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Neutron inelastic-scattering data from liquid N, at wave-vector transfers k between
0.18 and 2.1 A~" and temperatures ranging from T =65—77 K are presented. The data
are corrected for the contribution from multiple scattering and incoherent scattering. The
resulting dynamic structure factor S (k,w) is compared with S(k,») determined by a
molecular-dynamics calculation and with that calculated from a linearized Vlasov equa-
tion. For k<0.3 A~' the experimental S(k,w) is compared with the values predicted by

hydrodynamic theory.

I. INTRODUCTION

Being a homonuclear diatomic liquid, the con-
densed phase of N, is one of the simplest liquids
presenting rotational degrees of freedom. As such,
considerable interest has been devoted to this
liquid. Studies of the molecular structure have
been made by Dore et al.! and by Pedersen et al.?
using neutron diffraction. The microscopic
dynamics has been investigated by Carneiro et al.}
using neutron inelastic scattering, as well as by
Weis et al.* performing a molecular-dynamics
(MD) simulation. The dynamic structure factor,

S (k,w), agrees fairly well in these two studies at
larger wave vectors (k> 1.7 ;\‘1), but at smaller
wave vectors there are larger discrepancies between
the neutron-scattering results and the MD results.
These discrepancies were, in Ref. 4, inferred to
stem from lack of correction for multiple scatter-
ing. In order to derive more accurate values for

S (k,w) of liquid N, at smaller wave vectors, we
have performed neutron inelastic-scattering experi-
ments at wave-vector transfers x between 0.18 and
21 A" and temperatures ranging from 7 =65 to
77 K. The data have been corrected for multiple
scattering using the method of Copley’ and a com-
parison is made between this method and that of
Sears.® We also show that in order to derive accu-
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rate values for S (k,w) at the smaller wave vectors,
one must subtract the incoherent scattering from
the measured intensities. The measurements have
preferably been performed at wave vectors and
temperatures such that the MD simulations could
be compared directly with our results.

II. BASIC FORMULAS

The sample dynamics is related to the neutron-
scattering properties via the double differential
scattering cross section

d’¢ _ N k|
dQdo ~ 4 [1_{0[

[Ucth(’?9w)+o'incsinc(’?’w)] ’

(1)

where N is the number of scattering nuclei, EO and
k are the incoming and outgoing wave vectors of
the neutron, which are related to the wave vector
i, and the energy #iw,transferred to the system by
a neutron through the relations K= 1_{0—— K and

i =#2(k3 —k?)/2m,,, where m, is the neutron
mass. O and oj,. are the coherent and in-
coherent neutron-scattering cross sections. Since in
isotropic systems such as liquids only the length of
the scattering vector is of importance, we use x
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where M is the effective mass of the scatterer. For

here. The two dynamic structure factors, S (k,w)
and S;,.(k,w), both obey the principle of detailed
balance

fo/kgTe

S(k,w)=e K,—®) , (2)

where kg is the Boltzmann constant. It is con-
venient to represent the experimental data in the
form of the symmetrized dynamic structure factor

S~(K,w)=e—M/2k”TS(K,w) . (3)

When comparing to classical theories such as
molecular dynamics or hydrodynamics, S(k,0) is
used since it corrects for quantum effects to first
order #.” The static structure factor, S («), equals
the zeroth moment of the coherent dynamic struc-
ture factor

[ skordo=sw), @

while the zeroth moment of the incoherent scatter-
ing function equals unity:

J7 Sulkodo=1. (5)

The expression for the first energy moment, first
obtained by Placzek,? takes the form

K2

o (6)

f_a; oS (k,w)do=

the second energy moment de Gennes® derived the
following approximate result for a diatomic
homonuclear liquid:

M, S(k)

[° o8kw)do= [z+m@®], D

where d is the molecular bond length, §=«d,

m(§)=;23[2§cos§+(§2——2)sin§] ,

and M, the atomic mass.

III. EXPERIMENTAL

The experiments were performed as constant «
scans using triple-axis spectrometers at Risg Na-
tional Laboratory. A summary of the experiments
is given in Table I. Experiment IV (k=2.3 A-!
and 4 A~') was only made to get data for the
multiple-scattering correction and will not be
analyzed any further. All the other experiments
were performed at the cold source using the triple-
axis spectrometer TAS 1. Pyrolytic graphite (PG)
crystals were used as monochromators and
analyzers. Higher-order reflections were removed

TABLE I. Summary of neutron inelastic-scattering experiments on liquid N,.

Energy transfer

Wave-vector fiw (meV)
Experiment transfer « 5-meV incident 14-meV incident Temperature
No. A energy energy (K)
11 0.18 —2.1-1.05 —19-1.8 65,74,76
0.22 —1.5-1.3 —24-2.2
0.26 —1.8—-1.5 —2.9-2.6
0.30 —2.1-1.6 —-3.3-3.0
I 0.30 —2.1-1.6 —3.3-3.0 72
0.45 —-3.0-2.0 —5.0—4.4
0.75 —3.0-2.0 —9.26.8
1.05 —3.0-2.0 —10.0—7.0
1.40 —-3.0-2.0 —10.0—-7.0
1.90 —3.0-2.0 —10.0—-7.0
III 1.70 —-3.0-2.0 —10.0—-7.0 66,74,77
1.90 —3.0-2.0 —10.0-7.0
2.10 —3.0-2.0 —10.0—~7.0
v 2.30 —-3.0-0.0 —10.0-7.0 72
4.00 —10.0—0.0
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by a cooled Be crystal filter in case of 5-meV in-
cident energy and a PG filter in case of 14-meV
incident energy. The sample chamber consisted of
an aluminium cylinder with an inner radius of 0.9
cm and a wall thickness of 1 mm. To reduce the
multiple scattering it was divided into smaller
chambers by parallel horizontal plates at intervals
of 0.45 cm. The energy resolution width (FWHM)
was 0.17 meV for the 5S-meV incident energy and
0.93 meV for the 14-meV incident energy. As an
example the measured intensity data for k=1.9
A~'and T=66 K, T =74 and 77 K are shown in
Fig. 1 together with the data for the empty Al
cylinder.

IV. DATA CORRECTIONS

A. Instrumental corrections

The data of each of the scans in Table I were
corrected for the scattering from the empty
cylinder and for instrumental sensitivity.'® The in-
strumental energy resolution width is lower for the
5-meV incident energy data, while on the other
hand the higher energy transfers are only reached
by the 14-meV incident energy neutrons. Since the
resolution is most important for the o values close
to zero where S (k,w) may vary considerably with
w, the 5-meV incident energy data are used for
| iw | <1—2 meV, the exact value depending on
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FIG. 1. Measured intensity data from the empty cell
(A) and from the cell filled with liquid N, for k=1.9
A-'and T=65K (@), T=74K (W), and T=77 K
(O). (a) 5-meV incident energy. (b) 13.7-meV incident
energy.

the wave-vector transfer, and the 14-meV data for
higher energy transfers. Both coherent and in-
coherent as well as multiple scattering fulfill the
principle of detailed balance as given by Eq. (2).
Therefore, when I (k,w) represents the background
and sensitivity corrected scattering intensity, the
function

= —#o/2kg

Tk,0)=e "1 k,0) @)

should be symmetric in . Figure 2 compares
I(k,0) for positive and negative energy transfers at
k=1.9 A~ and T=72 K. The data for » >0 are
generally slightly higher than those for o <0, but
the difference is considered small enough to be
neglected and the average values of I(k,w) for po-
sitive and negative energy transfers are used.

In principle our data should also be corrected for
the finite instrumental « and w resolution, and this
correction was made in the study of liquid Ar by
Skold et al.'! We have approached this problem
differently by using sufficient high resolution when
necessary. Since all measured energy widths are
broader than 0.9 meV (FWHM), i.e., much larger
than the instrumental resolution of 0.17 meV for
5-meV neutrons, our S (k,w) is not significantly af-
fected by energy resolution. On the other hand,
the wave-vector resolution plays a role very close
to k=0, and this probably influences our S («,w) at
the smallest wave vectors (experiment II). At
larger «’s the effect of wave-vector resolution is
negligible.
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FIG. 2. Symmetrized scattering law for liquid N, at
k=1.9 A~ to test the intensity corrections for the
triple-axis spectrometer. The dashed line indicates the
energy transfer below which the Ey=5-meV data are
used and above which the Ey=14-meV data are used.
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B. Multiple-scattering correction

The available computer programs for multiple-
scattering correction requires some knowledge of
the dynamic structure factor, S (k,w). This prob-
lem is bypassed if one assumes S (x,w) from theory
or MD,'"12 but this is not fully satisfactory if one
wants to derive a truly experimental dynamic
structure factor. We have derived S (k,0) without
any assumptions about the shape in the wave-
vector region 0.30 At <Kk<4.0AY namely, by
performing the multiple-scattering calculation as a

|

Y— 1 2DTK2

self-consistent correction procedure using the
Monte Carlo simulation program of Copley.’ In
the mentioned interval the data of experiment I,
III, and IV [corrected as described above and nor-
malized to the tabulated values of S (k)3 at the ap-
propriate temperature] were used as a first estimate
of S(k,w). For k and o values between those
covered by measurements, S (x,w) is found by in-
terpolation in («,w), while it is set to zero outside
the measured o interval. For k<0.3 A~'a hydro-
dynamic model is used'*:

k2 «?

o 1
S(k,w)=—S(k)
27 Y o’ +(Drk*)?

where y is equal to the ratio between the specific
heat at constant pressure C, =4.07 X 10° J/kgK
and the specific heat at constant volume
C,=2.23%10° J/kg K. The thermal diffusivity
Dr=A/pC,y, where A=0.149 J/msK is the ther-
mal conductivity and p=_804 kg/m® is the density.
The sound attenuation coefficient

My—1)  4/3n+¢
+ ,
pCyy P

=
where 7=2.07 X 10~* kg/ms is the shear viscosity
and £=2.47X 107" kg/ms the bulk viscosity. The
velocity of sound ¢, =914 m/s. The above values
for C,, C,, A, 1, §, and ¢, are from Ref. 15 and at
T =72 K. The value of the static structure factor,
S (k), may be calculated independently in the so-
called compressibility limit:

S(k)=pkgTX when k—0, (10)

where p is the number density and X =M /(pc;’) is
the isothermal compressibility.
For k>4 A~', a free-particle model is used'®:
M 172
21k p TH*K*
2]
1y

Slk,0)=

s
M

M
2k TH?

X exp

The effective mass of a N, molecule is set to
16.8m,,.!7"1® After each run of the multiple-scat-
tering program, the input data for S («,w) were

1
+— +
Y | (@+ck® P +(Tk)?  (0—cei?)? +(Tk?)?

9)

[
corrected accordingly, and the runs were continued

until the corrected data and the latest input data
were identical.

The second and following runs of the multiple-
scattering computer program only cause minor
changes in the dynamic structure factors but for
k<0.75 A-la perfect consistency is not obtained
until after 4—5 complete runs. The final multi-
ple-scattering corrected data were obtained by per-
forming two additional runs using a slightly dif-
ferent normalization procedure. The intensity data
for k=1.9 A~! corrected for the multiple-
scattering contribution as described above were at
each step of this procedure renormalized to the ta-
bulated value of S (k). The preliminary corrected
data for the other wave-vector transfers were then
normalized using the normalization constant found
for k=1.9 A~'. The idea behind this is that at
k=1.9 A~!, S(k) is well determined and the rela-
tive contribution to the scattering intensity from
multiple and incoherent scattering is small, which
means that the normalization constant can be
determined with high accuracy. This S(k,w) was
used in a comparison between the multiple scatter-
ing calculated by the Monte Carlo method and by
the Sears method. The results are shown in Table
II. Since the Sears method is much more expen-
sive in computer time than the Monte Carlo
method, we have only made a comparison between
the two methods for 5-meV neutrons. From Table
II is seen that one generally finds a higher
multiple-scattering contribution by the Sears
method than by the Monte Carlo method. For
wave-vector transfers where S(k) is small, minor
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TABLE II. Summary of the multiple-scattering corrections of the neutron inelastic-scattering data on liquid N, at

T=72K.
Ey=5 meV Ey=14 meV
Mult. Scat.
I(k)-Mult. Scat. Mult. Scat. in % of I(k)-Mult. Scat. in % of Total

K I(x) x10° Total Scat. I(x) x 103 Scat.
A-H  x10 McC? AM® MC AM x 10 (MCQ) (MC)
0.30 2.24 0.853 0.624 62 72 3.38 1.72 49
0.45 2.93 1.11 0.827 62 72 4.08 1.91 53
0.75 2.72 1.20 0.783 56 71 4.71 2.38 49

1.05 2.78 1.76 1.40 37 50 5.23 3.39 35

1.40 3.39 2.93 2.73 14 20 8.06 6.69 17

1.90 22.1 21.5 20.8 2.7 5.9 42.7 41.1 3.7

*MC represents Monte Carlo.
®AM represents Analytical method.

differences in the calculated multiple scattering
have a pronounced effect on the resulting S («,w)
as is apparent from Fig. 3, which for k=0.3 A~!
and an incident energy of 5 meV shows the results
of both correction procedures. The reason for the
discrepancy is probably the approximations intro-
duced in the Sears method but has not been further
analyzed. Since the Monte Carlo procedure is ex-
act (neglecting numerical and statistical shortcom-
ings, of course) and also because the computation
is less, we have chosen to base our multiple-
scattering correction entirely on the Monte Carlo
method.

The scattering results for 0.18 A~' <k <0.30
A-'and 1.7 A~'<k<2.1 A~! and varying T
were corrected for multiple scattering by the
Monte Carlo method using the values of S (k,w)
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FIG. 3. Intensity data at k=0.3 A~! before (®) and
after multiple-scattering correction by Monte Carlo
simulation (W), and using the analytical expression of
Sears (0).

determined for T =72 K. The multiple scattering
constitutes about 60% of the total scattering in the
former « interval and less than 10% in the latter
one.

C. Corrections for incoherent scattering

Liquid N, is known to have a very small in-
coherent scattering cross section, but the tabulated
value'® of 0, =0.3 barn is subject to some uncer-
tainty. An incoherent cross section would add ex-
tra intensity to I («x,w) centered in =0 but in the
liquid phase it can be difficult to distinguish it
from the coherent contribution. To investigate the
problem further, neutron inelastic scattering was
performed on solid N, at T ~32 K for « values of
0.30, 0.45, 0.75, and 1.05 A~". In the solid phase
coherent and incoherent scattering can easily be
distinguished. Any incoherent contribution will
appear as an elastic line, whereas the coherent
scattering for the mentioned wave vectors will be
purely inelastic. For all four wave-vector transfers
sharp elastic peaks were observed, which demon-
strates that N, does have a measurable incoherent
cross section. The intensity from liquid N,
corrected for background, sensitivity, and multiple
scattering equals

I(k,w)=const[o.S (K@) + TincSinc(K,@)] .
(12)

A simple self-diffusion model is used for the sym-
metrized incoherent dynamic structure factor
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1 D«?

- (13)
T w?+(Dk?)?

S, inc(K,0) =
where D is the self-diffusion coefficient. For small
« values Si,.(k,w) is sharply centered around »=0
and, as opposed to the above-mentioned treatment
of S(k,w), it is therefore necessary to take into ac-
count the instrumental resolution:

Iin.(k,0)= const o,
X [7 Rl —)Sipeli,0')da’
(14)

where I, (k,w) is the incoherent contribution to
the background subtracted and sensitivity corrected
scattering intensity. It is assumed that the resolu-
tion function, R, has a Gaussian line shape

1 _ona
Voo e , (15)
where #iA=0.072 meV is the measured instrumen-
tal resolution width (corresponding to 0.17 meV
FWHM). An independent evaluation of oy, is ob-
tained by varying o;,. and studying the resulting
I(k,0)—I;,.(k,0). At least at small x’s too high
values of o, will cause a local minimum in
S (k,w) at =0, while too small values will add an
extra top to S(k,w) at @~0. The self-diffusion
coefficient for liquid N, at 72 K is set to
3.0 10~° cm?/5.%° Figure 4 shows the dynamic
structure factor before and after subtraction of the
incoherent contribution for o;,. values of 0.2, 0.3,
and 0.4 barn. The tabulated value of o;,,=0.3
barn gives the most reasonable line shape of
S (k,w) and is therefore used here.

R (w)=

S (%.w){meV )

2
1
]
]
]

1.0
fw (meV)

FIG. 4. Intensity data corrected for multiple scatter-
ing by the Monte Carlo method before (---) and after
subtraction of the incoherent scattering contribution em-
ploying values of o;,.=0.2 barn (- - - +), 0j,.=0.3 barn
( ), and 0,c=0.4 barn (----).

V. RESULTS
A. S(k,0) and S(x)

The symmetrized dynamic structure factors of
liquid N,, S(k,w), are tabulated in Tables III—V.
Table III gives the structure factors for x <0.30
A-'and temperatures between 65 and 77 K, Table
IV the structure factors for 0.30 A~! <k < 1.90
A~'and T=72 K, and Table V the dynamic
structure factors for 1.70 A~! <k<2.10 A~!and
temperatures between 65 and 77 K. Since the reso-
lution, in particular the wave-vector resolution
coming from vertical collimation, becomes more
important the smaller the « values, and also be-
cause the multiple and incoherent scattering consti-
tute a large part of the total scattering at small «
values, the data of Table III must be attributed less
accuracy than those of Table IV and V. A graphi-
cal representation of the tabulated data for T =72
K is shown in Fig. 5.

Compared with the earlier neutron-scattering
results of Carneiro and McTague,® our values of
S (k,w) represent an appreciable improvement in
accuracy. Firstly, since the multiple-scattering line
shape is in general broader in w than S («,w), the
wings of S(k,») of Ref. 3 were overestimated, and,
secondly, the incoherent scattering added a quasie-
lastic contribution. Both these effects are strongest
at low «’s, and this is indeed where the most re-
markable differences between the MD results and
those of Ref. 3 were found.

Relatively little has been done regarding the
temperature dependence of the dynamics of liquids.
Even our bare intensity data of Fig. 1 show, how-
ever, that there is an appreciable variation in
S (k,w) of liquid N, with temperature. This tem-
perature dependence of the dynamic structure fac-
tor is, however, confined to wave vectors around
the peak in S(«), i.e.,, k=2 A~ where for instance
S (k,0) varies with 30% when T is raised from 64
to 76 K. Our results are shown in Fig. 6. S (k)
varies 23% in this temperature region. As one
would expect from the temperature dependence of
the hydrodynamic parameters in (9), S (x,0) for
small wave vectors (Table III) varies only a little.
Figure 7 shows the static structure factor, S (x), of
liquid N, at T =72 K obtained as

E,_. /#
p S(k,w)dw

fA ax
AE

from the experimental dynamic structure factors
and from the molecular-dynamics calculation com-
pared with S(«) of Ref. 13. Also shown in Fig. 7
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TABLE IV. Dynamic structure factors, S(x,®) of liquid N; at T=72 K determined from

neutron inelastic-scattering data for 0.30 A~'<x <1.90 A1,

K

AE (A-Y 0.30 0.45 0.75 1.05 1.40 1.90
(meV)

0.0 0.0524 0.0354 0.0412 0.0519 0.158 2.49
0.1 0.0335 0.0400 0.0492 0.151 2.54
0.2 0.0431 0.0352 0.0396 0.0470 0.143 2.14
0.3 0.0319 0.0318 0.0445 0.128 1.67
0.4 0.0346 0.0289 0.0283 0.0422 0.120 1.22
0.5 0.0309 0.0249 0.0233 0.0398 0.107 0.922
0.6 0.0253 0.0219 0.0205 0.0291 0.0785 0.721
0.7 0.0191 0.0197 0.0278 0.0729 0.602
0.8 0.0198 0.0163 0.0171 0.0248 0.0649 0.522
0.9 0.0145 0.0161 0.0237 0.0619 0412
1.0 0.0178 0.0136 0.0149 0.0225 0.0662 0.355
1.1 0.0141 0.0217 0.0641 0.308
1.2 0.0131 0.0131 0.0132 0.0190 0.0584 0.269
1.3 : 0.0190 0.0592 0.232
1.4 0.0120 0.0117 0.0114 0.0169 0.0478 0.213
1.5 0.0170 0.201
1.6 0.0114 0.0107 0.00951 0.0137 0.0411 0.165
1.7 0.0156 0.161
1.8 0.0109 0.00992 0.00876 0.0135 0.0383 0.129
2.0 0.00860 0.00848 0.00869 0.0145 0.0365 0.109
2.2 0.00848 0.00916 0.00779 0.0137 0.0307 0.0764
2.4 0.00663 0.00881 0.00709 0.0136 0.0302 0.0616
2.6 0.00555 0.00835 0.00795 0.0113 0.0259 0.0526
2.8 0.00393 0.00824 0.00716 0.0110 0.0223 0.0462
3.0 0.00281 0.00734 0.00704 0.0110 0.0212 0.0384
32 0.00104 0.00803 0.00698 0.00972 0.0209 0.0332
34 0.00040 0.00717 0.00791 0.0107 0.0201 0.0301
3.6 0.00588 0.00677 0.00992 0.0167 0.0277
3.8 0.00503 0.00719 0.0105 0.0169 0.0238
4.0 0.00478 0.00596 0.0101 0.0155 0.0207
42 0.00248 0.00629 0.00836 0.0137  0.0165
44 0.00150 0.00647 0.00865 0.0105 0.0180
4.6 0.00190 0.00647 0.00910 0.0115  0.0161
4.8 0.00096 0.00650 0.00930 0.0107  0.0160
50 0.00062 0.00645 0.00662 0.00895  0.0136
52 0.00734 0.00836 0.0109  0.0129
5.4 0.00651 0.00684 0.0100  0.0121
5.6 0.00583 0.00697 0.00982  0.0109
5.8 0.00487 0.00673 0.00868  0.0124
6.0 0.00561 0.00510 0.00796  0.0101
6.2 0.00374 0.00649 0.00648  0.0111
6.4 0.00413 0.00537 0.00617  0.00980
6.6 0.00349 0.00603 0.00728  0.00876
6.8 0.00311 0.00707 0.00732  0.00832
7.0 0.00353 0.00657 0.00635  0.00734
7.2 0.00345 0.00473 0.00502  0.00646
7.4 0.00303 0.00487 0.00477  0.00602
7.6 0.00305 0.00491 0.00383  0.00541
7.8 0.00218 0.00407 0.00456  0.00614
8.0 0.00200 0.00310 0.00429  0.00429




DYNAMICS OF LIQUID N, STUDIED BY NEUTRON . . .

TABLE 1V. (Continued.)

K
AE (AN 0.30 0.45 0.75 1.05 1.40 1.90
(meV)
8.2 0.00242 0.00303 0.00433 0.00464
8.4 0.00174 0.00304 0.00273 0.00324
8.6 0.00072 0.00266 0.00256 0.00378
8.8 0.00083 0.00270 0.00228 0.00321
9.0 0.00063 0.00178 0.00249 0.00324
9.2 0.00053 0.00211 0.00180 0.00263
9.4 0.00138 0.00159 0.00297
9.6 0.00075 0.00150 0.00333
9.8 0.00021 0.00108 0.00259
10.0 0.00015 0.00098 0.00175
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TABLE V. Dynamic structure factor, S(k,0) of liquid N, determined from neutron inelastic-scattering data for 1.70

A-'<k<2.1 A" at different temperatures.

fiw k=1.70 A-! k=1.90 A-! k=2.10 A-!

(meV) T=66K T=74K T=7TK T=66K T=74K T=77TK T=66K T=74K T=77K
0.0 0.802 0.950 1.01 2.82 2.23 2.03 1.00 0.588 0.611
0.1 0.813 1.02 1.07 2.57 2.23 2.08 0.949 0.571 0.567
0.2 0.788 1.00 1.06 1.99 2.05 1.91 0.903 0.557 0.567
0.3 0.654 0.857 0.945 1.40 1.72 1.66 0.754 0.510 0.533
0.4 0.513 0.717 0.799 0.965 1.33 1.34 0.613 0.455 0.489
0.5 0.410 0.598 0.659 0.691 1.09 1.09 0.417 0.416 0.444
0.6 0.344 0.495 0.584 0.533 0.863 0.911 0.391 0.388 0.419
0.7 0.281 0.425 0.519 0.439 0.725 0.742 0.342 0.366 0.393
0.8 0.248 0.374 0.461 0.356 0.625 0.691 0.271 0.306 0.375
0.9 0.212 0.324 0.405 0.310 0.512 0.603 0.243
1.0 0.193 0.278 0.348 0.274 0.436 0.514 0.208 0.256 0.258
1.1 0.176 0.254 0.308 0.259 0.372 0.440 0.207
1.2 0.163 0.218 0.269 0.243 0.328 0.366 0.200 0.206
1.3 0.147 0.185 0.232 0.286 0.326 0.192
1.4 0.131 0.163 0.196 0.199 0.250 0.287 0.157 0.157 0.168
1.5 0.153 0.177 0.217 0.241 0.150
1.6 0.101 0.121 0.157 0.140 0.174 0.196 0.113 0.120 0.138
1.8 0.0805 0.0964 0.121 0.106 0.142 0.159 0.0928 0.102 0.124
2.0 0.0653 0.0786 0.0959 0.0903 0.112 0.115 0.0865 0.0939 0.109
22 0.0582 0.0645 0.0804 0.0715 0.0826 0.0959 0.0757 0.0845 0.0963
24 0.0494 0.0535 0.0632 0.0596 0.0657 0.0757 0.0637 0.0696 0.0835
2.6 0.0418 0.0466 0.0548 0.0481 0.0541 0.0658 0.0588 0.0643 0.0722
2.8 0.0368 0.0414 0.0457 0.0435 0.0468 0.0560 0.0499 0.0493 0.0608
3.0 0.0317 0.0323 0.0382 0.0389 0.0393 0.0465 0.0467 0.0548 0.0576
3.2 0.0270 0.0320 0.0330 0.0322 0.0370 0.0399 0.0422 0.0460 0.0543
3.4 0.0249 0.0283 0.0282 0.0276 0.0335 0.0348 0.0371 0.0403 0.0467
3.6 0.0223 0.0240 0.0253 0.0249 0.0271 0.0296 0.0320 0.0354 0.0390
3.8 0.0209 0.0226 0.0231 0.0217 0.0226 0.0266 0.0301 0.0305 0.0467
4.0 0.0171 0.0190 0.0193 0.0204 0.0207 0.0234 0.0255 0.0302 0.0337
42 0.0170 0.0165 0.0175 0.0181 0.0181 0.0214 0.0258 0.0257 0.0302
44 0.0142 0.0165 0.0166 0.0165 0.0166 0.0193 0.0198 0.0206 0.0267
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TABLE V. (Continued.)

) k=1.70 A-!

k=1.90 A-! k=2.10 A-!

(meV) T=66 K T=74K T=7TK T=66 K T=74K T=77TK T=66K T=74K T=77K

4.6 0.0158 0.0150 0.0161 0.0162
4.8 0.0135 0.0167 0.0148 0.0156
5.0 0.0131 0.0133 0.0141 0.0141
5.2 0.0123 0.0125 0.0127 0.0119
5.4 0.0117 0.0122 0.0122 0.0117
5.6 0.0112 0.0119 0.0104 0.0104
5.8 0.00893 0.00943 0.0110 0.0110
6.0 0.00885 0.0106 0.00949 0.00964
6.2 0.00893 0.0103 0.00906 0.00875
6.4 0.00911 0.00912 0.00915 0.00817
6.6 0.00711 0.00802 0.00799 0.00692
6.8 0.00668 0.00842 0.00748 0.00797
7.0 0.00671 0.00734 0.00824 0.00748
7.2 0.00733 0.00656 0.00700 0.00510
7.4 0.00691 0.00536 0.00659 0.00711
7.6 0.00619 0.00541 0.00654 0.00631
7.8 0.00560 0.00529 0.00571 0.00468
8.0 0.00470 0.00558 0.00505 0.00399
8.2 0.00462 0.00415 0.00511 0.00374
8.4 0.00487 0.00462 0.00493 0.00493
8.6 0.00412 0.00383 0.00427 0.00431
8.8 0.00454 0.00433 0.00384 0.00417
9.0 0.00407 0.00436 0.00409 0.00407
9.2 0.00339 0.00395 0.00364 0.00305
9.4 0.00320 0.00272 0.00296 0.00364
9.6 0.00368 0.00240 0.00315 0.00297
9.8 0.00192 0.00272 0.00267 0.00276
10.0 0.00231 0.00237 0.00235 0.00192

0.0173 0.0181 0.0196 0.0202 0.0251
0.0146 0.0168 0.0162 0.0210 0.0234
0.0148 0.0159 0.0177 0.0159 0.0206
0.0116 0.0148 0.0146 0.0153 0.0177
0.0119 0.0135 0.0144 0.0146 0.0167
0.0110 0.0122 0.0111 0.0146 0.0156
0.00999 0.0116 0.0139 0.0115 0.0144
0.0103 0.0109 0.00980 0.0125 0.0131
0.00843 0.00997 0.00794 0.00942 0.0122
0.00952 0.00902 0.00923 0.00980 0.0112
0.00834 0.00861 0.00681 0.00936 0.0100
0.00856 0.00819 0.00726 0.00782 0.00881
0.00570 0.00779 0.00812 0.00704 0.00841
0.00751 0.00761 0.00722 0.00836 0.00800
0.00688 0.00710 0.00609 0.00676 0.00801
0.00634 0.00682 0.00663 0.00709 0.00802
0.00605 0.00619 0.00634 0.00601 0.00742
0.00478 0.00556 0.00443 0.00535 0.00681
0.00426 0.00529 0.00538 0.00522 0.00623
0.00468 0.00498 0.00431 0.00526 0.00565
0.00495 0.00467 0.00472 0.00493 0.00533
0.00419 0.00437 0.00449 0.00456 0.00500
0.00365 0.00438 0.00453 0.00444 0.00460
0.00406 0.00439 0.00361 0.00419 0.00419
0.00245 0.00376 0.00328 0.00427 0.00397
0.00333 0.00311 0.00230 0.00298 0.00374
0.00296 0.00264 0.00252 0.00302 0.00274
0.00239 0.00217 0.00169 0.00250 0.00174
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FIG. 5. Perspective view of S(x,w).

is the center-of-mass structure factor S, , (k) cal-
culated from the x-ray data for S(k):

S(K)=F 1)+ [Se.m. (K)—1] , (16)
with
Fi)=1+4 302 a7
pee kd
and
sin%xd2
frolk)=2|— |, (18)
—kd

2

where d is the molecular bond length. Below
Se.m.(K) is of importance in our calculation of
S(k,w) using the modified Vlasov equation.

B. The moments of S (x,®)

It is of course of interest to compute the mo-
ments of the experimental S (k,w) to see how they
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FIG. 6. ~§ (k,w) of liquid N, determined from neutron inelastic-scattering data (experiment III). The dotted lines
represent S(k,w) determined from a linearized Vlasov equation.
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FIG. 7. The static structure factor S(«) of liquid N,.
The line represents the data of Ref. 13 at T =72 K.
The circles are the values of this work (T'=72 K). The
normalization point is indicated by a full circle. The tri-
angles are values found by a molecular-dynamics simu-
lation at T =71 K. The dashed line represents the
center-of-mass structure factor S¢ , (k) calculated from
the data of Ref. 13.

agree with (4), (6), and (7). The zeroth moment (4)
relates the dynamic structure factor to the static
structure factor S(k), and in Fig. 7 we demonstrate
that our data are in excellent agreement with S ()
determined by x-ray diffraction. It is worth men-
tioning that for small wave vectors S («) assumes
the compressibility value of 0.08.

The first frequency moment of S (k,w), or the
Placzek sum rule, is demonstrated in Fig. 8, where

AEmax
[ oS (k,0) dfio

min

is shown versus 2. As expected from Eq. (6) we

get a straight line, but it should be noticed that the
slope corresponds to the mass M =23.9m,,, as ob-
tained from a best fit to the data, i.e., close to the
molecular mass of N,. This result is not in con-
tradiction to the earlier results, which indicated
that S (x,w) was shifted in w corresponding to the
recoil of free nitrogen particles.>?! The apparent
discrepancy may occur from either the fact that we
have taken the first moment of S (k,w), whereas
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FIG. 8. The Ist-moment sum rule of S (kx,w) for
T=66K (0), T=72K (@), T=74K (V),and T =77
K (A).

the earlier work considered the average frequency,
or from the fact that our results are taken at lower
k values. In any case our result is in accordance
with the expectation, that for x <2 A-! S(k,0) re-
flects primarily the center of mass dynamics of
liquid N,.

The second frequency moment (7) of the sym-
metrized dynamic structure factor, S(x,), multi-
plied by S (k)/[ > +m (£)] is shown versus «? in
Fig. 9. Here the best-fitted slope corresponds to a
nominal mass of 14.4m,, i.e., close to the atomic
mass. It is to our knowledge the first time the “de
Gennes sum rule” (7) has been demonstrated exper-
imentally for a diatomic liquid.

V1. DISCUSSION AND CONCLUSIONS

The experimentally determined dynamic struc-
ture factor, S («,w), covers the wave vectors from
the collective (or small-«) region to the single parti-
cle (or large-«) region. As mentioned above, in the
region 0.3 A1 <k<1.9 A-1 S(k,w) was derived
by computer simulation and we have chosen wave
vectors close to those of this study in order to fa-
cilitate comparison. Apart from such a compar-
ison, we discuss below our results in the light of
two relevant theories, covering opposite « regions.

The linear hydrodynamic theory of fluids ac-
counts in general very well for experimental results

T T T T

100 F 5. /w?S(ww)dw .
M, [EomlE)] Sin)

M, (me Vv?)
)
P=)
T

00 10 20 30 40
%2 (A7) .
FIG. 9. The 2nd-moment sum rule of S(x,w) for
T=66K(0), T=72K (@), T=74K (V),and T =77
K (A).

at small wave vectors, i.e., when wavelengths are
large compared to intermolecular distances. Above
we used the hydrodynamic results (9) for S(x,w) in
connection with the multiple-scattering corrections.
These corrections do not depend on the details of
the structure factor, so that deviations between the
measured S (k,») and (9) do not influence our final
result. It is therefore relevant to compare S(k,w)
to (9) to investigate how well the hydrodynamic
continuum theory applies at wavelengths as short
as 20 A, i.e., quite close to the intermolecular dis-
tances in the liquid. In Fig. 10 we show this com-
parison for wave vectors from 0.18 A~! to 0.3
AL Figure 10 demonstrates that hydrodynamic
theory accounts relatively well for the experimental
structure factor, although it shows less broadening
of both the central Rayleigh line and of the Bril-
louin lines. In order to investigate this more quan-
titively, we have fitted the measured S(k,w) to the
hydrodynamic line shape

Sko)=—">—"5 4=~ .
T +l"0 m (w—Ql) +F1

(19)

Comparing (19) to (9) and (10), hydrodynamic
theory predicts the following relations:

Ao+24, =k T/(Mc}) ,
24,/4p=y-1,
To=Dx?, (20)
Qy=csk ,
and
=T,

Figure 11 shows the results of the fit compared
to the results of the theory when using the num-

S (w.w) (meVv)

oLl

00 1020 1020 1020 10 20 3f
hw (meV)

FIG. 10. Dynamic structure factors S(k,w) of liquid
N, determined from neutron inelastic-scattering data
(experiment II) at T =74 K. The dashed lines represent
the S'(x,w) obtained from hydrodynamic theory.
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FIG. 11. Line-shape analysis of S(k,w) according to
hydrodynamic theory. The dashed lines are extrapola-
tions of the theory with parameters taken from trans-
port measurements (at x ~0).

bers for cg, I', and D given above. It shows that
hydrodynamic theory accounts quantitatively for
the observed Brillouin line parameters cg and T, as
well as for the integrated intensity S («). The ther-
mal diffusivity Dy is not well reproduced. This
could be related to the problem of finite k resolu-
tion, which may have a broadening effect on the
experimental S (k,®). The odd behavior of 'y vs k
points towards the same deficiencies in the data.
Finally, the specific heat ratio C,/C,
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=24,/Ap+1 is derived to be quite small, but the
significance of this observation is not quite clear in
the light of the problems with the central part of
our S(k,»). The composite evidence is that hydro-
dynamic theory explains our measured S (k,w) well
even at the very short wavelengths considered. In
pamcular, Figs. 10 and 11 indicate that at k=0.3
! the agreement is quantitative.

Secondly, it is interesting to compare our results
with those of the molecular-dynamics calculation
by Wels and Levesque in the wave-vector region
0.3 A~'<k<1.9 A~'. This is done in Fig. 12.
However, the comparison is complicated by the
fact that S(«) in the calculation is appreciably less
than the well-established experimental value except
when k=1.9 A~!. We have therefore chosen to
compare our S (k,w) both to the absolute values
given in Ref. 4, as well as to the relative values by
adjusting S(x,0). Apart from when k~1.9 A~!
there are important differences between the calcu-
lated S (K w) and the measured one in Fig. 12. At
k=0.30 A=, where the neutron results agree qual-
itatively with the hydrodynamic theory, molecular
dynamics shows a well-resolved side peak, indicat-
ing a sound velocity of almost twice the hydro-
dynamic value. However, the widths of the lines
agree rather well with the neutron results as well as
with hydrodynamics. This is true both for the
central line, where the width is determined by ther-
mal diffusivity Dy, and for the Brillouin line
where the width stems from the finite lifetimes of
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FIG. 12. Dynamic structure factors S(k,w) of liquid N, determined from neutron inelastic- -scattering data at T =72
K (experiment I) and by molecular dynamics simulation at T =71 K. The MD data are shown normalized to the same
S(k,0) as the expenmentally determined S(x,0) (---) and applying the S(«) value determined by the MD simulation

(-+--). The line (-

- -) represents the S(x,w) determined from a linearized Vlasov equation (T'=72 K).
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the sound waves, as given by I'. As « increases
there is in both the experimental and the computed
S (k,w) an increasing smearing and merging of the
two lines, but the trend is the same as when k=0.3
A=, The results are in reasonable agreement as
regards the central peak, but the computed line
shape extends far out in . Only at 1.9 A~' do
the two results coalesce at all frequencies. The
comparison therefore indicates that the compressi-
bility or inverse sound velocity of the computer
liquid is underestimated but that relaxation
processes are well accounted for in the calculation.
It should of course be noted that an underestimat-
ed compressibility in the computer liquid decreases
S (k) in the compressibility region (10). This is
indeed observable in Fig. 7 where the static struc-
ture factors are shown. Here the computed S(k)
approaches a value which is about one-third of the

correct value. Literally we find from both S («,)
and from S («) that molecular dynamics implies a
sound velocity of 1.7¢cg, a strong indication that
our consistent analysis of the deficiencies in the
computer liquid is correct.

Figure 11 also compares our results with a
modification of the theory presented by Singwi
et al.? for the collective motions. It is based on a
linearized Vlasov equation®’ and claimed to be
valid at short wavelengths and high frequencies.
The dynamic structure factor is predicted from the
static structure factor, S(«). We have applied this
theory to liquid N,. Because N, consists of dia-
tomic molecules, the calculations turned out to be
more complicated than in the atomic case. To get
through to an expression for S(x,w) we had to re-
strict the calculations to center-of-mass motions.
We then obtained the following expression:

1 2
Virw, P w}
S(K,w)= =
1—S.m (K) 2 w/© 1-S. m (K) 2
1 o cm_> _Zﬂexp _%_ Oexp(tz)dt + c.m; 1/;(0 exp -2
Sem (K) Scm.(K)  @o p Scm(K) oo g
(21
|
where predicts the general trends of the effect of varying
(2kn T2 the temperature, i.e., whether the heights and
wo= i S S (22) widths of the central peaks are increased or de-

M

For  values below 1.7 A~ the agreement with
both experimental data and MD data is very bad.
At k=1.05 A~" and k=1.40 A~! the calculated
dynamic structure factors have a well-defined side
peak at fiw~3 meV. It is in agreement with what
is found by Nelkin et al.** applying a linearized
Vlasov equation to a classical liquid, but as is ap-
parent from Fig. 10 it is not confirmed by the ex-
periments. For k> 1.7 A~'and #iw > 0.5 meV
there is a reasonable agreement between the
dynamic structure factors predicted by the theory
and those determined from the experimental data.
Furthermore it is noteworthy that the theory

creased with temperature. This is demonstrated in
Fig. 6, where we compare the temperature depen-
dence of S(k,0) at k~1.9 A~ to that of Eq. (21)
for these temperatures. Thus the noticeable tem-
perature dependence in liquid nitrogen at wave vec-
tors around the peak in S(k) can be understood in
the basis of the modified Vlasov equation.
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