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A quantum-mechanical electron in dense helium gas is examined by computer simulation using realistic,

soft potentials.

The behavior of the system is observed as the density is increased; there are indications

that the electron (at least partially) localizes and forms a bubblelike state.

The transport properties of an electron in a dense gas
have been the subject of much experimental and theoretical
investigation.!?” In helium, as the gas density increases
beyond a certain point, the electron mobility is observed to
drop faster than the classical rate. While there is not a pure
localization phase transition, a change in the dominant char-
acter of the system seems clear.

Feynman,! Ferrell,2 and Kuper® have suggested. that at
high He density the electron is trapped inside a bubble.
Hiroike, Kestner, Rice, and Jortner® have calculated the ra-
dius and energy of this bubble using a soft electron-He
pseudopotential. The radius of the bubble is determined by
a compromise between the kinetic energy, which delocalizes
the electron, the repulsive electron-He potential, which lo-
calizes the electron, and the frée energy required to form
the He-bubble interface. Recently Chandler and co-
workers? 26 have proposed a mean-field model for electron
localization in a system of hard spheres—a model which
differs considerably from the pseudopotential model.

We report the results of a path-integral Monte Carlo
simulation of an electron in dense He gas as a function of
He density using a realistic, ‘‘soft’ electron-He interaction.
Comparison is made with hard-sphere models simulated
elsewhere.?-2” We perform our study at 77.6 K to make
contact with the electric-mobility data of Bartels?® and
Schwarz.?%2® Qur results seem to be consistent with bubble
formation.

In the discrete-path representation, the canonical partition
function of a quantum-electron-classical-helium system is?®
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where r; . . . Ty give the position of N He atoms, Xx; . .. Xp

give the coordinates of the P-point discretized path of the
electron, 8= (kpT)~!, Vou.(lr;—x,|) gives the potential
between the discrete-electron point and the jth He atom,
and Vyene(|r;—1|) is the interaction potential between the
jth and the kth He atoms. The first two terms in Eq. (2)
represent the potential energy of a classical cyclic-chain
polymer containing particles of mass m, with nearest-
neighbor harmonic bonds. Each bead interacts with each
He atom. In the simulation we take Vypep.(r) to be a
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Lennard-Jones (LJ) 12-6 potential with o=2.576 A and
€=10.22 K. V,u(Ir;—x,|) is given by the pseudopotential
of Kestner, Jortner, Cohen, and Rice.”” The potential is
maximum (0.32 a.q}.) at a distance r=0.61 A and drops by
one-half at r=1.1 A.

The simulation proceeds as follows. The first term on the
right-hand side of- Eq. (2) can be expressed as
BP,.=3 AO2/2, where Qy are the normal modes of the
chain. We first sample the full set of (k=0) normal
modes, the step size of mode k being proportional to Az Y2
The Cartesian coordinates are then calculated and the move
accepted or rejected using the Monte Carlo algorithm?3® for
the full system. The zero-mode translation is made
separately. Each He atom is moved separately for the x, y,
and z coordinates. Spherical bookkeeping is used.

For our study, the polymer chain has P= 100 beads, and
the system contains N =512 helium atoms. For many runs,
an FPS164 attached processor (AP) was used; one iteration
at a helium density of n=10%2 cm~? takes 4.8 seconds.
From 8000 to 15000 passes were made at each density ».
Additionally, we made three long runs at n=0.9, 1.05, and
1.25x 1022 cm~3 of 75000 passes on a Cray-1; we obtained
a factor 8.7 improvement in time over the AP.

The radial-distribution function of He atoms around the
electron barycenter
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is determined; this latter quantity is chosen because it can
reflect whether or not an electron bubble exists. The non-
barycentric, true-distribution function, less suited to signal-
ing bubble formation (where there is no translational invari-
ance) was found not to be as sensitive to changes in density.
Also determined are the imaginary-time correlation func-
tions of the form

R,,(t—t')E(lx,—xt,Iz)l/2 (C))

at He density n. These are the root-mean-square displace-
ments between two polymer points separated by a time
(t—1¢) € (0,8%). R,(B%/2) represents the ‘‘diameter’ of
the polymer chain; this quantity is discussed by Chandler
and co-workers.?%26

In the simulations reported here, the box-edge length was
usually taken to be at least twice the diameter of the poly-
mer. The action ® was monitored to determine when the
system equilibrated. Uncertainties for the quantities mea-
sured were determined by blocking the data in successively
larger bins until the errors appeared uncorrelated.

Figure 1 shows_ R,(¢) vs ¢ for various He densities
[Ro(B%E/2)=29.2 A]l. As the density increases, the max-
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FIG. 1. For the electron-in-helium system at 77.6 K the correla-
tion function R, (¢) vs time ¢ for He densities n=0, 0.9, 1.05, 1.25
(all done on the Cray computer), and 2.0 (done on the AP) x 10?2
cm~3 scaled to the zero-density value Ry(B%/2); o is the He-He LJ
parameter. The error bars shown are typical (the ones for
n=2.0x1022 cm~—3 are too small to show).

imum at ¢=#/2 decreases and the curve levels off faster;
the polymer chain goes from a free, extended state to a
compact, quasilocalized state showing signs of ground-state
dominance.?>26

Figure 2 shows R,(B%/2) versus density n. Initially, the
decrease is slow. The most rapid decrease is around
n=1.0x%x102 cm~3 (corresponding to no3=0.17, where o
is the LJ parameter); there is a slower decrease at high den-
sities. For the AP points, error bars cannot be as confident-
ly determined due to there being fewer passes. We show
these data without error bars, the scatter in the points them-
selves giving a measure of error. One should not read fine
structure into the R,(B%/2) vs n curve; the curve drawn to
guide the eye shows the general trend of the data. The
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FIG. 2. The electron-polymer extent R,(B%/2), scaled to the
zero-density value, vs density n. Data obtained with the Cray com-
puter are plotted as closed circles, data obtained with the AP as
open circles. The curve is drawn to guide the eye.

Cray runs give high-precision data showing more specifically
the shape of the curve and act as a standard for the AP
runs.

At n=1.25%102 cm~3, the polymer behaved as if the
electron were localized for 4x 10* passes with R, (B8%/2)/
Ry(B#/2) =0.44 +0.02 and then shifted to a quasifree state
for about 10* passes with R,(B%/2)/Ry(B%/2)=1.02
+0.01. This shows the electron enters a region where the
gas is locally rarefied and remains there metastably.

We may extract a bubble radius R= >R, (BE/2)
== (4 £1) A at high density. This is in excellent agreement
with the value R =4.2 A given by Jahnke and Silver!® for
He gas at a temperature 7'=77.3 K, nearly the temperature
used in our simulation. For liquid He at T=0 K, Hiroike
et al.® concluded R =12.4 A. For the gas gt T=~4.2 K the
following values were obtained: R =16 A by Levine and
Sanders;’ R =16 A by Youpg;'' R = (6—15) A by Eggar-
ter and Cohen;!? R =14 A by Eggarter;!®* R=16 A by
Schwarz.2> While Jahnke and Silver considered their value
low given the liquid-He values, it is quite reasonable consid-
ering that the bubble radius and other quantum-mechanical
wavelengths will generally scale as 1/ T2,

Our results for a realistic simulation of the physical sys-
tem contrast with hard-sphere results;?-%7 differences in
results are expected because use of hard spheres is a simpli-
fying approximation. Comparison with Chandler and co-
workers?*>26 shows our dropoff in R,(8%/2) to be more ra-
pid and preceded by a more constant-density shoulder; the
R,(Bk/2) vs n curve is of different character.?® In Ref. 25,
mean-field, adiabatic, polaron, and nonpolarization approxi-
mations are used. We tested the Gaussian hypothesis used
which asserts {|x,4s— x4}/ {|X,45—x,|2)2=3. For vari-
ous separations s, at n=1.05, 1.25, and 1.5x 10*2 cm 3, this
ratio was evaluated and found to agree with % within errors,

but the values without the uncertainties show an increasing
trend as s goes from 0 to B#/2, indicating possible higher-
order effects.

Our decrease in R,(B%/2) with n is slower than that for a
rigid, disordered configuration of hard spheres considered
by Sprik, Klein, and Chandler.?’” This is very likely a result
of their much greater implied temperature which would
result in considerable density-scale compression. For a
reasonable value of the electron-He distance of closest ap-
proach, the implied temperature is several hundred de-
grees.’2 Further, the general shapes of the curves are dif-
ferent, there again being the absence of a shoulder.

Figures 3 show the electron-He radial distribution func-
tions g, pe(r) taken from the polymer barycenter at four
densities.?> As the density increases, He atoms are exclud-
ed from the volume occupied by the polymer, resulting in
the bubble. At n=2.0x10? cm~?, we may again read off a
bubble radius of R = (5 +1) A, consistent with our earlier
determination.

Note that there may be ‘‘asynchronization’ of static and
dynamic properties of the system. The data of Bartels®
show a much stronger decrease in mobility by n=0.5x 102
cm™3 than any of the static quantities measured here would
indicate: there seems to be a ‘‘lag’” between static and
dynamic measurements. This implication holds also for
Ref. 26. As the statics are already difficult, the dynamics
will not be easily addressed.

What of the reliability of our data?

(1) Thermalization. Data were averaged only after the ac-
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FIG. 3. The electron-helium radial-distribution function g, y.(r) vs distance r, taken with respect to the polymer barycenter at four densi-
ties: (@) n=0.9, (b) 1.05, (c) 1.25, and (d) 2.0x10%2 cm ~3. The first three are data from the Cray; the last is data from the AP. o is the

He-He LJ parameter. The error bars shown are typical.

tion thermalized. This took about 10° passes at low densi-

ties and up to 6% 10° at high densities. We note that certain

initial configurations do not thermalize easily because of
metastable trapping of polymer beads in a He cluster.

) (2) Fluctuations. Once the system thermalized, quantities
averaged have fluctuations on short Monte Carlo time
scales, but values of R,(8%/2) can show fluctuations on the
order of 5000 or more passes [especially where R,(B%/2)
decreases rapidly with densityl. However, the Cray runs
which averaged many cycles agree with AP runs which aver-
aged few—there is some degree of similarity in the large cy-
cles. Outside the region of the ‘‘transition,”” at high and
low densities, fluctuations are less serious and the AP data
are reliable.

(3) Number of polymer beads. This study used P=100
beads, a constraint imposed by computer memory and run-
ning time. A run of 4% 10* passes with P =500 was made
at n=1.25x1022 cm~3 with 2x10* passes required for
equilibration. Because fewer passes could be made than for
the P =100 case, the quasifree state was never sampled. A
value of R,(B%/2)/Ro(B%/2)=0.39 £0.01 was obtained, in
reasonable agreement with the P =100 value of 0.44 £0.02
for the localized state. There could be some sharpening of

the initial rise in R,(¢) vs tand a lowering of R,(B%/2) for’

n in the localized regime as P increases, but we do not ex-
pect this to change our results significantly.

We have treated the He classically; its free-polymer radius
would be 0.34 A. A more refined calculation should consid-
er the quantum nature of He. We do not expect such quan-
tum effects to be important.

(4) System size. Finite-size studies at lower densities
showed that maintaining the box edge at two to three times
R,(B%/2) was adequate. We point out that an extremely
small box could give anomalously strong nonlocal bead in-
teractions mediated by the He due to the periodic boundary
conditions.

The electron-in-helium system is an. intriguing one and
remains difficult to probe.. We hope these results—though
not final ones**—contribute to the understanding of that
system.
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