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We report neutron diffraction studies of low density bcc and hcp solid 4He. In the bcc phase, we observed
a continuous dynamical behavior involving macroscopic structural changes of the solid. The dynamical behav-
ior takes place in a cell full of solid, and therefore represents a solid-solid transformation. The structural
changes are consistent with a gradual rotation of macroscopic grains separated by low angle grain boundaries.
We suggest that these changes are triggered by random momentary vibrations of the experimental system. An
analysis of Laue diffraction patterns indicates that in some cases these structural changes, once initiated by a
momentary impulse, seem to proceed at a constant rate over times approaching 1 hour. The energy associated
with these macroscopic changes appears to be on the order of kT. Under similar conditions �temperature and
pressure�, these effects were absent in the hcp phase.
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I. INTRODUCTION

It is well known that quantum solids exhibit unique prop-
erties concerning internal motion of atoms, properties which
are most prominent in solid helium at the lowest density.
Examples include the rapid atomic exchange in 3He,1 ex-
tremely fast annealing of bcc 4He,2 and mass diffusion at a
rate comparable to that of a liquid.3 Recently, experimental
reports have appeared suggesting that at temperatures below
0.2 K, superfluidity may occur in hcp phase of solid 4He.4–6

In the following, we show evidence of yet another unusual
behavior of bcc solid 4He, namely that inside a crystal, mac-
roscopic structural changes can occur which may continue
unabated for a long time. Our proposed interpretation of
these observations is that the structural changes are gradual
orientation changes of macroscopic crystalline grains, with
the energy involved in the process being comparable to that
of thermal fluctuations. A comparison of experiments which
we carried out over the last several years suggests that these
structural changes are triggered by sporadic momentary vi-
bration in the laboratory, some of which couple to the cell
containing the solid. In Sec. II, we describe the experimental
results. The interpretation of these results is presented in
Sec. III.

II. EXPERIMENT

In this work, we investigated structural changes of low
density He crystals using neutron diffraction. For the most
part, the results discussed here refer to two separate experi-
ments performed at the Institut Laue-Langevin. We first dis-
covered these effects during an experiment on the IN-14
triple axis spectrometer, using a beam of cold neutrons hav-
ing �=4.05 Å and a cross sectional area of several cm2. In
this experiment, we grew He crystals inside a spherical cell

having a volume of 8.9 cm3. The spherical shape was chosen
to maintain the same scattering intensity regardless of its
orientation relative to the beam. Crystals of bcc 4He were
grown at a constant temperature, typically 1.650 K. Once the
cell was completely filled with solid, the temperature of the
cell was further reduced by 10 mK, to ensure that all the He
in the filling line also solidified and the crystal in the cell is
well isolated. Subsequent experiments were done on the
solid phase under conditions of constant density and tem-
perature �±1 mK�. During the crystal growth, we monitored
the intensity of the �110� Bragg reflection. At this stage, the
diffraction pattern consisted of a single large intensity peak,
which indicated that the cell contained one large single bcc
crystal. Soon after starting the procedure to orient the crystal
in the beam by rotating and tilting the cryostat, we found that
the crystal broke up into several large, slightly misoriented
pieces. Further diffraction scans revealed a very interesting
dynamic effect; the various subcrystals changed their orien-
tation and relative size continuously, in a seemingly random
fashion. Typical elastic diffraction spectra near the �110�
Bragg reflection, taken 1 hour apart, are shown in Fig. 1. One
can see that with time, spectral weight is shifted away from
the main peak, indicating that parts of the crystal change
their spatial orientation. The inset in Fig. 1 shows the total
integrated intensity of these spectra, which remains almost
constant as a function of time. Hence, these spectra reflect
spontaneous changes involving the whole crystal, with each
subpeak in the diffraction spectrum representing the orienta-
tion of a macroscopic grain, some cm3 in size. We emphasize
that the whole process takes place in a cell which is com-
pletely filled with solid. This solid-solid transformation pro-
cess persisted unabated for the duration of the experiment,
close to 1 week.

In order to learn more about this effect, we performed
a second experiment, using a white beam neutron Laue
Camera �S42�. The white beam has neutrons with
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1 Å���3.5 Å and a small divergence �8��. This small di-
vergence allows for the resolution between crystalline grains
misaligned by less than 1°. In order to learn how to interpret
the Laue images, we first grew a small single crystal in a
separate cell with a 0.2 cm3 volume. Figure 2�a� shows a
Laue image with a Bragg spot of a bcc single crystal. One
can see that the intensity within the Bragg spot is quite uni-
form. In our experience with observing He crystals in our
optical cryostat,7 cycling the crystal through the hcp-bcc
transition results in a break up of the single crystal into
smaller grains. After carrying out this procedure, it is seen in
Fig. 2�b� that the Bragg spot is no longer uniform, showing
streaks. These streaks are due to Bragg reflections from crys-
tal grains which are now slightly misoriented. The larger size
of the spot reflects the larger rocking curve of the whole
crystal.

In the second part of the Laue camera experiment we
grew another bcc solid, this time in the large spherical cell.
The solid was grown intentionally to produce several slightly
misoriented crystals. The Laue diffraction pattern is shown in
Fig. 3. Background scattering due to the cell walls was sub-
stracted from the image. In contrast to x rays, neutrons pen-
etrate through the whole sample, and images are acquired in
transmission mode. With the large cell, the crystal size along
the beam direction is larger than the cross section of the
neutron beam. Since the neutrons penetrate the whole crys-

tal, one expects the Laue diffraction spots to become ex-
tended along the radial direction relative to the center of the
image. In this case, the size of the diffraction spot on the
image, w, is linearly related to the actual size of the sample.
More accurately, for a perfect single crystal of diameter D,
the size of the Bragg spot along the radial direction of the
image is w=D tan�2��+h, where h is the width of the beam
and � is the angle satisfying the Bragg condition. The angu-
lar width of the Bragg spots is proportional both to the rock-
ing curve of the crystal and the width of the beam. In Fig.
3�a�, three large spots can be seen, roughly 120° apart, with
some substructure inside each one. By simulating the diffrac-
tion process,8 we identified these three large spots as �110�
Bragg reflections, with the crystal oriented so that its �111�
direction is at an angle of 18° to the neutron beam. Due to
the Debye-Waller factor of solid He, �110� Bragg reflections
are much more intense than any higher order reflection and
therefore most likely to be seen. For a real crystal with a
finite rocking curve, the Bragg spot will be larger than w,
which characterizes a perfect single crystal. However, the
sum of the individual sizes of the small features inside each
large Bragg spot should equal w. We checked and found that
this indeed is the case. According to what we learned from
the images shown in Fig. 2, the substructure inside each large
spot in Fig. 3�a� indicates that the crystal is made of several
slightly misoriented grains. The dynamic behavior of the
crystal can then be followed by monitoring the changes of
such images as a function of time. Figures 3�b�–3�d� show
three successive images of one of the spots, taken 15 minutes
apart. 15 minutes were sufficient to obtain an image with a
good contrast, with typical features having an intensity of
5–10 times the noise level. It is evident that some features
inside the large spot change with time, either losing intensity
at the expense of others which become more intense, or
changing their position from one frame to the next. Similar
type changes occur simultaneously in all three large spots.
Intensity variations associated with these changes are on the
order of 10% of the total intensity of the large spot. This

FIG. 1. Time dependence of elastic scattering spectra of a large
bcc crystal, around the �110� reflection. Successive spectra were
obtained with the triple axis spectrometer, 1 h apart. The inset
shows the total integrated intensity vs time.

FIG. 2. �a� Bragg spot of a small bcc single crystal. �b� The
same spot after thermal cycling.

FIG. 3. �Color online� Top panel, Laue image of a large bcc
crystal, showing three large �110� spots. The cross marks the center
of the beam. Lower panels, sequential �enlarged� images of one of
the Bragg spots �boxed in the top panel� taken 15 min apart.
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implies that the size of the crystal grains which undergo
these changes is a fraction of 1 cm3 �in contrast to the triple
axis experiment, the beam cross-sectional area of the Laue
camera is smaller, so we see only part of the spherical cell�.
As in Fig. 1, these changes indicate that some crystal grains
inside the cell change their orientation with time.

Structural changes of an imperfect crystal can be a natural
part of an annealing process. At a given temperature, anneal-
ing continues for as long as thermal activation can induce
further changes in the crystal. The temporal extent of this
process was investigated by several authors.2,3,9,10 At tem-
peratures above 1 K, which are relevant to our experiment, it
was found that the typical time scale to anneal a crystal is
less than 1 hour. In the narrow range in which the bcc phase
exists, the most efficient way to anneal the crystal is to heat
it up until one just reaches the melting curve. Under melting
conditions, the crystal is surrounded by superfluid which can
relieve stress very efficiently by transporting heat and matter.
Stress relief by this method was demonstrated in several ex-
periments in which the crystal was subjected to mechanical
deformation.2,3,11 In order to check whether annealing is the
process seen here, we raised the temperature by 10 mK, and
held the crystal on the melting curve overnight, a very long
time by the criteria described above. Both during and after
the annealing, the crystal continued to show random struc-
tural changes at apparently an undiminished rate for the du-
ration of the experiment �close to 2 weeks�. We conclude that
these macroscopic structural changes are not a part of an
annealing process.

Next, we try to identify the source of the applied stress
which induces the structural changes. There are two possible
sources of stress, of thermal and mechanical origin. Ther-
mally induced stress results from the relatively large thermal
expansion of solid He. Since crystals are confined by rigid
boundaries, any temperature change will generate stress.
Thermally induced stress was observed by Hiki and
Tsuruoka,10 who followed the dynamics of dislocations in He
crystals using ultrasonic techniques after intentional abrupt
temperature changes of 50 mK. A similar study was carried
out by Beamish,9 who observed the relaxation of stress in-
duced by large ultrasonic pulses upon heating the crystal by
several hundred mK. In all our experiments at the ILL, both
long term and short term temperature stability was within
±1 mK. Therefore, thermally induced stress is a priori much
smaller. The temperature profile within the cryostat in both
experiments discussed here �IN-14 and the Laue experiment�
was identical, with the temperature gradient in the cryostat
tail static to within the same precision over the duration of
the experiment. Yet, the size of the structural changes seen in
these two experiments is very different. Finally, we may add
that in our previous experiments, no structural changes were
observed. In those experiments,12 the cell was better vibra-
tion isolated, while its thermal stability was the same. We
can therefore conclude that thermally induced stress is incon-
sequential in the present context.

Let us now consider mechanically generated stress. First,
there is no static applied stress in our experiment. However,
a fluctuating mechanical stress does exist due to external
vibrations coupled to the solid cell. The importance of this
source of stress can be appreciated by comparing the struc-

tural changes observed during the three different experiments
which we carried out at the ILL. In the first experiment,12 the
cell was rigidly attached to a 1/2 inch diameter stainless
steel tube. In this experiment, despite the fact that the cry-
ostat was continously rotating on the spectrometer, we saw
no structural changes. Next, in the Laue camera experiment,
the spherical cell was clamped in a double plate structure
attached to four thin wall 1 /8 inch tubes, which are much
less rigid than the 1/2 inch tube. The cryostat holding the
cell was static. In this experiment, we saw structural changes
amounting to orientation changes of 2° –3° over the duration
of the experiment. Finally, in the experiment done on the
IN-14 triple axis spectrometer, the double plate support
structure attaching the spherical cell to the four thin wall
1 /8 inch tubes was removed in order to reduce the scattering
background. The cell was therefore more susceptible to vi-
brations. Furthermore, during position changes, the cryostat
together with the spectrometer were subject to a higher ac-
celeration than used previously.12 In this experiment, we ob-
served cumulative orientation changes of 10° –20°. The im-
portance of the acceleration was tested directly by
monitoring the Bragg reflections from the crystal while
changing the acceleration of the cryostat �and of the experi-
mental cell�. When the motion of the cryostat was “soft,”
meaning very low acceleration, we observed that the Bragg
reflections of the crystal did not change with time, meaning
that there were no structural changes. When the acceleration
was increased, we immediately observed that the crystal
broke up exactly in the way shown in Fig. 1. Since the ac-
celeration is of short duration, it follows that large enough
momentary mechanical acceleration leads to crystalline
changes �all of this was done under isothermal conditions�.
The comparison of all these experiments strongly suggests
that the continuous solid-solid transformation process re-
ported here is driven by mechanical vibrations of the cell.

The cell containing the solid He is a spherical metallic
shell, attached to the end of a thin long rod �1 m� suspended
from a top plate of the cryostat. If the cryostat is suddenly
moved, it will excite pendulumlike vibrations of the cell. The
pendulum frequency comes out about 0.5 Hz, which is
within the band of typical building vibrations discussed
below.13 Another possibility is an excitation of transverse
elastic oscillations of the rod which couple into the cell. We
estimate the resonant frequency of the lowest mode around
100 Hz. The metal cell itself is not affected by these vibra-
tions, however the solid He, which is compressible, will be
affected by the stress exerted on it by the cell wall. If the
vibration is strong enough, the stress will exceed the critical
shear stress and structural changes will follow.

Typical low frequency vibrations spectrum in a laboratory
has a 1/ f� dependence, with 2���1.13 To affect the solid,
the vibration amplitude of the cell must exceed the critical
shear stress of the solid �3�104 dyne/cm2�. Because of the
1/ f dependence of the vibration spectrum, vibrations having
an amplitude large enough to shear the solid will be less
frequent. Focusing on the Laue experiment, we now estimate
the likely interval between successive vibrations which in-
duce structural changes. If the exposure time of a Laue im-
age is long compared with the interval between vibrations,
individual diffraction spots such as the small features shown
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in Figs. 3�b�–3�d� will be able to shift back and forth on the
image under a sequence of uncorrelated vibrations which
cause random changes during the exposure period. The Laue
images exhibit the intensity integrated over the exposure
time. If the exposure time is long enough compared with the
interval between structural changes, the image should look
uniform, like in Fig. 2�a�. If however the exposure time is
short in comparison, the images should show isolated dif-
fraction spots. We found that after an exposure time of 10
hours, the image indeed looks quite uniform, namely many
vibrations have occurred. Shorter exposure times of 15 min-
utes to 1 hour produce images such as Figs. 3�b�–3�d�, show-
ing distinct diffraction spots, with some apparent changes
from one frame to the next. From these observations, we
deduce that the interval between vibrations in the Laue ex-
periment is at least several minutes.

It is interesting to check whether this phenomenon occurs
only in the bcc phase or also in the hcp phase. To that end,
we repeated the experiment with a hcp helium solid grown at
a constant temperature of 1.80 K, which is still in the regime
of low density solid. In Fig. 4�a� one can see a single Bragg
spot,which is uniform and small compared to w. The fact that
only one Bragg spot was seen may indicate that the polycrys-
tal is made up of grains which are strongly misoriented, so
that only one grain satisfies the Bragg condition within the
spherical angle spanned by the image plate, while the other
grains do not and are therefore not visible. A similar image
was obtained with another hcp crystal, grown in the smaller
cell. In contrast to the bcc solid, the hcp Laue image changed
much less with time �see Figs. 4�b�–4�d��. These observa-
tions are consistent with the work of Iwasa et al.,14 who
studied hcp 4He crystals using high resolution x-ray topog-
raphy. Similarly to our observations, these authors have not
reported any dynamic behavior of the hcp solid.

III. DISCUSSION

In this section, we outline one example of a classical
mechanism which is consistent with the structural changes

observed in the experiment. Analysis of the diffraction pat-
terns from the Laue camera experiment indicates that the bcc
crystal is made of grains separated by low angle �3° –7° �
grain boundaries. The shift of the diffraction spots with time
as shown in Figs. 3�b�–3�d�; indicates that the orientation of
some grains changes. Orientation changes could result either
through straightforward rotation of grains or from a gradual
translation of grain boundaries.15 Brute force rotation of an
arbitrarily shaped solid grain within a solid matrix involves
massive displacements of atoms at the boundaries through
vacancy diffusion11,16 and dislocation climb. It requires a
very specially arranged stress field. In the absence of such
field, vacancies and dislocations will not flow in a correlated
way which is needed for a macroscopic rotation of a grain.
Consequently, rotation of grains is less likely than the
mechanism discussed below.

A mechanism which appears more plausible involves a
gradual translation of a low angle grain boundary inside the
crystal, and can in principle proceed via dislocation glide in
a slip plane. The Laue images are consistent with the solid
being made up of grains separated by simple tilt grain
boundaries. These consist of parallel edge dislocations of the
same sign, spaced by �y�b /�, with b the Burgers vector
and � the misorientation angle. Figure 5 illustrates one pos-
sibility how glide of individual dislocations can gradually
change the orientation of a grain. In the figure, dislocations
move from grain boundary �1 to grain boundary �2 at some
rate. As a result, the misorientation angle of �1 decreases and
that of �2 increases. Consequently, section B of the crystal,
bounded between grain boundary �1 and �2, changes its ori-
entation continuously starting from that close to grain C and

FIG. 4. �Color online� Top panel, Laue image of a large hcp
crystal, showing a single Bragg spot. The cross marks the center of
the beam. Lower panels, sequential images of the Bragg spot taken
15 min apart.

FIG. 5. Schematic illustration of the mechanism of effective
rotation of a crystal grain affected by progressive motion of dislo-
cations from grain boundary �1 to �2. In �a�, the orientation of grain
B of the crystal is close to that of grain C, while in �b�, the orien-
tation has changed to that of grain A.
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ending with that of grain A. In order for this process to occur,
dislocations must be able to detach themselves from the
grain boundary �1. A perfect tilt grain boundary is stabilized
mainly through the elastic force between edge dislocations
resulting from their mutual stress field. It is however possible
for the dislocation to wander away from the grain boundary
through nucleation of kink pairs overcoming the Peierls bar-
rier, which advance the dislocation an atomic distance at a
time in the slip plane. To examine this possibility, we evalu-
ate the probability of formation of kink pairs. A classical
expression estimating Vk, the formation energy of a pair of
kinks10,18 is

Vk = Wk + 2EPlc. �1�

Here Wk= �4a0 /	��EPE0�1/2 is the energy of a kink,
EP= �a0b /2	�
P is the height of the Peierls potential barrier,
with E0=2�b2 /	p the self-energy per unit length of a
dislocation, � is the shear modulus and 
P the
Peierls stress. The critical distance separating the two
kinks so that they do not annihilate, lc, is given by
lc=a0 /2	� �E0 /EP�1/2 ln�32EP /a0b
c�. For bcc solid 4He,
the shear modulus �=2.4�108 dynes/cm2,19 the lattice pa-
rameter a0=4.11 Å, and the Peierls stress 
P is 10−4–10−5�,
depending on the particular type of dislocation.10,17 For edge
dislocations in bcc solid 4He, the Burgers vector is
b= ��3/2�a0. Taking an average value of 
P=3�10−4�, we
find Vk=0.29 K. Quantum corrections,17 namely zero point
motion, enhance the exchange probability of atoms and de-
crease Vk further. At the temperature of our experiment,
T=1.65 K, there should be a sizable population of thermally
excited kink pairs and dislocation glide should be possible.
This conclusion is supported by experimental findings; at
temperatures similar to ours, Sanders et al.2 could not detect
any increase in ultrasonic attenuation in bcc crystals under
dynamic deformation. This implies that dislocations gener-
ated by a moving piston were able to reach the walls and
annihilate at the same rate they were created. A similar con-
clusion regarding the large mobility of edge dislocations was
arrived at by Hiki and Tsuruoka.10 Torsional oscillator stud-
ies by Miura et al.20 show that in pure crystals below 1 K,
pinning of dislocations occurs at the intersection with other
dislocations which are immobile. In an impurity free crystal
above 1 K, where all the dislocations are highly mobile,
there are practically no pinning sites and dislocation should
be able to wander from one grain boundary to another.

Crystalline orientation changes consistent with the mecha-
nism shown in Fig. 5 and discussed in the preceding para-
graph were actually observed in our experiment. In some
cases, we were able to resolve a steady progress of a diffrac-
tion spot on the image plate from one frame to the next over
several consecutive frames. We show these data in Fig. 6.
The moving diffraction spot splits off from a static spot, and
terminates in another static spot. The intensity of the moving
spot indicates that the size of the crystal grain associated
with it is about 0.07 cm3. The total time span over which this
steady progress was observed was over 1 hour. It seems that
in this particular case, the interval between some momentary
vibrations was long enough so that we could observe the
whole relaxation process. Referring to Fig. 3, the rate at

which dislocations cross from one grain boundary to the
other, ṅ, is given by ṅ= �L /b��̇, with L the size of the grain
boundary. For the data shown in Fig. 6, we calculate
ṅ�10 dislocations/s. This is a very small number compared
with a typical dislocation density in He crystals of
104–105 cm−2.14 Given that the energy involved in the mo-
tion is that of the kinks, Vk=0.29 K, the implication of our
observation is that macroscopic structural changes can take
place with an energy input of order kT. Hence, the term
“macroscopic structural fluctuations” seems appropriate to
describe the behavior of bcc crystals. In closing this para-
graph, we stress that the mechanism illustrated above is pro-
posed on grounds of plausibility and is not a full theoretical
model, so that other interpretations of these unusual effects
are possible.

Finally, we address the different behavior of the bcc and
hcp crystals. This difference can perhaps be understood in
the following way: In the bcc structure, the edge dislocation
with the lowest energy has a Burgers vector b= 1

2 �111�. The
slip planes for this type of dislocation are �110	, �112	, and
�123	, offering 12 different slip planes for any particular
�111� dislocation. Hence, easy motion of low angle grain
boundaries can take place easily in practically any direction.
In contrast, in the hcp structure there is only one preferred
slip plane, �0001	, which implies that motion of grain bound-
aries in hcp will be strongly restricted relative to the bcc
phase.
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FIG. 6. �Color online� Measured orientation changes of a crystal
grain, expressed through the change of the angular position of its
Bragg spot vs time. The rotating grain �triangles� splits off a static
grain �circles� and changes its orientation until reaching the orien-
tation of another static grain �squares�. The error bars represent the
uncertainty of reading off the position of the grain on the image
plate.
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