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A model anisotropic system, suggestive of the graphite structure, is investigated: It con-
sists of a series of equally spaced parallel planes. A finite two-dimensional density of elec-
trons in each plane is allowed to move freely in the plane, but tunneling between planes does

not take place.
phase approximation.

potential drops off very rapidly both in the plane of the charge and perpendicular to it.

The dielectric screening of a point charge is evaluated exactly in the random-
For realistic electron densities and interlayer separations the screened

The’

induced charge density is determined, and validity of the Thomas-Fermi approximation is

discussed.

I. INTRODUCTION

Inthis paper we calculate the screening properties
of a model anisotropic system, chosen for its re-
semblance to the graphite structure. The system
consists of electrons constrained to move on paral-
lel equally spaced planes; the single-particle states
in the absence of interactions are two-dimensional
plane waves.

The screening properties are investigated by
calculating the dielectric response of the system
to an external point charge on one of the planes.

We use the self-consistent-field dielectric formula-
tion of Ehrenreich and Cohen, ! which is equivalent
to the random-phase approximation (RPA). We in-
troduce an infinitesimal perturbation V®*t(taken to
be ¢® /¥), compute the induced potential V** owing
to the density fluctuations caused by some total
potential V*® and solve V°t=yext  yind for ytot,

It is of interest to see whether there is a strong
anisotropy in the screening, with the total potential
decreasing at very different rates in the plane of
the test charge and perpendicular to it. I is found
that, in spite of the extreme anisotropy of the model,
the screening lengths are comparable, and only
under very extreme conditions is such strongly
anisotropic screening found.

II. DERIVATION OF SELF-CONSISTENT-FIELD EQUATIONS

Consider a system of noninteracting electrons
moving in a potential which depends only on z and
has very narrow deep potential wells centered
around z2=0, ¢, +2¢,.. For purposes of nor-
malization assume T = (x, y) is confined to a region
of area A. The unperturbed eigenstates will then

have wave functions
wﬁ,a,m (-I:, z)=A'1/2a(, eik- * X(Z _ mc)’

where k is a two-dimensional vector, the integer
m labels the planes, and g, is a spin eigenfunction.

We consider only the limit in which the wells are
arbitrarily deep and narrow, so that only the
lowest one-dimensional eigenstate x(z) can be oc-
cupied by an electron of finite energy. x(z) is then
effectively the square root of a § function; that is,
it is arbitrarily highly localized and

[ (@) az=1

for any € >0.

Except for the energy contribution due to y (which
is the same for all states), the unperturbed eigen-
values are

Ei,o,m = EE = (ﬁz/zme)kz .

Assume the system is in its unperturbed (non-
interacting) ground state, with a two-dimensional
“Fermi disk” of radius %y, where

2A
An= 20 2= qkl .
< @rPE T
Thus the density of electrons (per unit area) n is
n=k/21.
The one-particle density matrix is then

Po= 2

&l <kp
Oym

%, 0, m) (K, 0,m| =23 £, |s)(s|,

where s = (K, 0, m) and £, is the occupation number.
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When we introduce the external potential V°®, the
density matrix becomes

p=po+p,
and the first-order perturbation p’ may be deter-
mined from the equation of motion! for p:

inp =3¢, p].

Here the total Hamiltonian is 3¢=3¢, + V **, where
3C, is the unperturbed Hamiltonian and V*°* is the
total perturbation. Thus to first order, the per-
turbed stationary state? is given by

0 =3¢, p'1+( Vm,Po],
or equivalently by

0=(Ey= Eg )olss + (for =f5 ) VIS,
Py (2.1)
v JstTJs tot
pss' <Es’ ___Es ) VSS .

This changed density matrix gives rise to changes
in the two-dimensional charge density N,,(T) at
position T on the mth plane, and thus induces a po-
tential Vi (T). The self-consistency will be in-
troduced by requiring that the Vt* in (2. 1) be given
by

Vtot Vext + Vind (2. 2)

Here V°®* is the potential of a point charge. It has

matrix elements

xt _ xt - -1
V:sl = Vleicm,E'a’ m' —5”, 5m,n,A

.. 2 2
X e”k:__k>.-§ e“d'r
% +m?c2 /2

Thus the matrix element of V°* is diagonal in the
spin ¢ and the plane label m, and depends only on
g=1q1=1K -Kk| and on m. This will be true of
the induced potential if it is true of the total potential
so it is consistent to assume it for all of them.
Thus we suppress the Kronecker & s and all indices
except m and ¢, and write for the matrix element

Vi, =A™ (216 /q) F, (@) 2.3)
where
et'& T "
a’r 2.4
Fr(q) 2nf(7‘+mc1/2 (2.4)

is a dimensionless integral, to be evaluated later.

The one-particle density operator (to be distin-
guished from the Dirac density matrix p) whose ex-
pectation value is the density at R is given in the
coordinate representation by

[d®)]g,;7,=6(R-R,)6(R-R,) .

The two-dimensional density, of interest in our
problem, is (on plane p)
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|eo

-> pc+e -
N,(r)= f,c_e dzd(r, z)]
whose coordinate representation is then

pc+e

[Nl’(;)]f‘lﬂﬁz‘zv‘z: pe-e dzs(F - I'1)5(‘2'21)

X5(T =T,)6(z - 25)
=5(T - 1) 6(T ~T,) 6(2, — 2,)
if lzz—pc[ <€,

=0 otherwise.

The matrix element of N,(T) between {y o, and
Upom thus vanishes if m#m', m#p , or o#0’ and
is otherwise

At [ s [ Erydzne® et Lk (@) x(z,)

x&(T =T1)6(T —Tp) (2, — 25) =A™ gHE DT
(2.5)

To find the expectation value of the one-particle
two-dimensional density operator we multiply by
the Dirac density matrix p and take the trace. We
find that the perturbation in the density is given by

np(r) Tr[p Np r)] Z pss [ )]s's

N
Y
(2.6)

(2.5) and noted that V%
q and m],

[we have used (2, 1) and L
k:

depends only on k' —
nk(;)=§ eiﬁ“ inl’yq ’
where

(2.7)

np.a =- D(q) V;?:

21Te
and

_2¢ s fras=f

D(q)
1 GA i By a-E

(2.8)

[the factor g/2me? is inserted so D(g) will be di-
mensionless]. This density perturbation induces
a potential Vi

ez

[(F -1+ —p V2™ )
oY ”f T

ST,

-

Pt

vinM(T)= E iy

82

= ei'd'?'
_ r)2+02(p _pr)z]uz

Fp e (q)eiﬁ° T

[F is defined by (2.4)]. Since the matrix element of
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't T petween states k and K’ is 64,4z we obtain
for the matrix element of V™

o 2
V;‘y‘d_a=2n,:'q—ﬂ:§— Fp_pl (CI), (2-9)
P'
where we may replace | —a] by q because of the
symmetry of the problem.
Using (2.3), (2.7), and (2.9) we may write the
self-consistency equation (2.2) as

Zma=Fu @) -D@) D, Fr_, (@) gpq s (2.10)
where
Zme=Alg/218) VY (2.11)

is the dimensionless potential.

In Sec. III we evaluate the integrals (2. 4) and
(2. 8), and solve exactly for the total potential g; in
Sec. IV we Fourier transform it into real space and
present some numerical calculations.

1t is interesting first to see what form (2. 10)
takes in the Thomas-Fermi (TF) approximation.
Instead of finding the induced density n,( T) by treat-
ing V*°* as a quantum-mechanical perturbation, we
assume #, (T) is determined by a local Fermi level
which changes with V*°t in such a way that the total
energy of an electron at the Fermi level remains
constant. Since in two dimensions the energy and
the density are both proportional to ki , they are
proportional to each other. The deviation of the
density from its unperturbed value is given by

Np(T) = (my/Mm) V¥ (T) . (2.12)
The screening length is related to the proportion-
ality factor in (2.12); in three dimensions it de-
pends on kp and causes the screening to become
less effective when k5 is small. The surprising
consequence of (2.12) for the two-dimensional sys-
tem is that the TF screening behavior is indepen-
dent of kr. Of course as ky approaches zero there
can be no screening, so the TF approximation
breaks down very badly in this limit. But even for
small electron concentrations, the actual screen-
ing, as given by RPA is fairly strong.

The TF screening may be calculated quantita-
tively by noting that if we use (2.12) in place of
(2.7) to relate n to V*t, the solution of the self-
consistency equation (2. 10) proceeds in the same
way with D(q) replaced by

D1x(q)=-2/qa, , (2.13)

where q; is the Bohr radius.
III. SOLUTION OF SELF-CONSISTENT-FIELD EQUATIONS

The quantity D(q), defined in (2.8), can be
written in integral form
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=_e_z_ 27 f'ﬁd-'ﬁ"fi
D(q) - fd k T o af -

This can be easily reduced to

D(q) = - (2/mqay) I(q/ky),

where g is an effective-mass Bohr radius

ag=1%/m,e?,

and
- > o, 2\l 527
I(q/kp) = 229 k+¢)"d%k .
Jikl>kp
1R+ | <kp
If we set

B= q/kFy u= kJ./kF, kau/kF;

(%, and %, are the components of k perpendicular
and parallel to §) the integral becomes

2,1/2
~B+(1a
I(B) / du/ ‘ dv2(2Bv+ B3,
-1 (12t /2

We have assumed B> (1 —#%)!/%; otherwise the
limits on v will be different, but we will obtain

the same result

1(B) f du—log

So far the calculation is very much like that lead-
ing to the Lindhard® dielectric function in three
dimensions, where an extra factor of # in the
integral makes it easy to evaluate. In the present
case, however, the indefinite integral cannot be
evaluated. The definite integral may be computed
by contour integration; letting #=cosé and z = e*’
it becomes the integral over the unit circle

I(B)— Imf

It is necessary to treat this separately for B<2
and B> 2. Inthe former case the cut in the log
gives two cuts, along the left and right sides of
the unit circle, respectively (the log of the abso-
lute value must be regarded as the real part of
the analytic log function). The integral of the loga-
rithm is zero, since it is analytic within the cir-
cle; hence we may find the integral of the real
part by integrating the imaginary part and multi-
plying by ~i. The imaginary part being just 7,
we need only compute the differences between the
ends of the cuts. We obtain the simple result 7
for the expression I(B). v

In the other case (B> 2) the cut in the log gives
rise to a cut within the unit circle, along the imag-
inary axis. Thus the integral around the unit cir-
cle is just the integral around the cut, which is

2(1 2)1/2 B
20 - B

z -1+izB

.1
Z-1-izB (3.1)
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again trivial since the discontinuity across the cut
is just 27i. This time the final result is
I(B)=7[1-(1-4/B%'2]. Putting this into the ex-
pression for D(q) gives

-2
D(q)_q—d-(—]’x 1 (g< 2kg)

ST (1= =4k2/qDV?] (g>2kp).  (3.2)
qag

This is identical with the TF result (2. 13) for
q<2kgp .

We will also need the quantity F,,(g) defined in
(2.3),

q eicf-i‘ o
Fm(Q)—waWd r,

giving the Fourier transform of the potential of an
external point charge m planes away. By the Fou-
rier inversiontheorem it is equivalent to require

1 1

it Ful@) 2
- g Fm\d) ;2
(r®+m°c®) 2 )¢ q a°q - (3.3)
Using the integral representation of the Bessel
function of order zero

2 iqr cosé
2mlolqr)= | ™7 db, (3.4)

we obtain

1

G [, TaenFa .

This equation is satisfied* by

F(q)=e"'"m!, (3.5)

Having evaluated all the functions appearing in
the self-consistency equation (2. 10) for the po-
tentials, we proceed to solve it. The different
q vectors are completely uncoupled; however, the
potentials on the various planes (labeled by m) re-
main coupled. They may be straightforwardly un-
coupled by Fourier analyzing all terms with respect
to m (the integer labeling the successive planes)
and inverting the transform by a contour integral.
As this is extremely laborious, and leads to the
simple result that g, , is a geometric series in m,
we will content ourselves with assuming

(3.6)

and solving for the constants 7 and ¢£. (These de-
pend on ¢, of course, as does g,,, but we will sup-
press the g subscript.) Since the F,(q) appearing
in (2.10) is also a geometric series in |ml,

Fm(q) = (e-qc)lml = f pm ’

the equation may be broken into several geometric
series (terminating where p or m —p changes sign).
When these are summed, the conditions that (2. 10)

gm:h'tm:

3.7
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e

be satisfied for all m are

Dp Dn

T 1w

and

Dh Dn
TS Tt

which may easily be solved for # and £. The re-
quirements of convergence of all the series
(I1#1<1, 1 ftl< 1) rule out all but one solution. If we
define

0=1

x=f+f'1+—-—~——————-ix/_2—(f-;_f)p X 1 if B<2

=f+f-1+\/§(f-;_f)p§x[1—(l—4/32)1/2]

if B>2, (3.8)
where f is defined in (3.7), then
t=3lx-(x?-4)'""%] (3.9)
and
h=[t/(L=tH)(f = . (3.10)

Thus for a given choice of k& and ¢ (interplane
spacing) we may calculate the screened potential
&m,q and numerically Fourier transform into real
space.

1IV. NUMERICAL RESULTS

The matrix elements
t _ ytot
V%gm, ko'm' = Vm‘:'ﬁ

of the total potential depend only on E:E' -k and
m=m', so in real space the potential is
A

b -iqer, - - i3
V,:°t(r)=§ Vasee ™= / a*G Vyege .

Using (2.11) and (3. 4) we get

Vi ®)=e? [Tgm,odolar) da, (4.1)
where g, . is given by (3.6). Similarly for the
density we obtain from (2. 6) and (2.7)

7 (T) = 57;1- j; Zm,a D(@)olg7)q dg . (4.2)
There are two input parameters which must be
specified to evaluate the potential: the interplanar
spacing ¢ and the electron concentration », which
we shall convert to an average interparticle dis-
tance pg such that ﬂp§n= 1 (analogous to the com-
mon 7, parameter in three dimensions®). Both

¢ and p, will be specified in units of the Bohr
radius ao="7%2%/m.e?, where m, may be taken to be
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the effective mass of the two-dimensional band
structure.®

In applying this model to graphite we must choose
a reasonable electron concentration and effective
mass. If we use the actual carrier concentration
of ~5.1x10"° electrons or holes per atom and the
effective mass of about m,= 0. 05m,," we find dimen
sionless parameters ¢=0.32 a.u. and p,=25 a.u.
The potential calculated from (3.6), (3.8)-(3.10),
and (4.1) for these parameters is very weakly
screened. For »<2 it is well given by V()= &2/

7-0.46 a.u. Because it differs from the unscreened gu

potential by a constant (this is also true if we move
off the plane of the charge) the electric field is
virtually unscreened. Because of our choice of the
Bohr radius as the unit of length (it is in this case
ay,=10.6 10\), r=2 corresponds to 15 times the
nearest-neighbor distance; the electric field at this
distance is only 10% below its unscreened value.
The potential passes through zero near »=3, and
reaches a minimum at about =5 (37 nearest-
neighbor distances). The RPA is not a very good
approximation for such a low-density gas,® but it
is fairly clear that the short-range screening will
not come out of a treatment which includes only the
free carriers.® If we wish to analyze the short-
range screening we must include more electrons
than those which enter into the transport properties.
We chose to take into account all of the 7 electrons;
thus we used a set of parameters corresponding to
a density of one electron per atom and a mass
m=my, the bare electron mass; c¢=6.37 a.u.; and
ps=1.729 a.u. In this case, as in most cases of
practical interest, the interplane spacing ¢ some-
what exceeds p,, the interparticle spacing in the
plane. In this regime the screening is well de-
scribed by a few approximate expressions [(4.4)
and (4.5) below]. This condition c2p, simplifies
the problem because the potential of the first plane
(RPA in Fig. 1) is not greatly affected by the other
planes (letting ¢ -« changes Fig. 1 only slightly).
The TF approximation in Fig. 1 differs from the
exact result in that it lacks the oscillations (Friedel®
oscillations) of wavelength 27/2k;=3.84 a.u.

These dominate the result at large distances, and
are given [using (4. 4) below] by

Viet(r) = (0. 16 /72) sin(2kz7) a.u. (4.3)

As the electron concentration is increased (p,
decreased) the exact result approaches the TF po-
tential in Fig. 1, as we expect from the fact that the
TF approximation is a high-density limit. The
TF result does not change with p, (due to the anom-
alous nature of the two-dimensional gas discussed
in Sec. III); for py=0.1729 (one-tenth the graphite
value) the exact potential is barely distinguishable
from the TF potential of Fig. 1. This has a roughly
exponential drop off; empirically
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Vo () ~(0.082/7) e a.u. (r22) . (4.4)
From (4. 3) and (4. 4) it is easily seen that V(») is

dominated eventually by the Friedel oscillations,
which drop off more slowly, though as p; is de-

creased the value of » at which the oscillations take
over increases. The amplitude of these oscillations
(and hence the point where tﬁey dominate the TF
behavior) may be obtained for arbitrary p,, ¢, and
m from (4. 3) by a simple scaling argument based
on the assumption that it is determined by the sin-
larity in (3. 1) at B=2, Since the result is not very
dependent on ¢ for c21, we give it only in the

¢ - limit ( the fractional error is of order e-**r°)

Vit am $(m+ 1) (1+ kp) 2 [e?*F¢ /(L + 7Y™

x sin(2kz7) /72 . 4.5)
Thus the screened potential (on plane m=0) for
an arbitrary density may be obtained by using
the asymptotic form (4. 5) for large » and adding in
the TF result (4.4) when 7 is small enough for it to
be significant. Very near the origin the TF result
is always lower than the exact one [instead of ap-
proaching (»-! - const) as does the exact potential,
the TF resultdivergesas (»"'+A4 logr)], but the on-
set of the discrepancy approaches »=0 as p,—~ 0.

The behavior of the potential at »=0 on successive
planes (m=1,2,...) may also be estimated in the
limit ¢ - . The limiting forms of the formulas in
Sec. III give

V.ot (r=0) - (3S,,/2mc?) 4c)™, (4.6)

05 T T T T \
0.4 — —
Unscreened (1/r)
0.3}
V')
0.2
01 Thomas-Fermi B
RPA
0
—0.1 I ] | L 1 1
0 ! 2 3 4 5 6
r
FIG. 1. Screened potential of a point charge on the

plane m =0 (parameters correspond to graphite). TF
and unscreened results given for comparison.
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where the integral
S,=3m fou x™(sinhx)™ dx

varies little with m. It can be evaluated!® for m=1:

Sy=3x+t@)=1.40,
and the method of steepest descent gives

limS,=1.
mavw

In the case of the graphite parameters, the po-
tential on the m =1 plane is V{°*(»=0)=1. 37 xX10"
a.u. This is given fairly well by (4. 6) which is
1.9X10"° a.u. The V°%(») is given extremely ac-
curately for all # by the TF approximation. [It can
be seen from (4. 5) that the coefficient of the Friedel
oscillations is about 10°.] The m=1 potential
would not be resolvable in Fig. 1.

Examination of (4.6) shows that the potential on
the m =1 plane is determined by the quadrupole field
of the external charge with its diffuse ring of in-
duced charge (the induced charge density is given
in Fig. 2 for graphite). We see here another anom-
alous feature of the two-dimensional problem. The
quadrupole moment of the induced charge distribu-
tion is independent of the electron concentration,
Unlike the constant TF screening, the validity of
this result is not restricted to the high-density
limit. The quadrupole moment remains constant
even at very low electron concentrations for which
the screened potential bears no resemblance to the
TF result of Fig. 1. .

The potentials on the rest of the planes m =2,

3, ... are seen also to have multipole behavior;
the effect of each plane is to screen out the highest

0.4

T T
e-[(1081040) /C]'/z s
—0.1 | | I | | I
0 1 2 3 4 5 6

FIG. 2. Induced charge density producing the screening
of Fig. 1,

P. B. VISSCHER AND L. M. FALICOV
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FIG. 3. Screened potential for the same number of
electrons per unit area as graphite, but spacing ¢=0.637
(layers packed ten times more densely than in graphite).
Planes m=0,1, 2, 3,4 are shown.

multipole, increasing the multipolarity by 1.
If we cast (4.6) into the standard exponential
screening form, we find

V,iot(r=0)= (35,,/2¢) gl orterer / ;. 4.7

where z=mc. Thus we still get exponential screen-
ing, but with a screening distance that increases
almost as the interplane spacing c.

It is interesting to compare several screening
parameters for the case of graphite. Defining A
in each case so that V(»)=constxe*"/", wefind that
for a three-dimensional gas with the same density,
A~1.00 a.u. From (4.7) the screening perpen-
dicular to the layers is described by A ~0. 51.
Within the plane we would have A ~0.45 from (4.4),
but the Friedel oscillations prevent exponential
screening far from the external charge. Thus we
find no marked aniscotropy in the screening; the
screening rate is reduced by about a factor of 2 in
all directions from the value for the three-dimen-
sional gas, and the Friedel oscillations become
much more important (dropping off as 7 -* instead
of % as they do in three dimensions).

In the low-density limit (p,> 1) the actual poten-
tial becomes higher than the TF one everywhere,
the Friedel oscillations move farther out, and the
potential near the origin approaches the unscreened
value 1/7 at the upper right of Fig. 1. The induced
charge distribution spreads out as p, increases.
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(The distance at which the density drops to half its
value at the origin is of the order of p?/3,) Most
of the induced charge, thus, is concentrated in a
region much smaller than p, about the origin.
Beyond this there are alternating rings of positive
and negative charge whose width is proportional
to p, (these are the Friedel oscillations). The total
charge in each ring is negligible, but they must be
considered in calculating the quadrupole moment.
(The moment of the central region increases in-
definitely as p, is increased, and a large number
of rings must be summed over to obtain the constant
quadrupole result mentioned above).

So far we have considered only cases in which
c¢>ps, and our approximations have assumed
c—». But to see the self-consistent effects of in-
teractions between planes, we must consider a case
in which the separation ¢ is small enough so that
the planes with » > 0 have a significant effect on the
m=0 plane (this is not the case in graphite). Figure
3 shows the potential on several of the planes for
¢=0.637 (layers ten times more closely packed
than in graphite) using p,=1.729, the same as in
graphite. There is no qualitative change in the po-
tential on the plane of the charge (m=0), though the

2547

presence of the other planes cause the potential to
be screened out more rapidly. But the potential
on the m=1 plane is no longer given by the quadru-
pole field of the =0 plane as in (4.6). Because
of the increased density of planes, the screening
in the z direction is now much more rapid [it is
qualitatively still given by (4.7)].

In conclusion we would like to point out that the
rather unusual screening properties of layered
structures should give related effects (and hope-
fully observable ones) in the phonon spectrum,
superconducting properties, conductivity, etc. Al-
though we have chosen our parameters so as to fit
the values of graphite, which is by far the simplest
of the layered structures, nature provides a fairly
large collection of such materials. For example,
the transition-metal dichalcogenides!! are one such
family, and the distance between the transition-
metal ions can be increased by the insertion of
layers of organic molecules, such as pyridine. !?
These systems show extremely large anisotropy in
the conductivities of the layers and perpendicular
to them, and some of them are superconducting.
Our simple model could therefore be meaningful
for them.
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