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Dynamics of the phase separation in solid solutions of He- He
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Measurements of NMR longitudinal and transverse relaxation times together with diffusion
coeKcients and pressure variations have been performed on solid solutions of helium-3 and -4 isotopes
with He concentrations 0 & x4 &0.4. All the measurements analyzed in the framework of a simple mod-
el follow the variation of the motion of He atoms as a function of the x4 concentration above the
phase-separation temperature but also as the phase separation proceeds. In the mixed phase, the atomic
motion appears to be sensitive to the quality and history of the crystal. Similar measurements have also
been performed in a liquid mixture at x4 =0.24 as it phase separates.

I. INTRODUCTION

Many different techniques have been used to study the
phase separation in solid helium mixtures.

(1) Specific heat measurements' of the mixtures exhibit-
ed a large change at the phase separation and could be
fitted by the regular solution theory. The first diagram of
the phase separation temperature Tps as a function of the
He concentration x4 thus obtained was found to be

essentially symmetrical about x4 =0.5. This diagram was
almost independent of the pressure of the sample for
P &70 bars.

(2) Sensitive pressure measurements ' were also used
to measure the T-x4 phase diagram and it remained close
to the one deduced from specific heat measurements, but
showed some asymmetry in Tps (x~) for large x4.

(3) Sound velocity and attenuation measurements '

performed in the solid solutions exhibit a hysteretic be-
havior after crossing the phase separation curve. This is
attributed to the creation of dislocations when cooling
through the phase separation which are annealed by
warming the crystal to a temperature much larger than
Tps '

(4) A similar hysteretic behavior is observed in NMR
experiments. For temperatures above the phase separa-
tion, the spin lattice relaxation becomes nonexponential
suggesting a one-dimensional (1D) diffusion of the energy
to relaxation centers (supposedly dislocations or He
atoms); the amplitude of the temperature hysteresis cy-
cles for NMR and sound experiments is similar.

(5) A direct probe of phase separation is given by x-ray
measurements monitoring the lattice spacing a in the
crystal during a temperature cycle. Various behaviors
have been observed depending on the relative concentra-
tions and the preparation of the sample; in several mix-
tures, the lattice spacing a decreases in the vicinity of the
phase separation preceding a rapid change when the solu-

tion phase separates.
(6) Diffusion measurements using NMR also show' a

phase separation dynamics depending on the history of
the sample. However the diffusion coe%cient D of the
He is unexpectedly high (comparable to D in the liquid

phase) for solutions rich in He and the diff'usion seems
quasi-one-dimensional. On the other hand the suscepti-
bility measurements performed on the same sample give
the usual Curie law.

(7) NMR measurements have also been performed in
He-rich samples looking at the modification of the atom-

ic exchange rate with x 4' and to the growth speed of the
separated phases in both high pressure (32 bars) and low
pressure (28 bars) cases. '

Several of the puzzling features of the experiments
mentioned above have been understood' ' but much
remains to be done. Some questions of interest suggested
by these experiments deal with the following.

(1) The possible existence of modulated structures in
the vicinity of the phase separation. ' This could be ob-
served in NMR through boundary limited diffusion.

(2) The effect of fiuctuations which are responsible for a
short-range order above Tps for 50:50 solutions. '

To have a better understanding of the dynamics of the
phase separation we performed NMR measurements of
the diffusion coefficient D of the He atoms together with
the spin lattice T& and the spin-spin T2 relaxation times
as a function of T on solid solutions of various relative
concentrations whose pressure was continuously moni-
tored during the experiment. The pressure of the sample
was large enough to ensure that both isotopic phases
would be solid but small enough to keep the diffusion
coefficient in a measurable range.

We also performed the same measurements on a liquid
mixture (x4=24%) under its saturated vapor pressure in
a temperature range where it phase separates.

We shall also comment on some minor observations
made during the course of the experiments.
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II. APPARATUS AND EXPERIMENTAL TECHNIQUES
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FIG. 1. Experimental cell and mixing chamber of the dilu-
tion refrigerator.

The solid sample is prepared by a blocked capillary
method in a cell made of Stycast 1266 (Fig. 1). The cell is
placed inside the mixing chamber of a dilution refrigera-
tor and is thermally coupled to the dilute mixture by 10
silver rods of diameter 0.6 mm. These rods are soldered
to a silver plate embedded in sintered silver powder. The
upper part of the cell also in contact with the silver rods
is accessible to the dilute mixture and filled with Auorine
DLX spheres of diameter 2000 A.

The temperature is measured by several techniques.
(1) Carbon resistors are placed inside the mixing

chamber. They are used as secondary thermometers and
heaters to control the temperature of the mixing
chamber.

(2) CW NMR of ' F in the DLX spheres is also used as
a secondary thermometer. Unfortunately in the dilute
mixture the DLX spheres rapidly loose thermal contact
with the liquid below T=250 mK and this secondary
thermometer can only be used at high temperatures.

(3) A more direct measure of the temperature of the
sample under study is deduced from the susceptibility of
the solid solutions acting as a secondary thermometer.

The lower wall of the sample cell is the diaphragm of a

Be-Cu strain gauge of standard design. The capacitor
plates are enclosed in a chamber sealed at room tempera-
ture. The gauge is calibrated at low temperature (4.2 K)
by filling the cell with liquid He in pressure equilibrium
with a room temperature volume whose pressure is mea-
sured by two reference gauges: a Sedeme CMB 200 strain
gauge and a Digiquartz 2900AS pressure transducer.
The pressure calibration is then used to calibrate the car-
bon resistors and ' F NMR signals along the melting
curve of solid He in a magnetic field of 0.308 T corre-
sponding to the experimental conditions. During the ex-
periment the strain gauge monitors continuously the
pressure of the sample kept at constant volume.

A superconducting magnet in persistent mode placed
in the He bath of the cryostat provides the necessary
magnetic field. A superconducting solenoid wrapped
around the outer copper shield of the dilution refrigera-
tor allows us to adjust the DC field to the exact value for
the pulse experiments or to sweep the field for CW exper-
iments. A set of superconducting gradient coils located
on the inner shield of the dilution refrigerator provides a
field gradient of 3 mT/cm for 1-amp current necessary to
measure the relatively small diffusion coeScients in our
solid solutions.

Two NMR saddle coils are wrapped around the upper
and lower parts of the experimental cell. Their axes are
at right angles from each other to minimize any pick-up
effect. The lines connecting the coils to the spectrometers
are tuned to the chosen frequencies. Two separate NMR
spectrometers are used for the experiments.

(1) A CW spectrometer at 12.3497 MHz is used for the
NMR of ' F spins. The detected signal is amplified and
both plotted on a chart recorder and stored in a comput-
er coupled to a high speed voltmeter Keithley 194A.

(2) A pulse spectrometer at 9.999 MHz coupled to a
PC-AT computer is used for the NMR of He spins in
various magnetic field gradients. The block diagram is
given in Fig. 2. An hp 8640B signal generator produces
the radio frequency and the computer the required gate
and pulse sequences. The pulses are amplified by two
ENI linear amplifiers followed by a homemade class C
power amplifier providing 1.1 kV peak to peak on the
tank coil. The NMR signal is amplified and detected us-
ing a mixer driven by a reference signal from the signal
generator with the proper phase shift. The signal is then
read both by a digital storage oscilloscope Philips PM
3320A and by the high speed voltmeter Keithley 194A.
It is then stored in the computer. A different procedure
is also used, where the signal is not detected, to measure
the magnetic field gradient by recording the zeros of the
free precession more easily observed on a spin echo. This
gives a direct measure of the magnetic field gradient in
the experimental conditions.

We have studied five solid solution samples with "He
concentrations X4.. 1.9X10, 4.6X10, 0.14, 0.24,
0.38 under pressures small enough to have measurable
diffusion coeS.cients but large enough to ensure that the
samples remain solid at any temperature, i.e., 35
bars &I' (38 bars. These solids are bcc above the phase
separation temperature Tps in the mixed phase and the
phase separation produces a bcc and an hcp phase at low
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shorter than T&, we use a stimulated echo technique
sketched on Fig. 3 which keeps the echo bigger for longer
times. The attenuation of the echoes following the usual
90—180 sequence and the stimulated echo sequence 90-
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FIG. 2. Block diagram of the pulse spectrometer at
co/2m= 9.999 MHz used for the NMR of He spins.

temperature. ' The samples are annealed at high tem-
perature (0.8 —0.9 K) and then slowly cooled down to
temperatures in the phase separation range.

The pressure of the sample is constantly monitored and
we are able to see the excess of pressure due to the pres-
ence of vacancies at high temperature' and an increase
when the temperature is lowered through Tps (for
X4~4.6X10 ). We can thus locate the phase separa-
tion temperature. When T is further lowered below Tps
the pressure increases again during the cooling down and
then relaxes slowly. On the other hand, when warming
up starting from temperatures below Tps, we observe a
slow decrease of pressure as the ratio of the separated
phases changes. Unfortunately a leak in the vacuum
space of the strain gauge shifted the calibration of our
pressure measurements and thus reduced their accuracy
slightly. When the sample has reached equilibrium, we
measure T&, T2, and D.

(1) The spin lattice relaxation T& is measured by the
usual sequence of two 90' pulses. '

(2) The spin-spin relaxation time T2 is measured by the
Carr-Purcell sequence' using a 90 phase shift between
the 90 pulse and the 180 pulses as suggested by
Meiboom and Gill' to reduce the effect of inhomogenei-
ty. We use a sequence of 43 pulses with a small spacing
2—10 msec) to reduce the effect of diffusion on the mea-
surements.

(3) To measure the relatively small diffusion coefficients
D (=10 cm /sec) we need large magnetic field gra-
dients (3 mT/cm for 1 amp in the coil). This also re-
quires large RF pulses to rotate the spins as the gradient
becomes comparable to the rotating RF field 0, . For
our largest gradients, some correction is required. In or-
der to look for the existence of diffusion barriers, a possi-
ble indication of modulated structures, we want to check
if a single diffusion coefticient accounts for the dephasing
of the spins both at short and long times. T2 being often

90 90

I
I
I

90
~l

180

FICz. 3. Pulse sequences used for (a) conventional spin echo:
90-180, (b) stimulated echo: 90-90-90.

where y is the gyromagnetic ratio, Mo and M, respective-
ly, the nuclear signal amplitudes initially and at the time
of the echo maximum. In our sequences we keep ~& con-
stant and equal to 8 ms, which is much smaller than any
of our Tz values, and vary only (r2 —r&), the time period
during which the signal relaxes with a characteristic time
7 ~. We are thus able to measure the effect of diffusion for
times of about 1 sec corresponding to diffusion over dis-
tances of the order of microns. A plot of lnM as a func-
tion of (r2 —r, ), where r, is small gives the characteristic
relaxation rate of the echo which can be plotted as a
function of G . The slope of the straight line gives the
diffusion coeKcient. The spin lattice relaxation time, ob-
tained at G =0, can be compared to the usual measure-
ment by a 90-90 pulse sequence.

It is worth pointing out a difhculty arising from the
large magnetization of solid He at low temperature in a
significant magnetic field and at a large molar volume
where T2 is a fraction of a second: this set of conditions
produces "multiple echoes" in pulse sequences. ' The
type of pulse sequences used in this experiment is expect-
ed to minimize this effect due to the demagnetizing field
acting on the spins during a time of the order of T2.

We performed all the experiments reported hereafter
with the same NMR spectrometer and were able to make
relative comparisons of the susceptibilities of the samples.
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All solid samples followed a Curie law and the compar-
ison of the various samples was a direct measure of the
He concentration of the solid solution. The amplitude of

the free precession or of the echo allows us to measure in
situ the average concentration x4 of our samples at 6 =0,
but we can also check the homogeneity of these samples
by applying a field gradient which selects a slice of the
cell, observed by NMR, the larger the gradient, the
thinner the slice. The amplitude of the echo measured at
short times for increasing values of 6 must remain con-
stant for a homogeneous sample, after a small correction
accounting for the decreasing efficiency of the pulse to ro-
tate the spins in a high magnetic field gradient. This is
essentially what we observe in our samples. The homo-
geneity on a smaller scale is also accessible in our experi-
ments and we shall see that T, and T2 and their varia-
tions are reproducible and less sensitive to the quality of
the crystal than the diffusion coefficient of the He atoms.

In most of our experiments we first anneal the crystal
at high temperature and then cool down slowly. The
time scale of a temperature change is a day and the time
required to make a measurement of diffusion is 4 to 5 h as
we allow the system to recover between pulse sequences.

Below Tps, the solid has two components of different
relative concentrations and we measure an average of
their parameters.

III. EXPERIMENTAL RESULTS
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FIG. 4. Spin lattice T&(+ ) and spin spin T&(Q ) relaxation
times as a function of temperature for a solid solution sample of
x4=1.9X10 ' and P =36.3 bars. (The spin lattice relaxation
time T& plotted in the figure is the Zeeman-exchange relaxation
time, T„„.The long exchange-lattice relaxation time appearing
at low temperature is not displayed. )

In this section we report measurements of T&, T2, D,
and the phase separation temperature deduced from our
pressure data for five solid solutions with He concentra-
tions 1.9X10, 4.6X10, 0.14, 0.24, 0.38, and molar
volumes differing by less than 1.5%. Except for a few
data taken at high temperature (in the vicinity of 800
mKi where the number of vacancies is large, most of our
NMR data are taken in a range where the relaxation
times are only sensitive to the atomic exchange and in-
dependent of temperature; T, is a measure of the
Zeeman-exchange relaxation and Tz of the local field
variations.

In the following we consider each sample separately.
Some of the samples have been cooled only once, but for
some other concentrations several annealing and temper-
ature cycles have been made and we shall comment on
the results.

than the T, values for all the large molar volume experi-
ments; this is also true in the present case and our mea-
surements are in good agreement with former results. As
mentioned above, T„at high temperature, measures the
Zeeman-exchange coupling and is temperature indepen-
dent. When the temperature decreases, the exchange-
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A. Solid solution of x4=1.9X10 and P =36.3 bars

This sample with a low He concentration can be
directly compared to a number of former experiments
made in almost pure He.

Figures 4 and 5 give the experimental measurements of
T„T2, and D. We could not see a definite signature of
the phase separation on the pressure gauge so that we can
only assume Tps from former experiments
Tps = 120 mK. For this large molar volume and at a Lar-
mor frequency co/2~=9. 999 MHz, the NMR line is close
to the extreme narrowing regime and T& is expected, on
theoretical grounds, to be close to T2. However, experi-
mentally, the T2 values are systematically about 30% less
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FICs. S. Diffusion coefficient D as a function of temperature
for a solid solution sample of x4= 1.9X 10 and P =36.3 bars.
Several cooling runs have been performed and are figured by
different symbols.
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lattice coupling also decreases and T, becomes a function
of temperature and, as already observed in earlier experi-
ments, becomes nonexponential in time (t) but exponen-
tial in the square root of the time (&t ). This is con-
sistent with a 1D diffusion process toward relaxing
walls. ' There is no visible sign of the phase separation
on T) or T2.

The diffusion coefficient is quite sensitive to the quality
of the crystal. D is large at high temperature when there
are many vacancies and decreases at lower temperature.
A significant increase of D in the vicinity of the expected
Tps has been observed for two different cooling runs but
our data points are too far apart in temperature to follow
the detailed variation of D. Our figures for D are in good
agreement with the expected values deduced from the
"effective" exchange frequency in the crystal according
t024

D, =4. 12 a
J
2'

At V =24 cm /mole, using J/2m, given in Ref. 23, we
obtain D, = 12 X 10 cm /s to be compared with the ex-
perimental value D =9X 10 cm /s.

B. Solid solution of x4=4.6X10 and P =37.8 bars

One cooling run has been performed on this sample.
The phase separation is observed on the pressure strain
gauge by a slight increase at T=120 mK. The measure-
ments of T&, T2, and D given in Figs. 6 and 7 remain in
the same range whether above or below the phase separa-

T1,T2

(msec)—
+

tion, and this is not too surprising as the He concentra-
tion of the sample is low.

C. Solid solution x4 =0.14 and P =36.5 bars

Several cooling runs have been performed on this sam-
ple after annealing the solid solution above 800 mK. The
phase separation is observed on the strain gauge through
a large increase of the pressure below 272 mK followed
by a slow relaxation when the temperature is stabilized.
From there on any decreases in temperature produces a
new rise in pressure followed by a slow relaxation. Con-
versely warming up the phase separated solid produces a
slow decrease in pressure. These pressure variations are
significant only in the vicinity of the phase separation
temperature; for much lower temperatures the change of
pressure with temperature is very small.

Figures 8 and 9 give the experimental measurements of
T„T2, and D. As it is the case with purer samples T,
and T2 have similar behaviors, T2 being smaller than T&.
Above Tps T& and T2 are constant excePt for the higher
temperatures ( T=820 mK) where the number of vacan-
cies is large and increases the relaxation times. T, and
T2 increase when cooling through the phase separation to
reach constant values corresponding to the relaxation
times observed in samples of very low He concentrations
with the same molar volumes (cf. sample at
x4 = 1.9 X 10 ). The experimental measurements of the
relaxation times do not seem dependent on the thermal
cycling or the history of the sample and show no hys-
teresis as a function of temperature. This is true for T,
and T2 within the accuracy of our measurements.

The diffusion coefficient plotted in Fig. 9 exhibits a less
simple behavior but the general features are similar for
the various cooling runs. After annealing the crystal and
cooling it to a region well above Tps, D is relatively large
but depends strongly on the quality of the crystal and
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FICx. 6. Spin lattice T&(+) and spin spin T~(o) relaxation
times as a function of temperature for a solid solution sample of
x4=4.6X10 and P =37.8 bars. The phase separation tem-
perature Tps when cooling down is figured by a dashed line.
(The spin lattice relaxation time T& plotted in the figure is the
Zeeman-exchange relaxation time, T„„. The long exchange-
lattice relaxation time appearing at low temperature is not
displayed. }
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FIG. 7. Diffusion coefficient D as a function of temperature
for a solid solution sample of x4 =4.6X 10 ' and P =37.8 bars.
The phase separation temperature Tps when cooling down is
figured by a dashed line.
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there is some scattering in the data. Reaching a tempera-
ture range above Tps (where no variation of pressure is
observed on the strain gauge) D decreases significantly
and then rises again in the vicinity of the phase separa-
tion to reach a constant value below Tps. The compar-
ison of measurements taken on the same sample above
the phase separation temperature before and after a cy-
cling in the phase separated regime show an increase of D
following the cycle.

Some unexpected features have also been observed in
x-ray experiments in the same temperature regime close
and above the phase separation. In some samples rich in
He, a decrease of the lattice constant, measured by x

rays, precedes a large increase when cooling through this
temperature range across the phase separation. Both ob-
servations could be due to the creation of many defects,
reducing the lattice spacing and slowing down the
di6'usion. It is worth noting that this is not observed for
all of the samples of a given solid solution but seems to
depend on the preparation history of the crystal.

D. Solid solutions at x4=0.24, P =35.2 bars

and x4=0.38, P =35.65 bars
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FIG. 9. Diffusion coeKcient D as a function of temperature
for a solid solution sample of x4. =0.14 and P =36.5 bars.
Several cooling runs have been performed exhibiting the same

general features and are figured by different symbols. The data
taken during the same run are connected by straight lines. The
phase separation temperature Tps when cooling down is figured

by a dashed line.

FIG. 8. Spin lattice T&(+) and spin spin T,(o) relaxation
times as a function of temperature for a solid solution sample of
x& =0.14 and P =36.5 bars. The phase separation temperature

Tps when cooling down is figured by a dashed line. (The spin
lattice relaxation time T& plotted in the figure is the Zeeman-

exchange relaxation time, T„„.The long exchange-lattice relax-
ation time appearing at low temperature is not displayed. )

One sample of each solid solution was cooled down.
Many of the features observed formerly were present.

In both cases a large variation of pressure followed by
a slow relaxation was observed on the strain gauge when

crossing Tps. At x4=0.38 the last two measurements
were taken while warming up in the phase separation
temperature range and a decrease of pressure was ob-
served as expected. The pressure variation is always
slower during a warm-up than during a cool-down.

The experimental measurements of T&, Tz, and D are
plotted in Figs. 10 and 11. Tz in both cases is smaller at
high temperature than in pure He. It increases when the
temperature decreases below Tps to reach a plateau at
low temperature corresponding to the value measured in
samples of the same molar volume with very low He
concentrations (cf. sample at x4 = l.9 X 10 ). These are
similar to the features reported at x4 =0.14. Below Tps a
single curve can describe the temperature dependence of
the observed T2 and no hysteresis in temperature is ob-
served for x4 =0.38.

The behavior of T, is qualitatively difFerent. As T2, T,
tends to a low temperature limit below Tps but the value
above Tps is not decreasing as x4 increases as Tz does.
We have only a few data in this temperature range, but
the trend is an increase of T, measured above Tps as a
function of x4. We shall come back to this point later.
As expected the low temperature limit of T, is close to
the value in a sample of low He concentration and of the
same molar volume (cf. sample at x4=1.9X 10 ).

The measurements of D are plotted in Fig. 11 for both
He concentrations of the solid solutions. We have not

enough data to study the detailed behavior of D in a tem-
perature range close and above Tps, but several charac-
teristic features are noticeable. D is smaller in the homo-
geneous solution above Tps than in the phase separated
mixture and in that temperature range D is smaller when

x4 is larger. At x4=0.38 the small value of D measured
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at T & Tps should be considered an upper limit of the
di6'usion coeScient which becomes dificult to measure
and would require a larger magnetic field gradient to be
determined with accuracy. As the temperature is
lowered below Tps, D increases and tends to a low tem-
perature limit corresponding to the value expected in a
sample of low He concentration and of the same molar
volume (cf. sample at x4 = 1.9 X 10 ).
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FIG. 10. Spin lattice T& and spin spin T2 relaxation times as
a function of temperature for two solid solution samples: (1)
x4=0.24, P =35.2 bars, -T&(+), T&(O), the phase separation
temperature Tps when cooling down is figured by a dashed line.
(2) x4=0.38, P =35.65 bars, Ti( X ), T2(~), the phase separa-
tion temperature Tps when cooling down is figured by a dotted
line. (The spin lattice relaxation time T, plotted in the figure is
the Zeeman-exchange relaxation time, T„„. The long
exchange-lattice relaxation time appearing at low temperature is
not displayed. )

Let us riow compare the experimental measurements of
T„T~,and D obtained in solid solutions of x4 ~0.38 and
similar pressures. We shall, for the moment and for the
sake of comparison, ignore the slight difFerences in molar
volume, For all our samples the homogeneous solid solu-
tion lattice is supposed to be bcc. '

As expected, the three parameters tend to the limit of
the He rich sample at low temperatures ( T ((Tps ).

Above Tps, D and T2 decrease when x4 increases while
T, goes through a minimum as displayed in Fig. 12. In
this temperature range and as mentioned before, the
three parameters are independent of T arid can be related
to correlation functions of the atomic motion. The de-
crease of D for increasing x4 indicates that the charac-
teristic jump frequency of He with He atoms is lower
than the He- He one. Such a decrease in the atomic
motion leads to a reduction of the motional narrowing
and thus to a shortening of T2 as observed experimental-
ly.

To be more quantitative we need to make assumptions
about the correlation functions. For a "pure" solid sam-
ple in the bcc phase, setting apart the largest molar
volumes, the correlation function is known to be

D
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(cmsec
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FIG. 11. Diffusion coefFicient D as a function of temperature
for two solid solution samples: (1) x4=0.24, P =35.2 bars,
D(+), the phase separation temperature Tps when cooling
down is figured by a dashed line. (2) x4=0. 38, P =35.65 bars,
D(o), the phase separation temperature Tps when cooling
down is figured by a dotted line.

0.1 0.2 0.3
0

X4

FIG. 12. Spin lattice Ti(+), spin spin T2(o ) and diffusion
coefFicient D(O) above the phase separation temperature plotted
as a function of x4. The solid lines are drawn as a guide to the
eye.
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co /6) 2' /co
T, '= (e '+4e '), (4)

where M~=(2. 274X10")/V is the second moment of
the NMR line and co, is the characteristic modulation
frequency of the dipolar field by atomic exchange and is
proportional to the average exchange frequency:

COe J=3.38
277

' 2'
As we mentioned above, this does not give a good
description of the transverse relaxation behavior for large
molar volumes in pure He and the discrepancy is
thought to be due to the spin diftusion in the inhomo-
geneous applied magnetic field. For V =24 cm with
J/2m=22 MHz as reported in Fig. 31 of Ref. 23 Eqs. (3)
and (4) give T& =288 ms and T2 =255 ms which are con-
sistent with our results.

When more He is added to the sample, the correlation
function for the modulation of the dipolar interaction
should become similar to the one describing the modula-
tion due to vacancy jumps. Such a correlation function,
known for the relaxation in a high temperature regime, is
exponential, giving a Lorentzian spectral density. The re-
laxation times can then be written

M2 3 5 1 1
T2 '= $7 +— 22+1+co w 1+4' z

2M2 1
T) = co% 22+ 2 21+m z 1+4m T

where ~ is a time characteristic of the He jump. In a
solid solution He- He, the He atoms are "diluted" and
the second moment is proportional to the He concentra-
tion (1 —x4). ' Therefore we can compare the experi-
mental curves T2(1 —x&) and T&(1—x4) as a function of
x4 with the parametric description given by Eqs. (5) and
(6). The inverses of the right-hand sides of Eqs. (5) and
(6) exhibit a dependence in cur similar to the dependence
in x4 of Tz(1 —x4) and T, (1—x~). From the abscissa of
the minima in the T, curves we can correlate ~~ and x4
and obtain au~=0. 6 for x4-—0. 19. We can then compare
the experimental value of the minimum of T&(1—x4)
with the theoretical value deduced from Eq. (6) and also
the experimental ratio T& /T2 to the theoretical one, both
obtained without adjustable parameter. These quantities
agree within 10%. Using a similar procedure we now
compare the experimental and theoretical values of
T, (1 —x„) and T, /T2 and adjust the cur scale to obtain

Lorentzian giving an exponential spectral density, and we
can calculate the expected values for T, and T2 using as
usual in NMR an average exchange frequency (J/2m. ) to
describe the various exchange motions inside the
solid

mM2

3' e

V. DIFFUSION IN LIQUID MIXTURES

Using the same setup we also performed T&, T2, and D
measurements on a liquid mixture at "zero" pressure (the
cell was full of liquid and the capillary was closed at the

T1x(1-x~ )

T2x(1- x&)

(mse c)
300

0.2
/X

200
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0
I

0.2
I

0.3 Xg

FIG. 13. Comparison of the experimental values of
T&(1—x4), (+), and T2(1 —x4), (o ), plotted as functions of x4
and figured by solid lines with their theoretical values deduced
from Eqs. (5) and (6) plotted as functions of co~ and figured by
dashed lines. The theoretical model is only valid for significant
values of x4(x4 ~ 0. 15).

the best fit. The theoretical co~ values corresponding to
the experimental x4 appear in Fig. 13. This gives us a
measure of the characteristic time for the He atomic
jumps and of its dependence on He concentration in the
lattice: changing the He concentration x4 by a factor of
2 from 0.19 to 0.38, changes co~, i.e., v, by a factor of 3
from 0.6 to 1 ~ 8. As expected this description of the relax-
ation is only valid when the He concentration in the
solid solution becomes significant (x4 ~ 0. 15).

Knowing ~ we can also estimate the diffusion
coeKcient in a random walk model. For V=24 cm and
x4=0. 19, &=9.6X10 sec and D=2.4X10 cm /sec
while the experimental value of D interpolated from Fig.
12 is 3.3 X 10 cm /sec. As we just mentioned, increas-
ing x4 by factor 2 increases ~ by a factor 3 and decreases
D by a factor larger than 2 (our measurement is an upper
limit of D at x~ =0.38). Keeping in mind the approxima-
tions we made these considerations show the good
description of the experimental results given by this sim-

ple model.
In most of our experiments we could observe the

stimulated echo for times up to 800 ms to 1 sec and the
relaxation could always be described by a single exponen-
tial law thus excluding any possibility of boundary limit-
ed diffusion in our concentration range whether above or
below the phase separation.

The time required for a typical diffusion measurement
was of the order of 3 to 5 h during which the temperature
but also the sample must remain stable. We have noticed
that, although the stability of the measurement was very
dependent on the sample, we usually had more scattering
in the data above the phase separation temperature and
this could not always be attributed to a smaller signal.
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top of the cryostat). The He concentration of the mix-
ture was x4 =0.24. Except for the first measurement tak-
en at high temperature in a homogeneous mixture, all the
data were taken at temperatures below the phase separa-
tion and the measurements give an average of the proper-
ties of the two separated phases.

The susceptibility exhibits the same Fermi-type behav-
ior as for pure He and levels off at low temperature as
shown in Fig. 14.

The spin lattice relaxation time given in Fig. 15 is long
and probably not due to an intrinsic mechanism but is
consistent with wall relaxation after diffusion; we come
back to this point below. The measured transverse relax-
ation time is of the order of 1 sec but, again is not be-
lieved to be an intrinsic T2. It is probably also due to the
large value of the diffusion.

The measured diffusion coeKcient D is also plotted in
Fig. 15. It increases as the temperature decreases and the
phase separation proceeds. The results are in good agree-
ment with values measured in pure He. This is expect-
ed when the temperature decreases since the mixture
separates in two components: one rich in He and the
other, the larger component, almost pure He.

Considering the typical value of D and the random
walk model, a He atom diffuses over a distance of the or-
der of 2 mm in a time equal to T„ this remains true at
low temperature as D increases by a factor 5 and T, de-
creases by a factor 3. This distance when compared to
the spacing ( = l. 5 mm) of the Ag wires used to cool the
sample shows that the relaxation time T, obtained in our
measurements is due to a wall relaxation.

ples. The spin lattice and transverse relaxation times do
not show hystersis and are not very sensitive to the quali-
ty of the crystal while the diffusion coefficient can vary
significantly with the history of the crystal above the
phase separation temperature and large values of D have
been measured at x4=0. 14. Above the phase separation
temperature, T2 and D decrease continuously when the
He concentration of the homogeneous solid solution in-

creases showing a slowing down of the motion of He
atoms. For the same concentration range T, goes
through a minimum and our measurements show that for
x4) 0. 15 the correlation function describing the motion
of the He atoms is close to an exponential, being thus
very similar to the one describing the atomic jumps in a
BPP-type or random walk model. ' ' We then obtain
the variation of the correlation time for the jump of He
atoms as a function of the concentration of He in the
solid solution. Below Tps all the measured parameters
tend to the values corresponding to a He rich solid, as
expected.

For larger He concentrations several new features can
be expected in the same type of measurements.

(I) In the vicinity and below the phase separation tem-
perature, spatially modulated structures could form and
lead to a boundary limited diffusion, a direct measure of
the size of the structures.

(2) For solid solutions close to the critical point, i.e. ,

x4=0. 5 a cooling down through the phase separation
might show an increase of time constants and coherence

VI. CONCLUSION AND PERSPECTIVES

The dynamics of the phase separation of solid solutions
of helium isotopes (x 4

~ 0.38 ) has been studied by NMR
and pressure measurements for large molar volume sam-
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FIG. 14. Magnetization M of the liquid mixture with

x& =0.24 at low pressure plotted in arbitrary units as a function
of the inverse temperature.

FIG. 15. Spin lattice relaxation time T&(,o) and diff'usion

coef5cient D(+ ) for a liquid mixture with x4 =0.24 at low pres-
sure plotted as a function of temperature. The dashed line
figures a T ' dependence of D as a function of temperature.
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length in the solid, a critical slowing down leading to a
decrease of D in the vicinity of T, which has never been
observed in a solid.

We also report a series of measurements of T~ T2 and
D in a liquid mixture at x4=0.24. The phase separated
mixture rich in He exhibits a Fermi-type susceptibility
and a di6'usion coeKcient rapidly increasing when T de-
creases. The relaxation times, although long, are not in-
trinsic but due to di6'usion and wall eA'ects.
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