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The dielectric function of a charged Bose gas is determined from the response to an imposed static
sinusoidal electric field. Variational and diffusion quantum Monte Carlo simulations are used to calcu-
late the ground-state properties of the system with trial wave functions containing a parameter depen-
dent on the amplitude and wavelength of the perturbation. The induced charge is most efficiently ex-
tracted from the difference in ground-state energies at different magnitudes of the external field, rather
than directly from the expectation value of the density fluctuation operator. Results are compared to the
random-phase approximation for the weakly coupled fluid and to classical lattice values at low densities
where the system forms a Wigner crystal. The dielectric function is also calculated at intermediate fluid
densities and the transition from positive to negative response is found to occur in the metallic regime.

INTRODUCTION

The dielectric function provides a compact description
of electrical response properties such as screening, polar-
ization, and plasma oscillations. The physical quantity of
interest is actually the reciprocal 1/e(k,w), which gives
the causal response to a perturbation. The dielectric
function is defined in linear-response theory in terms of
the ratio between the induced charge density and an
external charge, which acts as a probe. The probe is as-
sumed to be sufficiently weak so that the response is
determined entirely by the properties of the unperturbed
system. Furthermore, each Fourier component is treated
as if it acts independently—a given potential ¢(k,w) in-
duces a density fluctuation of the same wave number k
and frequency w. The dielectric response may in princi-
ple be obtained by perturbation theory and the literature
contains a number of models for the dielectric function,
which approximately incorporate direct, exchange, and
correlation contributions.

This paper is concerned with electrostatic (w=0)
response at T =0. The dielectric function is obtained by
perturbing the ground-state system with a sinusoidal
external field 4.,cos(q-r). The resulting induced charge
density is calculated directly as the expectation value of
the density-fluctuation operator and from the change in
ground-state energy as a function of the amplitude of the
applied field 4,,,. The quantum Monte Carlo method is
particularly suited to the second approach, since it accu-
rately calculates total energies from first principles. The
algorithm has previously been applied to obtain ground-
state properties of charged bosons!, fermions,! and
solids.?3

The simplest system that can be used for a meaningful
demonstration of this methodology for calculating the
dielectric function is one consisting of charged bosons.
Though not found except perhaps in astrophysical appli-
cations, the charged Bose gas is a useful model for super-
conducting systems and has an obvious relationship with
the physically important fermion electron gas. Quantum
Monte Carlo simulations of the boson ground state'*
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have revealed three distinct physical regimes, defined in
terms of the dimensionless measure of the density
r,=rqo/a, (where r, is related to the volume per particle
by Q/N =4xr3 /3 and a, is the Bohr radius). The Bose
gas is a weakly coupled fluid when r; << 1. At lower den-
sities, the system becomes a strongly coupled fluid and
eventually undergoes a zero-temperature phase transition
to form a Wigner crystal (r;, > 160).

Previous calculations of the dielectric response of
charged bosons have been based on several approxima-
tions. In the high-density limit, expressions for the
dielectric function have been found to the next order to
the Bogoliubov prescription® and in the random-phase
approximation (RPA).® The perfect lattice response ob-
tained from classical dynamics’ has been used as a
reasonable model of the Wigner crystal behavior at
sufficiently low densities. The strongly coupled fluid is
difficult to treat by perturbation theory due to the ab-
sence of any small expansion parameter. For metallic
densities (1=<r,<10), numerical solutions of the
hypernetted-chain equations® have been used to obtain
approximate values for the static linear-response func-
tion. The quantum Monte Carlo approach described
here yields exact numerical values for the dielectric func-
tion within statistical error bars over the complete range
of densities.

DIELECTRIC RESPONSE

Maxwell’s equations define the macroscopic longitudi-
nal response of charged systems in terms of the electric
field E, the displacement D, and the external, induced,
and total electrostatic potentials ¢ and charge densities p.
Written in Fourier space,

ik-D(k,0)= — k¢ (k,0)=4mp,(k,0) ,
ik-E(k,0)=—k*¢,ak,0)

:47Tptotal(k’w)=47T[pext(k7w)+pind(k’w)] s
(1)

and the reciprocal dielectric function is
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1 — E(k,w) — ¢total(k’w) — ptotal(k’w)
e(kyw) - D(k7w) ¢ext(k’w) pext(k’w)
(K,
=1+pmd( o) ,
pext(k’w)

valid as long as the fields are small enough to neglect
higher-order terms. With suitable quantum statistical
definitions of the fields, potentials, and densities, the
above equations also define the microscopic response for
all k and w.

In order to determine e(k), the uniform background of
a system of charge density py(r)=—ZeN/Q is
sinusoidally deformed according to the prescription
PolT) + pexe(q)cos(q-r), where N is the number of particles
of charge Ze in the volume Q. To first order this will in-
duce a change in the charge distribution of the same
form, py(r) +piq(q)cos(q-r). The Hamiltonian can be
written in terms of the external field or potential creating
this deformation:

2 N
H=H,+H, H, ——2 V2+ 2Z 271—

S s i<jy

ext Aext 2 cos(q r; )=2Ze 2 ¢ext

i=1 i=1

(3)

(throughout this paper energies are in Ry and lengths are
in ro=rga,). The relation between the potential and
external charge is given by the Poisson equation

V2hen(r) 2 2 A4,
pe,t(r)=———1;'——=3—ﬂ¢m< f; = Lcos(qr) ,
@)
k Aext —7 eiq"+e“iq"
k AN ik'r

P k)= (2773f 2

_ Aextq

= grze [PkaT Ol

The induced charge is the difference between the expecta-
tion value of the charge-density operator in the perturbed
system |1, ) and in the original system |4,)

Pind(k)5<¢4 |ﬁk|1/’A )_<¢ofﬁk|¢o>

=P a—Pi)o
N —ik-r. N —ik-r;
=E < 2 e k l> _< 2 e k 1> (5)
Q i=1 A i=1 0

In a homogeneous system, {5y ), =0 as long as p.,(k)=0
[and e(k,w)70], but this is not true in general. For the
sinusoidal external field, p;,4 is nonzero only for the wave
vectors 1q by the assumption of linearity

PindK) =B 4 = (Pi)ol[8k,q 8k —q] -

Hence, according to the definition, the dielectric function
is

13043
1 Pind@) _ . 87Ze
=1+ (P 4— <Py
G(q) pext(q) Aextq [ 8 pq 0]
2 N o N .
122 (g ) (% ) |
A Nriq i=1 4 i=1 0

(6)

The dielectric response can also be calculated from the
change in ground-state energies at different amplitudes of
the applied field. The derivative of the energy yields the
induced density

dE(A.) 4
dAext dACXt

=(v4 |55

Expanding the induced charge for small 4, and using
the preceding equation to replace <ﬁq> 4 in terms of the
energy

(¢ |HlY )

V)= P

¥4,

ext

d{p,)
[<ﬁq>A_(ﬁq>O]erxt—ﬁA—

ext Aexl =0

Ze d’E(A Ao)
Q ext dAz

ext

we obtain an alternative formula for the dielectric
response

1 _ ., 8mZe) d’E(Ae)
E(q) qu dAgxt Aexl_o
2 | d*E(A,,)
141227 L = (7)
NrS q dA ext Aext =0

The value for the second energy derivative is obtained as
twice the coefficient of the quadratic term in a polynomi-
alfitto E(A,,,).

QUANTUM MONTE CARLO METHOD

For any Hamiltonian H, the ground-state energy is the
minimum of the expectation value with respect to all pos-
sible trial functions ¥ (R)

[ ¥A(RHY(R)R
[ ¥ (R)[dR

min
¥ (R)
where the integration is over the 3N particle coordinates
R=(ry,r,,...,ry). In variational quantum Monte Car-
lo, the Metropolis method is used to evaluate the in-
tegrals numerically by sampling an ensemble of
configurations R from the probability function

CwRP
1w R)IdR
The configurations are generated so that the random

walk has an acceptance ratio of around 50%. The energy
is given by the weighted sum

P(R)=
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E,<E=3 P(R)E.(R;),
J

where E; =HWY -(R)/¥(R) is the local energy and E is
a strict upper bound for E, within statistical error bars.
The form of W1(R) is critical for convergence. The op-
timal choice is a trade off between computationally fast
analytic functions and more accurate but complicated
forms, which are slower to evaluate. Typically, the varia-
tional process is performed on a subset of trial functions
with the minimization used to fix any free parameters.
The diffusion quantum Monte Carlo algorithm® solves
the imaginary time many-body Schrodinger equation in
the short time-step approximation. Examination of the
J
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formal asymptotic solution shows that the results con-

verge exponentially fast to the ground state and yield a

rigorous upper bound to the energy. The actual equation

solved is the Schrodinger equation written in terms of the
mixed distribution f (R, 7)=¥(R,7)¥(R),

Ly Yw

or 2 2m

=1

+(E (R)—Ep)f , 9)

[V2f =V, (fV;In|¥,]?)]

where the trial energy E is a constant introduced for
computational efficiency. Interpreting f(R,7) as the
density of configurations R, the formal Green’s-function
solution

SRt +7)= [dRG(R—-R,7)f(R,1), f(R,0)=|¥r(R)>

417-ﬁ2 —3N/2

’ 7%2
‘R —R——z—;;Vlni‘I/T(R)iz

, (10)

G(R—R',7)= exp | —

2m

corresponds to a diffusion process with directed drift and
branching (birth and death) terms. Typically,
configurations generated by the variational algorithm are
taken as the starting point and new configurations are
generated using time steps chosen to give an acceptance
ratio in the 99th percentile. For bosons, spin statistics do
not limit the convergence and the diffusion method is
theoretically exact once time-step extrapolation to the
7—0 limit is performed. However, a good trial function
plays a critical role in importance sampling the diffusion
process in order to obtain rapid convergence and good er-
ror bars.

In diffusion simulations, expectation values are calcu-
lated on the mixed distribution ¥ ,¥. ¥ affects only the
variance and not the expectation value of the energy and
E,—E, For other quantities, such as the density-
fluctuation operator, the diffusion process generates
mixed expectation values O,, which lie between the vari-
ational O,, and the exact results O,. Linear extrapola-
tion Oy=20,—0, can be used to obtain improved
ground-state values.

For bulk systems, the Schrodinger equation is solved
for a system of N particles in a periodic cell. The long-
range Coulomb interactions are evaluated using Ewald
sums which include the interactions between the simula-
tion box particles and all of their periodic images. Extra-
polation to the N — < limit is performed by simulating
systems of increasing size to determine the number
dependence.

The trial function used in the dielectric problem is a
perturbation of the ground-state solution,! written
schematically as

N

21< i ¥ir.. 1.Vc T
Wo(R)=e T 2T T 4By

2i<j”(’ij)

fId)B(r,-), (11)

i=1

N
1+y 3 cos(q-r;)
i

4rh’
2m

o | TTELRIFEL(R))/2+4 7E ]

[
where the ¢2(r;) are single-particle orbitals. The

ry= |r; —rjl term is the Jastrow factor, which takes into
account two-body correlations as well as the cusp condi-
tion for zero particle separation required by the singulari-
ty in the Coulomb potential. The single-particle boson
orbitals are chosen to be the lowest-energy (k=0) plane-
wave states at fluid densities and Gaussian functions cen-
tered on the lattice sites for the crystal phase. The cosine
term in Eq. (11) is the simplest form of the linear
response to a sinusoidal external field of wave vector q.
It is written as an exponential to ensure that the wave
function is everywhere positive. y is a parameter that de-
pends on the amplitude and wave vector of the applied
field and may be found by variational minimization or
solved for analytically in the RPA

O (12)

v (g*+12Z%)'?

(we omit the rather lengthy derivation).

RESULTS

In order to be consistent with periodic boundary condi-
tions, an integer multiple of the applied field wavelength
must exactly fit the simulation box. An additional con-
straint is that the charge variations not be too rapid for
accurate sampling—the maximum number of wave-
lengths per box is typically no more than three for
N <250. The amplitudes of the applied fields are chosen
as small as possible, consistent with obtaining statistically
meaningful energy differences. Linear-response assump-
tions are then tested by checking that the expectation
value of the density-fluctuation operator {p,) is zero
within statistics for values of k=*q and that the fits of
energy versus amplitude show only quadratic behavior.

The most accurate and computationally efficient
method of calculating the dielectric function is from Eq.
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0.0162

0.0160
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There is no evidence of higher-order contributions to the
fits over this amplitude range. The variational and
diffusion results agree within statistics (compare the
coefficients of A2,), confirming that a reasonable choice
for the trial wave function has been made. The error bars
decrease as more field strengths are used in the fit, but
typically dielectric values quoted in this paper were ob-

0.0158 -
S tained using only the ground state and three amplitudes
=z of the applied field.

o The dielectric function can also be obtained from the

0.0156

expectation value of the charge density-fluctuation opera-
tor. Table I shows results for »,=10 and ¢ =1.948 89 in
the columns labeled p,, with the superscripts indicating

0.0154 - variational (V), diffusion (D), and extrapolated (X)
) values. The results are divided by appropriate constants

to allow direct comparison to the second derivatives of

0.0152 | | L | ! ! the energy, which are also given in the table. All but one
0000 0002 0.004 °-°g‘;“ (:‘.,c))oa 0010 0012 0.014 of the extrapolated values agree with the derivatives

FIG. 1. Plot of variational (circles) and diffusion (squares) en-
ergies vs amplitude of the applied field at », =100, N =64, and
q =0.974 44. Error bars are smaller than the symbols. Energies
are in Ry, and wave vectors in units of 1/7,. The curves are the
quadratic fits.

(7), since the quantum Monte Carlo method yields exact
ground-state energies. An example is shown in Fig. 1 for
r, =100, N =64, and g =0.97444. (Energies are in Ry,
lengths in r,, and wave vectors in 1/ry.) The solid lines
are fits of the variational (circles) and diffusion (squares)
points

within statistics. However, to obtain converged values of
(ﬁq ) 4 of the same accuracy as the energies in general re-
quires considerably longer simulations or an improved
choice of the trial wave function. For average length
runs, the charge fluctuation values for different ampli-
tudes of the applied field typically do not agree within er-
ror bars and, at RPA densities, it is not possible to obtain
statistically meaningful results. This reflects the difficulty
in obtaining accurate mixed expectation values, exacer-
bated in this case since the weak perturbation is not
strongly selected by the Monte Carlo procedure. A
differential Monte Carlo scheme to obtain all field values
simultaneously ran into related convergence problems,
since the energy differences and differential weights re-
quire an accurate determination of (pq >4

—E"( A, )/N=0.015321(1)+4.38(1) 42

ext

—EP(A4,,)/N =0.015440(1)+4.36(1)42,, ,

The fluctuation dissipation formula

1 .,  4me?
_1—
€(q) q*Q

fOBdT(TTp(q,T)p(—q,O)> (13)

with the error in the last digit given in parentheses.

TABLE I. Induced charge and second energy derivatives at r, =10 and wavevector ¢ =1.948 89 for several amplitudes 4.,,, and
different numbers of particles N in the simulation box. The energy derivatives quoted for each 4., are obtained using all field ampli-
tudes up to and including that value. The columns labeled p, give the value of Q{p,) /ZeN A, with the superscripts ¥, D, X indi-
cating variational, diffusion, and extrapolated estimators, respectively. Errors in the last digit are indicated by the value in
parentheses. Energies are in Ry.

EV

_ 1 dE” EP _ 1 d’E°

— A,V = =® = — D — X
N Aext N N dAe,“ Pq N N dAgx[ pq pq
216 0.000 0.12112(1) 0.121469(5)
0.010 0.12131(1) 3.25(3) 0.121 644(5) 3.48(3) 3.71(5)
0.015 0.121 550(9) 3.26(2) 0.121 891(5) 3.52(2) 3.78(2)
0.020 0.121873(9) 3.75(6) 3.28(1) 0.122220(6) 3.78(4) 3.50(1) 3.72(3)
0.030 0.12280(1) 3.72(3) 3.275(9)
64 0.000 0.12173(2) 0.122073(9)
0.010 0.12190(2) 3.21(5) 0.122276(8) 3.51(4) 3.81(7)
0.015 0.12215(2) 3.30(3) 0.122490(9) 3.57(3) 3.84(5)
0.020 0.12248(2) 3.8(1) 3.31(2) 0.122 841(8) 3.80(6) 3.48(2) 3.65(3)
8 0.000 0.12759(2) 0.127 87(1)
0.010 0.12779(2) 3.3(1) 0.12807(1) 3.65(7) 4.0(1)
0.015 0.12803(2) 3.37(6) 0.128 33(1) 3.62(5) 3.87(9)
0.020 0.128 30(2) 3.6(2) 3.28(5) 0.128 64(1) 3.88(8) 3.55(3) 3.82(7)
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gives an expression for the dielectric function in terms of
the density-density correlation function in imaginary
time. However, in ground-state simulations, exact values
for r-dependent quantities cannot be obtained by
straightforward extrapolation of mixed estimators and
diffusion results do not provide a good approximation to
the correlation function due to the convergence problem
discussed in the preceding paragraph. Moreover, to
reduce the error bars it is necessary to average the
diffusion values over a range of 7, which smooths out the
fluctuation behavior, making it difficult to extract the
imaginary time dependence or accurately test consistency
with an exponential decay form for the integrand.

Quantum Monte Carlo results for a given q must be ex-
trapolated to the bulk limit using a set of simulations in
which the number of wavelengths in the box is increased,
matched by an increase in the number of particles. Table
I shows the number dependence at r,=10 and
g =1.948 89 for the three system sizes N =8, 64, and 216
corresponding to one, two, and three wavelengths in the
simulation box, respectively. The values obtained from
N =8 are generally least reliable as they show propor-
tionally greater boundary effects. While the energies
show significant number dependence, the dielectric
response derived from the difference in ground-state ener-
gies is the same within statistics for the three systems
(columns labeled d2E /d A2,,). This was similarly verified
at the densities r,=1 and 100 (see Table II), and
confirmed by comparison of the finite N results with ana-
lytic values in the RPA limit and the Wigner crystal.
Thus dielectric-function values can be obtained without
explicitly performing the N — oo extrapolation, a consid-
erable time saving.

The diffusion Monte Carlo method also requires an ex-
trapolation to remove the finite time-step approximation.

0.808 T T T T T

0.807 \

0.806 [~ -

0.803 —

—E/N (Ry)

0.802 | | | | |
0.00 0.02 0.04 0.06 0.08 0.10 0.12

T (1/Ry)

FIG. 2. Time-dependence plots of energy for r;=1 and
N =64 and applied wave vector ¢ =0.97444. Error bars are
shown by vertical lines and are on the order of the symbol size.
The straight lines show the best linear fits for the four applied
field amplitudes 4., =0.0,0.1,0.2,0.3 (from bottom to top).
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Figure 2 shows a typical set of results at r, =1. Energy is
plotted versus the imaginary time step 7 for the ground
state and three amplitudes of the applied field. The data
may be fitted to linear functions with the same slope, so
the dielectric function obtained from the 7— 0 extrapola-
tion is identical within error bars to that calculated
directly from diffusion runs at any fixed but finite value of
7. Time-step dependence was checked explicitly at r, =1,
10, and 100 (Table II) and implicitly at the two extreme
densities by comparison with analytic results.
Dielectric-function values obtained via the energy

TABLE II. Inverse dielectric function from quadratic energy
fits at five r; values. The T indicates 7—0.0 extrapolation and
the * indicates values obtained from only one applied field am-
plitude. The superscripts ¥ and D indicate variational and
diffusion energy derivative values, respectively, while X labels
extrapolated charge fluctuation results. The m indicates meta-
stable systems. Errors in the last digit are indicated by the value
in parentheses. Wave vectors are in units of 1/7,.

1 1 1
N —_ —_ —_
e’ eP &

) 0.9681(6)

rs q

0.0025 0.97444 [64]

3
0.77342 [128] 0.94(1) 0.925(6)*
0.61380 [256] 0.80(6)*  0.84(2)*
1.0 1.94889 [216]  0.51(2) 0.500(3) 0.51(6)
[64]  0.53(2) 0.505(3) 0.53(9)
(8] 0.52(2) 0.503(4) 0.55(1)
1.54685 [16]  0.27(2) 0.271(7) 0.27(2)
0.97444 [64]  0.1(1) 0.07(2) 0.06(3)
[64] 0.07(2)"
0.77342 [128] 0.0(1) 0.02(2)
10.0 1.94889 [216] —O0.18(2) —0.19(1)  —0.182(6)
[64] —0.20(3) —0.20(2)  —0.19(1)
[8] —0.13(5) —0.22(3) —0.23(2)
1.54683 [16] —0.140(7) —0.141(4) —0.125(5)
0.97444 [64] —0.11(3) —0.09(2) —0.05(1)
0.77342 [128] —0.07(4) —0.06(2)
0.64963 [216] —0.03(5) 0.02(2)
0.48722 [512] —0.033(8)
100.0 292333 [64] —1.75(4) —2.20(3)
1.94889 [64] —0.54(2) —0.57(2) —0.56(1)
(8] —0.50(4)
1.54683 [16] —0.310(5) —0.311(3)
1.03122 [54] —0.13(1) —0.121(9)
0.97444 [64] —0.108(4) —0.101(3)
(64] —0.102(3)"
0.77342 [128] —0.037(3) —0.06(2)
0.64963 [216] —0.04(1) —0.04(3)
100.0m 1.03122 [54] —0.079(7) —0.119(8)
100.0m 0.77342 [128] —0.024(9) —0.02(1)
200.0 3.09367 [16] —2.41(2) —3.18(1)
2.06245 [54] —0.56(2) —0.66(1)
1.54685 [16] —0.24(3) —0.41(3)
1.03122 [54] —0.08(5) —0.12(2)
0.77342 [128] —0.03(8) —0.04(8)
200.0m 1.03122 [54] —0.03(6) —0.16(4)
200.0m 077342 [128] —0.13(9) —0.09(5)
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derivative approach are listed in Table II for several wave
vectors at five different densities. Results for each g are
from a single N value and from a fixed time step rather
than 7— 0 extrapolated values in the case of diffusion, un-
less explicitly noted. Results for €(q) obtained by direct
evaluation of the density-fluctuation operator are given
where converged and are useful both as a consistency
check and for confirmation that we are operating in the
linear regime. Cases for which the variational and
diffusion results differ significantly must be treated with
caution, since they indicate convergence problems and
the breakdown of the importance sampling trial wave
function. We first discuss the two extreme density re-
gimes, where analytic results exist for comparison.

High-density weakly coupled fluid

In the weak-coupling regime r,<<1 numerical
difficulties require that the system be simulated by scaling
the density 7, and charge Ze by factors of a according to
the prescription

rSSCALE:arS, (ZSCALE)2=22/a i

SCALE SCALE
z

The system of charge at density r; and ap-
plied field ASSALE= 4 . /a? then gives the energies in
units of ESCALE=42 Ry for the corresponding system of
charge Z and r, and external field 4.,,. To test the algo-
rithm, we performed a few simulations at r,=2.5X 1073
(a=400). The trial function with yRPA is expected to be
a very good approximation to the exact solution and, in
fact, the variational and diffusion energies are identical
within statistics. Results for the dielectric function are
also in excellent agreement with the analytic expression
deri\éed by Hore and Frankel in the RPA limit (see Table
I10),

4me2w12, 12r,
€q,T=0)=1+—1=1 ol
fi’q q
where w? =4wNe?/Qm,=3e*/m,ry , (14)

shown by the solid curve in Fig. 3.
Low-density strong-coupling regime

For r, > 160, the Bose gas forms a Wigner solid and the
usual definition of the dielectric function does not apply

TABLE III. Comparison of RPA dielectric function and
quantum Monte Carlo results at r,=0.0025 for several wave
vectors g. The superscripts ¥, D, RPA indicate variational,
diffusion, and RPA values, respectively. The * indicates values
obtained from a single applied field. Errors in the last digit are
indicated by the value in parentheses. Energies are in Ry and
lengths in ry.

1 1 1

9 P €@ eRPA
0.974 44 0.968(3) 0.9681(6) 0.9678
0.77342 0.94(1) 0.925(6)* 0.923
0.6138 0.80(6)* 0.84(2)* 0.83
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10

1/e(q)

0 I ! I 1 !
0.0 02 04 06 08 1.0 12
q(iirg)

FIG. 3. Inverse dielectric function vs wave vector at
r,=0.0025. The solid line shows the RPA solution of Hore and
Frankel. Variational points are indicated by circles, diffusion
values by squares, and error bars by vertical lines.

due to the inhomogeneous nature of the crystal phase.
The induced charge includes components at all wave vec-
tors q+G, where G is a reciprocal lattice vector of the
crystal. However, the directionally dependent macro-
scopic response, which neglects all fluctuations due to the
reciprocal lattice vectors giving the induced charge only
at the applied wave vector q,”’'° can be obtained using
the external field method.

Table II and Fig. 4 show the results from quantum

4% | 1 | 1 Il
.0 0.5 1.0 15 2.0 25 3.0 35
q(1irg)

FIG. 4. Inverse dielectric function vs wave vector at r, =200.
The solid line shows the classical lattice solution of Bagchi in
the [100] direction. Variational points are indicated by circles,
diffusion values by squares, and error bars by vertical lines. The
triangles are the metastable diffusion values.
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Monte Carlo calculations of the dielectric function at
r,=200. The Wigner crystal is treated by explicitly bind-
ing the bosons to bec lattice sites using Gaussians with a
width parameter determined by variational minimization
of the energy. The bosons are not very localized, the op-
timal width being on the order of the interparticle spac-
ing. The difference between the variational and diffusion
results is due in part to incomplete convergence of the
variational runs and in part to the less optimal nature of
the trial wave-function form at this density. We did not
feel it worthwhile to carry out extensive number-
dependence simulations, since localization reduces
boundary effects. Comparison with the ideal lattice
confirms that the quantum Monte Carlo results show no
significant time-step or finite-size effects.

At such low densities, statistical contributions are ex-
pected to be small compared to Coulomb effects, so the
classical system should provide a good starting point for
examining boson (and fermion) ground-state properties.
Using the harmonic approximation, Bagchi’ derived the
classical longitudinal macroscopic dielectric function of a
crystal in the long-wavelength static limit

2

elq)—1— (ag)* <o} ,

4
alq?’
where a is defined in terms of the small g dispersion rela-
tion
w%=a)ﬁ —a’q?.

The bece lattice dispersion relations have been calculated
for specific directions in reciprocal lattice space by
Coldwell-Horsfall and Maradudin.!! Taking their value
for a? for the [100] direction used in our simulations, we
obtain the perfect lattice dielectric function valid for
small g

2/3

1

— - (15)

q

167

— 3
1.486

8

e(q)—1

To get an idea to what degree the Bose gas approxi-
mates the classical system, note that the static energy of
the bee lattice is E,..=—1.79186/r,=—0.008 959 3,
while our ground-state energy values range from
—0.0080 to —0.0081 Ry, depending on N. The 10%
difference indicates that quantum effects will be small but
not negligible. Bagchi’s classical function is plotted as a
solid curve in Fig. 4 and shows good agreement with our
results for small g, particularly in the case of diffusion,
confirming the dominance of localization effects. The
quantum Monte Carlo values diverge from the curve for
g > 1.5, not surprisingly, since the classical formula is
valid only for g <<2.8636 by the criterion given above.
From an examination of the sum rules for the classical
lattice, Bagchi’ concluded that € should in fact be nega-
tive for all q. At all wave vectors we examined for the
quantum crystal, the induced charge is indeed of opposite
sign from the external perturbation and becomes several
times greater in magnitude as q approaches the charge-
density wave vector associated with the Wigner crystal.
The large discrepancy between the variational and
diffusion values for such ¢ indicates the breakdown of the
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chosen trial wave-function form, so the numerical values
must be treated with some caution. For comparison,
note that the classical lattice model exhibits the behavior
€—0,1/e— — « at reciprocal lattice wave vectors (i.e.,
q =3.093 67 in the [100] direction).

Strongly coupled fluid

We performed simulations in the intermediate density
regime 1 =r =160 to study the transition from weak to
strong coupling. Quantum Monte Carlo results are given
for three densities in Table II: r,=1 (metallic fluid),
r, =10 (low-density fluid), and r, = 100 (partially localized
fluid), where the physical classification is based on an ex-
amination of the pair correlation functions g (r) shown in
Fig. 5. The trial function used in the simulations was the
perturbed fluid form with the parameter ¥ determined by
the RPA solution and checked by variational minimiza-
tion. Time-step and number-dependence checks were ex-
plicitly carried out at all three densities.

Figure 6 plots results obtained at r,=1. The values
show a high degree of correspondence with the RPA
solution of Hore and Frankel (solid line), despite the fact
that interactions can no longer be considered negligible.
This is not completely unexpected, however, since it has
been noted that the condensate fraction of the Bose gas
remains close to one even at r,=2, so that Bogoliubov
(and RPA) theory is not a bad approximation for typical
metallic densities.*

The dielectric function at r,=10 is plotted in Fig. 7.
Comparison with Fig. 6 shows that a qualitative change
in dielectric behavior from positive to negative response
has occurred. In fact, the quantum Monte Carlo results

2.00 T , ] T T T T

175 -]

1.25

& 100

0.75

1 1 ! J
20 25 3.0 3.5 4.0
r(ro)

FIG. 5. Pair-correlation function for N =128 at the five r;
densities for which dielectric functions were obtained. The dot-
ted line is r;=0.0025, the dashed line is r;=1, the dot-dashed
line is , =10, the double-dotted-dashed line is r, =100, and the
solid line is #, =200. Note that the length scales are different for
the five curves.
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correspond with the classical Bagchi prediction for the
[100] direction at longer wavelengths (plotted as the solid
line) even though the fluid does not exhibit much
localization—the pair-correlation function in Fig. 5 has a
hole near r =0, but only the barest trace of the peaks
characteristic of the crystal.

Although early workers argued from stability con-
siderations that € must always be positive, the Kramers-
Kronig relations show that the actual restriction on the
inverse dielectric function'®? is [1/e(q)] < 1, which does
not preclude the existence of negative static dielectric
values at nonzero gq. For the fermion electron gas, the
change in sign of the response occurs at ;=5 and is asso-
ciated with a change in sign of the compressibility. This
transition density is much higher than that at which the
system becomes unstable with respect to the (charge-
density wave) crystal state. Our results indicate that for
bosons, negative response also appears somewhere in the
metallic regime (1<r, <10). However, examination of
the Bose equation of state* shows that this transition is
not related to a change in sign of the compressibility.

The r, =100 values are plotted along with the classical
dielectric curve in Fig. 8. The fluid at this density exhib-
its considerable localization, with strong peaks at dis-
tances related to the lattice spacing of the Wigner crystal
(compare the r, =100 and 200 curves in Fig. 5). Despite
the fact that we are using fluid trial functions, the dielec-
tric response is basically indistinguishable from the
Wigner crystal case as can be seen by superimposing the
curves, recalling that lengths are scaled by r,. In fact,
the crystallization transition is not sharply marked
for the bosons as reflected by the small binding energy of
the solid.

As a check, we calculated the dielectric function of the
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FIG. 6. Inverse dielectric function vs wave vector at r,=1.
The solid line shows the RPA solution. Variational points are
indicated by circles, diffusion values by squares, and error bars
by vertical lines when they are larger than the symbols.
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FIG. 7. Inverse dielectric function vs wave vector at r; =10.
The solid line shows the classical lattice solution in the [100]
crystal direction. Variational points are indicated by circles,
diffusion values by squares, and error bars by vertical lines.

metastable fluid at r, =200 and the metastable crystal at
r,=100. The values obtained are listed in Table II, with
the diffusion results plotted as triangles in Figs. 4 and 8.
Within statistical accuracy it is not possible to distinguish
between the localized and delocalized states at either of
the two densities.
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FIG. 8. Inverse dielectric function vs wave vector at r, = 100.
The solid line shows the classical lattice solution in the [100]
crystal direction. Variational points are indicated by circles,
diffusion values by squares, and error bars by vertical lines when
they are larger than the symbols. Triangles are the metastable
diffusion values.
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In summary, we have performed calculations of the
dielectric function of the charged Bose gas over the entire
range of interesting densities. The algorithm is currently
being extended to treat the fermion electron gas. The pri-
mary difficulties to be resolved concern the form of the
perturbed trial function, extrapolation to the bulk limit,
and improvement of the statistical accuracy of the re-
sults.
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