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The elastic modulus G’ and the logarithmic decrement & ;;, have been measured, in the tempera-
ture range 0.40 to 1.75 K, on specimens of crystalline helium grown at a pressure ~ 35 atm. The
influence of the growth conditions and of thermal shocks could be studied and specimens with
reproducible results could be chosen from the continuous recording of G’ and 8 4, . It was found
that for such specimens G’ decreases monotonically with temperature. This is interpreted as an
increasein themobility of defects with decreasing temperature. The G '(T')and § g, (T ) relations are
analysed by the Granato-Liicke theory; the dislocation parameters of internal friction are ob-

tained.

In the first experiments on internal friction in crystal-
line helium' at a frequency ~ 80 kHz, only the logarithmic
decrement & ;. (T") was measured. It was found that the tem-
perature dependence of the decrement has the form of a
curve with a maximum & 4, ~0.2 at 7= 1.3 K. These mea-
surements have been supplemented in the present work by
measurements of the temperature dependence of the shear
modulus G '. The form of the defect mobility, responsible for
the damping, can be determined from the results of such

measurements.
There is also considerable interest in the continuous re-

cording of § 1. (T') and G '(T'). In the earlier experiments,’?
these quantities were measured at a relatively small number
of points with considerable temperature intervals (up to 0.1
K). A narrow (in temperature) damping peak can be found by
continuous recording, and time dependences can be fol-
lowed in considerably more detail.

EXPERIMENTAL METHOD

Specimens of solid helium were grown by Shal’nikov’s
method® of oriented crystallization at constant pressure.
The gaseous helium was purified beforehand by the thermo-
mechanical effect (*He impurity % 107°). The choice of
growth rate and specimen cooling regime are discussed be-
low.

The measuring cell is basically the same as was used
before:! a quartz cylinder (1, = 27 mm, D = 3.4 mm) with a
fundamental flexural mode of oscillation (f, = 74.6 kHz)
was placed along the axis of a cylindrical container with a 0.5
mm gap between the walls. After crystallization, the com-
posite quartz-helium vibrator formed was excited by a 120—
250 us duration radiopulse with repetition frequency ~ 80
kHz. The measurement of the quality factor Q and the peri-
od of oscillation 7 of the vibrator was carried out after the
action of the pulse on the freely damped oscillations. The
maximum deformation amplitude € of the helium usually lay
in the range 2 X 10~°-2 X 10~7. With this apparatus* Q and
7 could be recorded continuously on a two-pen, two-coordi-
nate chart recorder. The accuracy in measuring the quality
factor was =2% and in the period was 0.01 us.

The temperature was measured by a carbon thermom-
eter to an absolute accuracy ~3 X 10~* K. The temperature
was stabilized with an accuracy ~10~* K by an electronic
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regulator.’ An annealing cycle was carried out for the speci-
mens for =30 min at a temperature 0.05 K lower than the
melting temperature.

The most detailed study was made on specimens (28
experiments) grown at a pressure of 35 atm (molar volume
V. =20.35 cm®). Four experiments were carried out on
specimens grown at 61 atm (¥,,, = 19.1 cm?).

EXPERIMENTAL RESULTS

Unless otherwise stated, the results presented refer to
specimens with V,, = 20.35 cm®. The initial stage of the
work consisted in the choice of growth rate and cooling-
heating regime for the specimen. The first experiments
showed that the growth rates of ~1073 cm - s/, used ear-
lier,"* were high. A number of damping peaks were observed
in such specimens which changed in position and shape with
time and also after heating. The scatter of points in the re-
sults obtained earlier (see Fig. 2 of Ref. 1) was evidently asso-
ciated with this phenomenon. These processes are most
clearly seen in Fig. 1, a, where results are shown of measure-
ments on a specimen grown at the maximum rate of 4 X 103
cm - s~ ', before and after the first heating. We note that after
four heating cycles the Q (T') and 7(T') functions are still not
established. These effects are absent in specimens grown at a
rate <3x107*cm-s™ 1,

To avoid thermal shock and the appearance of similar
effects when measuring the temperature dependences, the
range 1.2-1.9 K was covered in not less than 2 h. A cooling
rate from 10~? to 107* K . s ! did not affect the form of the
Q(T) and 7(T') relations in the range 0.4-1.2 K. It is thus
essential to grow a specimen at a rate <3X 10" % cm -s™!
and to observe the cooling-heating regime indicated, in order
to obtain reproducible results.

Anexample of the Q (T') and 7(T') traces for such a speci-
men is given in Fig. 1, b. The above conditions were satisfied
in six experiments and reproducible results were obtained.
The results obtained on these “good” specimens are de-
scribed below. Direct examination of the structure of the
specimens was not carried out. It is important that the distri-
bution of defects established in the growth process does not
vary during the time of an experiment, S 14 h. The internal
friction for deformation £ =2X107° to 10™® was ampli-
tude-independent in all the specimens studied (among them
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FIG. 1. Experimental traces of Q (T') and 7(T'). a) Specimen grown at the
maximum rate. Solid lines—measurements immediately after the conclu-
sion of growth; dashed lines—after the first anneal at 7= 1.82 K. Curves
of 7(T'), against which are indicated the absolute values of the periods of
oscillation, are shifted relative to one another; b) reproducible (*“good”)
specimen. The vertical arrows indicate the melting temperatures.

also those with ¥,, = 19.1 cm?), which agrees with the pre-
vious results. !

For determining the contribution of the helium to the
damping and frequency of the vibrator, the problem of the
oscillations of such a system was solved under the following
assumptions.

1. The solid helium forms a cylindrical layer with an
immobile outer surface, while the inner is firmly attached to
the quartz.

2. The shear modulus is complex: G *(w) =G’ + iG ".

3. Edge effects (correction of the order of 0.01) and the
anisotropy of G * were not taken into account.

It follows from the solution that:

Sne=0ad/[1—(t/10)%], G'~(7,/7)2—1, (1)
where 7 and 7, are the periods of oscillation of the compound
vibrator and of the free quartz respectively, a is a factor
taking the inertia of the helium in the gap into account
(@ =0.6 in the present experiments). We note that the for-
mula used previously to evaluate § 4, from § gives values
double the logarithmic decrement, i.e., the previous values'~
of 8 4. must be halved in order to agree with the generally
accepted determination of 6 5, = 7G "/G .

Experimental results analyzed according to Eq. (1) are
shown in Fig. 2. The shear modulus (Fig. 2, a) falls monoton-
ically with decreasing temperature. Such a form of G '(T) was
also observed on specimens with defects (growth rate
7% 107 *to 103 cm - s~ ). The relative change in shear mo-
dulusislarge: 4G '/G ' ~0.25. Itis therefore essential to take
into account the temperature dependence of the scaling fac-
tor 1 — (7/7,)* when evaluating & 5. . The results of the pre-
vious work!? were analyzed with a constant coefficient
1 — (1/7,)% so that the shape of the § 4. (T) curve is distorted.
Theresults of measurements of § i (7" ) with these corrections
applied are shown in Fig. 2, b. It can be seen that the § ;4. (T')
curves are smooth and have a characteristic broad maximum
at T~ 1.1 K. The position of the maximum was shifted in the
direction of lower temperatures in comparison with untreat-
ed results (including the earlier results). The values of § 4. (T")
agree with previous measurements as to order of magnitude.

6!
0.18
F 8-t/
0.5~ b
0.4
0.16 — .
1 FIG. 2. Temperature dependence: a) of the shear modu-
0.3k lus, b) of the decrement. The specimen numbers are indi-
/ / A N cated against the curves. The full lines are calculated ac-
= cording to Egs. (4), (5) for specimen No. 4. For clarity,
2 / curves are shifted by the amounts shown by the arrows.
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TheG (T )and$ . (T )dependencesforspecimens grown
at a pressure of 61 atm are similar to those shown in Fig. 2.
The shear modulus decreases monotonically with decreas-
ing temperature and AG'/G'~=0.3 between 2.5 and 0.4 K.
The damping has a maximum at 7'=2.1 K, below which it
falls monotonically with temperature. The order of magni-
tude is 6 2 =0.3.

DISCUSSION OF THE RESULTS

The observed damping is produced by the motion of
intrinsic (in view of the high purity) defects in the specimen
in the mechanical stress field. This phenomenon has a relax-
ation nature, which is confirmed by the absence of an ampli-
tude dependence over a wide range of magnitudes of the de-
formation. The theory of mechanical relaxation® gives the
following expressions for G ” and G ":

Gy—Gg OT,
GoCr Gy —2 ()
14+ (07p) 2’ G=(Gv=Cx) 1+ (o1,)*?

G'=Gy—
where G, and G, are respectively the nonrelaxation and
relaxation shear moduli, 7, is the relaxation time and w is the
measuring frequency. It follows from these relations (see
Fig. 2): a)that wehave wr, =~1(r, =2 X 107 s) at a tempera-
ture ~ 1.1 K; b) that 7, decreases monotonically with de-
creasing temperature. This indicates that the mobility of de-
fects which are responsible for the damping grows with
decreasing temperature.

There is usually a distribution of 7, values in a solid,
and the expressions for § and G’ occur as an integral of Egs.
(2) over the spectrum. This fact does not change conclusion
(b) qualitatively; however, the form of the distribution func-
tion has now to be taken into account to find the numerical
value of 7, at the damping maximum (in the Granato-Liicke
theory,® for example, @7, ~0.084 at the maximum).

The temperature dependence of 7, is of greatest inter-
est. To derive this relation from our experimental results, a
model has to be chosen for internal friction by a specific type
of defect. Since there is no theory of the dynamics of defects
in quantum crystals (except for vacancies, for which’
8,2 S 1073), the choice of a model has to be made by analogy
with the features of internal friction in classical solids. Two
mechanisms can give the observed large value of logarithmic
decrement: grain-boundary relaxation and oscillations of
dislocation segments (Granato-Liicke theory). The damping
due to the first mechanism is observed near the melting
point® at frequencies ~ 1 Hz. The temperature variation of
7, isanactivated dependence: 7, ~exp(4 /T'). Itis, therefore,
little likely that the phenomena observed in crystalline heli-
um are due to this mechanism.

Analysis of the § ;4. (T') and G '(T') relations was carried
out within the framework of the Granato-Liicke theory® (see
also Ref. 8), where the following expressions are obtained for
G'and §: '

Gy—G' 4(1—\7)_Q \E 1— (0/w,)*
Gv - o Y [1_((0/(1)0)2]2_,_(0).(’)2 ’
[ gy

@0 l (1—v)p]
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4(1—v) OTp
6= ——QA* ,
n? [1—(0/w,)*]*+ (wT,)*
BIF(1—v)
—_—— =0ol " 3
T ZJIGubZ ’ B c-T ’ ( )

where B is the damping constant, / is the length of the dislo-
cation segment, p is the density, A the concentration of dislo-
cations, 2 is an orientational factor, v ~0.3 is Poisson’s ratio
and b is the burgers vector. The total damping and the modu-
lus defect were found by integration over the distribution
function of segment lengths, which was taken as exponen-
tial.” We note that averaging over the distribution function
was not taken into account before.! This led, in particular, to
a reduction in the value of n.

The final relations, in a form convenient for numerical
integration are:

4(1—v Se=*d,
=(—N)—521\szt re o

at "0“.[1—(w/’wo)zxz]2+(@1;p)ﬁx’~ @)

)

Gv—G'  4(1—v)

*® 3[4__ 2,27 p—%
- ) oaze 2 [1— (0/w,) 2] e~ dz (5)
v b

; [1—(0/®o) *2*]*+ (07,) %z’

where L is the average length of a dislocation loop; L is sub-
stituted for the parameter 1 in the expressions for w, and 7, .

The experimental 6 4. (7") curve was approximated by
the theoretical Eq. (4) by choosing w, gL ? and n(2AL *is a
scaling factor which is found from the value of the maximum
damping). We note that the § ;4. (T') curve cannot be approxi-
mated by Eq. (4) within the limits of experimental accuracy
by choosing only the two parameters gL % and # (i.e., neglect-
ing the inertia of the dislocation core, w, = 0). A possible
explanation is that inertial effects provide an appreciable
contribution to the damping at low temperature. Iwasa et
al.'® remarked on the necessity of taking this effect into ac-
count when studying the propagation of ultrasonics in solid
“He. The results of the analysis with the inertia of disloca-
tions taken into account are presented later.

The value of the exponent 7, obtained on six specimens,
liesin the range 2.82-3.26; it is suggested later that n is exact-
ly equal to three in all specimens. Such a temperature depen-
dence of the damping constant is characteristic for the flut-
ter-effect mechanism.!' The parameters of dislocation
internal friction, obtained by the analysis described with
n = 3 are given in Table I. These values were then substitut-
edin Eq. (5) and the G '(T') variation was found by numerical
integration. The results of the calculations for specimen No.
4 are shown in Fig. 2. It can be seen that the agreement
between the calculated G '(T') variation and experiment is
good. This confirms the reliability of the choice of model.

The internal friction in crystalline helium with
V,, =20.3 cm® was studied using ultrasonic methods by:
Wanner et al.,'? Iwasa et al.’® and by Tsuruoka and Hiki."
Wanner et al. obtained the following values for the param-
eters: n=145-2.1, A=07-4X10° cm™% L=6-
11X 107* cm, g, = 2.2-3.2X 1077 cgs units. Iwasa et al.
deduced the values n =3, 24 =2.6-11.8X10* L =3.9-
6.1x107%, g, =2-5X1077 cgs units. Our results agree
well with these in the form of the temperature dependence
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TABLE L.

Specimen QAL? L, 10~ ¢m QA 10cnr? | g 10— Cgs units
No. | K- 3

1 0,38 1,0 3.8 8

2 0,42 1,0 4.2 10,

3 0,59 1,1 49 7,

4 0,63 0,96 6,8 16,

5 0,43 0,90 5,3 13,

B (T); the magnitude of the exponent agrees with the results
of Iwasa et al.'® The values of the dislocation density and
average loop length differ by an order of magnitude (see Ta-
ble I). This difference can be explained by a difference in the
structure of the specimens. However, the parameter g deter-
mined from our measurements is two orders of magnitude
less than the values obtained from ultrasonic measurements.
Calculation from the flutter effect theory'' gives a value
Eiheor = 1.6 X 1077 cgs units, agreeing with results of experi-
ments in the megahertz frequency region and differs appre-
ciably from our results.

Tsuruoka and Hiki'> measured the frequency (5-50
MHz) and temperature (1.38-1.70 K) dependences of the
logarithmic decrement for specimens with ¥,, = 20.5 cm>.
The main results are as follows: a maximum is observed in
the frequency dependence of the damping at a frequency
Smax ~ 15 MHz; the value is § fi2*=0.002; f,.... and & [i>* are
independent of temperature in the range studied; as the
specimen temperature is changed in a stepwise fashion, the
value f,,,, is established within a time ~30 min. We note
that these results differ considerably from those of Iwasa et
al.*® and of Wanner et al.'> Our results (8 52*~0.3, finax (1.1
K)~ 80 kHz) do not agree with the values obtained in these
authors’ works.

Experiments were carried out to study the time depen-
dences of § 4. and G ', in which the specimen’s temperature
was changed by 0.1-0.15 K in ~3 min and then held con-
stant during 3 h. The decrement and shear modulus were
recorded continuously on the chart recorder. At tempera-
tures 1.8-1.2 K, temperature jumps led, in a container of our
geometry, as noted above, to plastic deformation of the
specimen and to achange of § ;. and G ' with time. The actual
time variation of § . and G’ depended on the magnitude of
the temperature jump, its sign and the initial temperature; it
was not possible to obtain completely reproducible results.
In a number of experiments the decrement and modulus did
not reach a stationary value during the period of the mea-
surements. Within the accuracy of measurement, the decre-
ment and modulus remained constant after a stepwise
change of temperature as described, in the range 1.2-0.45 K.

Hikata et al.'* studied the propagation of large ampli-
tude ultrasound (f= 10 MHz) at 7= 1.67 K in specimens
grown at a pressure of 32.5 atm. According to their results,
the logarithmic decrement is independent of amplitude up to
values of € < 10™%, which agrees with our results.

Measurements have been carried out in the low fre-
quency region by Andronishkavili ez al.'® ( f~ 500 MHz) and
by Paalanen et al.'® ( f = 331 Hz). Both groups obtained the
solid helium specimens by the blocked capillary method.
The solid helium is plastically deformed in the process of
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growth of a specimen by such a method, and the magnitudes
of the residual stresses, their distribution and the uniformity
of the specimen depend strongly on the geometry of the con-
tainer, the cooling regime, the annealing, etc. The structure
of the specimens studied by Andronishkavili et al.'> and by
Paalanen et al.'® therefore differ appreciably from our
“good” specimens, and it is difficult to make a direct com-
parison of the results. Nevertheless, we note that Paalanen et
al. deduced that in pure helium specimens the elastic modu-
lus is independent of temperature in the range 0.05-2 K,
while the decrement (in other specimens) increases mono-
tonically with temperature. Within the framework of the
Granato-Liicke theory they obtained for a specimen with
V, =19.72 cm? that BL* = 1.3 107 '? T'? cgs units, and
this value agrees with our results at 7=1 K.

As can be seen from this brief discussion of results ob-
tained at other frequencies, our results qualitatively agree
best of all with those of Refs. 10, 13, 14 and 16. However, the
numerical values of the parameters A, L, and g differ great-
ly. The differences in dislocation density (and in the loop
length) can be explained by a difference in the structure of
the specimens. To explain the difference between g and
8uit(8/8u ~ 107?) it must be assumed either that the proper-
ties of different types of dislocations are being studied at
different frequencies so that a comparison cannot be made,
or that the phonon friction is anomalously small in the kilo-
hertz region.

Another possible explanation of the observed 6 g (7)
variation is that the temperature dependence of the damping
constant is not described by a simple power law B~ T>. The
8 e (T') curve can then approximate to Eq. (4) without the
inertial term (w, = 0), if it is assumed that B« T for T> 1.4
K and B« T? for T<0.7 K. In that case, only the product
gL ? can be determined from our experiments, and this lies in
the range (0.8-1.5)X 10~ ' cgs units and agrees well with
other results.'®'>'¢ If it is further assumed that g ~g,,, , then
the average loop length L ~1072 cm and the influence of
inertial effects in the temperature range studied is small.

Which of the suggested explanations is valid cannot be
determined from our results. For an experimental resolution
of this question, measurements of § ;;. and G ' must be carried
out down to a temperature ~20 mK. If the first model con-
sidered is true, then inertial effects will make an ever increas-
ing contribution as the temperature is lowered, and this will
lead at sufficiently low temperature to § . = const#0. For
the parameters given in Table I, the arrival of the decrement
ataconstant value § . (7—0) =~ 0.1 takes place at 7= SO mK.
In the second model the decrement decreases monotonically
according to the law 8 . < T2 as T—0. Inertial effects, of
course, make their own contribution in this case, but it is
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apparent at appreciably lower temperatures.

It has thus been possible, by measurements of the elastic
modulus and damping by a new method, to establish that as
the temperature is lowered the mobility of the defects re-
sponsible for damping increases. Thisis a strong argument in
favor of a dislocation mechanism for internal friction. The
combined measurements of § 4. and G ' have led to an appre-
ciable refinement of the temperature dependence &y (T')
which has made it possible to analyze the results according
to the Granato-Liicke theory with great accuracy.

The author is grateful to A. I. Shal’nikov and P. A.
Cheremnykh for their interest in the progress of this work.
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