic or
ing belowTN gives a random arrangement of antiferroma
netic domains. For RbMnF3 the symmetry is not spherica
but cubic and there are four equivalent magnetic easy a
along the@111# directions, so that the ordering belowTN
consists of four equally populated domains polarized alo
the easy axes. The scattering from this type of structur
proportional to2

3 @2xT(q,v)1xL(q,v)#, so that both trans-
verse and longitudinal susceptibilities are observed.

Constant wave-vector scans at temperatures belowTN and
away from the AF zone center showed a well-resolved

the

e

r
a-

FIG. 3. Wave-vector and temperature dependence of the c
acteristic energy widthsG1 andG2 as extracted from the fit to the
RNG theory and a quasielastic peak@Eq. ~1!#. The solid lines are
power-law fits to the scaling behavior atTN as described in the tex
and both have the same exponentz51.43. If not shown error bars
are smaller than the size of the points. The dashed and dotted
indicate the calculated behavior ofG1 aboveTN according to RNG
theory @Eq. ~2!#.
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57 5285CRITICAL BEHAVIOR OF THE THREE-DIMENSIONAL HEISENBERG . . .
elastic excitation together with a small and relatively narr
component centered on zero frequency as shown in Fig. 6
q50.04. The polarizations of the inelastic and the quasie
tic components of the dynamic response belowTN have been
studied by earlier polarized neutron-scattering experime5

that identified the inelastic peak with the transverse s
waves and the quasielastic peak with the longitudinal s
tering.

As the temperature is increased towardsTN the spin-wave
peaks decrease in energy, while their linewidth broadens
the overall inelastic intensity increases. The spin-wave
shape was analyzed using a Lorentzian spectrum

I ~Q,v!5xT~q!
1

2pF Gq

~v2vq!21Gq
2

1
Gq

~v1vq!21Gq
2G v

12e2\v/kBT
, ~4!

which was convolved with the four-dimensional Gauss
resolution function of the spectrometer, which was cal
lated using the Cooper-Nathans formalism.19 In Eq. ~4! vq
andGq are the spin-wave energy and linewidth andxT(q) is

FIG. 4. Wave-vector and temperature dependence of the
grated intensities~a! x1 and ~b! x2 as extracted from the fit to the
RNG theory and a quasielastic peak@Eq. ~1!#. The solid lines show
a fit to a power-law relation as described in the text, while
dashed lines are guides to the eye.
or
s-

s
n
t-

nd
e

n
-

the integrated intensity that gives the wave-vector-depend
transverse static susceptibility. The spin-wave dispersion
the integrated intensity were parametrized with their p
dicted dependences1 in the hydrodynamic region belowTN ,
vq5cq, andxT(q)5B/q2, in order to ensure that the corre
intensity distribution is taken into account in the convolutio
which was performed numerically using a Monte Carlo in
gration technique. A parametrization of the wave-vector
pendence ofGq was found to have very little effect on th
fitting parameters and consequentlyGq was assumed to be
constant parameter in the fit. A good description of the d
was obtained and a typical fit~which also includes a quasi
elastic peak to be described below! is shown by the solid line
in Fig. 6. The spin-wave energy and integrated intensity w
calculated from the fitted values ofc andB.

At relatively low temperatures belowTN the dispersion is
linear vq5cq and the velocity decreases with increasi
temperature, in agreement with the predictions of hydro
namic theory1 for wave vectors and temperatures that sati
q̃!K, whereK is the inverse correlation length. The dispe
sion relation atTN is determined from the positions of th
inelastic peaks in the dynamical response when analyze

e-
FIG. 5. Wave-vector and temperature dependence of the i

grated intensities~a! x1 and ~b! x2 as extracted from the fit to the
MC theory and a quasielastic peak@Eq. ~3!#. The intensities are
expressed in the same units as in Fig. 4. The solid line shows a
a power-law relation as described in the text, while the dashed l
are guides to the eye.
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5286 57COLDEA, COWLEY, PERRING, McMORROW, AND ROESSLI
terms of RNG theory and a quasielastic peak~Fig. 1!. The
values of the characteristic RNG widthG1 are transformed
into absolute frequencies of the inelastic peaks using
~A4! and the results give a power-law dispersion relat
vq5Aqz, with the exponentz51.4360.04 andA537.11
64.2 meV. A gradual crossover from the hydrodynamic
the critical behavior was observed as the temperature
proachedTN from below and is presented in Fig. 7. In th
intermediate-temperature region a good but not unique fi
the dispersion is obtained by a power-law relation with
exponent that increases from 1 toz asTN is approached from
below and the fits are shown as solid lines in Fig. 7.

The width of the spin-wave peaks scales with wave vec
as Gq5Dq1.4160.05 (0.77TN<T,TN) and D increases with

FIG. 6. Constant wave-vector scan atq50.04 and T
50.936TN . Data points have been corrected as described in
text. The solid line is a fit to a Lorentzian spectrum for both t
inelastic spin-wave peak and the quasielastic longitudinal sca
ing, convolved with the instrumental resolution function. The sp
trometer configuration was IN14@528/kI (Å21) -408 -408 -408#
with fixed kF51.2 Å21.

FIG. 7. Spin-wave dispersion as a function of temperature.
solid lines are fits to a power-law relation with an exponent t
increases from 1 toz asTN is approached from below. The dispe
sion at TN has been extracted from the positions of the inela
peaks in Fig. 1.
q.
n

p-

to
n

r

increasing temperature, as shown in Fig. 8. This behavio
in agreement with dynamic scaling theory, which predict
q1.5 scaling for the characteristic frequency response in
critical region. Hydrodynamic theory predictsGq'q2 ~Ref.
1! and previous measurements20 at much lower temperature
(T,0.6TN) observedGq'q2.1360.18.

The integrated intensities are nearly temperature indep
dent for 0.77TN<T,TN and are given by xT(q)
5C/q1.9160.05, as shown in Fig. 9. This result is in goo
agreement with RNG calculations,1 which predict a trans-
verse static susceptibility of the formxT(q)5C/q2 with C
independent of temperature.

The spin-wave scattering was also analyzed in terms
damped harmonic oscillator~DHO! line shape21

I ~Q,v!5
1

12e2\v/kBT
Zq

vGq

~v22Vq
2!214v2Gq

2
, ~5!

e

r-
-

e
t

c

FIG. 8. A log-log plot of the Lorentzian half-width of the spin
wave peaks as a function of wave vector at different temperatu
The solid lines are fits to a power-law behavior.

FIG. 9. A log-log plot of the integrated intensity of the spin
wave peaks as a function of wave vector at different temperatu
The error bars are smaller than the size of the symbols. The s
lines are fits to a power law and the dashed line shows the ave
scaling behavior. For easier comparison successive data sets
been shifted along the vertical axis by multiplication with the fa
tors shown on the left.
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whereVq is the renormalized spin-wave frequency,Gq is the
energy width, andZq is the one-magnon cross section. Me
surements can be well described by Eq.~5! convolved with
the instrumental resolution, except for the high-energy tai
the spin-wave peaks at smallq’s where the DHO line shape
gives a faster decrease of the intensity than actually
served. The values obtained for the spin-wave energyVq are
larger than the corresponding values ofvq determined pre-
viously, but the scaling behavior is similar: The dispersion
linear at low temperatures and crosses over with increa
temperature to a power-law relationqz at TN . The results for
Gq and for the integrated intensity are also consistent w
the behavior obtained when analyzing the line shape in te
of the double Lorentzian spectrum~4! and will not be dis-
cussed further.

Based on earlier polarized neutron-scatter
experiments,5 the quasielastic peak observed belowTN was
identified with scattering from the longitudinal susceptibilit
The longitudinal character is consistent with the obser
decrease in intensity on cooling because longitudinal fluc
tions are progressively quenched as the ordered momen
proaches saturation. The quasielastic peak is consider
broader than the resolution width in the vicinity ofTN , as
shown in Fig. 1, and becomes narrower on cooling. Fig
10 presents the wave-vector dependence measure
0.936TN ; the linewidth increases and the intensity decrea
with increasing wave vector. The quasielastic scattering
analyzed in terms of the predicted Lorentzian line shape
the longitudinal susceptibility1

I ~Q,v!5xL~q!
1

p

gq

v21gq
2

v

12e2\v/kBT
, ~6!

which was convolved with the four-dimensional Gauss
resolution function of the spectrometer; the results were p
ticularly sensitive to the convolution along the energy a
because the energy width at smallq’s is comparable to the
instrumental resolution indicated by the horizontal bar in
bottom scan of Fig. 10. The integrated intensityxL(q) is
identified with the wave-vector-dependent static longitudi
susceptibility and was parametrized in the fit with the p
dicted behavior1 xL(q)5D/q to ensure self-consistency o
the intensity distribution during the convolution with th
resolution function. The spin-wave scattering was also
cluded in the fit in order to account for the curved bac
ground under the quasielastic peak that arises from the
perposition of the low-energy tails of the spin-wave peaks
the energy-loss and -gain sides. Good fits to the data w
obtained and are shown as solid lines in Fig. 10. The wa
vector dependence of the energy width was fitted to a pow
law relation with the resultgq5(8.0860.8)q1.5860.03 ~meV!
at T50.936TN . A power law with the same exponent can
used to fit the data at higher temperatures up toTN and
results are summarized in Fig. 11~a!. A fit to the predicted
hydrodynamicq2 dependence including higher-order corre
tionsgq5Aq21Bq4 is shown by the solid line in Fig. 11~b!
and is obtained forA53462 meV andB5219306550
meV (T50.936TN), which give a correction term that i
36% of the leading term atq50.08.

The integrated intensityxL(q) was extracted from the fit
ted value of the parameterD and the wave-vector and tem
-
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perature dependence is shown in Fig. 12~a!. The longitudinal
static susceptibilityxL(q) increases with increasing temper
ture towardsTN and with decreasing wave vector, but th
exact analytical form is difficult to extract since the da
close toq50 is limited. The results are consistent with th
predicted 1/q behavior@fits are shown as dashed lines in Fi
12~a!#, given that this divergent behavior is expected to ho
only in the region of lowq’s ( q̃!K), which becomes
smaller on approachingTN from below.

The values ofgq andxL(q) are practically unchanged i
the static susceptibility is alternatively parametrized us
the mean-field formula

xL~q!5xL~0!
KL

2

q21KL
2

, ~7!

where xL(0) is the bulk susceptibility,KL is the inverse
correlation length, and the fit to Eq.~6! is performed self-
consistently. Figure 12~b! shows the wave-vector and tem
perature dependence ofxL and the dashed lines are fits to E
~7!. The amplitudexL(0) and the correlation lengthKL

21

FIG. 10. Longitudinal scattering as a function of energy a
wave vector atT50.936TN . Data points have been corrected
described in the text. The solid lines are fits to a Lorentzian l
shape convolved with the resolution function. The horizontal ba
the bottom scan represents the measured energy resol
~FWHM!. The background under the quasielastic peaks comes f
the low-energy tail of the spin waves on either side. The spectr
eter configuration was the same as for Fig. 6.
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increase as expected on approachingTN from below, but the
values forKL are a factor of 3–4 larger than those estima
from measurements of the inverse correlation length ab
TN ~Ref. 10! and from the calculated universal ratios of cri
cal amplitudes below and above the critical point.22

IV. DISCUSSION AND CONCLUSIONS

The results summarized in Fig. 1 clearly show that
dynamic response atTN has a quasielastic as well as an i
elastic component. The inelastic response is the signatu
collective excitations that are highly damped due to the c
cal fluctuations, whereas the quasielastic peak is prob
due to a relaxational spin diffusion process. The behavio
both the total intensity and of the linewidth of the critic
scattering is in agreement with the general predictions
dynamic scaling theory. However, the detailed form of t
scaling function disagrees with the predictions of bo
renormalization-group8 and mode-coupling theories,9 which
do not explain the quasielastic peak. From continuity ar
ments with the results obtained belowTN we suggest that the
diagrams that contribute to the longitudinal susceptibility a
give rise to a quasielastic peak belowTN should also be
included in the renormalization-group calculation in the cr
cal region aroundTN . Figure 2 shows that with increasin
temperature and on approaching the hydrodynamic reg
aboveTN the scattering line shape transforms into a sin
quasielastic peak and RNG theory becomes an adequat

FIG. 11. ~a! Lorentzian half-widthgq of the quasielastic scatter
ing as a function of wave vector and temperature. The solid li
are fits to a power-law relation with the same exponentq1.58. ~b!
Width gq at T50.936TN fitted to the predicted hydrodynamic be
havior plus a correction termAq21Bq4 ~solid line!, where the
dashed line shows theAq2 component in the fit.
d
e

e
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scription, whereas MC theory still slightly overestimates t
linewidth.

Below TN there are both transverse excitations or s
waves with an inelastic spectrum and longitudinal fluctu
tions, which have relaxational, quasielastic dynamics. T
spin waves evolve on cooling from the highly damped c
lective excitations observed atTN and, as shown in Fig. 7
the dispersion changes from a power lawqz (z51.43
60.04) atTN to a linear behavior appropriate for antiferro
magnetic spin waves in the hydrodynamic limit belowTN .
At present there is not a unified theoretical description of t
crossover between the critical and hydrodynamic regime,
though renormalization-group theory provides a good
scription of the excitations in the two limiting cases.1

The quasielastic component of the dynamic respons
TN transforms into the longitudinal scattering on cooling b
low TN . Both the intensity and the energy width of th
quasielastic response decrease on cooling as predicte
renormalization-group calculations.1 Down to the lowest
temperatures where the longitudinal susceptibility could
measured (0.936TN) the leading term in the scaling of th
energy width was found to beq1.5860.03 (0.936TN,T,TN)
and no evidence for a crossover to theq2 behavior predicted
by hydrodynamic theory was observed. This result sugg
that the theory of the longitudinal susceptibility needs e
tending because the hydrodynamic treatment neglects th

s

FIG. 12. Integrated intensity of the quasielastic scattering a
function of wave vector and temperature. The dashed lines are
to ~a! the 1/q behavior and~b! the mean-field formula~7!.



r
m

t

e

g

n

r
g
D
n
r

i

en-

e-

57 5289CRITICAL BEHAVIOR OF THE THREE-DIMENSIONAL HEISENBERG . . .
fect of spin-wave fluctuations on the longitudinal modes.
has been shown theoretically1 and confirmed
experimentally23 that this coupling leads to a nonhydrody
namic scaling behavior of the energy width of the longitud
nal susceptibility for wave vectors close to the ferromagne
zone center. Our experiments are performed at the antife
magnetic zone center and also show a nonhydrodyna
scaling behavior.

Resolution considerations put a lower limit on the sma
est wave vectorq for which the longitudinal susceptibility
could be measured reliably in our experiments and as a c
sequence did not allow a conclusive test of the predic
divergence of the static susceptibilityxL(q) at low q’s.
However, the results shown in Fig. 12~a! are consistent with
the predicted 1/q behavior; the description in terms of th
mean-field theory shown in Fig. 12~b! is difficult to interpret
since the resulting values for the inverse correlation len
KL are much larger than expected from measurements ab
TN .
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APPENDIX: SCALING FUNCTION AT T>TN

The wave-vector and frequency-dependent correlat
function of a spin system can be expressed using the
namic scaling form as24

C~q,v!5x~q!
f ~x,n!

G~q,K !
, ~A1!

wherex(q) is the static susceptibility,G(q,K) is the char-
acteristic frequency,f (x,n) is the scaling function with the
reduced wave vectorx5q/K (K is the inverse correlation
length!, and the reduced frequencyn5v/G(q,K). Using a
RNG approach, Freedman and Mazenko7 have calculated the
scaling function for an isotropic antiferromagnet in 42e
with the result
It

-
i-
tic
ro-
ic

ll-
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ed

th
ove

ts
R
.
e
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r.
-

on
dy-

f ~x,n!5
2

An
Im

g~x,n!

2 in1g~x,n!
, ~A2!

whereA is a normalization constant andg(x,n) is computed
using the relations

g~x,n!5( 1
3 2 in)2e( 1

4 2 in)3e/4W~x,n!,

W~x,n!511
2e

x2F2tD lns1(t2 1
2 b)ln(11t2 1

4 b)

1
x2

4
lnS t̄ 2

t
D 2

x2

8
lntG ,

t52 1
4 ~12x2!2 3

4 in~11x2!,

b5x2/4,

t̄ 5~11x2!~123in!/4,

t5 3
16 ~11x2!~124in!,

D5~11b/t2!1/2,

and

s5
2t~11t !~11D!1b

2t~11D!2b
.

The characteristic frequency has the wave-vector dep
dence

G~q,K !5G0qz~11x22!12e/4, ~A3!

where the dynamic exponent isz522e/2. In three dimen-
sionse51 and the scaling functionf (x,n) is a Lorentzian
centered atn50 in the hydrodynamic limit (x!1) and it has
fluctuation-induced peaks at finite reduced frequencyn5
60.45 in the highly critical region (x@1). At TN these in-
elastic peaks have the power-law dispersion relation

vq50.45G~q,0!50.45G0q1.5. ~A4!

If A56.2 in Eq.~A2! the scaling function is normalized to
unit area*2`

1` f (x,n)dn51 for any value ofx, such that the
frequency-integrated correlation function gives the wav
vector-dependent static susceptibility x(q)
5*2`

1`C(q,v)dv.
s.:

B

s.

.

*Present address: Laboratory for Neutron Scattering, ETH Zu¨rich
and Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland
1G. F. Mazenko, M. J. Nolan, and R. Freedman, Phys. Rev. B18,

2281 ~1978!.
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4P. Böni, J. L. Martı́nez, and J. M. Tranquada, Phys. Rev. B43,
575 ~1991!.
.

5U. J. Cox, R. A. Cowley, S. Bates, and L. D. Cussen, J. Phy
Condens. Matter1, 3031~1989!.

6M. P. Schulhof, R. Nathans, P. Heller, and A. Linz, Phys. Rev.
4, 2254~1971!.

7R. Freedman and G. F. Mazenko, Phys. Rev. Lett.34, 1575
~1975!.

8R. Freedman and G. F. Mazenko, Phys. Rev. B13, 4967~1976!.
9A. Cuccoli, S. W. Lovesey, and V. Tognetti, J. Phys.: Conden

Matter 6, 7553~1994!.
10A. Tucciarone, H. Y. Lau, L. M. Corliss, A. Delapalme, and J. M

Hastings, Phys. Rev. B4, 3206~1971!.



do

e

.

.

ev.

.

tt.

5290 57COLDEA, COWLEY, PERRING, McMORROW, AND ROESSLI
11C. G. Windsor and R. W. H. Stevenson, Proc. Phys. Soc. Lon
87, 501 ~1966!.

12D. T. Teaney, M. J. Freiser, and R. W. H. Stevenson, Phys. R
Lett. 9, 212 ~1962!.

13M. J. Freiser, P. E. Seiden, and D. T. Teaney, Phys. Rev. Lett10,
293 ~1963!.

14M. F. Collins, Magnetic Critical Scattering~Oxford University
Press, New York, 1989!, pp. 130, 43–45.
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