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Using a special technique to reduce the effective spin-lattice relaxation time T, ,  the pulsed NMR method 
is used to measure the diffusion coeficient D of He3 in solid He4 with He3 concentration 6 
X 10-55x 1.2X lo-', at a temperature 0.61.4 K and a molar volume V = 20.95 cm"mo1e. The results 
indicate that D increases sharply (D a T -4 with decreasing temperature at an He3 concentration less than 
lo-'. This indicates that impuriton scattering by the phonons of the solid-helium lattice plays the decisive 
role. It is shown that at T <  0.7 K, the diffusion coefficient is inversely proportional to the He3 
concentration in a wide range of concentrations (6x  10'-2.17~ lo-=). The width of the impuriton energy 
band is estimated by various methods at - lo-' K. 

PACS numbers: 67.80.Mg, 61.16.Hn 

A prominent place in the study of the properties of of helium isotopes. It was shown that the diffusion co- 
quantum crystals is occupied by a phenomenon pre- efficient of He3 impurities is independent of temperature 
dicted by Andreev and I. Lifshitz, namely quantum dif- at T <  KC^^-^^^ and increases in inverse proportion to 
fusion, consisting in the fact that the diffusion transport the He3 impurity c o n c e n t r a t i ~ n ~ ' ~ " ~ ~  i.e., in full agree- 
in such crystals at low temperatures is effected by ment with the regularities that reflect the second of 
quasiparticles (impuritons) that constitute delocalized these cases. 
impurities moving inside the crystal lattice like a gas. 

The first experimental indication that the diffusion co- 
This circumstance leads to substantial singularities in 

efficient increases with decreasing temperature is con- 
the temperature dependence of the diffusion coefficient 

tained in L141, although the low measurement accuracy D of impurities in quantum crystals. Whereas in or- 
did not make it possible at that time to investigate this 

dinary crystals D decreases exponentially with de- 
effect reliably. We have recently reported brieflyC20*211 

creasing temperature, the temperature dependence of 
observation of impuriton-phonon scattering typical of the impurity diffusion coefficient in quantum crystals 
the quantum-diffusion mechanism in the case of ex- 

takes a much more complicated form>'*21 
tremely low He3 impurity concentrations of ~e~ in solid 

Figure 1 shows schematically a curve that reflects 
the most characteristic singularities of D(T) for a 
quantum crystals. It follows from the figure that with 
decreasing temperature the diffusion coefficient de- 
creases exponentially only until its thermal-activation 
mass-transport mechanism that governs the diffusion 
becomes comparable with the mechanism caused by 
tunnel exchange of impurity atoms with the matrix 
atoms. This can be followed by two possibilities: 

1. At extremely low impurity concentration, a power- 
law increase of D should be observed with decreasing 
T, like Dm TS, owing to the decreased effectiveness 
of the interaction between the impurity quasiparticles 
and the thermal phonons of the lattice:'' 

2. At higher impurity concentrations, such that the 
decisive role is played by impuriton collisions with one 
another, the exponential decrease of the diffusion coef- 
ficient gives way to a region where D is independent of 
temperature and is inversely proportional to the im- 
purity c~ncentrat ion.~~'~ '  The appearance of the plateau 
on curve 1 at low temperature is due also to the limit 
imposed on the impuriton mean free path by their colli- 
sions with one another. 

Questions connected with the unusual character of the 
diffusion in quantum crystals, and primarily in solid 
helium, have been considered in a number of theoretical 
~ o r k s . [ . ~ - ' ~ ~  A few years ago, quantum diffusion was ex- 
perimentally registered in an investigation, by an NMR 
method, of diffusion in the hcp phase of solid solutions 

~ e ~ .  The present paper is devoted to an exposition of 
the results of further investigations of the temperature 
dependence of the diffusion coefficient in solid solu- 
tions of helium isotopes. 

MEASUREMENT METHOD AND TECHNIQUE 

The most important factor in NMR investigations of 
solid helium containing small amounts of He3 is to en- 
sure sufficient sensitivity of the NMR apparatus. The 
latter depends on numerous factors and primarily on 
the intensity of the NMR signal in the tank circuit. The 
maximum amplitude of the emf induced in the receiving 
coil by the processing magnetization vector is given 

FIG. 1. Temperature dependence of the diffusion coefficient 
of impurities in quantum crystals (scheme): 1-impuriton 
scattering by phonons predominates, 2-scattering of im- 
puritons by one another predominates. 
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where vo = w0/2n is the NMR frequency, Ho is the inten- 
sity of the constant magnetic field, x is the magnetic 
susceptibility of the ~ e ' - ~ e ~  solution, d and n a r e  the 
diameter and number of turns of the measuring coil, 
and Q is the quality factor of the tank circuit. 

It follows from (1) that the intensity of the NMR signal 
can be increased by various methods, but analysis 
shows that the most effective of them entails raising the 
NMR frequency. It should be noted that increasing the 
NMR frequency in the case of weak He3-He4 solutions 
leads to the need of overcoming considerable difficulties 
that result from an abrupt increase of the spin-lattice 
relaxation time T,. For temperatures below 1K the 
magnetic relaxation rate Ti1 of He3 impurities in solid 
He4 (molar volume V =21 cm3/mole) is described by 
the relationc1g1 

~ , - ' = l i  cxp (-o,/o.j, (2) 

where k = 77 sec" and w,/2i~ = 1 .I7 MHz. An estimate 
of T, for a concentration x = l o m 4  and for w0/2n = 10 MHz 
leads to T, = 7 x lo5 sec. 

Since the use of the pulsed NMR method under equi- 
librium magnetization conditions c a l k  for pauses 
At 3 T, to follow each application of the high-frequency 
pulses to the sample, large values of T, hinder the use 
of high NMR frequency for the investigation of weak 
He3-He4 solutions. Preliminary saturation of the spin 
systemc23~z41 is sometimes used under these conditions; 
this method eliminates in part the difficulties connected 
with large values of T,. The signal h(0) observed in 
this case, however, is smaller than the equilibrium 
value ho : 

It is easily seen that in the case of He3-He4 solutions 
with x -  the measured signal is less than 1% of the 
equilibrium magnetization signal ho even at At- lo3 sec. 
Thus, when working by the usual increas- 
ing the frequency produces no effect and the concentra- 
tion region x s remains practically inaccessible to 
NMR investigations. 

The advantages offered by high frequencies can be 
utilized by artificially accelerating the restoration of 
the equilibrium magnetization. There a r e  devices of 
decreasing T,, either by introducing paramagnetic im- 
purities into the sampleczz~z51 o r  by using an additional 
mechanism of relaxation on the walls of the container 
in which the investigated sample is located. The last 
procedure is successfully used in the case of liquids, 
particularly in the investigation of liquid ~ e ~ , ~ ~ ~ ~  when 
the rate of magnetic relaxation is given by 

Here T,, is the measured spin-lattice relaxation time, 
Tlo is the intrinsic relaxation time of the spin system, 
and T,, is the time of relaxation on the container walls. 

It is interesting to note that in weak liquid He3-He4 

FIG. 2. Measuring cell: 1-refrigerator with pumped-on 
~e~ vapor; 2, 8-auxiliary bellows with liquid ~ e ~ ;  3-bellows 
for compression of the investigated solution; 4-epoxy-resin 
insert; 5-NMR coil of 1 0  mm diameter, 6-capacitive ma- 
nometer, 7-rod, 9-carbon resistance thermometer. 

solutions TI, is also very large and for x -  the in- 
trinsic relaxation time is TI,- lo5 - lo6 sec!z71 How- 
ever,  such large T, a r e  in practice never observed in 
experiments with liquid helium, since the He3 atoms 
rapidly reach the container walls by diffusion and relax 
there, so that the measurements yield TI,- T,,. A de- 
tailed examination of this question has showncz81 that 
T,, depends on the wall material and on the container 
dimensions, but for most experimental installations it 
does not exceed -30 sec. 

Bearing these circumstances in mind, we developed a 
procedure that made i t  possible to obtain a practically 
equilibrium magnetization in solid samples. It consists 
of melting the sample prior to each NMR-signal mea- 
surement by lowering the pressure,  maintaining the 
liquid state for some time to obtain equilibrium mag- 
netization, and then allowing the sample to crystallize. 
This was followed by measurement of the spin-echo 
signal, remelting the sample, and repeating the entire 
procedure at different magnetic-field gradients. 

To effect this procedure, additional units were intro- 
duced into the previously describedcz4' cryogenic in- 
stallations and made i t  possible to vary the pressure in 
the cell (Fig. 2). The sample crystallization was now 
effected by compressing a bellows 3 with the aid of 
auxiliary bellows 2 and 8 filled with Liquid He4 and in 
which the pressure could be raised by compressing one 
of them (8) with a rod 7. The ratio of the cross  section 
areas  of bellows 2 and 3 was approximately 2:1, s o  that 
the He4 was prevented from crystallizing in bellows 2 
and 8 at  a cell pressure -30 atm. The described sys- 
tem ensured the possibility of crystallizing the sample 
within about two minutes. Increasing the duration of the 
process revealed no changes of any of the measured 
characteristics of the samples. 

An essential factor in this method of obtaining solid- 
helium crystals is the reproducibility of the density 
and concentration of the He3 in the investigated samples 
after each melting and crystallization cycle. The sam- 
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ple density was monitored against the pressure in the 
cell with the aid of capacitive manometer 6C24' whose 
sensitivity was -0.02 atm. The scatter of the values 
of the molar volume of the solid-helium sample in dif- 
ferent experiments did not exceed k0.05 cm3/mole. 
Particular attention was paid to the reproducibility of 
the concentration in the investigated samples. Since 
the crystallization and the friction heat release in bel- 
lows 3 could give r ise  to a temperature gradient in the 
cell, the concentration of the H e 3 - ~ e ~  solution could 
change a s  a result of the thermomechanical effect in 
the liquid phase. 

It is well knownc301 that in the T 0.08 K region, in 
which the main experiments on crystallization and 
melting were performed, dP/dt  is close to zero, so  
that the heat of the phase transition is negligibly small. 
This was confirmed, in particular, by the readings of 
the resistance thermometer 9 ,  which revealed no 
changes, accurate to lo5 K, of the temperature in the 
course of the crystallization. 

The He3 concentration in the sample was estimated by 
several independent methods: from the value of the 
magnetic susceptibility of the liquid and solid He3-He4 
solutions and from the palue of the diffusion coefficient 
in the liquid, which varies like x-' under these condi- 
t ion~.[~ ' ]  All the methods yielded compatible values 
within the limits of e r ro r ,  which decreased (30-10%) 
with increasing concentration. 

The solid samples for the measurement of the diffu- 
sion were prepared by two methods. In the first ,  the 
crystallization was effected a t  Tz0.4 K, the sample 
temperature was raised to the specified value 
(0.4-1.4 K), and the NMR measurements were made. 
In the second, the measurements were made a t  the 
crystallization temperature. The values of the diffusion 
coefficient agreed in both cases within 15-20%, but in 
the former case, owing to the longer times T, in the 
~ e = - H e ~  solid solutions, the amplitude of the NMR sig- 
nal remained larger and corresponding to a larger equi- 
librium magnetization a t  T = 0.4, thereby improving 
additionally the signal/noise ratio. 

The NMR spectrometer operated a t  9.25 ~ ~ z . 1 ~ ~ '  The 
~ a r r - P u r c e l l [ ~ ~ ~  method and the Hahn stimulated-echo 
m e t h ~ d [ ~ ~ * ~ ~ '  were used. In the Carr-Purcell method 
we used a sequence of three 90"-180"-180" pulses, and 
the interval r1 between the 90" and the f i rs t  180" pulses 
was chosen small enough (-200 bsec) so  that the am- 
plitude of the f i rs t  echo signal was independet of the 
magnetic field gradient G in either the solid o r  the 
liquid phase. As a result, the first  signal was in fact 
proportional to the magnetic susceptibility of the in- 
vestigated He3-He4 reproducibility of the sample con- 
centration. 

The radio of the amplitudes of the two echos produced 
in this sequence is described by the expressionc231 

where h, and h, a re  the amplitudes of the signals of the 
f i rs t  and second echo, t is the time interval between 

the two 180" pulses, T, is the spin-spin relaxation 
time, and y is the gyromagnetic ratio. In the experi- 
ment we measured h,/h, as a function of G. The calcu- 
lation of the diffusion coefficient was by least squares 
using expression (5) a r e  the corresponding expression 
for the stimulated-echo m e t h ~ d ? ~ ~ ' ~ ~ '  

The described procedure yielded information on the 
diffusion coefficient up to values D =  10'1° cm2/sec. The 
e r r o r  in D varied with the He3 content and amounted to 
15-20%. 

RESULTS AND DISCUSSION 

The results of the measurements of the temperature 
dependence of the diffusion coefficient of He3 in the hcp 
phase of weak He3-He4 solutions a r e  shown in Fig. 3. 
The curves 1, 2, and 3 correspond here to concentra- 
tions 6 X lo-=, 5.2 x and 1.2 x lo5 He3 in solid He4, 
and were obtained in the present study, while curves 4, 
5, and 6, which correspond to solutions with He3 con- 
tents 2.5 x lo5, 7.5 x lo5, and 2.7 x 10" ~e~ correspond 
to the previously measured data.c17*241 It is clearly 
seen that the character of the temperature dependence 
of D for the weakest He3-He4 solid solutions (curves 1 
and 2) differ radically from the analogous relations for 
more concentrated solutions (curves 4-6)." 

The exponential decrease of the diffusion coefficient 
on curves 4-6 gives way at high temperatures to con- 
stance of D with decreasing temperature, thus charac- 
terizing a transition from the vacancion diffusion mech- 
anism to the mechanism of quantum diffusion limited by 
impuriton-impuriton collisions, in full accord with the 
theoretical curve in Fig. 1. With decreasing He3 con- 
centration, the temperature region of the vacancion 
diffusion narrows down and the plateau region broadens. 

At a concentration -lo", a new scattering mechanism 
comes into play and determines the growth of the diffu- 
sion coefficient with decreasing temperature (curve 3). 
With further decrease of the He3 impurity concentration 

FIG. 3. Temperature de- 
pendence of the diffusion 
coefficient of He3 in solid 
~e~ at various ~e~ con- 
centrations: 1 - % 

= 6 2 - ~ = 5 . 2 - 1 0 - ~ ;  
3 - ~ = 1 . 2 . 1 0 ' ~  (present 
results, V=20.95 cm3/ 
mole); 4 -x=2.5.109; 
5 -x=7.  5.1(r3; 6 - x  
= 2.17. (results of 
earlier work,t241 V 
= 20.7 cm3/mole). 
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FIG. 4. Temperature dependence of phonon component Da 
of the diffusion coefficient at x =  6 x lo6. The straight line 
corresponds to the equation log D*-l= 9 log T+ 6.613. 

the region where D increases is observed more and 
more distinctly (curves 1, 2, and Fig. 3). At the same 
time, there appears in the low-temperature a section 
characterized by independence of the coefficient of dif- 
fusion of the temperature. F o r  the smallest of the in- 
vestigated concentrations in the temperature region 
1.3-0.7 K, the diffusion coefficient increases approxi- 
mately tenfold. The experimentally registered growth 
of the diffusion coefficient is best compared with the 
available theoretical calculations for the scattering of 
impuritons by phonons . 

For  a quantitative comparison of theory and experi- 
ment, we reduced the experimental D(T) data under the 
assumption that the collisions of the impuritons with 
one another a re  independent of the collisions with the 
lattice phonons .[2'141 Then 

where Dim, is the low-temperature diffusion-coefficient 
limit determined by the impuriton scattering; D,, is 
the temperature-dependent part of D determined by the 
impuriton-phonon interaction. The values of D,, were 
calculated from (6) using the experimental data on the 
diffusion coefficient. 

The result of the calculations for x = 6 X He3 
plotted in coordinates log D;:, and log T, is shown in 
Fig. 4, from which it follows that D,, has a power-law 
dependence on the temperature 

where B =(4.1 i0.5) x lo6 and n =9 i 1. The obtained 
data a re  in full agreement with the theoretical conclu- 
sionC1] that the diffusion coefficient depends on tem- 
perature if the impuriton-phonon interaction is deci- 
sive. The experimental value of this dependent was 
first  established by us  in C20*211 and was subsequently 
confirmed by Allen and ~ i c h a r d s . [ = ~ ]  The value obtained 
here for the constant B also agrees with the previously 
obtained analogous value.c14' 

Figure 5 shows a plot of D(x) in the plateau region and 
gives, besides the present data of the present study, 
also our earlier r e s ~ 1 t s . C ~ ~ ~ ~ ~ ~  It should be noted that in 
a range where the concentration changes by almost 
three orders of magnitude all the experimental values 

FIG. 5. Concentration dependence of the coefficient of dif- 
fusion of ~e~ in solid ~e~ ( V= 20.95 cm3/mole) in the region 
of the impuriton-impuriton interaction. The data for x 
> 1 . 2  x l o4  were taken from our earlier papers. 

of Dim, satisfy well the relation Dim, =Ax-'. The con- 
stant A = (1 i 0.2) X 10" cm2/sec agrees within the limits 
of e r ro r s  with the earlier dataJ17-'g*241 

It is that a comparison of experimental 
data on the concentration dependence of D with the first  
variant of the theory that takes the impuriton-impuriton 
interaction into account[341 has greatly underestimated 
the exchange integral J,,. The main cause of this phe- 
nomenon is the assumption, made in the calculation, 
that the interaction of the impuritons with one another 
is small. Further development of the theoryc2] has 
shown that the impuriton-impuriton scattering cross  
section is a>> a2 (a is the distance between atoms in the 
lattice) and a recent semiquantitative calculation of a 
with account taken of the strong anisotropy of the im- 
puriton interactionc361 yielded a value of J,, that differs 
from the corresponding value of J3, in pure He3 by only 
approximately one order of magnitude. 

To explain the concentration dependence of D in the 
interval s x s a model called the interaction 
model was proposed.c101 According to this theory im- 
puritons can be produced in solid helium only a t  
x < and their appearance should be accompanied by 
a sharp increase of the diffusion coefficient in this re- 
gion. The linearity of D(x) in a very wide range of con- 
centration, established in the present study, contra- 
dicts the conclusions of the interaction model and de- 
monstrates that it cannot be used to describe the real 
situation in solid helium in the investigated region. 

Using the calculated values of A,  B, and n ,  the inter- 
polation formula (6) (at V=20.95 cm3/mole) can be 
written in the form 

Equation (7) describes satisfactorily the experimentally 
established temperature and concentration dependences 
of the coefficient of diffusion of He3 impurities in solid 
He4 for  samples containing 2.17 X lom2 - 6 X He3, and 
describes the influence of various scatterings of the im- 
purity quasiparticles on the behavior of quantum diffu- 
sion in a solid. 

It can thus be regarded a s  firmly established by now 
that the principal theoretically predicted singularities 
of the diffusion of impurities in quantum crystals ac- 
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tually exist, namely: the exponential decrease of D, 
the power-law growth of the diffusion coefficient with 
temperature like D a T-', and the independence of the 
diffusion of temperature and its inverse proportionality 
to the impurity concentration. 

The presence of phonon and impuriton scattering sec- 
tion on curves 1 and 2 (Fig. 3) makes it possible to 
calculate from the experimental data the width of the 
impuriton energy band A e  =zJ3, (J,, is the He3-He4 ex- 
change integral and z is the number of nearest neigh- 
bors) independently for each quasiparticle-interaction 
mechanism. Estimate of A€ by Pushkarov's formulac121 
for the diffusion coefficient, bounded by impuriton- 
phonon scattering: 

where a is the interatomic distance, u is the speed of 
sound, 8,=8/8 (8 is the Debye temperature), leads to 
a value A€ - lo-, K and accordingly to J3, - K. An 
estimate of J ,  for the case of impuriton-impuriton 
scattering of quasiparticles, given in yields the 
same order of magnitude. 

Attention is called to the fact that the exchange inte- 
gral J3, obtained in this manner is approximately one- 
tenth the value of J3, for pure He3 at the corresponding 
molar volume .[381 

In conclusion, the authors thank B. I. Verkin, V. A. 
Slyusarev, and M. A. ~trzhemechny; for useful discus- 
sions and V. A. ~a7danov for help with the experiments. 

')we note that curves 1-3 and 4-6 correspond to somewhat 
different molar volumes (V= 21 and 20.7 cms/mole) of the 
solid helium. This ie immaterial when diffusion mechanisms 
in different temperature regions a re  considered. 
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