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Recent studies of the instantaneous magnetic correlations in (CD3)4NMnC13 using quasielastic-
neutron-scattering techniques have shown that the MnC13 chains in this compound exhibit purely
one-dimensional paramagnetic behavior down to 1.1'K. The interactions between Mn~' ions
along the chain are such that a molecular field theory would predict an ordering at - 76'K. It
was found that both the spatial and thermal variation of the instantaneous correlations could be
quantitatively accounted for using Fisher's theory for the classical Heisenberg linear chain.
In this paper we report a detailed study of the time-dependent magnetic correlations in (CD3)4
NMnC13 using inelastic-neutron-scattering techniques. It is bound that at low temperatures,
for q»v and cu ~0, the Van Hove scattering function $(Q, ~) may be accurately described by
spin-wave theory with a dispersion relation Sc'= 6.1/sine@~+ meV over the entire one-dimen-
sional Brillouin zone, even though there is no long-range order. As the temperature is in-
creased from l. 9 to 40 K these "spin waves" typically weaken in intensity and broaden asym-
metrically, with the scattering increasing on the low-energy side. In no case were both well-
defined spin waves and a central diffusive component observed simultaneously, although the
latter, if weak, could have been masked by the large incoherent scattering.

I. INTRODUCTION

Recently, there has been considerable effort on
the part of experimentalists and theorists to under-
stand the dynamical behavior of the spins in Heisen-
berg paramagnets both near T, and at higher tem-
peratures. The most complete study to date has
been on the compound RbMnF3, which is an ex-
cellent example of a three-dimensional (3d) Heisen-
berg antiferromagnet. One of the striking fea-
tures of the spin dynamics near T„ in this system
is the persistence of magnonlike modes into the
paramagnetic regime. This effect is more pro-
nounced for systems of lower dimensionality, such
as the 2d antiferromagnet K2NiF4 and the linear-
chain system CsMnC13 2H&O. The possible ex-
istence of paramagnetic spin waves, together with
the fact that a truly 1d system cannot exhibit long-
range order at nonzero temperatures, make a
complete study of the dynamics of an ideal 1d Heis-
enberg paramagnet particularly appealing.

In this paper we report a detailed study of the
spin dynamics in the linear-chain antiferromagnet
(CD,)4N MnC13 (TMMC). ' Both bulk-susceptibility

measurements and measurements of the instan-
taneous correlations ' using quasielastic -neutron-
scattering techniques have shown that the MnC13
chains in this material exhibit remarkably good ld
paramagnetic behavior from high temperatures (the
molecular-field-ordering temperature TMF is -76' K) down to 1. 1'K. Furthermore, the instantane-
ous correlations can be quantitatively accounted for
at all temperatures using Fisher's exact solution
for the classical Heisenberg 1d antiferromagnet
with nearest-neighbor interactions. The dynamic s
of the spins in this system therefore should be par-
ticularly amenable to theory.

Theoretical work on the spin dynamics of the
linear antiferromagnetic chain at other than in-
finite temperatures has until recently been wholly
concerned with the S= —,

' case at O'. Lieb, Schultz,
and Mattis" derived the spectrum of first excited
states for the X'F model, and that for the Heisen-
berg model has been calculated exactly by des
Cloizeaux and Pearson. In both cases these states
have been identified as magnonlike states with a
simple sine dispersion curve, although the coeffi-
cients differ for the two models. des Cloizeaux and
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Gaudin have extended the latter work, in a less
rigorous manner, for general anisotropic Ham-
iltonians ranging between the XF and Ising limits.

For higher spins and finite temperatures the the-
oretical work is conspicuous by its absence, and
it is therefore clearly of importance to provide ex-
perimental data which can guide such theory. Re-
cent work by McClean and Blume, performed in
conjunction with the present experiments, has be-
gun to fill this gap. Computer "experiments" by
Blume, Watson, and Vineyard on finite linear
chains of classical spins also promise to supply
useful additional information. Some exact calcula-
tions of $(Q, ~)r for finite chains of spins with S
= —,

' have recently been carried out by Richards and
Carboni. There has been considerable work on
the dynamical behavior of linear chains of spins at
infinite temperatures. These calculations indi-
cate that at long wavelengths $(Q, +) has a Lorentz-
ian form, but at shorter wavelengths it has a broad
profile with a peak at nonzero e which may be a
remnant of the zero-temperature spin-wave-like
excitations. Virtually none of the above theoretical
calculations, however, have as yet been substan-
tiated by experiment.

The format of the paper is as follows. In Sec. II
we describe the crystal preparation and the crys-
tal structure of TMMC. Section III reviews the
static magnetic properties including the quasi-
elastic -neutron -scattering results. Section IV
gives a brief description of the theory of inelastic
scattering as applied to 1d systems. In Sec. V we
explain in detail the experimental techniques and
the experimental results. Finally in Sec. VI the
results are discussed and general conclusions are
drawn.

tron-diffraction measurements. Typical crystal
habit was a tablet with the long crystal axis being
a c crystallographic axis. Mosaic spreads were
less than 10 min. The deuteration, which is nec-
essary to minimize incoherent neutron scattering,
was - 99% complete.

Three samples were used in the experiments,
with volumes of 0. 1, 0. 4, and 0. 7 cm3. The mea-
surements presented here were made mainly on the
largest crystal. Orientations were used which en-
abled the (hhl), (h0l), and (hk0) peaks, indexed on

a hexagonal lattice, to be observed.

B. Room-Temperature Structure

Morosin and Gr3eber have determined the struc-
ture of (CH, )4N MnC1~ at room temperature using
x-ray diffraction. The crystal is hexagonal with
lattice constants a=9. 151 A, c=6. 494 A. Our data
on the deuterated crystals agree with these values.
There is some ambiguity in the exact space group
for TMMC. There are a variety of possible models
including one in which the space group is P63 and a
second in which it is the centrosymmetric P6gm.
In the former the chlorine atoms are not fixed ex-
actly at ~ of a unit cell along the c axis, but the

(CD~),N' ions are ordered along the threefold axis
3 3 8 In the second model the chlorines are at
exactly z = ~, but the (CD3) 4N' ions are statiscally
disordered. The differences between these various
structures are small and for our purposes not es-
pecially important so that we shall simply assume
the centrosymmetric structure. As we shall see,
this choice is supported by the quasielastic-neu-
tron-scattering results which indicate significant
(CD3)4N' disorder. The crystal structure deduced
using this model is shown in Fig. 1. From the fig-

II. CRYSTAL PREPARATION AND STRUCTURE

A. Preparation of TMMC d12

The single crystals used for the neutron experi-
ments were prepared in the following manner.
19.8 g of reagent-grade MnClz ~ 4H20 (Baker and
Adamson) was dehydrated and added to a solution
of 12. 1 g of tetramethyl-d&3 ammonium chloride
(Merck, Sharp, and Dohme) in 50 ml of 2N DC1
(diaprep). All solid was dissolved by gently warm-
ing. The solution was then placed in a dessicator
over P205. Within 2 days small bright red crystals
were observed to have formed. The container was
removed from the dessicator and suitable seed
crystals extracted from the solution. The solution
was then diluted with 2K DCl until the remaining
crystals redissolved. Following this, the container
was maintained at a temperature of 70'C and in a
humidity of approximately 10%. A period of 2-3
weeks was required after the introduction of a seed
crystal to obtain samples of suitable size for neu-

++
n

FIG. 1. Crystal structure of (CD3)4NMnCl3, this struc-
ture is based on the space group P63/m with the (CD3)4N
ions statistically disordered relative to the crystal z
axis; both possible orientations of these ions are shown.
Note that the deuterium ions are not explicitly displayed.
Figure adopted from Ref. 24 (Stucky).
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ure it may be seen that the compound is composed
of infinite MnCl3 chains which are effectively mag-
netically insulated from each other by the interven-
ing tetramethylammonium ions. The manganese
ions occupy special positions at (000) and (00—,') and

are surrounded by trigonally distorted octahedra of
chlorine ions. Adjacent octahedra share (111j
faces.

C. Crystallographic Phase Change

On cooling our deuterated samples from room
temperature to 78 'K a number of nuclear-diffrac-
tion peaks were seen to change markedly in inten-
sity, decreasing by as much as 80. In order to in-
vestigate this more closely, the (500)N and (004)N
peaks were followed as the temperature was re-
duced from 150 to 78'K. The (500)N peak was ob-
served to split at -128 'K indicating a crystallo-
graphic phase change at this temperature. The
(004)N reflection, on the other hand, exhibited no
anomaly either in intensity or width. The low-tem-
perature phase was not examined in detail, but all
the new peaks were consistent with a monoclinic

structure with y= 59. 5' and the unit cell increasing
in length along the smaller axis in the basal plane
by a factor of 4. The larger lattice constant in this
plane remained close to its room-temperature val-
ue. The variation of these lattice constants is
shown in Fig. 2. Observation in the (hh0) plane
near (330)N showed the presence of at least five
of the domains expected from twinning. A weak
(001)N peak, forbidden for I'6&lm, was observed,
and this and a number of very weak extra peaks
below 128'K were attributed to multiple Bragg
processes.

As may be seen in Fig. 2, the lattice constant
along the unique axis varies smoothly with tempera-
ture. In addition, as noted above, none of the
(00 2n)N reflections give any indication of the 128
'K structural transition. It would seem, there-
fore, that the crystallographic phase change in-
volves a repacking of the MnC13 chains with no

change in their nature. The ld character of the

magnetic properties is completely unaffected. It
is probable that the structural transition arises
from a freezing out of some of the disorder of the
(CD~)4N' ions. This is substantiated by the fact that

TMMC
R EC I P ROC A L L AT T I C E CONS TA N TS
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FIG. 2. Lattice constants of
TMMC as a function of temperature.
The structural phase transition
occurs at -128'K, below which a*
decreases while b* is reduced by

4 and increases with decreasing
temperature. The hexagonal axis
lattice constant c is observed to
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through the transition.

0.97—

I

50
l

100
TEMPERATURE (K)

I

150 300



2002 HU TCHIN GS, SHIRANE, BIRG EN EAU, AND HOL T

the incoherent scattering decreased by about a
factor of 2 between 140 and 120 'K. In addition,
the quasielastic-neutron-scattering experiments
showed that there was a strong component in the
diffuse scattering arising from molecules aligned
in a 1d manner along the e axis but with these chains
disordered relative to each other.

For convenience, in this paper we shall refer all
reflections to the high-temperature hexagonal axes
using c~ and a* from Fig. 2.

III. STATIC MAGNETIC PROPERTIES

A. Bulk Susceptibility

The first direct experimental evidence for the
1d nature of the magnetism in TMMC came from
the bulk-susceptibility measurements of Dingle,
Lines, and Holt. They found that the susceptibility ex-
hibits a broad maximum near 55 ' K and then decreases
somewhat with decreasing temperature in an aniso-
tropic fashion. At somewhat lower temperature (& 10
'K for the magnetic field H parallel to the c axis and
&4'K for H J-c) the susceptibility begins to increase
again. No evidence was found for a phase transi-
tion down to 1. 5 K. This behavior is character-
istic of paramagnetic systems in which significant
antiferromagnetic correlations have developed
without the onset of long-range order. Dingle,
Lines, and Holt showed that the susceptibility from
300 to 30 K could be accurately fitted with Fisher's
exact solution for the susceptibility of a classical
nearest-neighbor 1d Heisenberg antiferromagnet.
Writing the interaction in the form of Eq. (2) below,
yields J„,= —6. 3 K with S= —', . Measurements of the
bulk susceptibility of deuterated TMMC have been
performed by Sherwood. ' As expected, the re-
sults are found to be identical, within experimental
error, to those for the hydrogeneous material.

In an attempt to obtain a slightly more accurate
value for J„„,we have also fitted the high-tempera-
ture susceptibility using Rushbrooke and Wood's
exact quantum-mechanical series expansion for the
S= —, Heisenberg linear chain. The series contains
terms out to [JS(S+ 1)/keT], which in this case is
adequate to describe the susceptibility down to the
maximum at 55 'K. Fits to the data from 300 to
60 ' K yield J„,= ( —6. 28 + 0. 11)' K in good agree-
ment with the value obtained using the classical
model. If one includes only the data between 1VO

and 60 K, one obtains J„,= ( —6. 47 a 0. 13) 'K. We
shall use this latter value since the former may
be affected somewhat by any temperature depen-
dence in J„„.

There are several additional points of note con-
cerning the bulk susceptibility. First, from the
anisotropy of the susceptibility relative to the crys-
tal c axis, Dingle et al. conclude that the spin Ham-
iltonian for the chains also contains a small anisot-

Although the bulk susceptibility gives a good in-
dication that TMMC is 1d down to 1.5'K, the true
nature of the correlations can only be completely
elucidated by direct neutron-scattering measure-
ments. Using the general scattering formulas,
Eqs. (5)-(V) below, the cross section for scatter-
ing in the quasielastic approximation is given by

(Q) ~&(Q) =Q e' ' (So(0) ~ 8;(0)) .

Fisher' has shown that for a classical nearest-
neighbor Heisenberg linear chain with

X= —2 J,„+»S» ~ S»,g

the instantaneous correlations are given by

(S( S(,„)= u " S(S+ 1),
where u= cothK —1/K with

K= 2 J„S(S+1)/kBT .

(2)

(3)

The factor S(S+1), rather than S, corrects the
expressions to O(1/S) for finite spine. Substitution
from Eq. (3) into Eq. (1) yields

(4)

where

x= (1+u)/v(-u)'i', 8= [(u' —1)/m'u]S(S+1) .

ropy term, probably dipolar in origin, which pre-
fers alignment of the spins perpendicular to the
chains. This is confirmed by recent electron-pa-
ramagnetic-resonance measurements. 8 Second,
Dingle et al. explain the upturn in the susceptibility
at low temperatures (& 10'K) on the basis of para-
magnetic impurities in the presence of a second
phase. Smith and Friedberg have observed a
similar effect in the linear-chain system
CsMnCl ~ 2H20 and they postulate that it may be due
to finite chain effects since a chain of length N,
where N is odd, will follow a Curie-law suscepti-
bility at low temperatures with moment g p, ~S. A

simple calculation for TMMC shows that if all of
the extra susceptibility observed at lower tempera-
tures were due to finite chain effects, then the av-
erage chain would be about 300 spins long. This,
in fact, represents a lower limit. Third, Dingle
et al. also observe a change in dx/dT vs T at 0. 84
K which they attribute to the onset of 3d long-

range order. This is somewhat indefinite, how-
ever, due to the dominance of impurity effects at
that temperature. Finally, the extraordinarily good
1d behavior which TMMC exhibits seems to be due
to the fact that there is no superexchange between
the chains and the interchain-dipolar field is only
about 1x10 3'K.

B. Instantaneous Correlations
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In the above we have written Q' and I(, in units of
2v/2a, with a= ~ c, the nearest-neighbor separa-
tion along the chain. Inspection of Eq. (4) shows
that the classical model predicts that there will be
planes of critical scattering which have minima at
even integer Q' and maxima at odd integer Q'. This
is illustrated in Fig. 3 which gives the reciprocal
lattice appropriate to an (h0l) orientation of TMMC.

In a previous publication" we have reported de-
tailed measurements of do/dQ& in TMMC. The re-
sults may be summarized as follows. It is found

that there are indeed planes of scattering perpen-
dicular to the MnCl, chain axis from above 40 K
down to l. 1 K. The planar scattering is found to
have two major components, a nuclear contribution
which occurs at both even and odd integer Q' and a
magnetic contribution which occurs only around odd

integer Q'. These two components could be readily
separated and the magnetic part could be fitted to
Eg. (4) convoluted with the instrumental resolution
function to yield I(; and B as a function of tempera-
ture. The results of these fits are shown in Fig.

4. Both g and g~/8 are indeed observed to extrap-
olate to zero at 0'K as expected for a 1d system.
The solid line in the lower part of Fig. 4 represents
the best fit to the experimental results of the clas-
sical expression for z given in Eq. (4), giving J„
= ( —'7. 7 + 0. 3) K. The corresponding prediction
of the classical model for (do/d Qz), 0

'= ~ /B is
shown as the solid line in the upper part of the fig-
ure. Here one over-all scaling factor is adjusted
to give the best fit and again the agreement is ex-
cellent. These results may be stated as follows:
Fisher's solution for the classical nearest neigh-

bor Heisenberg model correctly Predicts both the
sPatial and thermal variation of the instantaneous
correlations in TMMC at all temperatures betzoeen
40 and 1. 1'K.

C. Summary of Static Properties

Both the bulk-susceptibility and the quasielastic-
neutron-scattering measurements thus show that
TMMC is an almost ideal physical realization of the
nearest-neighbor Heisenberg 1d antiferromagnet.
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There is a small anisotropy term of the XY form
which manifests itself in the bulk susceptibility but
not apparently in the staggered susceptibility. The
system is definitely quantum mechanical in the
sense that the spin is finite, S= —'„but this does not
appear to be important in the region q,~ & 3I(;, where
a classical model gives a correct description of
8( tt, t, ).

We shall now proceed to discuss the dynamics in
this system.

IV. INELASTIC-SCATTERING THEORY

The theory of magnetic neutron scattering in
localized paramagnets has been discussed exten-
sively by Marshall and Lowde.

The cross section for scattering of unpolarized
neutrons from a system of N localized spins is giv-
en by

82
, =W(k, k') Q (6., -q j') s "(Q, ~),

where

a~=a-E'= (a'/2m) (I'-u")

and KQ = 5(k -k') are the neutron energy and mo-
mentum loss, respectively, and

(6)

to= e /tttc, z is the neutron gyromatic ratio, and

f(Q) is the magnetic form factor for the spins.
The Van Hove scattering function is given by

s nB(g ) g t(Q r-ttt) (g tt(p) g8(t ) ) dt
271 r
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The neutron scattering therefore measures directly
the space-time Fourier transform of the unequal-
time two-spin correlation function. For Heisen-
berg systems with uniaxial or no anisotropy,
vanishes for n t P. In ordered magnetic systems,
Eg. (7) can be separated into two parts, a long-
range-ordered component obtained from the term
(So (0) ) (S~(t) ), and a fluctuating component arising
from ( 5S o (0) 6S;(t) ), where &S ~(t) = S f(f) —(S~(t) ).
However, in a true 1d system there can be no long-
range order except at T = 0 '

K; that is, (S~(t) ) = 0
for T40, so that we may simply use Eq. (V) for the
diffuse scattering.

The fundamental problem of spin dynamics in pa-
ramagnets, of course, reduces to that of under-
standing both the spatial and temporal variation of
the correlations (So (0) Sf(t) ), or equivalently, their
Fourier transform s ~(g, &u). As we have noted
in Sec. I, there is at present no theory for S 6(Q,
&u) at finite temperatures in a ld system. Exact
calculations by des Cloizeaux and Pearson for the
8= —,

' ld Heisenberg antiferromagnet at T = O'K in-
dicate that the first excited states have a spin-
wave-like dispersion relation; however, the authors
do not calculate the form of s (Q, &o) itself. In an-
ticipation of our experimental results, it is of in-
terest to calculate s (Q, ~) within the context of
Anderson' s two-sublattice spin-wave theory.

Linear-spin-wave theory assumes that the sys-
tem has long-range order with staggered magne-
tization proportional to I (S,) I

= S, where z is the
spin direction, and considers small deviations from
the Noel ground state. At first sight this would
seem to be a very poor approximation to TMMC
above 1. 1'K since we know that at these tempera-
tures the system is a 1d paramagnet. Neverthe-
less, as we shall see, the results turn out to be of
considerable value in representing our data. We
write the exchange Hamiltonian as in Eq. (2) and
include both nearest-neighbor (Z„) and next-near-
est-neighbor (J,) interactions along the chain, but
we ignore all interchain effects. In addition, we
shall assume J„»J,„„. The nearest-neighbor
spins, coupled by J„„,are a distance ~c apart while
the next nearest neighbors are e apart. In an or-
dered antiferromagnet, if z is the spin direction,
then the single. -spin-wave excitations are asso-
ciated with the fluctuations transverse to g. It is
straightforward to show using standard techni-
ques+' that the spin-wave contribution to "", s"
is given by

&"*(4,~)

„(g )
= M(q, w) [n(q,+)+-,'+-,']

x 8 (E —E' w h'u)(q, g)), (8)

where the amplitude factor, with J„„=0, is given

M(q, q) = (1 —cos wq, q cosl v)/sin
~
vq, „~ (9)

qcw = pc+ l

The boson population factor

n(q, ~) = (exp[he(q, ~)/ks T] —1j
and the dispersion relation is given by

E( q, j)=5'v(q, e)=-Rx 4S(Z„,—2 j,„„)~
sinvq, q ~,

(10)

(11)
where B is a renormalization factor incorporating
higher-order corrections to the spin-wave theory.

In the above equations we have written the mo-
menta coordinates along the chain, Q~, q,+, in
units of 2w/c. From Eg. (9) it is evident that the
intensity should be greatest near the odd-l planes
in reciprocal space. It is at these same planes that
the intense quasielastic scattering is observed.

The form of the dispersion relation, Eq. (11), in-
dicates that it is not possible to obtain a separate
value for J„,if I J„„l» l J„,l and, infact, weshallas-
sume that J„,„is negligible. The normalization fac-
tor B is unity for Anderson s noninteracting spin-
wave theory at zero temperature. Oguchi" has
given the correction factor if the next term of high-
er order in the spin-wave operators is included.
In this case R = (1+ao/2qS), where q is the number
of nearest neighbors and &0 involves a summation
over the Brillouin zone. For a 1d antiferroma, gnet,
Oguchi's theory gives go= 0. 726. Davis ' has also
calculated &o; using a linked-cluster expansion he
finds &0= 0. 665. Weng and Griffiths have recently
proposed an interpolation formula which suggests
8, = 1.085 for S = —,', close to the value of 1.OV given
by Oguchi and Davis's theory.

The longitudinal-response function 3"(Q, ~) may
also be calculated in the spin-wave approximation. 3'

In 3d antiferromagnets it is characterized by a
broad band originating in two spin-wave-scatter-
ing processes. However, in ld, 8" (spin wave) is
somewhat more complicated and, in particular, in
the noninteracting approximation it exhibits a log-
arithmic singularity at the single-spin-wave posi-
tion. The singularity occurs because it becomes
infinitely easy to create pairs of magnons, one at
(q,~, ~(q,q)) and the other at ((q,q - 0), u&(q, ~ 0)).
This feature of the 1d spin-wave theory, however,
requires a much more careful treatment than we
can give it here. In particular, both magnon-mag-
non interactions and the thermal modification of the
long-wavelength excitations will undoubtedly alter
markedly the singularity predicted by the simple
theory. Another contribution to 8 "(Q, &o) will be
that from bound two-magnon states, which are pre-
dicted to play an important role in 1d.

The factor g ~(8
"~ —q Q ) in the scattering cross
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section, Eq. (5), has the effect that only the compo-
nents of S "(Q, GI) perpendicular to the scattering
vector Q are observed. In uniaxial antiferromag-
nets such as MnFz it has proved possible to use
this feature to demonstrate that the spin-wave scat-
tering is associated exclusively with the compo-
nents of S (Q, ~) perpendicular to the anisotropy
axis, even in the paramagnetic regime. In a
Heisenberg paramagnet no such separation is pos-
sible. In TMMC there is a small (- I/p) anistropy
of the XE' type, that is the spins prefer to be in the
plane perpendicular to the MnC13 chains. It is of
interest, therefore, to see if the response function
S(Q, Id) displays the same symmetry.

V. EXPERIMENT

A. Experimental Techmque; Resolution Corrections

The experimental techniques used were the stan-
dard procedures at the Brookhaven H. F.B.R. The
samples were mounted on an aluminum pedestal
using Hysol-Epoxy-type 1c and sealed in aluminum
cans in an atmosphere of helium gas. The Epoxy
and pedestal were carefully shielded with cadmium.
The cans were mounted in a Cryogenic Associates
Dewar type CT14. Their temperature was capable
of being controlled between l. 1 and 300 K, and was
measured with either a germanium or platinum re-
sistance thermometer,

The nuclear-diffraction investigations, discussed
in Sec. II C, were mainly carried out on the H4S
two-axis spectrometer, using neutrons with wave-
length X= l. 03 A, energy 77 meV, from a Ge (311)
monochromator plane which minimized 2 g effects.
20-min collimation before the monochromator was
used, and 10 min before and after the sample.
Careful masking was necessary in all experiments
in order to reduce the incoherent background to a
minimum.

The inelastic measurements were made mainly
on the H'7 triple-axis spectrometer with incident
wavelength of l. 47 A (38 meV), 2. 35 A (14. 8 meV) i

and 3. 89 A (5. 4 meV). Pyrolytic graphite (002)
planes were used for both monochromator and ana-
lyzer. The monochromator crystal was bent about
a horizontal axis to provide a focusing of the in-
cident neutrons. A large mosaic pyrolytic graph-
ite crystal placed before the sample acted as a
tuned 2 A. filter ' at the lower two energies. Col-
limation before and after the sample was kept at
20 min and 40 min respectively, and the in-pile and
analyzer-counter collimation was 20 min for the
higher incident energies and 40 min for 5. 4 meV.
As the scattering cross sections were independent
of the vertical collimation, this was kept as loose
as possible, being mainly determined by the sample
height.

In any detailed comparison of experiment and the-

( 0.2, 0, I.0 5 )

300—
T=4.4 K INCOHERENT

SCATTERING

CALCULATED
L INE —SHAPE

E 200—
OJ

I-
X
O
C3

SPIN
WAVE

IOO—

—2.0
I I

—I.0 0.0 I.O
ENERGY {meV)

2.0

FIG. 5. Constant-Q scan in the position (0.2, 0, l.05)
corresponding to q,*=0.05 in units of 27)/c. The solid
line is the calculated line shape assuming sharp spin-
wave scattering and nuclear-incoherent-scattering alone.
Note that the observed spin waves are broader than the
instrumental resolution function but that the integrated
intensities match properly.

ory it is necessary to take into account explicitly
the resolution function of the instrument. When the
spectrometer is set to observe the scattering at
momentum and energy transfers (Qp &dp) the ac-
tual observed intensity is given by the convolution

I(Qp, (up) = J R(Q —Qp, (u —Idp) O'(Q, GI) If@d(u .
(12)

Here 8 is the instrumental resolution function,
which can be represented by the analytic form
R(x ) = Rpexp( ——,'x M x ), where x is the four-
component vector (Q", Q', Q', &u), M is the resolu-
tion matrix, and Ro is a known smoothly varying
function of k and k'. o' is the intrinsic scattering
cross section convoluted with the sample mosaic.
The components of M may be calculated from the
known instrumental parameters or may be measured
experimentally using a nuclear Bragg peak close to
the observation position in reciprocal space. In the
latter method any effects from sample mosaic are
automatically included in R.

In general, deconvolution of the experimental data
is not possible unless the explicit analytic form for
o(Q, &u) is known. In our case, no such theory is
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available, except at low temperatures where the
experimental data suggest that the spin-wave theory
discussed in See. IV might be valid. In this case,
explicit comparisons could be made by numerically
convoluting R(x) with the 5-function cross section
for spin-wave scattering, Eq. (9). This was actual-
ly carried out using a modified version of the pro-
gram written by Hutehings and Samuelson. The
program includes in Ao the variation of monitor,
analyzer, and counter efficiency with energy to an
accuracy of 10-15/~.

B. Experimental Results

The inelastic magnetic scattering was investigated
mainly in the neutron-energy-loss mode at temper-
atures between l. 9 and 40'K. The results are best
described by considering first the low-temperature
data, Rnd then the scattering observed at higher
temperatures. Before describing the results at
finite q we discuss the region around q,~ = 0, where
anomalous scattering is observed.

1. Difficulties at f ohio q,s

In the region around ~ = 0 a contribution from
nuclear incoherent scattering is always present.

A typical scan at 4. 4 'K at the position (0.2, 0, 1. 05)
which corresponds to q,+ = 0. 05 is shown in Fig. 5.
The peak in the center arises entirely, within ex-
perimental errors, from the nuclear incoherent
scattering; it is found to be essentially independent
of Q for I q,q l a 0. 05 in the general region (0.2, 0,
1). The full width at half-maximum (FWHM) is
-0. 6 meV. The satellite peaks Rre the spin waves
which we shall discuss extensively in Sec. V 82.

At q,~-0, however, additional anomalous scat-
tering peaks Rre observed; typical examples are
given in Fig. 6. These peaks are present at both
nuclear and magnetic planes (unlike the spin waves)
and it appears that they are almost independent of
temperature. This would seem to necessitate that
they Rre nucleRr in origin. The peRks vRry in en-
ergy and intensity with the incident neutron energy
and the value of 5 at which they are observed on the
plane. They are also seen at small values of q,~
+ 0, but in all cases they only occur when the half-
1Qtenslty contour of the resolution elllpsold en-
compasses the point q,~ = 0, & = 0, and they gener-
ally appear with much smaller FTHM than the in-
coherent scattering. Finally, they have no appar-
ent symmetry about q,~=0 or ~=0.

4.4 OK

MAGNETIC

(0.2,0,1.0) 4.4oK
(0.2,0,2.0)

600

—400E

~~ 200

FIG. 6. Typical energy scans ex-
hibiting anomalous peaks at the mag-
netic and nuclear integer plane posi-
tions (0.2, 0, 1), (0.2, 0, 2).
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The magnetic contribution at the l= 1 plane can be
clearly seen from Fig. 6, where there is a large
difference in the scattering intensity observed at
4. 4 and 40 K. However, until the origin of the
anomalous peaks is fully established we cannot make
any quantitative statements about the magnetic scat-
tering in this region. In particular, we can make
no statement about the existence of very long-wave-
length spin waves at low temperatures.

2. Lou —TemPexatu xe Scat texi'ng

The inelastic scattering corresponding to mo-
mentum transfers greater than about 0. 04 recipro-
cal-lattice units is found to have a very simple form
at 1.9'K. Constant-Q scans made relative to the
l = 1 plane show that the only appreciable scattering
above background occurs in the form of sharp peaks
with widths determined by the instrumental resolu-
tion function. Typical scans as a function of wave
vector are shown in Fig. 7; these cover wave vec-
tors ranging from q,~ = 0. 05 to 0. 25, that is, half-
way to the zone boundary. When the temperature
is increased to 4. 4 K the peaks are found to de-
crease slightly in height and to broaden slightly,
but there is no measurable change in the peak posi-
tions. Figure 8 shows typical scans at 4. 4 K cov-

ering wave vectors ranging between q,+ = 0. 1 and
0. 5, the zone-boundary position.

The dispersion relation for these excitations is
shown in Fig. 9. In the c* direction the fitted dis-
persion follows a perfect sine curve, passing
through the origin within the experimental error.
Furthermore, for fixed q,+, the energy of the peak
intensity is independent of q,~, the momentum
component perpendicular to the MnC13 chains. It
is clear that these excitations are simply 1d spin
waves which propagate along individual MnC13
chains. It is of interest to compare the observed
scattering directly with that predicted from the
spin-wave theory for 8""(Q, ar) given in Eqs. (8)-
(11). The theory involves just two adjustable pa-
rameters, an effective exchange constant (Z„„
—2 J„„„)R,and an over-all scaling factor for the in-
tensities. The solid lines in Figs. 7 and 8 are the-
oretical line shapes obtained from a best fit of the
spin-wave theory to the peak positions and heights.
At 1. 9 K the agreement between experiment and
theory is remarkably good; the positions, inten-
sities, and widths of all the peaks are correctly ac-
counted for. That is, simple spin-wave theory
fully accounts for both the eigenvalues and eigen-
functions of the excitations for q,* & 0. 05 at 1.9'K.

TMMC T = 1.94K

EXC I TATIQN I NTENSITY VS WAVE VECTOR
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FIG. 7. Excitations in TMMC at 1.9 'K
as a function of reduced wave vector q~~.
The points are experimental counts with
single standard-deviation errors; all counts
have been normalized to the same scale.
The solid lines are theoretical curves cal-
culated by convoluting the instrumental
resolution function with the single-spin-
wave-scattering cross section, Eq. (8),
using a best-fit normalization.
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TMMC T = 44 K
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FIG. 8. Excitations in TMMC at
4.O'K as a function of reduced wave
vector q~. The points are experi-
mental counts with single standard-
deviation errors; all counts have been
normalized to the same scale. The
solid lines are theoretical curves
calculated by convoluting the instru-
mental resolution function with the
single-spin-wave-scattering cross
section, Eq. (8), using a best-fit
normalization.
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At 4. 4 K the agreement is again satisfactory al-
though in this case the widths are not completely
accounted for on the basis of the instrumental reso-
lution function alone. The exchange parameter de-
scribing the theoretical dispersion relation in Fig.
9 is

R( J„—2 J„,„)= ( —0. 610a 0. 005) meV

= ( —7. 07 + 0. 06) 'K .

An interesting feature of the scattering observed
just above T~ in the M Heisenberg antiferromagnet
RbMnF3 is the existence of a three-peaked structure
in typical constant-Q scans away from the super-
lattice position. ' Here the central peak is the tail
of the diffusive critical mode, and the satellite
peaks are thought to be paramagnetic spin waves.
In the ld paramagnet as we have seen above, the

satellite peaks are the dominant feature of the scat-
tering. It is clearly important to determine if there
is also a central component in this case. As we
have mentioned previously, the region around a= 0
is complicated by the large nuclear incoherent scat-
tering. However, this incoherent scattering can
be determined accurately from scans made at a
number of positions near the zone boundary, aver-
aging the resulting intensity near & = 0. Figure 5
shows the theoretical line shape at 4. 4 K at q,*
= 0. 05 calculated assuming a spin-wave contribution
together with the nuclear incoherent scattering. The
spin-wave contribution was determined from the
corresponding data at 1.9'K at larger q,* while the
nuclear incoherent scattering was determined as
described above. The solid line in Fig. 5 therefore
involves no adjustable parameters; it is evident
that all of the scattering is fully accounted for within
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EXCITATION DISPERSIQN IN TMMC
T =4.40K

4—
EP

FIG. 9. Dispersion of the excitations
in TMMC at 4.4'K. The experimental
points with circles show dispersion in
the c* direction. The other points show
the dispersion in the a direction at q~+
= O. 2 reciprocal-lattice units. The errors
represent single standard deviations.
The solid-line curve is the best fit to the
c* dispersion. j~g and q, g are in recipro-
cal-lattice units, 2z/c and 4'/&3a.
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the statistical errors. Indeed if there is any cen-
tral component arising from the magnetic fluctua-
tions then it must have a peak intensity less than
20% of that of the neutron-energy-loss spin wave.
This same conclusion is found to hold for larger
q,* although usually with less statistical confidence.

A final aspect of the low-temperature data which
is of theoretical importance is the dependence of the
scattering on the angle between Q and the chain ax-
is. In particular, we should like to know whether
or not I (Q, ~) has Heisenberg (isotropic) sym-
metry or if only the components perpendicular to
the preferred spin axis are finite. No extensive
study of this point was made but scans were carried
out at (0. 0, 0, q,*) and (2. 2, 0, q,~) for several values
of q,+. In all cases the relative intensities could
be accounted for on the basis of the form factor
alone, indicating no geometrical effects. However,
the statistical confidence of this result is rather
low.

3. Temperature Variation of Excitations

Measurements of the temperature variation of

these excitations were made at three values of wave
vector q, ~ = 0. 05, 0. 10, and 0. 25, and the results
are shown in Figs. 10-12. An incident energy of
14. 8 meV was again used. The nuclear incoherent
scattering has been subtracted in these figures using
measurements of its intensity made in the region
of the zone boundary.

As the temperature is raised, the excitations
broaden. The scattering increases on the low-en-
ergy side, corresponding to a decrease in the sec-
ond moment of the energy-loss spectrum. How-
ever, there is no observable shift in the position
of the peaks, nor in that of their high-energy cut-
off. There is also little variation in width with q,+

at fixed temperature. One notable feature is the
persistence of mell-defined excitations above the
temperature at which the correlation length falls
below the wavelength of the excitations. Thus at

0

q, g = 0. 05, A, = 128 A, well-defined excitations are
observed at 12'K where $-35 A; and at q,+=0. 1,
~= 64 A, excitations are observed at 20 K where
(-22 A. At q, ~ —-0. 25, z=25 A, it is still possible
to see a broad peak at 40'K corresponding to g
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-9 A.
There is at the present time no theory with which

to compare these experimental results so we must
confine ourselves to qualitative statements only; we

do this in Sec. VI.

50—E

X
8

25—

~ ~
~ ~

4.4o K

VI. DISCUSSION AND CONCLUSIONS

The outstanding feature of the dynamical behavior
of the spins in TMMC is the apparently remarkable
result that long-lived 1d spin-wave-like excitations
are observed over most of the Brillouin zone at low

temperatures. Furthermore, simple two-sublattice
spin-wave theory appears to account fully for both
the position and relative intensities of the observed
neutron groups. This result is perhaps not quite
so surprising as it might first appear in view of the
exact solution of des Cloiseaux and Pearson for the
first excited states of the S= ~ Heisenberg antiferro-
magnet at absolute zero. From the work of Bonner
and Fisher and others we know that this system
shows no long-range order, yet the first excited
states are found to follow a simple sine-wave dis-
persion curve differing by only a multiplying factor
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FIG. 11. Variation with temperature of the excitation
at (0.2, 0, 1.10), q~+ = 0. 10 reciprocal-lattice units.
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FIG. 12. Variation with temperature of the excitation at
(0.2, 0, 1.25), q, + =0.25 reciprocal-lattice units.

from that given by two-sublattice spin-wave theory.
One might expect the Neel state, and therefore two-
sublattice spin-wave theory, to be a better approxi-
mation for a S= —,

' system at very low temperatures.
One simple physical picture of paramagnetic spin

waves is that based on the concept of short-wave-
length spin waves propagating within regions of
slowly varying correlated spins. The time varia-
tion of the z component of the spins in these cor-
related regions gives rise to a diffusive peak in

&(Q, ~) centered at += 0, the spin waves giving rise
to satellite peaks. As we have seen, we are unable
to detect the presence of any central peak in TMMC
because of the incoherent scattering, but we do know
that it is certainly much weaker than the spin-wave
peaks. On this model the long-wavelength excita-
tions would be expected to weaken and broaden as
the temperature is raised, both because of the de-
crease in correlation length and because of the

thermal population of similar states which may then
interact. At 1.9 K, the correlation length $

- 210
A, so that the longest-wavelength spin waves we ob-
served might indeed be expected to be sharp. It
would clearly be interesting to investigate the nature
of the very long-wavelength excitations in the region
of smaller q, inaccessible to neutrons, at this tem-
perature.

When the temperature is raised, however, the ob-
served spin waves broaden more slowly than the
above model would seem to predict. As we have
seen, well-defined excitations are observed at each
of the temperatures 12, 20, and 40 'K at wave-
lengths where it is only possible to fit about one-
third of a wavelength into a region of correlated
spins, that is, A - 3$. On the other hand, if we con-
sider the behavior in terms of the excitation wave
vector q = 2p/z and z = $ ', these peaks are still in
the regime of q& z. There may well be more the-
oretical significance in this latter comparison rath-
er than the former simple physical picture, but a
detailed explanation must clearly await a complete
calculation from first principles. The recent work
of McClean and Blume and of Blume, Vineyard,
and Watson appears likely to help to account for
the temperature variation of the scattering.

In deducing a value of the exchange constant J„„
from the spin-wave dispersion at low temperatures,
we must make the assumption, also made in the
analysis of the static susceptibility and the quasi-
elastic neutron scattering, that the next-nearest-
neighbor interaction J„„„is negligible. From the
dispersion we find no evidence for a finite value of
J„„„,but as we have seen, once it is very small,
it cannot be detected from E(q,*) alone. However,
as the next-nearest-neighbor interaction involves
three intervening ions Cl-Mn-Cl, it is likely to be
very small, and in other compounds ions separated
in a similar manner are found to be very weakly
interacting. The assumption therefore appears
to be quite reasonable.

Although the determination of exchange constants
in an ordered antiferromagnet is best accomplished
by a detailed analysis of the spin-wave spectrum,
care must clearly be taken in the present case of a
1d paramagnet because of the lack of fundamental
justification for the use of spin-wave theory. From
our data we have found that RJ,„=(- 7.07 + 0. 06) K,
and we have seen that both Oguchi's or Davis's
first-term correction to linear spin-wave theory,
and Weng and Griffiths's formula, indicate R-1.OV-
1.08 and therefore J,„=—(6. 6 + 0. 15) 'K. This
compares favorably with the value of 8„„=( —6. 4V

+0. 13) K found from the analysis of the static sus-
ceptibility in terms of Rushbrooke and Woods's ex-
act series expansion. However, until a complete
theory is available we can only take this as indi-
cating that the correction factor R is likely to be of
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the order of that estimated by these approximate
theories. We must also bear in mind the much
larger value of J„„=(-7.7+0.3) K found from the
quasielastic scattering; at present we have no ex-
planation for its difference from the value found
from the static susceptibility.

The theoretical relationship between the present
data on the spin dynamics, and those on the quasi-
elastic scattering, is not as straightforward as ex-
pected. The dynamical behavior of the spins at
low temperatures is quite definitely quantum me-
chanical rather than classical in nature, as is evi-
dent from Fig. 5, for example, where it may be
seen that the relative intensities for magnon crea-
tion and annihilation are consistent with Bose sta-
tistics and the fact that 5(d & k~T. We would there-
fore expect S(q) = f s(Q, &u) d~ to follow a 1/q, +
variation at this temperature. However, the quasi-
elastic-scattering data are consistent with a clas-
sical model for which h(d «k& T, and where for q,~

~(q,+)- l/q, s. As the quasielastic scattering
is dominated by the slow long-wavelength fluctua-
tions it seems reasonable that classical theory
should hold at the higher temperatures. To resolve
the above discrepancy we must suppose that either
the classical model for s(q,g) must break down in
the region q,~ » g, or there must be an extra con-
tribution to I (Q, &u) in addition to that of the spin
waves. Unfortunately, we cannot test these ideas
experimentally since the quasielastic scattering is

generally too weak in that region of q,+ where well-
defined spin waves are observed.

Finally we should note that our experiments have
not cast any light on the nature of the two-magnon
scattering in TMMC. In particular we do not ob-
serve any anomalous effects which can be directly
attributed to the two-spin part of & "(Q, +). An ex-
periment using polarized neutrons would thus be of
considerable interest in elucidating the nature of
the scattering, which as far as we can tell is iso-
tropic in character. We have also not detected any
evidence of bound states in this system.

In conclusion, both the static and dynamic spin
fluctuations in TMMC appear to have a simple form
which, at low temperatures at least, can be under-
stood using simple physical ideas and existing
theory. The thermal development of the dynamic
fluctuations has yet to be accounted for. It is hoped
that these results will stimulate efforts towards
a fundamental theory of magnetism in 1d systems
at finite temperatures.
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Previously unpublished calculations of Carboni and Richards are compared with inelastic—
neutron-scattering data in (CH3)4. NMnC13 (TMMC). The calculations, which are exact for fre-
quency and temperature dependence of two spin-correlation functions in spin-2 antiferromagnetic
Heisenberg chains containing up to nine spins, show a spin-wave peak at low temperature.
The peak broadens and disappears at higher temperatures but does not show an appreciable
energy renormalization. These features are consistent with neutron observations of spin waves
in TMMC.

I. INTRODUCTION

Neutron scattering has demonstrated' the exis-
tence of antiferromagnetic spin-wave modes in the
linear-chain compound (CH, ),NMnCl, (referred to
as TMMC). They are well defined at temperatures
up to near 40 'K, compared with a classical zone-
boundary magnon energy of 4 JS= 65 'K. Energy
renormalization effects appear to be negligible.

The purpose of this paper is to show that the
above features are reproduced in exact calculations
for finite chains of spin--, particles coupled via the
Heisenberg interaction

Some time ago, in a paper referred to as I, we
computed time-correlation functions of the form
(S;(t)S&) by diagonalizing K for closed chains con-
taining as many as K=10 spins. Since no experi-
mental data existed at that time, we did not repro-
duce in I correlation functions pertinent to neutron
scattering at finite temperatures. Now it is ap-
propriate to document previously unpublished re-
sults which point to the existence of spin waves
and can be compared with the neutron data.


