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Critical behavior of the three-dimensional Heisenberg antiferromagnet RoMnk

R. Coldea and R. A. Cowley
Oxford Physics, Clarendon Laboratory, Parks Road, Oxford OX1 3PU, United Kingdom

T. G. Perring
Rutherford Appleton Laboratory, ISIS, Chilton, Didcot OX11 0QX, United Kingdom

D. F. McMorrow
Department of Solid State Physics, RiSational Laboratory, DK-4000 Roskilde, Denmark

B. Roessli
Institut Laue-Langevin, Bte Postale 156, F-38042 Grenoble @i 9, France
(Received 23 October 1997

The magnetic critical scattering of the near-ideal three-dimensional Heisenberg antiferrorfagnet
RbMnF; has been remeasured using neutron scattering. The critical dynamics has been studied in detail in the
temperature range 0.T{<T<1.11Ty, whereTy is the Nel temperature. In agreement with previous mea-
surements, affy 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 expomert.43+ 0.04, in agreement with dynamic scaling. On
cooling belowTy the inelastic peaks transform into the transverse spin waves and a crossover has been
observed in the dispersion from a power-law relatiog=Aqg* at Ty to a linear behaviow,=cq in the
hydrodynamic region below, . The quasielastic component evolves belbyinto the longitudinal suscep-
tibility identified in an earlier polarized neutron experiment. The intensity and energy width of the longitudinal
scattering decrease on cooling beldy. Down to the lowest temperatures where the longitudinal suscepti-
bility could be measured the leading term in the scaling behavior of the energy widthyyvag">%-0-03
(hydrodynamic theory predictsg? law). Possible explanations for the observed behavior of the longitudinal
susceptibility are discusseff50163-182608)00310-3

I. INTRODUCTION mode-coupling (MC) theories predict that the dynamic re-
sponse afTy has an inelastic component that arises from
There are a surprising number of unresolved problems imeavily damped collective excitations. Measurements have
the study of the critical behavior of isotropic magnetic sys-shown, however, an additional quasielastic resptteat is
tems of which three are the failure to observe the predictediot explained by these theories. Furthermore, the crossover
behavior of the longitudinal susceptibility beldly, the na- in the long-wavelength excitations from well-defined spin
ture of the crossover from hydrodynamic to critical behavior,waves with a linear dispersion in the hydrodynamic regime
and the failure of current theories to predict the observedelow Ty to the highly damped excitations &, that have a
dynamic response at the critical temperature. Bothpower-law dispersion with the dynamic exponent 1.5
renormalization-groupand spin-wave theoriésredict that  (Ref. 1) has not been studied experimentally.
the longitudinal static susceptibility, (0) is divergent at all RbMnF; is probably the closest realisation of an isotropic
T<Ty due to spin-wave fluctuations, whereas it is finite in a3D Heisenberg antiferromagnéAF) and is a near ideal
mean-field theory that neglects the fluctuations. This behav=3, n=3 system on which to study the critical fluctuations.
ior arises because of the coupling of the divergent transversehe manganese M ions have a large spin-only moment of
modes into the longitudinal susceptibility. For three- S=5/2 that arises from a half-full @ electronic shell. The
dimensional systems it is predicted thai(q) ~1/q, whereas magnetic moments are arranged on a simple cubic lattice and
the transverse susceptibility diverges ag’1/The predicted are antiferromagnetically coupled by a Heisenberg nearest-
behavior ofy, (q) has not yet been directly observed experi- neighbor interaction that originates from superexchange
mentally. Renormalization-group calculations predict thatthrough the intervening fluorine Fions. The spin waves in
the longitudinal susceptibility is quasielastiand experi- RbMnF; are well explained by linear spin-wave theory with
ments on both isotropic ferromagnétsand antiferro- an isotropic exchange constaht 0.29+0.03 meV between
magnets, as well as weakly anisotropic antiferromagnetsnearest neighbors and a second-neighbor constant of less
such as MnE?® are consistent with this conjecture, but thethan ~ 0.02 me\W*!  Antiferromagnetic ~ resonance
difficulty of the experiments did not allow a detailed deter- measurement$®® give a negligible magnetic anisotropy of
mination of the scaling properties. only about 610 ° of the exchange field. The magnetic
In the case of the three-dimensiortaD) Heisenberg an- anisotropy is low because the Kinion has no orbital mo-
tiferromagnet both renormalization-grdtfh (RNG) and  ment and because of the cubic symmetry of the site. Mag-
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netic ordering occurs below the Bletemperaturd =83 K, (002 crystal and the energy of the scattered beam was ana-
and in this phase the spins align antiferromagnetically alondyzed using the(002) reflection from another PG crystal.

the main diagonals of the cubic unit cell, i.e., along theBoth the monochromator and the analyzer were flat to ensure
[1,1,1] crystallographic easy direction$® good wave-vector resolution. The spectrometers were oper-

The critical properties of the magnetic phase transition inated with a fixed final wave vectds- between 1.2 and 1.55
RbMnF; have been measured by Tucciar@ial®and the A~! and a cooled beryllium filter was inserted after the
values obtained for the static exponepgtsr, v, andn agree  sample to eliminate the higher-order contamination in the
well with those obtained theoretically for d=3, n=3  beam. The collimations used for TAS7 were’ 7
system** Measurements of the dynamic respdfisat Ty X \(A) -60’ -60'-OPEN with ke=1.55 A™! giving an in-
showed a quasielastic peak in addition to the inelastic spinplane wave-vector resolution measured at the (0.5,0.5,0.5)
wave peak and the Lorentzian energy width of both compomagnetic Bragg peak at base temperatures of 2115 2
nents scaled as~q'*°%! in agreement with dynamic- A~!longitudinal and 1.1% 10" 2 A~ transverse to the scat-
scaling theory, which predicts &'® behavior for the tering wave vector, while the energy resolution for incoher-
characteristic frequency at, . ent elastic scattering was 0.25 méhdll width at half maxi-

Polarized neutron-scattering experiméntselow Ty, mum (FWHM)]. A narrower resolution was required for the
where the spin fluctuations separate into longitudinal andneasurements of the longitudinal susceptibility below
transverse with respect to the direction of the spontaneouBy and the configuration was changed to’ 7
staggered magnetization, have shown that the transverse rg-\(A) -30’ -20'-OPEN andkg=1.3 A~ giving an energy
sponse is inelastic and dominated by spin waves, while theesolution of 0.09 meV. At IN14 use was made of the higher
longitudinal scattering is quasielastic. The longitudinal susflux and a tighter collimation was chosen for better resolu-
ceptibility was observed to decrease in intensity with detion 52 /k,(A~1) -40' -40' -40' with ke=1.2 A"! and the
creasing temperature beldly,, but the difficulty of the po-  corresponding widths were 1.830 2 A~1 0.73x10 2
larization experiments precluded a detailed study of théd ! and 0.056 meV.
scaling behavior. Constant wave-vector scans in both neutron energy loss

In this paper we report results of a series of unpolarizedand gain were made with the wave-vector tran€jealong
neutron-scattering experiments to study the critical spin dythe[1,1,1] direction and around the antiferromagnetic zone
namics in RbMnk. From high-resolution measurements we center (0.5,0.5,0.5), in the temperature range 64 TK92
find a nonhydrodynamic scaling of the energy width of theK, where the Nel temperature was around 83 K. The inten-
longitudinal susceptibility belowry, which we argue may sities were measured against a monitor counter placed in the
arise from the effect of spin-wave fluctuations on the longi-incident beam and appropriate corrections to the data were
tudinal modes. We observe a crossover in the dispersion aghade for the higher-order contamination in the incident
the long-wavelength excitations from a linear behavior be-beam!® The nuclear incoherent elastic scattering and the in-
low Ty to a power-law relation with the dynamic exponent strumental background were measured at base temperature
z=1.43+0.04 at the critical temperature. We confirm previ- and then subtracted from the scans.
ous results that showed that the dynamic respon3g, dias
a quasielastic component in addition to the predicted inelas- . RESULTS AND ANALYSIS
tic response and we characterize the wave vector and tem-
perature dependence of both components.

The rest of the paper is organized as follows. In the next The transition temperatur€y was determined from the
section we describe the experiments. Section Ill presents themperature dependence of the elastic scattering measured
measurements and describes the data analysis for the spithen scanning the wave-vector transfer in reciprocal space
dynamics, first al =Ty and then all <Ty. The results are through the (0.5,0.5,0.5) magnetic Bragg position. Using the

A. Measurements atT=Ty

summarized and discussed in Sec. IV. method suggested by Brut®T was located by the maxi-
mum in the temperature derivative of the integrated intensity,
II. EXPERIMENTAL DETAILS which gave Ty=82.73-0.02 K (TAS7) and 82.930.05

(IN14). The small shift of 0.2 K between the two values is

The sample used in the experiments was a large singlgrobably due to a slight difference in the temperature scales
crystal (5 cn?) of RbMnF;. It was mounted on the cold of the two thermometers and in the following all tempera-
finger of a closed-cycle cryostat, which provided a variableyres are given relative to the measufigl.
temperature control in the raeg8 K to room temperature Constant wave-vector scans at théeNeemperature and
with a stability of =0.01 K (IN14) and +0.001 K(TAS7).  for wave vectorQ=(0.5+q,0.5+q,0.5+q) showed an in-
The sample was aligned with thhé&, 1, O] axis vertical so elastic, broad peak on both the energy loss and the energy
as to allow access to the (0.5,0.5,0.5) reciprocal-lattice poingain side, as well as another peak centered at zero-energy
which becomes the antiferromagnetic zone center in the otransfer. Measurements were taken doin the range 0.02—
dered phase. The cubic lattice parameter wast.239 A at  0.12 and a representative summary is shown in Fig. 1, where
8 K. the structure of the scattering line shape is most apparent at

The neutron-scattering measurements were performed ukargeq’s where the inelastic and quasielastic components are
ing the three-axis crystal spectrometers TAS7 at the Ristetter separated in energy. As expected for critical scattering,
National Laboratory in Denmark and IN14 at the Institut the intensity decreases and the linewidth broadens with in-
Laue-Langevin, in Grenoble, France. The presample moncereasing wave vector. The observed inelastic plus quasielas-
chromator of the neutron beam was a pyrolytic graptit®) tic structure of the dynamic response is consistent with pre-
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T=T where the prefactor is due to detailed baldfi@nd y; and
300 N I'; are the integrated intensity and the characteristic fre-
200 - —0.04 quency width of the RNG component whose line shape is
=" given by the normalized universal functfofigyg=f(X,v)
100

defined in the Appendix with=q/K the reduced wave vec-

tor andv= w/T'; the reduced frequencyj=(27/a)/3q is

the wave vector expressed in units of Aand K is the
inverse correlation length assumed known from previous
¥ . measurement8 K =0.476 (T—Ty)/Tn1%7%7 (A~Y). The fit-

100 9 = ting parameters in Eq1) are x4, I'1, the quasielastic peak

' intensity x,, and the Lorentzian half-width',.

The solid lines in Fig. 1 show the results of the overall fit
to Eqg. (1), while the long-dashed lines represent the RNG
component. Abové  the inelastic peaks decrease in energy
and the scattering line shape progressively transforms into a
broad quasielastic peak that can be well described in terms of
RNG theory without any extra term as shown in Fig. 2 for
g=0.08 andT=1.064T,. The characteristic energy widths
are plotted in Fig. 3, where the solid line label&d is a
power-law fit to the scaling behavior 8, which gives
I'1=(82.47:9.3)g* (meV), with z=1.43+0.04. A power
law with the same exponent can be used to fit the behavior of
I', at Ty with the resultl’,=(16.9+0.9)q*** (meV) and the
fit is shown by the solid line labeleB, in the figure. The
scaling behavior of both components is in good agreement
Energy Transfer (meV) with dynamic scaling theory which gives that at‘;% lfgequency
» . . response afly increases with wave vector ag " The
FIG. 1. Critical scattering aTy as a function of energy and dashed and dotted lines in Fig. 3 show the prediction of RNG

wave vector. Data points have been corrected as described in t .
P gﬁeory for the behavior oF ; at two temperatures abovg,

text. The asymmetry between the energy loss and energy gain si d th lculation is i litati ith th
is well accounted for by the thermal population factor. The solid®" the calculation is In qualitative agreement with the mea-

lines show a fit to Eq(1) and the long-dashed lines represent thesuremer_\ts. The curves were plotted using EXB) in the
RNG component in the fit, while the arrows above the scans indi2APPendix
cate the positions of the inelastic peaks. The prediction of MC -
theory is shown by the dotted lines in the top and bottom scan for I'1(q)=To(q 2+K?)?2, (2
which numerical calculations are available. The spectrometer con- . . .
figuration was TAS7[7' X \(A) -60'-60’-OPEN] with fixed ke wherel:E, andz were determined from the fit to the behavior
=1.55 A~! and the measured energy resolutigitVHM) is shown  at Ty, g is the wave vector expressed in A andK is the
by the horizontal bar in the top scan. inverse correlation length obtained from Ref. 10.

The wave-vector and temperature dependence of the inte-
grated intensities are plotted in Fig@¥ x;, and Fig. 4b),

Counts / (4x104 monitor = 15 secs.)

0 T T T T T T

-1 0 1 2 3 4 5

vious measyremer]& and with the results of computer
tsrllmulatgns;]_ Eué d|sa;grees with kRI\tIG{Ref_. 8 andt MCf x2. The solid lines in the figures are power-law fits to the
eories] which do not give a peak at zero-energy transfer. g%, i =0 g e T 178007 g
For a quantitative comparison with the two theories, the N X1 X2

1/ 1.73£0.2 ; - _ _
measurements were fitted to a profile that contained a quasi- 1/ , which are close to the 47" (=0.055) pre

elastic peak of minimum intensity in addition to the pre- diction of dynamic scaling theory for the wave-vector depen-
dicted line shape. Since both the RNG and the MC scalingl€nce of the static susceptibility & _
functions are constructed to satisfy exact sum futes to The fits shown in Figs. 1 and 2 were made without any
give the correct frequency moments, adding an extra terpccount of the mstru.mental resolut|on._ln order to test the
will violate the sum rules and so this approximation is ex-€ffects of the resolution the data was fitted to EL). con-
pected to be valid only if the extra term is relatively small. volved with the Gaussian resolution function along the en-
The choice in the functional form of the quasielastic peak is€rgy axis. For the areag, and x, fixed the fits gavel’,
not unique and a Lorentzian line shape was used since #nhchanged to within 1% anb, smaller by 15% at lovg’s
allowed a good description of the data and also made thand by 3% at large’s. The scaling behavior of both widths
comparison easier with measurements bely, where a  Was similar to the one obtained without resolution deconvo-
quasielastic peak with a Lorentzian line shape is predicted th/tion and so these fits will not be discussed further.
arise from longitudinal fluctuation’s. To summarize, it was found that RNG theory gives a
The functional form used to analyze the data in terms 0@00d description of the behavior in the hydrodynamic regime
RNG theory was aboveTy whereq<K. However, in the critical region where
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@ FIG. 3. Wave-vector and temperature dependence of the char-
= 07 1 o ; .
5 acteristic energy width§'; andI', as extracted from the fit to the
8 RNG theory and a quasielastic pefkg. (1)]. The solid lines are
3 ﬁiﬁg —0.08 power-law fits to the scaling behavior B}, as described in the text
30 ? g=1y and both have the same exponent1.43. If not shown error bars
T=1112T are smaller than the size of the points. The dashed and dotted line
N indicate the calculated behavior Bf aboveT, according to RNG
25 theory[Eq. (2)].
Testey oe theoretical response is already incorporated in the calculated
0 | | | | | | * form of the spectral line shape and is not a free parameter in

. 0 , ) 3 4 5 the fit, unlike in the RNG theorfEq. (1)]. Overall fits to Eq.

(3) with the imposed condition that, is a minimum gave
similar results to the solid lines shown in Figs. 1 and 2,
where the MC component is indicated by the dotted lines for
F]rée wave vectors and temperatures for which numerical cal-

text. At temperatures well abovig, the scattering line shape can be culatlons are avallgble. _The results ShOW. that the theory
described in terms of RNG theoKgashed ling whereas close to overestimates the linewidth of the dynamlc.response and
T, an extra quasielastic peak needs to be included in the fit. ThEONS€quently a large part of the spectral weight of the ob-
prediction of MC theory is indicated by the dotted lines in the S€Tved response at low energies is attributed to the extra
vicinity of the quasielastic position in the top and middle scan forguasielastic peak. The wave vector and temperature depen-
which numerical results are available. The spectrometer configuradence of the integrated intensitigs and x, were extracted
tion was the same as for Fig. 1. from the fit to Eq.(3) and are shown in Fig. 5, where the
solid line is a fit to a power-law relation for the dataTa}

9>K, the theory predicts the correct value for the dynamic9iVing Xl”/ql'_sm?'o8 and the dashed lines are guides to the
exponentz, but does not explain the quasielastic peak ob-£Ye- _The rel_at|ve intensity of the qgasmlastlc p_eak decreases
served in the scaling function. with increasing temperature and with approaching the hero—
The mode-coupling theory gives the dynamical respons€ynamic regime. The results show that mode-coupling
in terms of a system of coupled integral equatidriEhe theory, like RNQ theory, dogs not explgln the q.u_aS|eIas't|c
spectral line shapéyc(q,») at Ty and a selection of tem- peak o~bserved in the dynamic response in the critical region
peratures abov&, was calculated numerically by Cuccdli  Whereq>K.
using a wave-vector mesh that spanned the Brillouin zone
and had a finest spacing &f(2/a), such that results were B. Measurements afT<Ty
obtained for the behavior at wave vectors close to the mea- In the absence of magnetic anisotropy the magnetic order-
sured points afj=0, 0.04, 0.08, and 0.12. The measured lineing below Ty gives a random arrangement of antiferromag-
shape was compared with the calculation using a functionatetic domains. For RobMnFthe symmetry is not spherical
form similar to Eq.(1), but cubic and there are four equivalent magnetic easy axes
along the[111] directions, so that the ordering belovy
) Iyl consists of four equally populated domains polarized along
H(Q w)= 1_e hwlkgT leMC(q"")"'XZm 3 the easy axes. The scattering from this type of structure is
2 proportional to2[2x1(q,w)+ x.(q, )], so that both trans-
wherefy,c(q,) is the normalized MC spectral line shape verse and longitudinal susceptibilities are observed.
and y; is the integrated intensity, while all the other param-  Constant wave-vector scans at temperatures b&lpand
eters are the same as in HEd). The frequency scale of the away from the AF zone center showed a well-resolved in-

Energy Transfer (meV)

FIG. 2. Critical scattering aj=0.08 as a function of energy and
temperature. Data points have been corrected as described in t
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FIG. 4. Wave-vector and temperature dependence of the inte-
grated intensitiega) y; and(b) y, as extracted from the fit to the FIG. 5. Wave-vector and temperature dependence of the inte-
RNG theory and a quasielastic pd&lg. (1)]. The solid lines show grated intensitiega) y; and(b) x, as extracted from the fit to the
a fit to a power-law relation as described in the text, while theMC theory and a quasielastic pe@Eq. (3)]. The intensities are
dashed lines are guides to the eye. expressed in the same units as in Fig. 4. The solid line shows a fit to
a power-law relation as described in the text, while the dashed lines
elastic excitation together with a small and relatively narroware guides to the eye.
component centered on zero frequency as shown in Fig. 6 for ) ) )
q=0.04. The polarizations of the inelastic and the quasielasth® integrated intensity that gives the wave-vector-dependent
tic components of the dynamic response belayhave been transverse static susgepubﬂny. The spin-wave Q|spers_|on and
studied by earlier polarized neutron-scattering experimientd€ integrated intensity were parametrized with their pre-
that identified the inelastic peak with the transverse spirflicted dependencein thf hydrodynamic region beloily,
waves and the quasielastic peak with the longitudinal scat’a= ¢, andxr(q)=B/qg*, in order to ensure that the correct
tering. mte_nsny distribution is taken _mto accz_)unt in the convolu'_uon,
As the temperature is increased towaTgsthe spin-wave whlc_h was pe_rformed numerlc_ally_usmg a Monte Carlo inte-
peaks decrease in energy, while their linewidth broadens ar@fation technique. A parametrization of the wave-vector de-
the overall inelastic intensity increases. The spin-wave lind€ndence of’q was found to have very little effect on the

shape was analyzed using a Lorentzian spectrum fitting parameters and consequerlfly was assumed to be a
constant parameter in the fit. A good description of the data

1 I was obtained and a typical fitvhich also includes a quasi-
1(Q,w)=x1(q) —| ——— elastic peak to be described belaw shown by the solid line
27| (w— wq)2+F§ in Fig. 6. The spin-wave energy and integrated intensity were
calculated from the fitted values ofandB.
Iy ) At relatively low temperatures beloilyy the dispersion is
(w+wq)2+l“§ 1— @ holkgT’ (4) linear wq=cq and the velocity decreases with increasing

temperature, in agreement with the predictions of hydrody-
which was convolved with the four-dimensional Gaussianhamic theory for wave vectors and temperatures that satisfy
resolution function of the spectrometer, which was calcu-q<K, whereK is the inverse correlation length. The disper-
lated using the Cooper-Nathans formalishin Eq. (4) wq  sion relation afTy is determined from the positions of the
andl' are the spin-wave energy and linewidth gpdq) is  inelastic peaks in the dynamical response when analyzed in
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Energy Transfer (meV) FIG. 8. A log-log plot of the Lorentzian half-width of the spin-

wave peaks as a function of wave vector at different temperatures.
FIG. 6. Constant wave-vector scan &=0.04 and T The solid lines are fits to a power-law behavior.
=0.936T . Data points have been corrected as described in the
text. The solid line is a fit to a Lorentzian spectrum for both theincreasing temperature, as shown in Fig. 8. This behavior is
inelastic spin-wave peak and the quasielastic longitudinal scattein agreement with dynamic scaling theory, which predicts a
ing, convolved with the instrumental resolution function. The spec-q*®° scaling for the characteristic frequency response in the
trometer configuration was IN1452'/k, (A~1) -40' -40' -40']  critical region. Hydrodynamic theory predicISﬁq2 (Ref.

with fixed ke =1.2 A™% 1) and previous measuremetftat much lower temperatures
R (T<0.6Ty) observed ,~q>3018
terms of RNG theory and a quasielastic p¢glg. 1. The The integrated intensities are nearly temperature indepen-

values of the characteristic RNG widify are transformed dent for 0.77,<T<T, and are given by x(q)

into absolute frequencies of the inelastic peaks using Eg= C/q+90% as shown in Fig. 9. This result is in good
(A4) and the results give a power-law dispersion relationagreement with RNG calculatiofisyhich predict a trans-
wq=Ag’, with the exponenz=1.43+0.04 andA=37.11  yerse static susceptibility of the formr(q)=C/g? with C
+4.2 meV. A gradual crossover from the hydrodynamic tojndependent of temperature.

the critical behavior was observed as the temperature ap- The spin-wave scattering was also analyzed in terms of a

proacheQTN from below and _is presented in Fig. 7 In the damped harmonic oscillatdDHO) line shapé*
intermediate-temperature region a good but not unique fit to

the dispersion is obtained by a power-law relation with an 1 ol
exponent that increases from 1z@asT) is approached from 1(Q,w)= 1— g holkgT Zq 2_ (224 4,272’ ®)
below and the fits are shown as solid lines in Fig. 7. € (@ ?) @ La

The width of the spin-wave peaks scales with wave vector

asI'y=Dq"**0%% (0.77Ty<T<Ty) andD increases with -~ L, s 0.985Ty
] ~_ @ s 09737,
5 7] ~—
- o 0.774T, 2 109 ~. o 09437,
% 4 o 0846T, 3= ] n 0.894T,
\E/ w 08947, :: 10°- o 0.8467T,
8| o o037, g 0774 Ty
;ﬁ) 314 o9m1, a2
o s 0985T, ?5 10°4
> 2
= o T
= ! -
= 10
a 1 1.43£0.04
N
0 - T T T T T T 0.02 0.1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 q (rlw)
q (rlu) FIG. 9. A log-log plot of the integrated intensity of the spin-

wave peaks as a function of wave vector at different temperatures.
FIG. 7. Spin-wave dispersion as a function of temperature. Th& he error bars are smaller than the size of the symbols. The solid
solid lines are fits to a power-law relation with an exponent thatlines are fits to a power law and the dashed line shows the average
increases from 1 ta asTy is approached from below. The disper- scaling behavior. For easier comparison successive data sets have
sion atTy has been extracted from the positions of the inelasticheen shifted along the vertical axis by multiplication with the fac-
peaks in Fig. 1. tors shown on the left.
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where(), is the renormalized spin-wave frequenty, is the T T T T T T

energy width, an is the one-magnon cross section. Mea- 600 | T=0936T,
surements can be well described by E8). convolved with
the instrumental resolution, except for the high-energy tail of 400 - g =0.02

the spin-wave peaks at smalls where the DHO line shape
gives a faster decrease of the intensity than actually ob- .~
served. The values obtained for the spin-wave enérgyre g 200 +
Igrger than the corr_espondmg vglue_sa_q{ determl_ned pre- S 200
viously, but the scaling behavior is similar: The dispersionis —

linear at low temperatures and crosses over with increasing u
temperature to a power-law relatigf at Ty . The results for S 100
I'y and for the integrated intensity are also consistent with <

the behavior obtained when analyzing the line shape in terms
of the double Lorentzian spectrutd) and will not be dis-
cussed further.

Based on earlier polarized neutron-scattering
experiments, the quasielastic peak observed bel®y was
identified with scattering from the longitudinal susceptibility.
The longitudinal character is consistent with the observed
decrease in intensity on cooling because longitudinal fluctua-
tions are progressively quenched as the ordered moment ap
proaches saturation. The quasielastic peak is considerably
broader than the resolution width in the vicinity ®f;, as
shown in Fig. 1, and becomes narrower on cooling. Figure
10 presents the wave-vector dependence measured a
0.936Ty; the linewidth increases and the intensity decreases

Counts / (monitor 3

with increasing wave vector. The quasielastic scattering was 0 T T T T T
analyzed in terms of the predicted Lorentzian line shape for 0.4 0.2 0.0 0.2 0.4
the longitudinal susceptibilify
Energy Transfer (meV)
1 vy 1)
l(in):XL(q); w2+y§ 1_g hulkgT’ (6) FIG. 10. Longitudinal scattering as a function of energy and

wave vector afT =0.936T,,. Data points have been corrected as

which was convolved with the four-dimensional Gaussiandescribed in the text. The solid lines are fits to a Lorentzian line

resolution function of the spectrometer; the results were pa,@hape convolved with the resolution function. The horizontal bar in
the bottom scan represents the measured energy resolution

ticularly sensitive to the convolution along the energy axis : ;
because the energy width at smals is comparable to the (FWHM). The background under the quasielastic peaks comes from
the low-energy tail of the spin waves on either side. The spectrom-

instrumental resolution indicated by the horizontal bar in the . ) ;
bottom scan of Fig. 10. The integrated intensity(q) is eter configuration was the same as for Fig. 6.
identified with the wave-vector-dependent static longitudinal
susceptibility and was parametrized in the fit with the pre-

dicted behaviot . (4)=D/q to ensure self-consistency of ture towardsTy and with decreasing wave vector, but the

the intensity distribution during the convolution with the . i )

. . . . —_exact analytical form is difficult to extract since the data
resolution function. The spin-wave scattering was also "N Close toq=0 is limited. The results are consistent with the
cluded in the fit in order to account for the curved back- 9= :

. : : redicted 19 behavior{fits are shown as dashed lines in Fig.
g(r-:‘or:ggit?onnds; ttr:]ee Igvlﬂ/f:\(z?gs;(t:aﬁsezl? ttr?: tsp?irrf\(/ev;jgogé ;E: j’ﬁZ(a)]., given that. this divergent bghavior is gxpected to hold
the energy-loss and -gain sides. Good fits to the data wer@ly in the region of lowg's (q<K), which becomes
obtained and are shown as solid lines in Fig. 10. The waveSmaller on approachingy from below. '
vector dependence of the energy width was fitted to a power- The values ofy, andx,(q) are practically unchanged if
law relation with the resulty,=(8.08+ 0.8)q158 093 (meV) the static gusceptlbmty is alternatively parametrized using
atT=0.936Ty . A power law with the same exponent can be the mean-field formula
used to fit the data at higher temperatures upr{pand )
results are summarized in Fig. (AL A fit to the predicted _ L
hydrodynamicg? dependence including higher-order correc- xu(@)=x.(0) g2+ K2’ @)
tions y,=Ag?+Bq* is shown by the solid line in Fig. 1t) -
and is obtained forA=34+=2 meV andB=—-1930+-550 where x,(0) is the bulk susceptibilityK, is the inverse
meV (T=0.936T,), which give a correction term that is correlation length, and the fit to E¢6) is performed self-
36% of the leading term at=0.08. consistently. Figure 1®) shows the wave-vector and tem-

The integrated intensity, (q) was extracted from the fit- perature dependence gf and the dashed lines are fits to Eq.
ted value of the paramet® and the wave-vector and tem- (7). The amplitudey, (0) and the correlation Iengtl([l

perature dependence is shown in Fig(@2The longitudinal
static susceptibility, (q) increases with increasing tempera-
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FIG. 11. (a) Lorentzian half-widthy, of the quasielastic scatter- 0 T T T T T
ing as a function of wave vector and temperature. The solid lines 0.00 0.02 0.04 0.06 0.08 0.10 0.12
are fits to a power-law relation with the same exporght® (b) 1
Width vy, at T=0.936T, fitted to the predicted hydrodynamic be- q (I‘ u)

havior plus a correction termhg?+Bgq* (solid line), where the

dashed line shows th&g? component in the fit. FIG. 12. Integrated intensity of the quasielastic scattering as a

function of wave vector and temperature. The dashed lines are fits

increase as expected on approachipgfrom below, but the o (8) the 14 behavior andb) the mean-field formuld?).

values forK, are a factor of 3—4 larger than those estimated . _ .
from measurements of the inverse correlation length abovECTiPtion, whereas MC theory sitill slightly overestimates the

Ty (Ref. 10 and from the calculated universal ratios of criti- newidth. o _
cal amplitudes below and above the critical pdft. Below Ty there are both transverse excitations or spin
waves with an inelastic spectrum and longitudinal fluctua-

tions, which have relaxational, quasielastic dynamics. The
spin waves evolve on cooling from the highly damped col-
The results summarized in Fig. 1 clearly show that thelective excitations observed @y and, as shown in Fig. 7,
dynamic response &ty has a quasielastic as well as an in-the dispersion changes from a power layf (z=1.43
elastic component. The inelastic response is the signature of 0.04) atTy to a linear behavior appropriate for antiferro-
collective excitations that are highly damped due to the criti-magnetic spin waves in the hydrodynamic limit beldy.
cal fluctuations, whereas the quasielastic peak is probablt present there is not a unified theoretical description of this
due to a relaxational spin diffusion process. The behavior ofrossover between the critical and hydrodynamic regime, al-
both the total intensity and of the linewidth of the critical though renormalization-group theory provides a good de-
scattering is in agreement with the general predictions ocription of the excitations in the two limiting caskes.
dynamic scaling theory. However, the detailed form of the The quasielastic component of the dynamic response at
scaling function disagrees with the predictions of bothTy transforms into the longitudinal scattering on cooling be-
renormalization-groupand mode-coupling theori@swhich  low Ty. Both the intensity and the energy width of this
do not explain the quasielastic peak. From continuity arguquasielastic response decrease on cooling as predicted by
ments with the results obtained beld we suggest that the renormalization-group calculationsDown to the lowest
diagrams that contribute to the longitudinal susceptibility andemperatures where the longitudinal susceptibility could be
give rise to a quasielastic peak beldly, should also be measured (0.93&) the leading term in the scaling of the
included in the renormalization-group calculation in the criti- energy width was found to bg'-*8*%93 (0.936T\<T<T,)
cal region aroundry . Figure 2 shows that with increasing and no evidence for a crossover to tifebehavior predicted
temperature and on approaching the hydrodynamic regimky hydrodynamic theory was observed. This result suggests
aboveT)y the scattering line shape transforms into a singlethat the theory of the longitudinal susceptibility needs ex-
guasielastic peak and RNG theory becomes an adequate dending because the hydrodynamic treatment neglects the ef-

IV. DISCUSSION AND CONCLUSIONS
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fect of spin-wave fluctuations on the longitudinal modes. It 2 (X, v)
has been shown theoreticdlly and confirmed f(x,v)= ﬂlm—iw—()(v)’ (A2)
experimentall§® that this coupling leads to a nonhydrody- Y
namic scaling behavior of the energy width of the longitudi-whereA is a normalization constant andx, v) is computed
nal susceptibility for wave vectors close to the ferromagnetiaising the relations
zone center. Our experiments are performed at the antiferro-
magnetic zone center and also show a nonhydrodynamic y(x,v)=(% —iv) (2 —iv)3*W(x,v),
scaling behavior.

Resolution considerations put a lower limit on the small- 2¢
est wave vectoq for which the longitudinal susceptibility W(x,v)=1+ -
could be measured reliably in our experiments and as a con- X

—tAlno+(t— 1 b)In(1+t— 1b)

sequence did not allow a conclusive test of the predicted 2 5 2
. . Lo , X t X
divergence of the static susceptibility, (q) at low g’s. +—In<—)——|nr ’
However, the results shown in Fig. (B2 are consistent with 4 8
the predicted Iy behavior; the description in terms of the
mean-field theory shown in Fig. 1@ is difficult to interpret t=—2(1-x®)— 2iv(1+x?),
since the resulting values for the inverse correlation length
K, are much larger than expected from measurements above b=x%/4,
Tn-

t=(14+x2)(1—3iv)/4,
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APPENDIX: SCALING FUNCTION AT T=T, I'(q,K)=Tog%(1+x )4, (A3)

The wave-vector and frequency-dependent correlationvhere the dynamic exponent is=2— €/2. In three dimen-
function of a spin system can be expressed using the dysionse=1 and the scaling functiofi(x,») is a Lorentzian

namic scaling form &8 centered ai=0 in the hydrodynamic limitX<1) and it has
fluctuation-induced peaks at finite reduced frequemey
C(a,0)=x(q) f(x,v) (A1) +0.45 in the highly critical regionX>1). At Ty these in-
4@)=xld I'iq,K)’ elastic peaks have the power-law dispersion relation
where x(q) is the static susceptibilityl’(q,K) is the char- wq=0.45“(q,0)=0.45"0q1'5. (Ad)

acteristic frequencyf(x,») is the scaling function with the

reduced wave vectax=gq/K (K is the inverse correlation If A=6.2 in Eq.(A2) the scaling function is normalized to
length, and the reduced frequenay= w/T'(q,K). Using a  unit areaf *%f(x,v)dv=1 for any value ofx, such that the
RNG approach, Freedman and Mazehkave calculated the frequency-integrated correlation function gives the wave-
scaling function for an isotropic antiferromagnet in-4  vector-dependent static susceptibility  x(q)
with the result =[7"C(q,0)dw.
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