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Neutron investigation of the dynamical properties of the mercury-chain compound Hg35 AsF6

I. U. Heilmann, J. D. Axe, J. M. Hastings, and 6, Shirane
Brookhaven National Laboratory, Upton, ¹m York 11973

A. J. Heeger* and A. G. MacDiarmid~
Laboratory for Research on the Structure of Matter, University of Pennsylvania, Philadelphia, Pennsylvania 19104

(Received 26 February 1979)

We present in this paper the results of a detailed neutron scattering investigation at various temperatures of
the dynamical properties of the linear-mercury-chain compound Hg, ~ AsF, . The main emphasis has been put
on the nature of the response function of the Hg chains at higher temperatures (T & 150 K). The results are
analyzed and discussed in terms of new theoretical results obtained by Emery and Axe, and it is found that
the behavior. of the. Hg chains in this temperature region is one-dimensional liquidlike, in accordance with
theoretical predictions. Below T, = 120 K where three-dimensional long-range order is established among the
Hg ions, the transverse phononlike excitations in the Hg chains with displacement along the chain develop a
small (-0.1 meV) energy gap at finite wave vector. This feature makes it straightforward to demonstrate the
absence of elastic scattering in the sheets of scattering from the Hg chains. We have measured at room
temperature acoustic AsF6 sublattice phonons in the 6((00) and the A(00() directions. The observed
dispersion slope of the. transverse branch along 5 polarized along A is about 25% smaller than that of the
transverse branch along A polarized along 6, in apparent disagreement with elasticity theory which predicts
both modes to be governed by C44. We show that this behavior can be qualitatively explained by the
anisotropic coupling between Hg chains and the host lattice, leading to a much smaller elastic regime in the
A direction than in the 5 direction.

I. INTRODUCTION

As a result of its anisotropic linear-chain
arrangement of mercury ions and its incommen-
surability, the compound Hg, , AsF, displays a
number of interesting physical properties, as un-
veiled in several experimental studies recently. ' ' '

In contrast to the incommensurability of a small
displacement wave relative to the underlying lat-
tice observed in, e.g. , certain one-dimensional
conductors [such as tetrathiafulvalenium-tetracy-
anoguinodimethanide (TTF-TCNQ)]', Hg, , AsF,

, features a truly structural incommensurability.
As reflected in the nonstoichiometric formula
(5 = 0.18 at T = 300 K) the Hg-Hg distance along the
chains is incommensurate with the lattice constarit
a~ of the host lattice of AsF, groups, in which the
Hg chains are accommodated. This property im-
plies that —apart from constraining the Hg chain
positions to an ordered array —the interaction be-
tween the Hg chains and the host lattice is negli-
gible. ' '

Figure 1(a) shows schematically the arrangement
of the Hg chains within the tetragonal unit cell of
the host lattice as determined by means of x-ray
diffraction' and neutron diffraction. ' There are
two orthogonal and nonintersecting arrays of Hg
chains parallel to the tetragonal a~ and b~ axes,
respectively, and thus no Hg chains in the c~ di-
rection. At room temperature, it was shown by
x-ray and neutron scattering studies' ' that, apart
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FIG. 1. (a) Spatial arrangement of Hg chains within the
tetragonal unit cell of AsF6 groups. The crystal orien-
tation shown is that of the experiments, i.e., with a
(AOl ) zone in the scattering (horizontal) plane. (b) Tem-
perature dependence of the intensity of the Bragg peak
at (3-5,1-6,0) (filled circles) and the energy gap in the
dispersion of phonon-like excitations in the Hg chains
(open circles), showing the phase transition at T, = 120
K.
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sented in Sec. IV B and are analyzed by means of
the model cross section. The inelastic measure-
ments carried out at lower temperatures are pre-
sented and discussed in Sec. IVC. In Sec. IVD we
present room-temperature measurements of the
dispersions of acoustic, transverse lattice modes
propagating along a~ and c~, showing an apparent
disagreement with elasticity requirements. A

qualitative explanation of the observations is
given. Finally, Sec. V contains a summary and
concluding remarks.

II. THEORY

In the model of Emery and Axe' the Hamiltonian
H for the total system of Hg chains is written as
a sum of one-dimensional Hamiltonians &' for the
individual chains and terms describing the inter-
chain coupling within each of the two orthogonal
arrays and the coupling between perpendicular
chains, respectively. Within a particular chain
only nearest-neighbor coupling is considered and
is assumed harmonic in the relative deviation
from the equilibrium separation d. Thus

1 m 2 mv'H'= — " + (x —x -d)'
2 d2 a+1

where x, and w are the position and momentum
(along the chain) of the nth Hg ion, respectively,
and m is the Hg mass. The force constant is ex-
pressed in terms of the longitudinal sound velocity
v of the chain. The coupled chain problem is
treated using a generalized mean-field approxi-
mation, which is able to explain successfully the
short-range order modulation of the first sheet
as well as the details of the phase-ordering phase
transition at T, = 120 K.

Below' T, ion charge-density waves along the
chains are developed, first with wave vector 2m/d

and then gradually higher harmonics n2v/d, whose
amplitudes at low temperatures saturate, thus
describing a fully developed sublattice of Hg ions.
This predicted behavior is analogous to mean- .
field theoretical results for the nematic-to-
smectic-A transition in liquid crystals, obtained
by Meyer and Lubensky. " In this case, a set of
order parameters are the Fourier components of
the density in the direction perpendicular to the
smectic planes, and it was recently established
by x-ray technique, "that just below T, only the
first harmonic is present.

In the present work we are mainly concerned
about the properties of the system at temperatures
well above T,. In this region the effect of the
coupling terms is negligible and consequently the
scattering is essentially that of the separate
chains. We therefore concentrate on the response

function corresponding to the Hamiltonian H', Eq.
(1), of the individual chain. It has been shown'
that the Fourier transform of the pair correlation
function of this system is given by

8'(Q) = sinh(-,' v'Q')/[cosh(-, 'o'Q') —cosQd j, (2)

where o' = d'kT/mv' is the mean-square deviation
in the distance of nearest-neighbor Hg ions and Q
is the momentum along the chain. One notes that
the scattering function Eq. (2) is structureless for
large values of Q, S'(Q) -1 for Q -~. This re-
flects the fact that the one-dimensional chain has
no long-range order (for T&0). For smaller Q's,
the scattering function Eq. (2) displays a series
of peaks at Q„=n 2m/d, which in the limitQd»o'/d'
are nearly Lorentzian with a half width at half
maximum equal to

~„=2m'(a/d)' (n'/d) = 2v'(kT/mv'd)n'.

Thus, the series of planes of diffuse scattering
predicted by the one-dimensional independent-
chain Hamiltonian Eq. (1) has half widths propor-
tional to the temperature T and proportional to
the square of the order n of the sheets. One notes
furthermore that Eq. (3) does not contain any a,d-
justable parameter since v and d are directly de-
termined by experiment.

The dynamical properties of the model in the in-
dependent-chain limit yields a calculation of the
time-dependent pair correlation function corres-
ponding to the Hamiltonian Eq. (1). The result in
the vicinity of the nth. sheet (i.e. , ~q„~

—=
~
Q —Q„~

«d ') is

vdv (q„+(u/v)'+ ~ '„(q„—u)/v)'+ v'„'

It can be verified that the result Eq. (2) is re-
covered by performing the integration f S'(Q, v)
dv. The expression in Eq. (4) is the full density-
density correlation function for the system and it
is instructive to compare it to the scattering
function resulting from a conventional multiphonon
expansion applied to a (hypothetical ordered)
linear, monatomic chain. As is well known in the
latter case, at relatively low temperature and
momentum transfer, the major part of the coher-
ent scattering is the elastic (Bragg) scattering
and the inelastic one-phonon scattering. Within
the harmonic approximation the elastic cross sec-
tion consists of 5 functions at the Bragg points
Q„=n2m/d, with relative intensities governed by
the usual. Debye-Wailer factor e '~. Likewise,
the one-phonon cross section consists of 5 func-
tions along the dispersions ~ = v ~q„~, originating
from each Bragg point, with intensity proportional
to Q'e ' kT/ar'. Anharmonic terms in the inter-
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~' S'(Q,~)

FIG. 3. Qualitative behavior of the independent-
chain scattering function, Eq. (4), at a given sheet n,
centered at Q„=-n-2m/d. q„is defined as ~q„~ = ~Q-Q„~.
Only the ~ —0 part is shown.

pected from the theoretical model, that the physi-
cal properties of the Hg chains in the high-tem-
perature limit are those of a "one-dimensional
liquid. "

In an experimental test of the theoretical model,
it is clear from the preceding discussion that one
should specifically address the following ques-
tions: (i) Do the intrinsic widths q(T) of quasi-
elastic scans through various sheets at various
temperatures obey the relation given by Eq. (3)?
(ii) Does S'(Q, e = 0) [given by Eq. (4)] exhaust all
scattering cross sections at v = 0? (iii) Are
inelastic scans through the sheets adequately in-
terpreted in terms of the scattering function of
Eq. (4), especia. lly are the intrinsic widths of the
"phonon peaks" given by Eq. (3) and thus indepen-
dent of u&? As far as point (iii) goes, it would be
desirable to do inelastic measurements at higher
order (n&1) sheets, however, due to intensity and
absorption problems, we have been able to do in-
elastic scans only at the first (n = 1) sheet.

atomic forces affect the Debye-Wailer factor as
well as the sharpness of the phonon excitations,
which is usually accounted for by replacing the 5

functions by I.orentzians of finite width.
The cross section, Eq. (4), differs in several

ways from the above-mentioned behavior, espec-
ially in the small ~,q„range. Being the product
of two Lorentzians centered at (d = vq„and & = -vq„,
respectively, the qualitative features of S'(Q, e)
at a given sheet n are those shown in Fig. 3. Con-
sidered as a. function of q„,S'(Q, co) displays two
nearly Lorentzian peaks with FWHM equal to 2k„,
provided (d is sufficiently large. In the same
limit, it is seen that each peak has an intensity
proportional to 0„/a&'~Q' T/&u'. Apart from the
missing Debye-Wailer factor, this is in agree-
ment with the one-phonon cross section. However,
the finite width z„ofthe cross section [Eq. (4)] is
a result of the lack of long-range order in the
system, rather than anharmonic effects [the
Hamiltonian H', Eq. (1) is purely harmonic].
is independent of v, whereas the anharmonic
line width to a first approximation is expected to
increase with ~. For smaller values of w the line
shape of S'(Q, &u) changes and at |d = 0 it becomes
a squared Lorentzian, and thus remains finite for
co = 0. This means that the elastic scattering is
infinitely small, there is no Bragg peak propor-
tional to 5(IJ). It is thus predicted that the sheets
of scattering from the Hg chains are of exclusively
inelastic origin. The absence of Bragg peaks and
Debye-Wailer factor in Eq. (4) reflects the fact
that the atoms of the chain described by the Ham-
iltonian Eq. (1) have no fixed equilibrium positions,
as is the case for a liquid. Therefore, it is ex-

III. EXPERIMENT AND DATA ANALYSIS

The sample crystal used in the present investi-
gation was the same as that used earlier. " All
measurements were carried out on a triple-axis
neutron spectrometer at the Brookhaven High-Flux
Beam Reactor. .The sample was mounted in a
closed-cycle refrigerator capable of controlling
the temperature to within 0.1 K in the range from
10-300 K. The orientation of the crystal was that
indicated in Fig. la, i.e. , with the (h0l) zone in
the scattering plane. Most scans were carried
out using a fixed incoming neutron energy F.,- and
each point was counted for a fixed monitor value.
Essentially two different kinds of scans were
performed. For the inelastic scattering measured
at the first (n = 1) sheet (Secs. IV B and C) E, was.
equal to 5 or 14.V meV and the horizontal collima-
tion adjusted to meet the requirements of resolu-
tion in the individual cases. Pyrolytic graphite of
mosaic spread to 24', reflecting from (002) planes
was used for monochromator and analyzer, and a
cooled Be filter and a pyrolytic graphite filter was
used to remove higher-order neutrons from the
5 and 14.7 meV beams, respectively.

As is well known, the experimentally observed
scan profile results from a convolution of the
scattering cross section of the sample crystal and
the resolution function of the spectrometer.
the analysis of the data of the present investiga-
tion, we used a standard computer program cap-
able of least-squares fitting a number of parame-
ters specifying a given analytical shape of the
cross section to the experimental scan profile by
means of a numerical integration procedure. In
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doing this, a constant background level of the
scans was estimated in each case and no further
corrections to the experimental points were
carried out.
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FIG. 4. Values of the width parameter v~3 = I'3 as
found from fitting the cross section [ Eq. (4)] to && = 0
scans through the third sheet at various temperatures.
The value of v used was v = 23.8 meVL found from the
room temperature scans shown in Fig. 6. The straight
line shows the theoretical predicted relation between
v~3 and T [Eq. (3) ) inserting v = 23.8 meVA and d
= 2.655 ~.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. T and Q dependence of sheet widths

In order to test the predicted relation in Eg. (3)
between the width parameter v„ofthe nth sheet,
the temperature T and the order of the sheet n,
we carried out the following two series of scans:
(i) Constant E scans with bE = 0 were performed
with Q = pa~, scanning across the third (n = 3)
sheet at different temperatures ranging from 120-
300 K. Pyrolytic graphite was used as monochro-
mator and ana, lyzer [(004) and (002) reflections,
respectively] and the horizontal collimation was
10'-20'-10'-40'. (ii) At T = 295 K scans with Q
= ga ~~, across the sheets from n = 1 to n = 7 were
carried out. The spectrometer configuration for
n = 1,2, 3 was identical to the above mentioned.
For n = 5, 6, 7, we used E,- = 180 meV and a Be
(110) monochromator. No analyzer was used here
and the collimation was 10'-20'-10'.

The experimental peaks obtained from the scans
specified above were analyzed by means of the
independent-chain cross section, Eq. (4). In all
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20 50 I 00

FIG. 5. Values of the width parameter vf(:„=1„as
found from fitting the cross section l Eq. t4)) to AE = 0
scans through sheets n = 1 to n = 7 at room temperature.
The value of v was made equal to v = 23.8 meVA. The
straight line shows the theoretically predicted relation
between vz„and n [ Eq. {3)] for T = 300 K, inserting v
= 23.8 meVA and d = 2.655 A. The point for n = 4 was
omitted because of a disturbing Al-powder peak frown the
sample dewar at this value of momentum transfer.

the fittings v was kept constant and equal to
v = 23.8 me7 A as found from the inelastic meas-
urements presented in Sec. IVB. From the first
series of scans, we thus determined the value of
K, as a function of temperature, and the results
are shown in Fig. 4. Likewise, Fig. 5 shows the
fitted value of K„atroom temperature as a func-
tion of n', as found from the second series of
scans. The straight lines in Figs. 4 and 5 repre-
sent the predicted relation, Eq. (3), between a,
and T and between v„and n', respectively, using
the values v =23.8 meV A and d = 2.655 A. It is seen
from Figs. 4 and 5 that the experimentally determined
behavior of g„conforms to the n'T dependence ex-
pected for harmonic one-dimensional. chains. The
experimental magnitudes of ~„fall uniformly
-20% below the theoretical values, ~„=2s'kTn'
/mv'd, if we use v = 23.8(1.0) meV A as found in
Sec. IV B. It is not clear how seriously to take
this discrepancy. Before more esoteric explana-
tions are sought, it might be well to confirm, (a)
the precise degree to which e is independent of
momentum components perpendicular to the chain
direction and (b) the absence of significant non-
linear dispersion along the chain direction, pro-
duced for example by longer than nearest-neighbor
forces. [The width «„is due to phonon fluctuations
with energy up to -k~T. Thus the e appearing in
Eq. (3) should represent an average. over a phonon
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energy range of -25 meV at room temperature,
much greater than the 2-meV range studied here. ]

Hgp 8ASF6 T = 295K 0 = (.aL

B. Inelastic measurements at the first sheet at room temperature

A series of constant E scans was carried out
at room temperature along the a~~ direction
(Q = ra~), scanning across the position of the
first (n = 1) sheet at Q, = 2.83 a~. The range of
energy transfer &E was 0-1.75 meV. The use of
the constant F', mode rather than the constant Q
mode was motivated by the steep dispersion rela-
tion of the Hg chain excitations previously ob-
served. ' Some representative scans are shown in
Fig. 6. The different symbols of the experimental
points refer to different spectrometer configura-
tions as described in the figure caption. The solid
curves show the result of least-squares fits to the
experimental scans as described in Sec. III, using
the independent-chain cross section [Eg. (4)]. For
each scan, the fitting involves three adjustable
parameters: an intensity scale factor A, the
sound velocity v and the width parameter Ky In
all but one scan (&E = 0.0) a.ll three parameters
were least-squares fitted independently. The last
three columns of Table I show the values and
standard deviations of A, n and K, thus found.
The weighted average value of v from the scans
of 4E between 0.2 and 1.'7 meV is found to be

v; 1 0P —= 23.8(1.0) meV A,0' ~ 0'q

where the uncertainty is estimated from the spread
in individual values of v. Due to a high correlation
between v and K, in the fitting of the &E = 0 scan,
the value of v was here kept fixed and. equal to the
average value of 23.8 meVA. In each group of
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EO 20-0
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FIG. 6. Constant E scans at T = 295 K performed
aIong the al. direction (Q= &a~) covering the first (n = 1)
sheet at f= 2.83. The spectrometer configurations were
the following: open circles: E~ = 5 meV, 20' -20'-20' -40;
filled circles: E;= 5 meV, 40' —40' —40' -40'; squares;
E;=14.7 meV, 20' —20' —20' —20'. 4E denotes the
energy transfer. Sol.id curves are computer fits using
the cross section (4), the parameters of which thus
found are listed in Table I. The horizontal bar in the
4E= 0 scan indicates the full width at half-maximum of
a 6{&E)component in the cross section.

TABLE I. Values of intensity scale factor &, sound velocity v and width parameter w~ found from fitting the cross
section (4) to constant E scans through the first sheet, at room temperature. The spectrometer configurations of the
individual. scans are specified by either the fixed incoming neutron energy {E~) or the fixed outgoing neutron energy (E~)
and the horizontal collimations (coll.).

Scan no. ~(me V)

Spectrometer configurations
E~(meV) E~(meV) Coll. (') V(meVA)

1
2
3
4
5
6
7
8
9

10
11

0
0.2
0.3
0.5
0.7
0.8
1.15
1.25
1.75
0
1.5

14.7
' ~ ~ ~

14.7

20-20-20-40
~ 1 ~

40-40-40-40
e e ~

20-20-20-40
e ~ ~

~ + ~

40-20-40-40

21 (2)
11(4)
7.9(0,4)
6.7 (1.0)

14(3)
20(10)
18(2)
29(7)
13{5)
7.2(0.2)
5.5(1.2)

23.8
25(6)
23{1)
25(1)
23(1)
26(1)
25(1)
23(1)
25(2)
22,0
22(2)

0.0107(9)
0.0096{30)
0.0089(14)
0.0083(18)
0.0070 (20)
0.0061(15)
0.0035(17)
0.0073(19)
0.0110(5)
0.0060(5)
0.0072(30)
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identical spectrometer configurations, the scans
have been scaled to a common value of the moni-
tor counts.

Qne notices from Table I that most of the fitted
values of A. , v and v, display quite large relative
uncertainties. If we focus our attention to the x,
column, it is seen that all values are within two
standard deviations of the average value
(x,) = 0.0075(20) A '. The theoretically predicted
relation Eq. (3) between z„and v can now readily
be tested for n = l. Inserting in Eg. (3) v = 23.8
(1.0) meVA gives z, = 0.007(l) meVA, which
agrees well with the mean value (z,) found from
the experimental curves. We thus see that the
fitted widths of the inelastic scans at the first
(n = 1) sheet although scattered, show no syste-
matic dependence on energy transfer, in accord-
ance with the theoretical prediction in Eq. (3).

Besides the values of v and K, and their inter-
relation, the fitted values of the intensity scale
fa,ctor A (column 6 in Table I) provide a test of
the model predictions. Specifically, we expect
that within each group of a given spectrometer
configuration, the scans should give the same
value of A. . This condition is moderately well
fulfilled for most of the scans (Nos. 3 and 4 and
Nos. 5-9). However, the rE= 0 scans (Nos. 1 and
10) have somewhat larger A values than their
&E10 counterparts. In order to test these scans
more carefully for the presence of a truly elastic
component, they were refit allowing for an adjus-
table contribution of the form 85(&u)5(q„) Negli-.
gible values of 8 resulted. We therefore conclude
that the cross section contains no elastic compo-
nent and consider the weak indication of excess
E = 0 cross section as unexplained and possibly
spurious. With this proviso, the theoretical cross
section, Eq. (4), provides a very satisfactory des-
cription of the observed scan profiles on the first
sheet.

C. Measurements at the first sheet at various temperatures

Figure 7 shows the peak values of the cross
section, Eq. (4), fitted to the constant E scans
through the first sheet at room temperature, as
found in the previous section. As was discussed
in detail, all scans were adequately interpreted in
terms of the independent-chain Hamiltonian, Eq.
(1), thus demonstrating the purely one-dimen-
sional behavior of the Hg chains. Particularly,
the dispersio~ of the Hg chain excitations goes to
zero at Q = Q, (to within the instrumental resolu-

.tion limit), as indicated in Fig. 7.
Interaction forces along the chain direction be-

tween the host lattice and the Hg chains (such as,
e.g. , pinning or impurity effects) as well as inter-

2.0—

Hg AsF

I I

T= 295K
I I

0= g ~ gL
I I

I.5-

I.o—
E

LLJ

0.5— 4 4

/+ 4

I-
2.70 2.75 2.80 2.85 2.90

I

2 ~ 95

FIG. 7. Peak values of the cross section (4) fitted to
constant E scans through the first sheet at room temper-
ature. The straight lines are drawn with the slope v

0= 23.8 meVA found as the average value of e ' s fitted to
the individual scans.

(~2 + v2q2)1/2 (5)

actions between the individual Hg chains mill in
general modulate the pure one-dimensional dis-
persion of the Hg chain excitations, as found at
room temperature (Fig. 7). In particular, one
expects these interactions to create an energy
gap. In order to investigate such effects, inelas-
tic scans through the first sheet similar to those
presented in the previous section were carried out
at several temperatures below 2S5 K. Special
attention was paid to the details of the dispersion
around Q = (Q„O,0) and high instrumental resolu-
tion was obtained by using E,- = 5 meV and horizon-
tal collimation equal to 20'-10'-20'-2f)'. It is
found that a small, but well-defined energy gap
& at Q= (Q„0,0), as sketched in Fig. 2, develops
at temperatures below T,." The gap most clearly
manifests itself in constant Q scans performed at
Q = (Q„O,0) as that shown in Fig. 8(a), taken at
T = 70 K. For comparison, an identical scan,
taken at T = 150 K, is shown in Fig. 8(b).

Besides the scan shown in Fig. 8(a), a series of
constant E scans similar to those shown in Fig. 6
was performed at T = 70 K. All scans taken below
T, were computer fitted using a damped harmonic-
oscillator cross section with the dispersion
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There are several aspects of the data presented
above which should be examined closely. One
notes from Fig. 1(b) that &(T) displays the quali-
tative behavior of an order parameter [the Bragg
intensity developing below T„alsoshown in Fig.
1(b)] and expecially that E is very small (&0.01
meV) if not zero above T, Fr. om this we may
readily conclude that it is the interchain coupling
(responsible for the phase transition) which causes
the presence of ~, and the excitation at the gap
can (in the low-temperature limit) be considered
as a normal mode of the Hg ion sublattice. As
mentioned in the introduction, it was established
in a previous neutron study" that at temperatures
below T, the Hg ions form a regular sublattice
with reciprocal lattice points at [k(3-5), k +h5, l],
h+ 0+ E = 2n for the array of chains parallel to a~
and at [hak5, k(3-5), l], h+ @+I = 2n, for the array
of chains parallel to b~. The plus-and-minus
signs reflect the formation of two equivalent do-
mains. A portion of the points [h(3-5),k+ h5, l]
k+ 0+ I = 2n, is shown in Fig. 9 (right part). The
point (3-5, 0, 0) (denoted by A) of observation of
the gap is seen to be close to a zone-boundary
point (for both domains). Therefore, the eigen-
vector of the mode observed at the gap is close to
that of an out-of-phase vibration of neighboring
parallel chains with displacements along the chain

2.72 2,76 2 80 $ 284

FIG. 8. (a) Constant Q scan at 70 K for Q = 2.79a&
(= sheet position at T = 70 K) showing the energy gap in
the IIg chain dispersion. The curve is a guide to the eye
only. {b) Constant Q scan at 150 K for Q = 2.79'. The
curve shows a fit to the experimental points using the
cross section (4). (c) Constant E scans at 70 K for AE
= 0 (solid circles) and for AE = 0.1 meV (open circles),
showing the incoherency of the peak at 4E= 0 in (a). The
curve is a guide to the eye only. E

l.0-
IJJ

UJ

Hg ~ SAsfe

T =70K Q =pa
L

hbL

In the fitting of the constant Q scans at Q = (Q„O,0),
v was kept fixed and equal to the room temperature
value 23.8 meVA. The value of & thus found was
kept fixed in the fittings of the constant E scans,
thus giving values of v. The energy gap & found
from fittings to constant Q scans at various tem-
peratures is shown in Fig. 1(b) (open circles).
The peak values of the cross section found from
the analysis of the VO K scans are shown in Fig. 9
(left part). The solid curve shows the dispersion
relation Eg. (5) with L(70 K) = 0.10(1) meV and
v = (v(VO K)) = 29(1) meV A found as the average
value from the individua, l scans. (It was checked
that the determination' of 4 from the constant Q
scan was quite insensitive to the fixed value of. v
used in the fitting. )

0.5—

I I I

2.75 2 80 2.85

FIG. 9. I,eft-hand side shows peak values of a damped
harmonic oscillator cross section with the dispersion of
Eq. {5), fitted to constant E scans across the first sheet,
taken at 70 K. The curve shows the dispersion (5) with
4= 0.103 meV and v = 29 meVA. The right-hand side
shows reciprocal lattice points of the phase-ordered
array of Hg-chains along the a~ direction. The hatched
plane indicates the first diffuse sheet andA (= 2.79al )
is the point of observation of the gap.
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direction. Consequently, the value of & relates
directly to the shear force constant between par-
allel chains. Going from A in the c ~ direction,
one approaches the Bragg points (3-6, +6, 1) (with-
out reaching them), and the dispersion in this
direction is thus expected to decrease smoothly,
as indicated in Fig. 2. This behavior, however,
remains to be verified by experiment.

The presence of the gap makes it straightfor-
ward to demonstrate that there is no elastic
scattering associated with the "sheet" in the
ordered phase below T,. This is shown by the two
constant E scans plotted in Fig. 8(c). The closed
circles correspond to &F. = 0 and are seen to be
independent of Q, while the open circles corres-
pond to &E = 0.1 meV and thus scans through the
lowest part of the cross section. Thus, the peak
at &E = 0 observed in the scan of Fig. 8(a) is en-
tirely incoherent. Considering that the high-tem-
perature phase, as opposed to the low-temperature
phase, is characterized by the lack of correlations
between different Hg chains, the observation of
absence of elastic scattering observed at Q = (3-6)
a~~ below T, strongly supports the similar, albeit
less clear cut conclusion, we arrived at for the
room-temperature case (Sec. IV B).

Finally, we notice from the low-temperature
data, that at T = 70 K, the slope of the Hg chain
dispersion (v(70 K)) = 29(1) meV A is -20/o larger
than at room temperature. The physical reason
for this substantial stiffening of the Hg chains at
lower temperatures is not clear to us, but it

~ might be related to the freezing of the chains into
an ordered sublattice below T,. Obviously, the
purely harmonic independent-chain Ham iltonian
(1) cannot account for the observed effect, and it
would therefore be desirable to have a set of in-
elastic scans in the high-temperature regime, be-
sides that at T = 295 K, in order to further test
the validity of the harmonic approximation in Eq.
(1).

D. Acoustic lattice phonons at room temperature

Figure 1.0 shows results obtained at room tem-
perature from constant Q scans of acoustic lattice
phonons in the b,(f00) and A(00$) directions. Scans
were carried out for Q = (2+ &, 0, 0) and (K, 0, 4)
thus measuring respectively LA- and TA-modes
propagating along &, with the TA modes polari-
zed along A. Likewise, for Q = (0, 0, 8+ g) and

(2, 0, -g), LA- and TA-modes propagating along
A were measured, respectively, mith the TA-
modes polarized along 4. The incoming neutron
energy E,- and horizontal collimation used was 5
meV and 40'-40'-40'-40', - respectively, apart
from the scans in the vicinity of (008), where

Hg AsF T =295 K

I I
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FIG. 10. Peak values of constant Q scans showing
acoustic phonons in the A(00&) and the A(&00) directions.
The measurements were carried out at room tempera-
ture.

E,. = 14.7 me& and collimation 20'-20'-20'-40'
mas applied. With the resolution thus obtained
phonon groups could be measured for wave num-
bers down to I&I 0.06 A-'.

It is seen from Fig. 10 that the acoustic disper-
sions in the observable q range are approximately
linear, and we can immediately determine the
slopes. The results yield

V(TA, &) = 6.00+0.25 meVA = 912+35 m/sec,

V(TA, A) = V. 50+0.50 meVA = 1140+75 m/sec,

V(LA, &) = 14.0+2 meVA = 2130+300 m/sec,

V(LA, A) = 12.0+1 meVA = 1800+150 m/sec.

It is known from linear elasticity theory" that for
tetragonal lattices C~4

= C» and thus elastic trans-
verse modes along z polarized along x are expected
to have the same velocity as the elastic transverse
modes along x polarized z, both given by v =

(C«/p)'~'. Thus the measured slopes of the trans-
verse acoustic branches stated above seem to vio-
late the elastic symmetry requirement.

We believe that the failure of the measured
phonon dispersion to conform to the predictions
of elastic theory can be traced to the extreme
anisotropy of elastic forces resulting from the
incommensurate nature of Hg, , AsF, . There is
as yet no theory of the long-wavelength lattice
dynamics of interpenetrating incommensurate



I. U. HKII MANÃ et al. 20

sublattices which adequately addresses surface
and pinning forces. We outline below a simple
theory of the long-wavelength behavior of a
commensurate, but anisotropic two-sublattice
model, which contains some essential features of
an incommensurate model. The results help to
clarify the nature of the anomalous behavior ob-
served in these experiments and suggest the im-
portance of further investigations of the elastic
behavior of materials of this type.

It is well known" that long-wavelength lattice
dynamics can be discussed quite generally by an
expansion of the dynamical matrix

x 4"' k, k'

+q'pe!*'(k, (,")„„,q„q,+
)

. (6)
y)t

Here m~ is the atomic mass of the kth sublattice,
q is a unit vector along j (i.e., (I =

~ q q) and all
Greek subscripts represent Cartesian components
(x, y, z). We have specialized to the inversion
symmetric case thereby eliminating terms linear
in q, For simplicity we further specialize to a
crystal system, (i) with orthorhombic or higher
symmetry (so that the principal axes of second-
rank tensor quantities are Gartesian) (ii) inter-
acting through central forces only, and (iii) with
two sublattices, (k, k') = (A, B). The components
of C "' and 4 "' can be written in the form

4 (O) (0, k')
8

= i( 0'„58(26„,. —1),

C, ( )(y

where p, = ~„m /(m„+m~) is the reduced mass
and 0 is the q = O mode frequency of the coupled
lattice for a mode with polarization along n. For
k tk'', g,',~ can be thought of as the stress acting
on sublattice k due to the presence of sublattice
k'. Elements of g,'g' diagonal in k are given by
requiring zero net stress, Z», q~;~' = 0. The
c ~

'~ display the same symmetry properties a
the macroscopic elastic constants and in particu-
lar they are unchanged by the permutations
(~e) (S~), (r~-) -(~&)» d (~O, r~) (», ~O)-
Using these relations we may discuss the long-
wavelength behavior of the coupled system for
any propagation direction, q. For the present
purpose it is sufficient to discuss modes propaga-
ting along a symmetry axis, q = q, . The dynamical
matrix is then diagonal in Cartesian indices and
the transverse modes (n wy) are obtained by diag-
onalizing a 2 && 2 matrix with elements

D" (j„)= p. Q' (25„»,—l)(m~ryg~, ) '~'+ x" ~'„,q„',
(8)

where

k = (gk'k'+ C))"))' )(PB B1 ) 1 j2

The behavior of the solutions of Eq. (8) depend
upon the value of q, compared to a natural inverse
length g„which can be defined by

(i) The small q or coupled limit, q, «$, . The
two sublattices are tightly coupled and the modes
polarized along o. consist of an optic mode with
u' = 0' + terms of order q„', and an acoustic mode
with

2

(— = (m„+ms) 'Q c",„,
), ).

which is symmetric in (n, y) in accord with elas-
tic theory.

(ii) The large q or uncoupled limit, q, » g, .
Both eigenvectors are those of acoustic modes
propagating independently in their respective sub-
lattices. The dispersion is also linear with

(&u, /q„)'= —,'[(~~,„+~.".„,) ~ (n./g„)'].
In most normal materials, g, is sufficiently

large that the coupled limit (i), is adequate over
the entire q range for which long-wave'elastic
theory is valid. Only in the case of exceptionally
small 0 can one find also the other behavior. For
these ideas to apply to a material composed of in-
terpenetrating incommensurate chains, the model
must have a pronounced anisotropy. Specifically,
it is to be expected that the forces coupling the
two sublattices are weak (in principle, nonexis-
tent, except for surface and impurity pinning ef-
fects) for relative displacements along the chain
direction, but of normal strength for displace-
ments perpendicular to the chain. If x and z are
chosen to lie respectively parallel and perpendic-
ular to the chain direction, we expect 0,» Q„=O.
Therefore (,» $„=0,which implies that even the
smallest wave vectors q = q, probed by neutrons
may fall within the large q uncoupled regime,
whereas all wave vectors q = q„are in the normal,
coupled, regime. Such a set of anisotropic dis-
persion relations is shown schematically in Fig.
11 for both transverse modes (upper part) and
longitudinal modes (lower part), which may be
similarly analyzed. It is clear that under such
conditions one may expect the effective elastic
constants derived from sound velocities to be
symmetric second rank tensors only if q, «g,
even for y along the chain direction. It would be
of considerable interest to investigate this aspect
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B: AsF6
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FIG. 11. Schematic illustration of phonon dispersion
relations in a highly anisotropic two-sublattice system.
The upper part shows transverse branches, those along
x polarized along z and vice versa. The lower part;
shows longitudinal modes. The intersublattice force
constants of shear displacements along x are assumed
much smaller than those along z, thus imitating the
chain-structural feature of Hg3 ~AsF6 [x corresponds to
aa~ (or bL) andz corresponds to cr1 . The small arrows
at the q axis serve to indicate the lower limit of inelastic
neutron measurements. V & ~ denotes the transverser(I.)

(LongitudinaI) sound veLocity propagating along o.' of the
uncoupled sublattice k' (dashed lines).

of the elastic behavior of Hg, , AsF, at much lower
hyper and ultrasonic frequencies in order to
attempt to determine g„=g, in this material. This
is particularly so because the g„areclosely re-
lated to the q = 0 gap frequencies Q„concerning
which, there is at present, much uncertainty.

V. SUMMARY AND CONCLUSIONS

In summary, we have studied by means of quasi-
elastic and inelastic neutron scattering the dynam-
ical properties of Hg, , AsF, . Special attention
has been paid to the physics of the Hg chains. At
temperatures well above T, = 120 K we. have shown
that the scattering function from the chains re-
flects liquid-like behavior and is in quantitative
agreement with theoretical predictions by Emery
and Axe. In particular, the chains have no long-
range order and give rise to entirely inelastic
scattering. Furthermore, for temperatures above
T, the on~-dimensional dispersion of phononlike

excitations in the chains, emerging from the
sheets, goes to zero at the sheet positions.
These observations are manifestations of the in-
commensurate nature of the system as well as the
fact that pinning of the chains to impurities or
other imperfections plays a minor role. Thus,
we have demonstrated that well above T„the
chains of Hg ions in Hg, , AsF, constitute a unique
realization of a one-dimensional liquid.

Below T„the "Hg liquid" freezes into a three-
dimensional long-range ordered, though still in-

. commensurate substructure within the AsF, sub-
lattice. A small (-O.l meV) energy gap develops
in the Hg chain dispersion, arising from the inter-
action between different chains. The excitation at
the energy gap can be considered as a shear mode
in the Hg ion sublattice, with a wave vector close
to the zone boundary and perpendicular to the
chains. The value of the energy gap thus relates
to the shear force constant between neighboring
chains, and goes to zero at T = T,. The response
of this low-lying excitation remains well defined
and underdamped to energies below -0.07 meV,
and contains no elastic component. These obser-
vations indicate that below T, the system of Hg
ions is remarkably "perfect, "with anharmonic
and pinning effects playing a minor role.

Finally, we have measured at room temperature
some acoustic phonon branches of the lattice,
showing an apparent failure of transverse modes
along ci and a~ to conform to predictions of elas-
ticity theory. %e have shown by means of a sim-
ple (commensurate) two-sublattice dynamical
model that this type of behavior can be expected
in systems with extreme anisotropy in the force
constants coupling the two sublattices. Applied to
the case of Hg, , AsF, the model predicts for the
acoustic transverse branches an elastic regime
along the cz axis anomalously small (compared to
the "normal" behavior along the ai axis), and thus
impossible to probe with neutrons. It is unlikely,
however, that the model can be carried through to
a quantitative stage, since it is necessarily based
on commensurability. It would be desirable to
supplement the present neutron results with ultra-
sonic measur. ements.
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