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Nucleation of crystals at the bcc-hep transition line in solid “He
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The nucleation phenomenon in the structural transition between the bcc and hep phase tfisait the
melting line was investigated. At the lower transition poli (1.457 K), the transition was triggered by a
single new phase seed nucleated on the wall in contact with the superfluid and the seed grew up into the
superfluid region. The nucleation of the new phase has nothing to do with the original solid. The situation is
almost the same for the two cases of bcc to fawling) and hcp to bed¢warming transitions, whereas at the
higher transition temperaturg,, (1.778 K), where the crystal coexisted with normal liquid, the new phase
seeds were nucleated at many sites inside the original crystal and the crystal was cracked into many grains.
This is strongly reminiscent of martensitic transition. The supercooling and superheating phenomena observed
in those transitions were analyzed based on the standard homogeneous nucleation theory, though it is clear that
those transitions are nucleated heterogeneously. The temperature width of supercooling is larger than that of
superheating al,, whereas it is larger for superheatingTab. That is, supercoolingand superheatings
more likely in the transition from bcc to hep regardless of warming or cooling. The transition eventrate,
=(Np—N)/Ny, is well reproduced by the formul = (Ny—N)/Ny=1—exp [—(ST/c)'sexp(—AE/KT)]. The
transition barrierAE is estimated by the fitting.
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[. INTRODUCTION reason is that the ground-state energy difference between hcp
and bcc is so small and the equilibrium state is very sensitive
“He crystal in equilibrium with superfluid at low tempera- to a tiny long-range interactioh® On the other hand, the
ture is an ideal system for the study of any crystal-relatecsurface tension difference between hcp solid and bcc solid
physics. In addition to the fact thafHe in the low- against superfluid is estimated to be on the order of
temperature region is ultimately pure in itself, crystal growth0.1 erg/cm,” which is quite large with respect to the bulk
of solid “He is very uniqué.As solid “He is grown from  free-energy difference. This means that large supercooling or
superfluid and the latent heat is very small, its growth coefsuperheating could occur during the transition. A simple cal-
ficient is enormously large, so the thermal equilibrium isculation gives unbelievably small transition probability even
attained in a very small time scale. The true equilibriumat 1 K, based on the standard homogeneous nucleation
crystal shape is observable for a macroscopic crystal size. model. But we actually observed the transition, thus there
Such #He crystal can also be an ideal system to investi-must be something external which triggers it. Very similar
gate the nucleation physics at low temperature, and thergituations in other systems are discussed at ultralow
have already been several experiments performed in thiemperaturé:®
context? This paper is focused on the nucleation in the solid- It is interesting to see how supercooling and superheating
solid transition of*He, which has not yet been investigated. are observed in these structural transitions of skie. And
Solid *He has two structural phases on the melting presit should also be very interesting to see how the crystal shape
sure: bcc and hcp. The lower transition poift,;  changes where superfluid co-exists. This can be studied by
=1.457 K co-exists with superfluid, whereas the higherdirect optical observation of théHe crystal.
transition pointT.,=1.778 K with normal liquid. Thus, Structural transition often exhibits the martensitic transi-
comparing the findings based on these two transition pointgjon. For example, in some alkali metals, such as Na, K, and
it is possible to determine the essential role of superfluid oii, the martensitic transition has been studied
the nucleation in the structural phase transition. intensively-°~*? Solid “He is also an ideal system with
The nucleation at these transition temperatures is assuma¢hich to investigate the martensitic transition, and the nucle-
to be triggered by the thermal activation. The fluctuation hagtion study of“He will provide important insight into this
to go over the free energy barrier as Et), transition.

F=4mor?— 5 wr3AG, (1) Il. EXPERIMENTS

where o is the surface tension between the nucleated seed The experimental setup was almost the same as that re-
and the host crystal, andG is the gain of the bulk free ported previously? The cell body was machined out of an
energy. oxygen-free high-conductivity copper block as shown in Fig.
The equation of the state of solitHe is still far from 1. It had two optical windows in the horizontal direction.
being fully understood except for the ground-state energy, imThese windows were made of a 20-mm-diametei7-mm-
spite of its simple character. The phase diagram, which has taick sapphire plate, which was glued into the stainless frame
very small bcc region between 1.457 and 1.778 K, has nowith kovar alloy. The stainless frame was attached to the cell
yet been reproduced from the first-principle calculation. Onébody by In wire seal. The kovar seal was perfect up to 30
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FIG. 2. Crystal shapes at the transition Bf; in the cooling
process. A new crystal is coming from the léficlined ling. (a) is
the picture just before the hcp crystal comes into view(dnthe
d inclined line has become thicker. This is due to the misalignment
between the CCD camera and the plane. The period {ero (c)
is about 500 msec. The horizontal line indicates the original bcc
crystal.

" . n%

pictures of the new phase crystal growing justgf. Figure
B 2 is the transition from bcc to hggooling) and Fig. 3 is that
A from hcp to bee(warming. Figures 2 and 3 show the time
sequence of the crystal growth of the nucleated seed from
o CHED. left to right. The time interval from left to right was about 0.5
o sec for each figure.

FIG. 1. A schematic picture of the sample cell. a and b are |5 Fig 2, the crystal with a flat inclined surface is the new
germanium rgsstance thgrmometers, c |.s the ruthenium OXId.e theﬁcp crystal coming out from the left-hand side. The horizon-
mometer, d is the sapphire window, e is the kovar seal, f is the,|"|ing is the interface between bdorigina) crystal and
stainless frame of the window, g is the BeCu strain sensor, and h '§uperf|uid. In Fig. 3, a rounded crystal is bcc crystal also

the capacitance plate. coming out from the left-hand side. The original hcp crystal
bars in the low temperature for many thermal cycles. Thigs shown in the lower part of the figure.
type of optical window can be the most reliable one for the In both Figs. 2 and 3, the nucleation seemed to occur at a
present purpos¥. The sample cell was attached to the definite spot on the cell wall, and the nucleated seed grew
charcoal-operatedHe cryostat. into the superfluid phase. Though we could not see that defi-
The thermometers were two germanium resistararfdb  nite spot on the wall, we repeated the experiment many times
in Fig. 1) and one ruthenium oxide resistar in Fig. 1). One  and confirmed that each event showed the same behavior.
was placed in the upper part of the inside of the cell and the It is shown that the structural transformation proceeds
other in the lower part, so that they could monitor liquid andwith the nucleation of the new phase in the superfluid and
solid temperature directly. The third one was attached to theeplacement of the original crystal by the new one. The origi-
outside wall of the sample cell, and was used to control theyal crystal played no role. This may be because the crystal
temperature of the system. The temperature was controllegrowth is so rapid even at 1.4 K and it is much easier for the
by changing the heat current through the heater on’the  new phase crystal to be nucleated on the wall contacting
pot. Calibration of the thermometers was done by comparinguperfluid and to grow to macroscopic size than to change
the measured melting curve and the lambda line with thoséne structure in the original crystal.
in the literature'® The experiment was performed keeping  The hcp crystal showed a clear flat plane in the growing
the crystal in the lower half of the sample cell. The transitionprocess, implying there is a strong anisotropy in the growth
point was swept slowly along the melting curve. The crystalcoefficient even at this high temperature. The flat plane is
shape was monitored through a charge-coupled devicgost likely[0001]. In the hcp of solid*He, the sound veloc-
(CCD) camera together with the pressure and temperaturgy of the longitudinal mode exhibited strong directional de-
measurement. pendence fronc axis!® The sound velocity measurement
The pressure sensor was made of Be-Cu alloy followingvhen the space between the two transducers was completely
the design of the Straty-Adams-type gadgd&he pressure
gauge was attached to the top of the cell to monitor the

pressure of the liquid. The pressure was measured by an

autocapacitance bridifewith the excitation voltage of 1 V.

Capacitance-pressure calibration was done at 1.8 K using the

diaphragm-type pressure gauge at room temperatumad

the pressure was controlled by regulating the pressure of a b c

buffer tank at room temperature.

FIG. 3. Crystal shapes at the transitionTaf; in the warming
IIl. RESULTS AND DISCUSSION process. A new bcc crystal is coming from the lefiunded ling.
The original hcp crystal lies in the lower part of the cell. The tiny
square dark shadow is the heater. The time interval beté@emd
We first discuss the result at.;. Figures 2 and 3 show (c) is about 500 msec.

A. Crystal shape just at the transition
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gered near such defects. There are studies on the nucleation
on martensitic transition in metals triggered by the soft mode
near the defects: Unfortunately, we could not control the
number of the defects in order to examine their influence on
the nucleation. Our attempt to make a good crystal afiqye
o b C to test this opaque phenomenon in the cooling protfess
hcp to becg was not successful.
The dynamic motion of the crystal observedTat was
not seen here and the overall crystal shape did not change
during the transition. The phenomenon is very much remi-
niscent of martensitic transition.
The term “martensitic transition” is used for a phase
d e f change with no mass diffusion and in martensitic transition
the nucleated seed often grows as fast as the speed of sound.
FIG. 4. Crystal shapes at the transitionf; in the warming  The speed of the transition @t, was not greatly different
process. The upper region is superfluid and tht_a lower part is the bGgom that atT.;. The present observation can be called a
crystal.(a) is the picture just before the transition. Frab) to (¢)  arensiticlike transition in solidHe. Here, the crystal was
the new phase regiofdark area begins to develop. Iff), the not deformed but was cracked into many grains.

whole crystal becomes dark, which means the transition is com- Comparing the results at.. and T... we can state that
pleted. In the dark region the crystal is seen to be broken into smal[lhe sup%rflui?j plays a very Cilmportar?[, role in changing the

i d has b . . .
grains and has become opaque crystal structure. NeviiHe crystal grew in the superfluid first

filled with the solid thus gave us information on the crystaland it took over the original crystal. Without superfluid, the
orientation. We could deduce that the flat plane in Fig. 2 wastructure of the'He crystal changed like an ordinary marten-
the ¢ plane which was 60° from the sound propagation di-SItiC transition.

rection. This is consistent with the angle of the flat plane

with respect to the horizontal line in that figure. After the bcc B. Nucleation probability function

crystal dis_appeared a_nd the hcp crystal completely took over, aq mentioned in the introduction, if we apply the homo-
the facetlike plane disappeared. The flat surface was onlyaneqys nucleation model to the present bee-hep transition
observed during the growing process. It should be noticedl 4pje it gives an unbelievably small transition probability.

that the roughening transition temperature of thglane is  according to Hansefithe ground-state energy difference be-
1.25 K" and is well below the observation here. tween hcp and bee solid is a few tenths of a degree per atom.
_ On the other hand, the bcc crystal is always roundedt \ye assume the energy difference at the observed average
implying that the growth coefficient is negrly isotropic. _S|m|— upercooling (superheating temperature width to besT
lar phenomena were observed by a different experlmentasi5 mK/atom, we getAF/ksT~1C%, which results in the
4 1 1

grolup. h tion &f. | e diff - incredibly small transition probability of-e 1% But the

n contrast, the transition al, Is quite different. The —gngjtion definitely occurred witdT~5 mK of supercool-

phase transition occurred inside the original solid itself. Thqng It is probable that the transition was triggered by the

(norma) liquid played no important role in the transition. A heterogeneous effects, such as the wall or the defects in the
gopd transparent crystal was prepared l_:)elow the Iambd§’0Iid. Unfortunately, there is no inhomogeneous nucleation
point and the temperature was slowly raised throdgh

o ) ) model available with which to analyze the nucleation prob-
When the transition was started in the warming process, a

. . . . Qbility in this study. We therefore used the homogeneous
opaque region appeared inside the crystal, which looked Iikg, | - jaation model just to quantify the event for analysis.

smoke. The smokelike region developed throughout the Crys- gjnce the transition obviously occurs stochastically, we

tal _::'rr:t" the entire crystzl was opaql(uaee_f In E'g'_ 4)'| epeated the experimental run to pass through the transition
€ temperature and pressure monitored simu taneousgoim as many times as possible. The transition was moni-

showed cI_er_:tr Jumps at the .poi_nt vyhen an opaque region fir bred by jumps in both temperature and pressure. Figures 5
became VISIb|.E(S€e Fig. 8 indicating that this opaqueness _8 show examples of the temperature and pressure jump at
was the transition. *Opaque” as used here means that MaN¥ach transition point for both cooling and warming. Accord-

hcp grains of different orientation were produced. The grain§ng to Ref. 2, the transition probability(t) can be expressed
might have grown slightly in size as the transition proceeded '

but no grains appeared to wet each other. The crystal did not
become transparent even if annealed for more than an hour.

Next, the temperature was lowered to go back through the ar o(t)N,
transition from hcp to bcécooling), and the opaque crystal
gradually became transparent. The smokelike region disap- N=Nge @O )

peared. It appeared that each grain remembered its original

site. Here the wall did not play any role. There must be manyvherew(t) is the transition probability at timg andN is the
dislocations or defects in the crystal; the memory, if it ex-number of events which have not set in the transition, while
isted, must be kept in these defects and the transition trigN is the total number of trials. Sdy,— N is thus the number
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FIG. 5. Temperature and pressure jumplgt in cooling.
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FIG. 7. Temperature and pressure jumplgt in cooling.

of events which have exhibited the transition. The transitioqOr any case of the present structural transition as a function

probability w is given by the Arrhenius formula as

AE
w= woexp( — ﬁ) , 3

where wg is the trial frequency of the order &z T/A and

of temperature deviatioAT. But we can assume the general
functional form asAE=A|5T— 6T,|%2 6T, is the limit of
metastability, where the transition occurs without nucleation.
This 3/2 power law is believed to hold in geneftal.

The solid lines in Figs. 9 —11are the fitted functions of Eq.

AE is the energy barrier which separates the two phases. (4)- Here, 8T/c is replaced with the typical time interval
Here we changed the temperature at a constant rafe= 7o) needed for the transition. The fitting parametersAare

through the transition temperature, &5=ct, with c in the

and 6Ty, .

range of 0.1-0.5 sec/mK. So the observed nucleation rate, AS clearly shown in these figures, the fitting is surpris-

3 =(Np—N)/N,, is expressed as

oT AE
3 =(Nyg—N)/Nyg=1—ex s l"oexp(—k—_l_) . (4

To plot the observed transition rate as a function5of

we needed to determine the transition temperatures preciselyA/kgT]"*™"9=0.0373,

ingly good, and we obtained the following values for the
parameters from this fit. To get the measure of the width of
supercooling(superheating we define T4, as 6T which
givesX =1/2. 5Ty, is easier to use in grapsing the width of
the transition probability than the parameterThe results
are as follows: At T., [A/kgT]¢°"9=0.0236,
[6T]°°°M"9=—10.5 mK,

this was not easy, due to the stochastic character of the trahdT12]"*™"%=4.5 mK. At T,, [AlkgT]°°°"9=0.237,

sition. We estimated them to bd.=1.457 K (P.

[AlkgT]"2MiIN9=0.0136, [6T5]%0N9=—2.6 mK,

=26.168 bars) and,,=1.778 K (P,,=30.212 bars), so [8T1,]"*™"9=23.5 mK. _
that all supercooled and superheated transition events should The fitting also producesT,,’s, but due to the very sin-

be plotted consistently in the-T diagram.

gular behavior of the functio), the error of 5T, can be

The number of events<(3.) is shown in Figs. 9 and 10 as Very large, so the estimation @T,’s should be done very
a function of 8T, which is the temperature deviation from carefully. We estimatedT,, by several trials of fitting with
Te1 of Te,. For the cooling case &, the expanded graph reasonable results. The following values were obtained; At

is plotted in Fig. 11, since the degree of supercooling is small c1.

compared to the degree of superheating.

To fit the data to Eq(4), the functional form oAE has to
be known. The problem is that the form &E is not known

2625 1 g 1.480

26.20
1.470

26.15

DL

1 1.460

P(bar)

26.10

1.4
26.05 50

26.00 11440

t(sec)

FIG. 6. Temperature and pressure jumplgt in warming.

[8T¢ o00MN9=—18+2 mK, A [T, Jwarmino—g
+1 mK. At Teo, [5Tcr]cool|ng: “45+1 mK,
[6T¢]Warmne=37+3 mK.

As expected from the shape of Ed), the transition rate
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FIG. 9. Transition_ rqt§= 1—-N/Ng at Tepasa function O_WT- FIG. 11. Transition rat& =1— N/N, at T, as a function obT,
the temperature deviation from the transition point. Solid lines argne temperature deviation from the transition point. Solid lines are
the fitted function. See text for details. the fitted function. See text for details.

has an asymmetrical shape. The asymmetry means that fBFocess, respectively, is a consequence of smallgy, in
small| 5T| the supercoolingsuperheatingeasily occurs, and warming than in cooling. It is difficult to calculate the energy

as|oT| enlarges, the transition rate suddenly gets close to Inarrier from the microscopic model to compare with those
The result obtained here definitely has this tendency and thgptained values.

transition was found to occur stochastically like the model of  wjth regard to the results &f,, the new phase was

Egs.(3) and(4). _ nucleated at many sites inside the crystal. In Figs. 10 and 11,
Let us first discuss the resultsBY;. In this case, the new  tne results are also well reproduced by E4. It is interest-
phase seed is nucleated on the wall in contact with the syng that the model can be applied for the martensiticlike

perfluid, as described in the preceding section. Itis seen frofansition observed in solidHe. The present martensiticlike
the figure that supercooling is more likely than superheatingyansition occurs in various sites in the crystal at almost the
The median value&T,; is —10.5 mK in the case of super- same time. It is again surprising that the transition rate is
cooling and+4.5 mK in the case of superheating. This we|l reproduced by the present model. It may be that the
means that bce solid is more easily nucleated than hcp solidjery first nucleation determines the entire transition.
this is qualitatively understood from the surface tension dif- Similarly, AE,, at T, is obtained as folIowsAEi}’ZO””g
ference of hcp and bec against superfltiithe surface ten- ~50 K, AEYa™N9_54 K. The outstanding feature of Fig.
sion of hep solid against the liquid is about 25% larger than, 5’ e Iargltlaz asymmetry between warming and cooling. In
that of bce atT.;,” which is an enormous difference com- the warming processsT, is 23.5 mK, whereas it is '
pared to the very small bulk energy difference. N : . DV .

The order of the barrier heighfiE could be estimated 2.6 mK in the cooling process. Itis curious tik,, is

3 g . not as different as the case 61,,.
from 5T1,’2' Ifitis exme?fﬁﬂ adE,, the fvﬁ’i'm'”g values It is true that the surface tension of hcp against liquid is
are obtained: Afr.,, AET""9~42 K, AE}5™"9~39 K.

e . 1 . also higher than that of bcc at.,, so the superheating is
The finding of 42 and 39 K in the cooling and warming gynected to be larger than the supercooling, but the differ-
ence between Figs. 9 and 10 is too big. The supercooling

T width is too small. If the new solid phases are nucleated
] without the liquid playing any role, the interfacial tension
] between hcp and bcc should be the same for cooling and
] warming, and the asymmetry between cooling and warming
should not be as great.

One should pay attention to the fact thak.,
(=1.778 K) is very close to the lambda poifit 768 K) on
the melting curve. Although most nucleation events occurred
] above the superfluid transition point, these transition points
7 were in the critical region of the superfluid transition. The
heat capacity on the liquid side becomes divergently large,
and there may be a big thermal fluctuation which might trig-
ger the transition to bcc. If this were the case, it would mean
the liquid contributed to the nucleation in some way. But this

FIG. 10. Transition rat& =1—N/Ng atT.; as a function oBT, is just a speculation at the moment and there is no experi-
the temperature deviation from the transition point. Solid lines argmental evidence of this fluctuation.
the fitted function. See text for details. It is obvious that without any nucleation center the tran-

08

0.6

=1-N/N,

04

02 |

40

144525-5



M. MAEKAWA, Y. OKUMURA, AND Y. OKUDA PHYSICAL REVIEW B 65 144525

sition cannot occur. Then, what is the nucleation center in théhe original crystal itself, as expected for an ordinary solid.
martensiticlike transition observed in the present study? Tha&he crystal became opaque when the transition from bcc to
dislocations would appear to play an important role but wehcp occurred. It is believed that the crystal cracked into small
have no information about those defects at present. An exgrains and the many grains produced scattered the light. This
periment preparing a dislocation should be very interestings reminiscent of the martensitic transition, although there is
but will be very difficult. no clear evidence it was the same.

Another interesting observation is that the superheated Comparing these observationsTay; and T, it is clear
melting curve, that is the melting curve between bcc solicthat superfluid has a special function in the structural transi-
and liquid, is somewhat higher than the equilibrihcp  tion. Its detailed mechanism, however, is not understood.
solid-liquid) one. For example, aiT=30 mK, §P is about The transition was analyzed to clarify the nucleation na-
150 mbar; this is rather large. Hopefully, these results proture of the present first-order transition. Fifty to sixty transi-
vide important information about the equation of the state otion events were accumulated and fitted to the standard

solid “He at a finite temperature. nucleation model. Though the transition was obviously initi-
ated by “something” heterogeneous, the result was beauti-
IV. CONCLUSION fully reproduced by the model, although the reason is not
clear.
We have investigated the structural transition of sGkie These analyses did clarify several interesting features,

between bcc and hep on the melting pressure by optical obhowever. There is a big asymmetry in warming and cooling
servation. A couple of interesting and important results argor both transition temperatures. The transition to bcc is al-
recognized. . ways easier than that to hcp. In the transitiofT @t, this can
Atthe transition ofT;(=1.457 K), where solidHe co-  pe ‘understood qualitatively because of the surface tension
exists with superfluid, the new phase was nucleated at thgifference against superfluid: surface tension of hcp is 25%
wall contacting superfluid and grew into the superfluidhigher than that of bee. But in the transitionTas, the liquid
phase. At the same time, the original crystal gradually melteqlnay not be involved, so that there is no explanation why the
and was finally replaced completely by the new phase angansition to bcc is easier than to hcp. The width of super-
the transition was completed. The situation is the same foéooling atT, is very small. This is still a mystery.
the case of warming and cooling. It is interesting that the | conclusion, the present study opened a different aspect
original crystal does not appear to play any role. of the structural transition of solidHe with superfluid and

During the transition, hcp crystal shows a clear facetlikenormal liquid. Much more work remains to be done.
plane, indicating a strong anisotropy in the growth coeffi-
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