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Pulsed nuclear-magnetic-resonance (NMR) measurements have been performed on iso-
topically enriched Ne2~ in solid and liquid neon. Data presented include spin-spin relaxation
times (T2) in solid neon and spin-lattice relaxation times (Tq) in the solid and liquid. It is
concluded that quadrupolar processes dominate the Ne ' nuclear spin-lattice relaxation in
both the solid and the liquid. Coefficients of atomic self-diffusion are determined, with the
results (solid) D= (p. 12'0'05 ) e ~ " cm /sec snd Qiquid) B= (6.6' ) xlp
cm2/sec.

I. INTRODUCTION

Solid and liquid neon have been the subject of
relatively fewer reported experimental and the-
oretical investigations than have the condensed
phases of some other rare gases. Neon is, how-
ever, particularly interesting because of its rel-
atively light atomic mass and corresponding semi-
classical behavior.

In the present work, Ne spin echoes and free-
induction decays have been used to determine spin-
spin relaxation times (T,) and spin-lattice relaxa-
tion times (T,) in solid and liquid neon. Ne has
spin —,', and nuclear quadrupolar interactions pro-
vide most of the spin-lattice relaxation. It is pro-
posed that anharmonic effects are important in
the relaxation and that atomic vibrations may con-
tribute appreciably to T& in the liquid near the
triple point. Coefficients of atomic self -diffusion
are determined, and the solid diffusion is found
to display an activation energy consistent with
those for other rare-gas solids, when compared
via a quantum-mechanical law of corresponding
states. Attempts to determine shifts of the Ne@

resonance showed no shifts as large as 2 ppm.

II. EXPERIMENTAL PROCEDURE

Ne nuclear spin echoes and free-induction de-
cays were observed with a gated coherent NMR
spectrometer operating at a frequency of 3 MHz
and a dc magnetic field of 8920 G. The spec-
trometer, previously described by Warren, ' pro-
duced pulsed rf fields of 20 G. The pulses ad-
equately covered the resonance line, since the
Ne rigid-lattice linewidth in our solid-neon sam-
ples was found to be 0.41 G. The 8920-G field,
produced by an electromagnet, was controlled to
within 10 ppm/h by a Hall probe regulator.
Spin-spin relaxation times were measured from
free-induction decays and from spin-echo en-
velopes. Spin-lattice relaxation times were mea-
sured by observing the free -induction decay fol-
lowing a saturating pulse v-90 sequence.

A search was made for resonant field shifts over
the solid-liquid temperature interval from 23 to
34 K, but none were observed and the correspond
ing shifts were less than 0. 010 in 8920 G.

The samples consisted of about 250 cm' (STP)
of neon isotopically enriched to 51 at. %%ucNe~
(normal abundance 0. 26 at. '%%up). The enriched sam-
ples, which were obtained from the Mound Labora-
tories, contained no magnetic nuclei other than
Ne in any measurable degree. The normal boil-
ing point of natural-abundance neon is 27. 07 K and
the triple point is 24. 56 K For our isotoyically
enriched samples these transitions would be ex-
pected to occur at a temperature higher by about
0.05 K. Neon solidifies in a cubic close-packed
lattice with a cube-edge lattice parameter (at
4. 25 K) of 4.464 A. 3

Control of the sample temperature was partic-
ularly important, since the solid NMR line was
observed to narrow by a factor of 3000 over the
10-deg interval between 14 K and the triple point.
The neon sample was condensed into a nylon sam-
ple container which was connected to a copper
block. The block was in good thermal contact
with a single -shot refrigerator. Temperatures
were controlled by regulating the vapor pressure
of the liquid in the probe refrigerator with a Car-
tesian manostat. The outer wall of the can con-
taining the refrigerator chamber and neon sample
was cooled by liquid helium or by cold helium
vapor. The fluid used in the single-shot refrig-
erator was neon, deuterium, or hydrogen, de-
pending on the particular temperature interval of
interest. Using this method of temperature con-
trol, we were able to control the temperature to
within +0.02 K for periods of several hours. The
spatial temperature variation over the neon sam-
ple was estimated to be less than 0. 02 K.

The polycrystalline neon samples were con-
densed via a 0. 020-in. -diam stainless-steel capil-
lary, 3 ft. long, with one end at room temperature
and the other at 26 K. The 250-cms (STP) neon

sample was condensed over a 30-min interval.
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FIG. 1. Spin-spin and spin-lattice relaxation times
for Ne in solid and liquid neon.

Because the gas flow through the capillary was
slow, the capillary served as an efficient cold
trap for oxygen. Since the vapor pressure of
oxygen is about 10 Torr at 26 K, the oxygen im-
purities in the condensed neon samples were prob-
ably less than 0. 2 ppm.

+0. OV msec, corresponding to a resonance half-
width of 0.41 G and a second moment of 7.30
&& 10 rad/seem. The measurement required wait-
ing times of about 30 min between observations of
the free-induction decay. The Van Vleck expres-
sion'

oD=-', y'h, 'I(I+1)fZ, ~;,'
for the rigid-lattice dipolar second moment of the
resonance line in a powder sample yields, for our
51 at. /0 Ne sample, the calculated result on
= 3. 51 && 10' rad /sec, which is less than one -ha, lf
as large as the second moment observed.

Ne has spin —,
' and a substantial quadrupole

moment. Electric field gradients arising from de-
fects in the cubic crystalline lattice can produce a
significant broadening of the Ne@ resonance. If
there were a well-resolved quadrupole splitting in
solid neon the central transition for spin —,

' would
have a dipolar second moment reduced from the
Van Vleck value by as much as 20%%uq, which would

correspond to T~ = 1.V3 msec. The observed rigid-
lattice value of T2= 1.1V msec suggests that there
exists an unresolved quadrupolar broadening
arising from random defects.

Additional support for the hypothesis of unre-
solved quadrupole broadenings, well covered by
the rf pulse, is provided by the free-induction
decays at the melting transition. The initial am-
plitudes of the decays on either side of the melting
transition were found to be the same to within
+3%. Also, compound envelopes were observed
for the decay of the spin echoes in solid neon
above 20 K An initially rapid decay was followed

III. SPIN-RELAXATION TIMES

The results of our measurements of Ne+ spin
relaxation in neon are summarized in Fig. 1. The
NMR line in the solid narrows (T~ increases) above
14 K. The T~ increase proceeds exponentially, as
a function of reciprocal texnperature, up to a value
of 4 sec near the triple point. The spin-lattice
relaxation time decreases as the temperature of
the solid is increased. T& decreases abruptly at
the melting point from about 90 sec in the solid to
23 sec in the liquid and increases with increasing
temperature in liquid neon. The experimental dif-
ficulty of measuring spin-spin relaxation times of
greater than 25 sec in the presence of appreciable
diffusion prevented reliable determinations of T~
in the liquid.

Below 17 K the free-induction decays could be
well represented by a Gaussian function. Both
spin-echo and free-induction decay data are pre-
sented in Fig. 1. Special care was taken in the
T2 determination at 11.1 K (shown in Fig. 2),
which yielded a rigid-lattice Gaussian T2 of 1.1V

data (11.1 K

0 1 2 3

t (milliseconds )

FIG. 2. Ne21 free-induction decay in solid neon at
11.1 K (lnS vs g2).
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by a slower exponential decay of the echo ampli-
tudes. Above 19 K, spin echoes from a 90 -180
two-pulse sequence were used to measure T~ in
the solid. The long spin-lattice relaxation times
made it difficult to use more complicated pulse se-
quences. The slower exponential decay of the echo
envelope will be interpreted in Sec. IV to reflect
the spin-spin relaxation associated with the motion-
ally narrowed dipolar broadening of the central

2 transition.
The Ne resonance characteristics described

above for solid neon differ considerably from those
observed for Xe"' in solid xenon. In the xenon
case melting was accompanied by a factor-of--,'
increase in the initial amplitude of the induction
decays, and the decays in the rigid lattice were
found to be distinctly non-Gaussian. The Xe'"
data were interpreted as reflecting a second-order
quadrupole broadening of the central —

& —,
' tran-

sition.

IV. SELF-DIFFUSION IN SOLID NEON

The T~ increase shown in Fig. 1 above 14 K cor-
responds to motional narrowing in the adiabatic
limit. T& remains much larger than T& through-
out the temperature range of the solid and the cor-
relation frequency for atomic motion turns out to
be much smaller than the 3-MHz resonance fre-
quency. In the adiabatic limit (&uo r, » 1) Kubo and
Tomita have derived the expression

-8 D/ RT
pe (4)

10

where ED is the activation energy for atomic self-
diffusion.

The Tz data in Fig. 3 were obtained from analy-
sis of the slower exponential decay of the compound
envelope of spin echoes in a 90'-180 two-pulse
experiment. Thus, the data are interpreted as
reflecting the dipolar-broadened central --,'
transition. Abragam" has pointed out that the di-
polar second moment of the central ——,

' to-,' transi-
tion for spins —,

' having different quadrupole cou-
plings with random defects is /~ of that obtained in
the absence of quadrupole interactions. To cal-
culate diffusion parameters from the T~ data and
Eqs. (2) and (4) we have used a coefficient of
0.85 as a compromise between the "like" spin co-
efficient —', and the "semilike" spin coefficient ~p.

'
This corresponds to (o~)'= 2. 97&& 10 rad /sec and
diffusion parameters

DO=0 12 -0.05 cm /sec,
E n947 +38 cal/mole .

Table I summarizes the diffusion coefficients
which have been reported for rare-gas solids. The

0 tan

in which T, is the reciprocal of the half-width at
half-maximum of the motionally narrowed Lo-
rentzian resonance line. For the well-narrowed
line (r, o «1), Eq. (1) reduces to the Anderson-
Weiss expression

For an fcc lattice, 7, is related to the coeffi-
cient of atomic self-diffusion by the expression

C$

lD
C3
(D

I—

r, =d'/12D, (3) 0.1—

where d is the cube-edge lattice parameter and D
is the coefficient of self-diffusion. If there are
not correlations between successive jumps of the
atoms, or if the degree of correlation is known, '
values of D can be determined from measurements
of T2.

Figure 3 presents, on an expanded scale, the
spin-echo T~ data for Ne in solid neon above
19 K. The data exhibit an exponential variation
with I/T between 19 and 23 K, so it appears that
the coefficient of self-diffusion in that tempera-
ture range in solid neon can be represented by an
Arrhenius relation

0.01
4.0

I

4.5

102/T (K )

I

5.0

FIG. 3. Spin-spin relaxation times determined from
spin echoes in solid neon. The solid line is a least-
squares fit between 23 and 19 K.
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TABLE I. Coefficients of atomic self-diffusion for
rare-gas solids.

Ne

DG

(cm2/sec)

0 ~ 12 p p5

0 20~ -p. 14

3+4
-2

(cal/mole)

947 + 38 (NMR)

3600 + 150 b (tracer)

4800 +200' (tracer)
(5250) (NMR)

2Lp
(cal/mole)

896

3716

5332

Xe 7 3+() '2 7400 + 50 (NMR) 7656

Reference 2. [The heat of sublimation for argon
(Ref. 16) has been corrected to 1858 cal/mole, J. A.
Morrison (private communication). ]

"Reference 13.
'Reference 14.
Reference 15.

'Reference 12.

data for neon and xenon' are from NMR mea-
surements, while those for argon' and krypton
are from radioactive tracer measurements. Also
included is an NMR result for krypton estimated
from the onset of motional narrowing. ' It has
been pointed out that the activation energies for
self-diffusion measured in solid argon and xenon
are nearly equal to twice the lattice sublimation
energies. As Table I indicates, this correspon-
dence also holds true for neon and krypton. Thus,
E~ in rare-gas solids is nearly the same as the
work required to remove a single atom from the
lattice to infinity.

The application of the law of corresponding
states to an examination of the properties of neon
presents the interesting question of the effects of
an appreciable deviation from classical behavior.
Table II summarizes a set of molecular param-
eters E and 0 appropriate for a I ennard-Jones
(6-12) interatomic two-body potential and the
deBoer quantum parameter [A~ =h/o(me) ~ ] for
the rare gases. "

According to the classical law of corresponding
states, ' the lattice cohesive energies and the

activation energies for self-diffusion have the re-
duced forms L~e =Lp/e and Ef&=ED/E, respective-
ly. As Table II indicates, E~ and 2LO vary by less
than 10%%uc among Ar, Kr, and Xe but are some
20%%uc smaller in Ne.

Bernardes' has applied a quantum-mechanical
law of corresponding states to the description of
the effects of zero-point motion on the properties
of rare-gas solids. His results include a varia-
tion, with the deBoer quantum parameter of the
reduced lattice cohesive energies, according to
the approximate expression

L~c ——L~eo(1 —0. 601A*+0.203A* ), (5)

where L« = 8.61 is the classical reduced cohesive
energy for a close-packed solid having no zero-
point energy. Table II includes the quantities
E~g /2Lqo and Lz /L~&e, which also are plotted as a
function of A* in Fig. 4 (which corresponds to
Fig. 2 in Bernardes's paper' ). The line indicated
in Fig. 4 corresponds to Eq. (5) and one sees that
Bernardes's quantum-mechanical modification of
the law of corresponding states accounts very well
for the variation of the observed diffusion activa-
tion energies among the rare-gas solids. The
correspondence among the various data suggests
that the activation energy reported by Chadwick
and Morrison for seÃ-diffusion in solid krypton
may be low by about 10%. Indeed, NMR measure-
ments on Kr in solid krypton indicate an agree-
ment of the krypton T2 data with an En = 5250 cal/
mole rather than with the tracer result' of 4800
cal/mole. The corresponding E~e /2L~ee from the
krypton NMR experiments is 0.935, which also
is shown in Fig. 4.

In summary, the activation energy observed for
atomic self-diffusion in solid neon corresponds
well with those activation energies reported for
the other rare-gas solids, when the effect of zero-
point motion is taken into consideration.

The coefficients of self-diffusion reported from
NMR measurements in solid neon, krypton, '
and xenon have not included corrections for cor-

TABLE II. Comparison of reduced corresponding states parameters.

Ne

Ar

(cal/mole)

72. 9

326

(A)

2. 789

3.403

3.638

0. 577

0.186

0. 102

12.99 +0.5

15.13 ~0.6b

14.72 +0.7'
(16.10) '

ED/2&pp

0. 754

0. 879

0. 855
(O. 935)

12.29

15.61

16.36

I.G/Loo

0.713

0.906

0.950

Xe 459 3.961 0. 0635 16.12+0.1 0.936 16.68 0.969

Data in the first three columns are from Ref. 17. The
last four columns are calculated from the data in Table I.

bReference 13.

'Reference 14.
Reference 15.

'Reference 12.
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0.6

0.7

0.9

tained for sample temperatures between 16.42
and 24. 16 K. Neglecting the I/p variation of the
neon fcc lattice parameter over this temperature
range, Eq. (6) yields a dipolar T» proportional
to D and equal to 170 sec at 24. 5 K.

The solid points in Fig. 5 present the experi-
mental T& data for Ne in our solid-neon sam-
ples, plotted as lnT, vs 1/T. The straight line
indicates the calculated T» result of Eq. (6).
There are no adjustable parameters in the calcu-
lations of the dipolar T», so it is of interest to
examine the residual nondipolar relaxation rate
1/T j by subtracting the dipolar rate,

1/T( = I/Tt —1/Ttn . (7)

1.0
0 0.2 0.4 0.6 0.8

FIG. 4. Variation of reduced energies as a function
of the deBoer quantum parameter A*. The data of
Table II are presented with reduced latent heats of sub-
limation (Lo/L00) indicated by solid circles. The open
circles indicate the reduced diffusion energies (En/2I 00)
from NMR measurements and the triangles indicate
@~/2L 00) from tracer measurements.

There are two probable mechanisms for nuclear
spin-lattice relaxation of Ne@ in solid neon. One
is the diffusion-modulated nuclear dipole-dipole
interaction and the other is the interaction of the
nuclear quadrupole moment with fluctuating elec-
tric field gradients.

A theory of nuclear dipolar relaxation associated
with translational atomic diffusion in a crystalline
lattice has been given by Torrey. @ Torrey's re-
sult for the nuclear relaxation rate may be written

( I/T„) = I's y'n'f(1+ I)(n/f 'I ' ~) y (f, y), (6)

where the notation is that of Resing and Torrey.
The neon diffusion coefficient determined from the
Ta data in Sec. IV can be used with Eq. (6) and the
appropriate tabulated function Q to calculate the
nuclear dipolar contribution to the Ne2' relaxation
rate.

The solid-neon T& data shown in Fig. 1 were ob-

relation effects. ' ' For a free vacancy diffusion
mechanism and an fcc lattice, the correlation cor-
rection in the limit of adiabatic narrowing in-
creases the deduced values of D by a factor of
(0.55) ' or 1.82. The T2 data in the rare-gas
solids do not extend very far towards the high-
temyerature limit of extreme narrowing, where
the correction would become (0.67) '. Conse-
quently, the correlation correction does not pro-
duce appreciable reductions in the activation en-
ergies E& reported for the rare-gas solids.

V. SPIN-LATTICE RELAXATION IN SOLID NEON

In Fig. 5 this subtraction has been performed
for the data near the melting point and the result-
ing T& data points are shown as open circles.

Van Kranendonk has presented a theory of
quadrupolar nuclear spin-lattice relaxation in a
harmonic approximation and Van Kranendonk and
Walker2 ~ have more recently proposed a theory
of quadrupolar relaxation in anharmonic solids.
The harmonic and anharmonic theories predict
nearly the same temperature dependence for the
quadrupolar relaxation rate,

I/T„~ T~'E(T+), (8)

900
800
700
600

500

~ 400

~ 300

dipolar T~

~ W
~ + theory (9=65K)

p ~ W

200

0 data

p with dipolar T& removed

100—

4.0
t

4.5
I

5.0 5.5

102/T (K i)

I

6.0

FIG. 5. Spin-lattice relaxation times for Ne in
solid neon. The solid line indicates the calculated di-
polar T& and the open circles show residual T~ points
after the dipolar T& contribution has been removed from
the observed data. The dashed line shows the tempera-
ture dependence theoretically predicted for quadrupolar
relaxation.

where T* = T/8 n and the Van Kranendonk function
E(T*) is independent of temperature for T &On and

proportional to T*' for T«OD. Taking 8& -—65 K
for neon between 24. 5 and 16.4 K, E(T*) varies
between 0.69 and 0.45 in that range, and the tem-
perature variation predicted by Eq. (8) deviates
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by about 30/0 from a T dependence. The dashed
line in Fig. 5 has been drawn with the temperature
dependence of Eq. (8) and normalized to a. magni-
tude of T&z = 490 sec at 16.4 K. Within the experi-
mental uncertainties, the residual Tj data show a
temperature dependence in reasonable agreement
with the quadrupolar relaxation described by Eq.
(8), so we turn next to a consideration of the an-
ticipated magnitudes of the quadrupolar relaxation
rates.

Van Kranendonk used a first-order Raman pro-
cess to describe the harmonic contribution to the
phonon -induced quadrupolar nuclear spin-lattice
relaxation in alkali halides. The method subse-
quently has been applied'26 to a discussion of the
relaxation of Xe"' in solid xenon. The quadrupolar
contribution to the relaxation rate of a spin- —,

'
nuclide is given by

1/Tg —--', (Wg+48'2), (S)

where 8'& and 5'2 refer to the &m = 1 and &nz = 2
transitions. Using the notation of Warren and
Norberg, ~ the transition probabilities computed
for an fcc rare-gas solid in the Debye approxima-
tion are

S

e.„.„=Ciq„.i

T* Z ~.„D„(T*), (10)

where T*=T/0& and C=3no/m'd . Here no is
the number of atoms per unit volume, v is the
velocity of sound, and d is the mass density of the
crystal. The functions D„(T*)are determined by
the lattice structure, and the gradient functions
Ã, „depend upon the distribution of electronic
charge about the nucleus.

The lattice functions are given by

j./T +
D„(T*)=T* f [x e" /(e* —1) ]L„(cT*x)dx,

0

(11)
where the I „ lattice functions are defined for an
fcc lattice in Ref. 26.

For solid xenon, the six functions D„(T*)were
evaluated in a high-temperature approximation and
the gradient functions N„„were calculated on an
overlap model of the crystalline electronic wave
function. For the case of solid neon we have used
the E,„given by Warren and Norberg and have
numerically evaluated the lattice functions D„(T*)
for the intermediate values of T* appropriate for
neon. The resulting temperature dependence for
the neon quadrupolar T& is indicated by the dashed
line in Fig. 5.

The electric field gradients in neon arise prin-
cipally from the distortion of the electronic dis-
tribution by the attractive Van der Waals interac-
tion. The gradients arising from exchange inter-
actions are negligibly small in comparison. Fol-

lowing Adrian~ one can calculate the Van der Waals
gradient

V„=(3 '/«')«. ,&„, (12)

where ~ = 0. 392&& 10 3' cma is the polarizability"
of neon and 8=3.21 A is the separation of neon
atoms in the solid near the melting point. (V„)2~
is the field gradient at the neon nucleus produced
by a 2p electron, which can be determined from
the reported neon hyperfine splitting of 5 = 111.55
MHz. (V,gz&= 2kb/eQ is then 3. 30&&10 statC/
cm and V„=1.74&10'2 statC/cma.

The velocity of sound was estimated using a 8&
of 65 K, with no and d obtained from Ref. 2.

The corresponding T&~ calculated at 24. 56 K
from the harmonic process is 1.4&&10' sec, which
is nearly three orders of magnitude larger than the
experimental value (Fig. 5) of 150 sec observed in
the solid at the melting point.

Van Kranendonk and Walker~' have pointed out
that an anharmonic Raman process probably plays
a dominant role in the quadrupolar nuclear relaxa-
tion in ionic crystals. In these materials the ob-
served T& values are smaller by factors between
100 and 800 than those predicted by the harmonic
theory.

Anharmonicity should play an even more impor-
tant role in the neon relaxation, but the spin-lattice
coupling coefficients required for a calculation of
the anharmonic transition probabilities are not
available for solid neon.

VI. LIQUID NEON

A. Diffusion in Liquid Neon

Figure 6 shows the results of our NMR measure-
ments of the diffusion of Ne in liquid neon. The
diffusion coefficients were determined from mea-
surements of the attenuation of spin echoes by an
externally applied magnetic field gradient of known

magnitude. ' The gradient coils were calibrated
in the manner described by Carr and Purcell and

by calculation of the gradient assuming the magnet
pole faces to be semi-infinite and including first
image currents. The results of the two calibration
methods agreed to within 2%%uo. Most of our liquid-
neon diffusion measurements were made using a
gradient of about 2 G/cm.

The liquid-neon measurements were made at
pressures between 0. 02P, and 0. 1P, (where P,
is the critical pressure, 25. S atm 6). The in-
dividual determinations of diffusion coefficients
have an estimated error of +10%%uo. Over the range
of the data, the coefficient of spin diffusion arising
from the dipolar interaction among the Ne~ spins
makes a negligible contribution to the observed
diffusion rates.

A least-squares fit of the data of Fig. 6 to Eq.
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CJ

2

Cl

2.9 3.1 3.3 3.5
02/T (K i)

3.7 3.9 4.0

(4) yields the coefficients of self-diffusion for
liquid neon,

Do= 6.6', '8 & 10 cm~/sec,

FIG. 6. Coefficient of self-diffusion in liquid neon.
The solid line is a least-squares fit of an Arrhenius
exponential to the data and corresponds to EI ——211 cal/
mole.

with the behavior found for the solids (Fig. 4),
any variation of the liquid E~& with A* seems to be
no more than 5/o between neon and xenon.

B. Spin-Lattice Relaxation in Liquid Neon

Spin-lattice relaxation times T& for Ne ' in
liquid neon (Fig. 1) were measured between the
melting point and 33.0 K at vapor pressures up to
4. 3 atm. It is probable that the dominant relaxa-
tion mechanism is quadrupolar. Although the nu-
clear dipole-dipole interaction contributes ap-
preciably to the Ne spin-relaxation rate in the hot
solid near the melting point, the dipolar contribu-
tion is much reduced, upon melting, by the abrupt
increase in the motional correlation frequency.
In the liquid at the melting point the experimental
conditions lie well into the extreme-narrowed re-
gime (~o7, «1) and the calculated dipolar T» is
about 10 sec. Similarly, quadrupolar or dipolar
relaxation via impurities should have been negli-
gible for our clean neon samples.

The liquid T& data are shown, on an expanded
scale, in Fig. V. The dashed line indicates the
temperature dependence reported above for the co-
efficient of self-diffusion in liquid neon. The
solid line drawn through the T& data corresponds

TABLE III. Diffusion energies for rare-gas liquids.

Ne (NMR)

Ar (tracer)

Kr (NMB)
(tracer)

ED

211 cal/mole

697

926 '
800

2. 89

2. 92

2. 83
2.45

ED = 211+15 cal/mole.

The coefficients of atomic self-diffusion pre-
viously reported for liquid argon, ' krypton, ' '

and xenon ' also have been found to obey
Arrhenius relations. The variation of D with
pressure' ' ' has been found to be small for pres-
sures much less than the critical pressure.

Table III presents a comparison of the self-dif-
fusion parameters ED reported for the various
rare-gas liquids. In krypton and xenon the NMR
results are some 15% larger than the tracer
values. The NMR values of E~~, reduced according
to classical corresponding states, are nearly the
same in the various rare gases and, in contrast

50—

40

20—

I

3.0
I

3.2

melting'
I

point

I I

3.4 3.6
02/'T (K-1)

3.8
Li

4.0

L
L

211 cal/mole

L
L

L

Xe (NMR)
(tracer)

~Reference 31.
Reference 15.

1400'
1210

'Reference 12.

3.04
2.63

FIG. 7. Spin-lattice relaxation times for Ne in
liquid neon. The dashed line indicates the temperature
dependence observed for the coefficient of self-diffusion.
The solid line is an exponential with an activation energy
of 100 cal/mole.
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l

critical
point
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I

0.6
I

0.7

o
o6~
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I
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l
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FIG. 8. Reduced spin-lattice relaxation times in
liquid neon, krypton, and xenon. T& is T& divided by its
value at the triple point. T~ is the temperature divided
by the triple-point temperature. The Xe'3~ data are
from Ref. 26 and the Kr from Ref. 15.

to relaxation times proportional to e with
E= 100 cal/mole, a value somewhat less than one-
half the energy parameter observed for self-dif-
fusion, E~ = 211 cal/mole.

These results are similar to those reported over
wider temperature intervals for Krs' (spin ~~) in
liquid krypton ' and for Xe'~' (spin —,') in liquid
xenon. In each case, the temperature depen-
dence of Tq (if exponential) is about one-half that
of D. However, T, for the Xe ~ species (spin
—,') was found" to have the same temperature de-
pendence as the xenon liquid diffusion coefficient.
The Xe' spin-lattice relaxation presumably
arises from dipolar interaction with paramagnetic
impurities, while the dominant T& processes for
the Ne~, Kr, and Xe ' species are quadrupolar.

Figure 8 shows the liquid T& data for Ne, Kr ',
and Xe ' in a reduced form, with T, = T~/(T&)„and
T = T/T„, where T„ is the triple-point tempera, —

ture and (T,),„ the value of T, at T„. There is a
striking correspondence among the temperature
dependences of T& in the three rare-gas liquids.

A single-particle diffusion model has proved to
be inadequate for the description of the observed

quadrupolar spin-lattice relaxation in the rare-gas
liquids. Qn the basis of such a model one con-
siders relaxation via random time-dependent elec-
tric field gradients arising from exchange and
van der Waals interactions between neighboring
atoms. The assumption of an exponential correla-
tion function then leads ' to quadrupolar spin-lat-
tice relaxation times proportional to D/p, in dis-
agreement with the observations. The quadrupolar
spin-lattice relaxation observed in rare-gas
liquids is reminiscent of that reported in liquid
metals and alloys. ' " It has been suggested '
that the relaxation rates observed in liquid metals
and alloys may contain appreciable quadrupolar
contributions arising from quasicrystalline vibra-
tions in the liquids. Warren' has derived an ex-
pression for the quadrupolar relaxation rate in
monatomic liquids in terms of the dynamic liquid-
structure factor determined from neutro~catter-
ing experiments. Warren and Wernick" have es-
timated vibrational contributions Rzv to the quad-
rupolar relaxation rates R in conducting liquid
compounds by taking Rzv just above the melting
temperature to be approximately the same as the
observed Rz in the solids just below T . They then
find R@v contributions between 20% and 5lgg of Ro
in their liquid samples.

For Ne, the quadrupolar Tj in solid neon at the
melting point is found (Fig. 5) to be 150 sec. The
liquid T, at the melting point (Fig. 7) is 23.5 sec,
and so an analysis similar to that of Warren and
Wernick yields an approximately 16% vibrational
contribution to the observed quadrupolar rate Rz
in liquid neon at the melting point. If one then ex-
tends the observed solid Rz data (Fig. 5) smoothly
into the temperature range of the liquid as a vibra-
tional contribution R@v, one can then examine the
residual relaxation rate R' by the decomposition

1/Tq=R@v+R' .
For Ne, the resulting R' is an approximately ex-
ponential function of temperature with an activation
energy about equal to the 211-cal/mole diffusion
energy. Since the liquid density varies by only
about 14/0 over the range of the Ne data, it may
be that the residual R' can be interpreted in terms
of a contribution from single-particle diffusion.
A corresponding analysis yields similar results
for liquid krypton and xenon. ' The observed
quadrupolar relaxation in the rare-gas liquids may
exhibit both diffusional and vibrational contribu-
tions at temperatures not too far above the melting
point.

VII. CONCLUSIONS

The Ne NMR line in solid neon exhibits dipolar
and quadrupolar broadening. Motional narrowing
of the resonance line as the temperature is in-
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creased indicates a coefficient of self-diffusion in
the solid which obeys an Arrhenius relation and
corresponds well with the coefficients in other
rare-gas solids, when a quantum-mechanical law
of corresponding states is applied.

The spin-lattice relaxation of Ne in solid neon
near the melting point exhibits a diyolar contribu-
tion arising from atomic self-diffusion. The prin-
cipal T& mechanism in the solid, however, appears
to be quadrupolar relaxation via the anharmonic
Ram' process.

The coefficient of atomic self-diffusion measured
in liquid neon also exhibits an Arrhenius behavior
and, as in the case of K'r ' in liquid krypton and
Xe' ' in liquid xenon, the quadrupolar T& in the
liquid exhibits a temperature variation much slower
than the p/D expected from single-particle diffu-
sion models. If collective quasicrystalline vibra-
tional modes do persist in liquid neon not too far
above the melting point, then it is probable that
they provide an appreciable contribution to the
quadrupolar relaxation in the liquid.
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