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Abstract

The Krazer—Prym theorem extending the Poisson summation formula to
oblique lattices is proved as a direct consequence of translational symmetry.
A generalized Ewald approach based on this theorem is reproduced. The
two other famous approaches proposed by Nijboer and De Wette, and by
Harris and Monkhorst, are derived in the same fashion. The absence of
any uniform contribution to bulk electrostatic potentials in each of those
treatments is emphasized as a property of locally neutral systems subject to
translational symmetry. It is found that an analytic evaluation of the Ewald
variable parameter naturally follows from the treatment of the Coulomb lattice
characteristic in terms of the Krazer—Prym theorem. The extension of those
characteristics to off-lattice points is also discussed.

PACS numbers: 02.30.Lt, 02.30.Uu, 61.50.Ah, 61.50.Lt

1. Introduction

The problem of lattice summation remains the subject of active interest [1-8]. Nevertheless,
of various methods of lattice summation proposed earlier [9-11], the classical approach
developed by Epstein [12] and Ewald [13] and based on the Krazer—Prym theorem [14] is
still one of the most widespread [15-22]. In this connection, it is worth noting that there are
many treatments of conditionally convergent Coulomb series, where the influence of a remote
surface is anyhow taken into account, in conjunction with the customary representation that
every real crystal is eventually bounded [23, 24]. Of course, the solution appropriate to perfect
crystals can also be obtained within such treatments [11], though some skill is necessary to
solve this task [25]. In particular, it appears that the Krazer—Prym theorem can in turn be
verified by making use of periodic boundary conditions imposed at infinity as well [26].
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In the present paper we show that sophisticated approaches dealing with conditions at
infinity, which are typical of methods of lattice summation in direct space [11], are not principal
for descriptions based on functional transforms. It is significant that the most fundamental
functional transforms of interest are conventionally introduced by the Krazer—Prym theorem.
It implies that the set of statements necessary to prove this theorem, in turn, determine the
properties of solutions associated with its application. This is the reason why the proof of
the Krazer—Prym theorem is proposed here, simplifying that treatment in comparison with
the original one [14]. As a result, we confirm that the problems of conditional convergence
of Coulomb series are definitely resolved within the Ewald approach making use of this
theorem. It is important that the above issue is intrinsic to prefect crystals associated with the
thermodynamic limit only. In other words, it is not the case if we deal with metastable bulk
states associated with unstable surfaces of bounded crystals [11]. Inasmuch as the problem of
summation over low-dimensional periodic lattices is sometimes of interest [18, 19, 27], here we
give the proof of the Krazer—Prym theorem in the general case of an arbitrary dimensionality.

One more insight into the physical nature of efficiency of the Ewald approach arises within
the important generalizing treatment proposed by Nijboer and De Wette [28] that is based on
the application of screened potentials. As a result, the classical consideration of Ewald actually
deals with the complementary error function as a screening one, though different other forms
of screening are possible as well.

But the latter generalization also turns out to be more general from the standpoint of
conditional convergence. Indeed, the direct application of Parseval’s formula in the original
paper [28] admits the appearance of an additional contribution described by the reciprocal
lattice vector h = 0. This is a matter of intensive discussion for a long time [2, 11, 23, 24]
and eventually implies the inclusion of metastable states typical of finite crystals [11]. On
the other hand, it is obvious that the translationally symmetric solution characteristic of the
generalization at hand does not still contain such a contribution. In the present paper, this
result is readily confirmed by making use of the approach similar to that describing the
Krazer-Prym theorem, providing that the question about other solutions does not arise. The
exclusion of the h = 0 contribution is also inherent in the Harris—Monkhorst formula [25],
where this property is originally established by a tedious procedure of examining a remote
surface [25, 29]. Here we simplify this analysis as well. Moreover, based on the Krazer—Prym
theorem [9, 11, 13, 14] as an extension of the many-dimensional Poisson summation formula
[30, 31] to oblique lattices, a general expression for the Coulomb characteristic of a Bravais
lattice specified by the Harris—Monkhorst formula is obtained for arbitrary lattices. The latter
approach enables us to derive an analytic estimate of the Ewald variable parameter as well.
The extension of the concept of the Coulomb characteristic of an arbitrary Bravais lattice to
off-lattice points is also proposed.

2. The Krazer—Prym theorem

Let us consider a series of the form

S(r) =) _expl—tlr — R;|* +iq(r — R))], )

1

where the summation over 7 is carried out over sites of an m-dimensional oblique Bravais
lattice described by vectors R;, r is an arbitrary m-dimensional position vector, ¢ is a positive
parameter and q is any m-dimensional momentum. It is evident that S(7) is subject to
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translational symmetry. As a result, S(r) can be cast in terms of a series over m-dimensional
reciprocal lattice vectors h:

S(r) = _ S(h)exp2rihr), 2)
h
where
S(h) = %/ S(ry) exp(—2mihr)) dr;, 3)
cell

with v being the unit-cell volume; the integration in equation (3) is carried out over the unit
cell defined as an m-dimensional parallelepiped whose edges are described by m vectors of
elementary translations considered as basic ones for producing the Bravais lattice in question. It
implies that the same m vectors are employed upon defining the set of elementary translations
in reciprocal space. It is significant that equations (2) and (3) are connected by periodic
boundary conditions on each couple of opposite faces of the unit-cell parallelepiped.

Substituting equation (1) into formula (3) and keeping in mind that the integral over the
unit cell together with the summation over i is converted into the integral over all m-dimensional
space [32], we easily obtain

S(h) = 1/exp[ t|r1| +i(q — 2w h)r]dr;. @)

Since the integration is over uniform and isotropic space now, we may introduce Cartesian
components x; of 71, in terms of which equation (4) takes the form

1 [ .
Sth) =~ ]‘[/ exp [—1x] +i(g; — 2mhj)x;] dx;, 5)
j=107%
where g; and h ;, respectively, are the components of g and h parallel to x;,

/ exp [—1x] +i(g; — 27hj)x;] dx; = 2/ exp (—1x7) cos[(q; — 2mhj)x;ldx;.  (6)
_ 0

o]

It is important that upon transformation from equation (4) to equation (5), it is not necessary
to convert the quadratic form in the exponent of formula (4), which is described initially in
terms of triclinic components of 7, into the diagonal form in an explicit manner, though it is
always possible [14].

The latter relation in equation (6) is just the integral of Poisson [30]:

o) 1 2
/(; exp(—1z%) cos(uz) dz = Eﬁexp <_Z_t> . (7)

Substituting formula (7) into relation (6) and taking this result into account in equation (5)
combined with equations (1) and (2), we obtain the Krazer—Prym formula:

Zexp[ tr— R +iqr — R))] = ( )m/ZZex ( lg = 2whi" 27”"' +2nihr>. ®)

On multiplying both the sides of (8) by exp(—igr/2), this relation takes a symmetric form

Xi:exp [—t|r — Ri|*+igq (g - Ri)]
( )MZe [ M i<2nh—g>r]. )
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This symmetry between the real space and reciprocal space representations is especially
pronounced in the particular case of = 0 and ¢ = 0. Then formulae (8) and (9) coincide
and may be written in the two mutually connected forms

m 2 2
Sewir) =1 (1) Lew(-T1). (10)
i h
3 exp(—ulh?) = v (%)m/z > exp (—”2?"'2) . (11)
h i

Equation (11) results from formula (10) upon changing the parameter: u = 7%/t. However,
it is much more important that relation (11) is just relation (10), where the following formal
transformations are proposed: R; <> h,t — u and v — v~'. The latter transformation is
natural because v™! is the volume of a unit cell describing the reciprocal lattice. The meaning
of this connection between equations (10) and (11) is evident because the lattices composed
of R; and h are mutually reciprocal.

3. The Ewald approach

In order to emphasize subtle points associated with the conditional convergence of Coulomb
series over crystal lattices, as well as the application of theorem (8) to this problem, here we
concentrate on the Ewald approach [13]. We start from a charge distribution p. () subject to
translational symmetry in a three-dimensional crystal. In addition, p.(r) can also be cast in
terms of a charge distribution p (1) attributed to the unit cell:

pe(r) = p(r— Ry, (12)

where the summation is over the sites of the corresponding Bravais lattice specified by R; as
well. Note that representation (12) is not unique due to an optional character of p(7) subject
to the sole condition of local electrical neutrality

/ p(r)ydr =0, (13)
v

where the integration is carried out over the volume V occupied by p(r). Like
equations (2)—(4), p.(r) can be cast in terms of a series over three-dimensional reciprocal
lattice vectors h:

pe(r) = Y F(h) exprihr). (14)
h
Here the structure factor is equal to

1
F(h) = —f oc(1) exp(=2mihr) dr
U Jeell

= l/ p(r) exp(—2mihr) dr, (15)
vJy

where the integral over the interior of a unit-cell parallelepiped of volume v in the first
expression is transformed into the integral over all space after substituting relation (12). The
fact that (R R;) is an integer by definition is taken into account upon deriving the last relation
of equation (15) as well. Comparing equation (15) with formula (13), we see that F(0) = 0
and so the h = 0 contribution is absent in equation (14), as pointed out by the prime on the
summation sign there.
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The electrostatic potential U (7) generated by the charge distribution (12) at any point 7
can be written down as

" pe(rpdry (1 dry .
vy = [ B | o L R (16)

where the prime on the integral sign implies that the singular contribution of any point charge
if it happens at » must be omitted. It is important that in the last relation of (16) and in
what follows this prime can equally be associated with the corresponding restriction upon
summation over i.

Note that we cannot go over to a new variable of integration v = 7| — R; in
equation (16) yet, because the sum over i would be divergent. In order to overcome this
obstacle, we represent the Coulomb denominator in an obvious form

1 2 2,12
= ﬁ/o exp(—u”|r|*) du. (17)

On substituting expression (17) into equation (16) and going over to the variable ' mentioned
above, equation (16) takes the form

Ur) = %/V p(r’)dr//owduZexp(—u2|R,-+T'/—r|2). (18)

One can see that all the contributions to formula (18) are definite and convergent in the interval
0 < u < oo . The only problem appears as u tends to zero. In order to explore this particular
case, we define

2 w 21q;
Ui(r) = — ) dr’ du exp(—u’|R; +7 —r)?) — | 2L , 19
0 =— [ perar [ > expuli UHﬁLb, (19)
where p is a certain finite positive parameter. The contribution excluded earlier, as was shown
by the prime on the integral sign, is finite here. So it is now added and subtracted, as indicated
by omitting that prime, as well as by the facultative last term corresponding to a point charge
g; at a point b; if it happens that » = b;.

Since there is no restriction on summation over i in equation (19) now, the Krazer—Prym
theorem in form (10) still addressed to crystals subject to translational symmetry can be
directly incorporated into formula (19), with the result

7%l 2uq;
u

2
Ui(r) = 2771/‘/p(r/)dr//ou %;exp |:— 5— +27ih(r —r/)]—{ Tn }sz . (20)

The fact that there is a singularity associated with the limit # — 0 is confirmed by
equation (20). But in the latter case it is also evident that the divergent term in question
is associated with the h = 0 contribution, which is independent of 7’ at every value of u and
so has to be removed from equation (20) due to restriction (13).

Because the rest of equation (20) is absolutely convergent, the integration can be carried
out first there and results in

1 « F(h) 7 |h|? . ) 214,
U = — — 2wihr | — : , 21
1(7) - Zh P exp( pE +2rihr J . (21)

where the prime on the summation sign over h implies missing the h = 0 term and the
structure factor F(h) is determined by formula (15).
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Extracting expression (19) from equation (18) and keeping in mind that the remainder is
absolutely convergent, we easily obtain that this remainder takes the form

2 ’ o0
U,(r) = ﬁf o(r') dr// duZexp(—ulei+r/—r|2)
® i
14

B Z// p(ryerfc(u|R; + 7" —r|)dr’
A

IR, + 7' — 7|

, (22)

where the integration over u leads to the last relation, the prime on the summation sign stands
for missing the singular term associated with zero of the Coulomb denominator in agreement
with the comment after equation (16),

erfc(x) = % /OO exp(—u2) du (23)
T Jx

is the complementary error function.
The total electrostatic potential is then of the form

U(r) = Ui(r) + Ux(r), (24)

where formulae (21) and (22) are taken into account.
It is important that the mean potential is equal to zero:

b= l/ Uy dr =0, (25)
UV Jeell

Indeed, the contribution of result (21) to equation (25) is zero due to the absence of the h = 0
term there, providing that the contributions of all g; associated with the last term in formula
(21) compose a set of measure zero and so do not affect the integral in equation (25). On the
other hand, after substituting equation (22) into equation (25), in agreement with relation (24),
a further integration over 7 replaced by » — R; — 7’ results in the appearance of the output
(13).

In the particular case of p(r) composed of point charges g; at positions b; in a unit cell,
we have

p(r) = q;8(r —b)). (26)
J

1 .
F(h) =~ ; qj exp(—2mihb;), (27)

in agreement with formula (15). Utilizing relation (26) in equations (21)—(22) and keeping
equation (24) in mind, we obtain the classical formula of Ewald [13]:

1 1 g 2|h)?
U(r)=— q—jexp —u+27[ih(r—bi)
v &~ |h|? w? ‘
h.j

L LT TN 08)
— |R, + bj - T'| ﬁ
L r=b;

For completeness, the Coulomb energy per unit cell is as follows:
1
fu=3 [ prU@ar. 29)
14

According to the meaning of U (), one can see that the value of &, is an exact bulk energy
appropriate to the thermodynamic limit as well [11].
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4. General screened-potentials treatment of Nijboer and De Wette

It is significant that the Ewald approach may also be regarded as a particular case of a more
general description discussed by Nijboer and De Wette [28]. In this case taking screened
potentials into account leads to the enhancement of the rate of convergence of Coulomb
series. For completeness, here we consider the latter treatment in our present manner. The
electrostatic potential described by (16) is then expressed as

U(r) = Ui(r) + Ux(r), (30)

where

I
—r|d
U (r) = / pe(ryg(ry —r|) iy 31)
[ry — 7
! 1- — d
Usir) — / perll = gl —rhldr; )
[ry — 7]
a screening function g(x) is assumed to fall off rapidly with increasing x, but g(0) =
Substituting expression (12) into equation (31), we derive
r [ pr)g(R; + 7y —rl)dry
U = , 33
1(7) Z/V Ve Rrr— (33)

where the meaning of the prime on the summation sign is the same as in equation (31). It is
obvious that the series in formula (33) then converges rapidly.

Since the restriction marked by the prime is not principal in equation (32), where the
excluded term is actually finite, we can add and subtract this contribution. Thus equation (32)
takes the form

pe(rll —g(ry —rpldr
Ua(r) = [ PR B L (0,8 O}, (34)
[Py — 7|
where the last term is associated with any point charge ¢g; at the position b; if r = b,
) . dg(x)
0)=1 . 35
g/(0) = lim = (35)
Substituting equation (12) into formula (34), we easily obtain
/
Ux(r) = Z F(h)G(—h)exp2rihr) +{q;8'(0)}r=b,, (36)

h
where

G(—h) = /[1 g(rD] exp(2mhr)dr a7

7]
The integration over the angular variables of = in equation (37) is straightforward. As a result,
one can show that

1 o u .

In the particular case of point-charge lattices, the substitution of equations (26) and (27)
into equations (33) and (36), respectively, with keeping formula (30) in mind, leads to

1 ! . /1 qi R,' b, — ,
U@ ==Y G=h) Y g expl2minr — b))l + Q“Tg_ +Z‘ j—rlﬂ) +1{q;8 (0}, -
h J ij to

(39)
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Because the series in the second term on the right-hand side of equation (39) is absolutely
convergent, the order of summation over i and j may be thought of as arbitrary there. But in
the first term of equation (39) the structure factor generating G (—h) must be considered as an
indivisible entity. This leads to the prime on the sign of summation over h. Only if this prime
is already present, the summation over h and j can be carried out in an arbitrary order.

It is significant that results (33), (36) and (39) are independent of a particular choice of
p(r). Indeed, if we add some charge g at a point 7y to p(r) and subtract the same charge at
a point shifted by a translation vector from 7, then the foregoing results remain unchanged.

Different examples of g(x) have been studied [20, 33]. If we choose g(x) in the form of
the complementary error function,

g(x) = erfc(ux) = % h exp(—uz) du, (40)
I

X

then g’(0) = —2u/ /7, whereas equation (37) is readily converted into

L exp ALY 1)
w|h|? w?

Substituting these relations into equation (39), we return to the result of Ewald (28). Results
(40) and (41) utilized directly in equations (33) and (36) reproduce the generalized version of
the Ewald approach driven by formulae (21)—(24).

It is important that formula (36), as well as formula (39), with taking equation (27)
into account, may in turn be regarded as a modified employment of Parseval’s formula in
the particular case of translationally symmetric systems. On the other hand, an additional
h = 0 contribution would still arise if one substituted the last relation of equation (15) into
equation (36) and interchanged the order of summation and integration, with ignoring the
prime on the summation sign over h. Although the latter procedure results in some ambiguity
in the potential value, it is worth noting that due to a more general character of the issues,
in other cases significant results could be obtained in such a generalized fashion for perfect
crystals, as will be discussed elsewhere.

G(~h) =

5. Coulomb lattice characteristic put forth by Harris and Monkhorst

Harris and Monkhorst [25] first derived one more important formula. It is based on the
following Fourier integral for the Coulomb denominator:
11 exp(ipr)
v 272 Ip|?

Substituting equation (42) into equation (16), we obtain

Ur) = ﬁfpcm)dmfwclp. (43)

First, we are interested in a general point r without any point charge. In this case the prime
on the integral sign is immaterial in formula (43) and can be omitted there. By making use of
equation (14), relation (43) is then transformed into

dp. 42)

1 ' F(h
U(r) = - Xh: |fi|2) exp(2rihr). 44)

However, if 7 = by, where a point charge ¢ exists, then it is expedient to rewrite p(7) in the
form

p(r) = po(r) +q8(r — bo) (45)
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and designate the contribution of f(r) to formula (15) as Fy(h). The potential of interest can
be written as

U (bo) = U;(bo) + U (by), (46)
where
1 , F h) X
Ul(b0)=;Z |(;1(|2 exp(2rihby), 47)
h
o 1 1 dp
Ub)=g|—S — - — | = . 48
2(bo) Cl(nv; P 2n2/ |p|2> | (48)
consist

The primes on the summation signs over h still exist here as a direct consequence of relation
(44). The elimination of the Coulomb singularity in equation (48) is accomplished just in form
(42) [25]. The fact that both the terms in the parentheses of equation (48) must be calculated
in a consistent manner is pointed out there. In particular [25, 34], we may suggest that both
the summation and integration are performed over a common domain P extending to infinity.
It is convenient to write down this result as

Us(bg) = qC1, (49)

1 o1 1 dp
c=1m [— Y —-— [ =] >0
PRI <7TU Z |h|> 22 /pep |P|2) oY

2mheP

where C; is the Coulomb characteristic of a Bravais lattice [25]. In the particular case of
equations (26) and (27), formulae (44), (45) and (47) are reduced to the original results of
Harris and Monkhorst [25, 29], providing that results (48)—(50) remain the same.

It is significant that averaging equation (44) over a unit-cell parallelepiped gives rise to
result (25) again, providing that the discussion after equation (25) is still valid as addressed to
the contribution of (46)—(50) now.

As far as the effect of C, is concerned, it is especially pronounced in the particular case
of a jellium model [25], where a Bravais lattice composed of point charges of a sole species ¢
is immersed in a neutralizing uniform background. The charge distribution localized within a
unit-cell parallelepiped is then of the form

q
p(r) =615(7“—b1)—;, (6D
where b, is the position vector of g. In this case the potential effect of a background follows
from equation (47), where a uniform charge distribution py(r) = —g /v results in zero value

of U;(by) [25]. But the interaction of a background with the total potential is also absent due
to equation (25). The latter is a classical result [35], though it caused some discussion in the
literature [11]. Thus, in a jellium model specified by a lattice without basis, the total Coulomb
energy per unit cell is equal to

2

Eu=E=2Cr. (52)
6. Application of the Krazer—Prym theorem to Coulomb characteristic problems

Of the different methods for calculating C;, we consider only one associated with the Poisson
summation formula [31]. Here we generalize this approach to oblique lattices by making use
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of the Krazer—Prym theorem in form (11). Separating out the terms at h = 0 and R; = 0
there, we rewrite equation (11) as follows:

/ TTN\3/2 7%|R; | T\ 3/2
Zh: exp(—ulh|?) — v <Z> Z exp <_T> —v <;> — 1. (53)

In the case of 0 < u < oo both the series on the left-hand side of equation (53) are uniformly
convergent. So, equation (53) can be integrated with respect to u. As a result, we reach

—ulh|? 1 R; 2m3/? ~
Z/w”vz/—eﬁc(”' '>= Tl husC 58)
Il RN ) T

where C is a constant of integration. In other words, C is independent of u and equation (54)
may be treated as an identity determining C. In particular, it implies that, according to formula
(54), the value of C can be considered in the limit of u — 0:

i

- . rexp(—ulh|?) 27320
C = lim — . 55
u=0 [Xh: |h|? Vu &)
Likewise, equation (50) can be rewritten in the same manner:
. 1 rexp(—ulh|?) 1 dp ulpl®
Cr =1 _ - | = — . 56
1= |:7rv Zh |h|? 272 | |p|? P 472 (56)

The calculation of the integral over p in equation (56) is straightforward. Comparing the
resulting expression with equation (55), we draw a conclusion that C = mvC;.

But relation (54) also admits another continuation. Indeed, the right-hand side of
equation (54) as a function of # has a minimum and the same is expected for the left-hand
side. It implies that an optimum magnitude of u can be evaluated from the condition

d /2737 (n)3/2 =0 57)
—_ + = — —_ + =0,
du \ Ju ! "\u

2/3

with the result uqp, = mv“/°. As anticipated, this special value of 1y is the most favourable
for practical calculations of C transforming further into C;. Making use of the value uy in
equation (54) and going over to Cy, we derive

1 exp(—mv?/3|h|?) s 1 V7 |R;| 1
C, = e e b R —erfe (| X——2) — 3,713, (58
1 ’“’; e R\l VoY

It is interesting to note that the evaluation of C; in form (58) can be also obtained in a
somewhat different fashion. Indeed, inserting issue (28) at » = by into formula (49), one can

show that
1 s 1 2|h|? rerfe(u| R; ) T 2
C=— — — + _ ————, (59
1 m}Xh: |h|2exp( e ) Z R ol Jm (59

where the third term on the right-hand side of equation (59) is associated with the background
contribution to the second term on the right-hand side of equation (28), the last terms on the
right-hand sides of relations (59) and (28) are correspondent. Comparing results (54) and (59),
we see that the Ewald variable parameter u is connected with u as follows:

w=m/u, Hopt = 70/ Jttop = ~/mv'/7. (60)

It seems to be natural that the value o agrees with earlier estimates [13, 27, 36]. Substituting
the value of jiqp into equation (59), we return to Cy in form (58). It is obvious that an optimum
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value of . mentioned above can be obtained immediately from equation (59), providing that
the negative of the last two terms on the right-hand side of (59) be a minimum as well.

It is worth noting that Harris and Monkhorst [25] have proposed another, albeit consistent
with equation (59), expression for Ci, in terms of which the inhomogeneous potential
contribution of a uniform background disappears in an explicit manner. In other words,
C) describes the inhomogeneous potential effect exerted by a Bravais lattice composed of unit
point charges at a lattice site, in agreement with (49).

Likewise, if there is a jellium model with two equal point charges g described by basis
vectors by and b, in the unit-cell parallelepiped, then relation (51) is replaced by

p(r)Zq[ﬁ(r—bl)+5(r—bz)]—27q- (61)
The corresponding energy is calculated in the same manner. It is convenient here to normalize
this energy per point charge and represent it in the form
2

Ea=Ei+E & ="1C, (62)
where j = 1, 2. The value of Cj is then still described by formula (58), whereas
1 rexp(—mv?3|h|?)
Co=— Zh: —hr cos[2h(b; — by)]
i “1BIR; +b, —b 1
Bt LR T 1) N )
|R; + b — by v!/3

with exploiting an optimum value fioy = +/7v~"/? again. The meaning of C, is apparently
similar to that of C;, though C, is addressed to off-lattice points shifted by the vectors
+(b; — by) from the lattice sites.

7. Some numerical results for tetragonal and hexagonal jellium-model lattices

In order to demonstrate the effect of the foregoing Coulomb characteristics, here we consider
several one-parametric families of jellium-model lattices. We begin with simple tetragonal
and body-centred (bc) tetragonal lattices at various & = c/a ratios, where c is the lattice
constant along the tetragonal axis, but a is the lattice constant in the perpendicular directions.
In the simple tetragonal case v = £a> and vectors of elementary translations are immediately
specified by @ and c. As a result, the vectors describing the Bravais lattices in direct and
reciprocal spaces, respectively, are of the form

|R;|* = a*(n} +n3 +&7n3), (64)

Ez(n% +n%) +n%

a? 52 ’
where ny, n, and ns are integers over which the summation in equation (58) is actually carried
out. On substituting expressions (64) and (65) into formula (58) and performing the summation
over n; there, the results for the Coulomb energy per point charge is given by formula (52).
The values obtained are listed in table 1.

If we deal with bc tetragonal lattices, then v = & a’ /2, though the lattice structure in
direct space is still described by a Bravais lattice without basis. The vectors of elementary
translations with a common origin are conventionally chosen so that each of them is directed
from an apex to the centre of an elementary rectangular parallelepiped, providing that three

|h|* = (65)
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Table 1. The jellium-model Coulomb energy £ per point charge g determined by equations (52)
and (58) for simple tetragonal and body-centred (bc) tetragonal lattices at different c¢/a ratios. £
is measured either in units of ¢2/a (left columns) or in units of ¢2/ry, where 4nrs3/3 = v (right

columns).

& (simple tetragonal) & (bc tetragonal)
cla ¢?/a units ¢?/rs units ¢*/a units q?/rg units
7.448957 30 1.950 13246 2.36265188 0 0
3.724 478 65 0 0 —0.97509920 —0.74421387
2.00 —0.90292090 —0.70571633  —1.43359402 —0.88933075
1.90 —0.95526851 —0.73397363  —1.46229674  —0.89175833
1.80 —1.00760533  —0.76035853 —1.49188154 —0.89355023
1.70 —1.05992189 —0.78474272  —1.52264445 —0.89476422
1.60 —1.11220030 —0.80697510 —1.55497246  —0.89548124
1.50 —1.16440685 —0.82687330 —1.58936542  —0.89580740
1.40 —1.21647777 —0.84421031 —1.62645841 —0.89587230
1.30 —1.26829214 —0.85869226 —1.66703918 —0.89581993
1.20 —1.31961992  —0.86992085 —1.71205024 —0.89578555
1.10 —1.37002119 —0.87732797 —1.76255357 —0.89584668
1.00 —1.41864874 —0.88005944™ —1.81961673  —0.89592926™
0.95 —1.44183128 —0.87927780 —1.85088136 —0.89587396
0.90 —1.46385449 —0.87676366 —1.88403847 —0.89563502
0.85 —1.48425685 —0.87220619 —1.91904904 —0.895006144
0.80 —1.50238398 —0.86519647 —1.95575058 —0.89393086
0.75 —1.51730133  —0.85519021 —1.99379262 —0.89192336
0.70 —1.52766195 —0.84145405 —2.03254016 —0.88858494
0.65155357 —1.53150680* —0.82364380 —2.06975363 —0.88347818
0.65 —1.53150234 —0.82298625 —2.07092593  —0.88327543
0.60 —1.52591852  —0.79839699 —2.10721700 —0.87509152
0.55 —1.50653657 —0.76572185 —2.13863148 —0.86274804
0.50 —1.46661489 —0.72212086 —2.16068032  —0.844 38592
0.46249143  —1.41696417  —0.67977297 —2.16679125* —0.825047 15
0.240 15651 0 0 —1.44311562  —0.441665 06
0.169816 30 2.040873 56 0.701 099 54 0 0

 This is a minimum value in the corresponding column.
b This value agrees with the result quoted in [25, 29, 37].

parallelepipeds of interest are adjacent to the first octant [38]. In this case one can show that
relations (64) and (65) must be replaced by

2

R = 5 (2[n+ (1 = n0)?] + 6201 = m2 =)}, (66)
P = (n2 +n3)> + Ez[n% +arzz§§2+ 2ni(ny +ny + n3)] ’ 67)

with the same meaning of integers 7. A further calculation is carried out in the same manner.
The results are compiled in table 1 as well.

Table 1 shows that the change in £ as a function of £ is not monotonic for both types of
lattices. Moreover, the instability associated with £ > 0 is predicted in either case as well.
Driven by the behaviour of Cy, for simple tetragonal lattices this instability takes place if either
& > 3.72447865 or £ < 0.24015651. Such a behaviour of £ seems to be quite reasonable
for jellium-model lattices, where the two-dimensional density of point charges in a square
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basic plane remains unchanged, but a three-dimensional background density changes with
varying interplanar distances between square planes mentioned above. As a result, as & drops,
the tendency towards instability arises due to approaching equal point charges belonging to
adjacent square planes in question. On the other hand, in the limit of large &, every square
plane consisting of point charges can eventually be considered independent of the other ones,
but its own instability arises because the background density attributed to this plane appears
to be too small to stabilize it.

The bc tetragonal lattices remain stable in a wider interval 0.16981630 < & <
7.448 957 30. This fact can also be comprehended if we remind ourselves that any bc lattice
can be regarded as a combination of two simple tetragonal lattices shifted properly from
each other. In such a treatment the potential at a reference point charge is described by the
contribution C; of the sublattice to which that charge belongs and by the contribution C; of
the other sublattice. The latter effect leads to attraction and so enhances the overall stability
of a system, as will be discussed later on.

Contrary to the absolute boundaries of stability, one more problem shown in table 1 is
associated with the fact that the value of & at which the energy £ is a minimum strongly
depends on the energy units employed in either of the aforementioned cases. It is natural
because there are several length parameters typical of the task now. As a result, the energy
is a complicated function of those parameters. This circumstance is immaterial if we deal
with any fixed lattice. On the other hand, if the lattice stability relative to variations of the
lattice parameters is discussed, then an energy unit should be chosen with caution. Indeed, £
measured in units of g2 /r, attains its minimum value at £ = 1 in both the cases. This result
seems to be reasonable, for cubic structures arising at £ = 1 are expected to be the most stable
due to their high symmetry. However, in units of g?/a, a minimum value of £ = —1.531 5068
takes place at £ = 0.651 553 57 in simple tetragonal lattices. This fact anyhow resembles the
situation in CsCl tetragonal structures [36]. However, the case of bc tetragonal structures turns
out to be much more suspicious in this respect.

In order to understand these inferences, we again resort to C; in form (55). One can
see that the second term on the right-hand side of formula (55) is structureless and so the
characteristic length typical of this term is merely v~'/3. As far as the first term on the
right-hand side of that formula is concerned, this term diverges as u — 0. This singularity is
naturally compensated by the second term. In terms of length units, it seems to be plausible
that such a compensation renders the length v~!/3 characteristic of both of these terms. It
implies that every length parameter proportional to v~!/3 is to be suitable as a natural measure
of C. The definition of r; mentioned above apparently agrees with this requirement.

Although the energy contribution of C is intrinsic to every lattice, the explicit energy
effect of C, is inevitable in lattices with basis. This is the reason why now we consider a
jellium model with simple hexagonal (sh) and hexagonal close-packed (hcp) lattices of point
charges at various c/a = & ratios, where c is the lattice constant along the hexagonal axis
and a is the nearest-neighbour distance in the orthogonal plane. Note that at a given £ the
Bravais lattice is common to both of these structures, with v = a3“§\/§/2, and the same is
right for the reciprocal lattice specified by h. Furthermore, if three vectors of elementary
translations considered as basic ones are so chosen that the angle between two of these vectors
lying in a hexagonal plane is equal to 2;r /3, whereas the third vector is normal to this plane,
then

|R,~|2 =a2(n%+n% —n1n2+§2n§), (68)

IR, + by — by = @®[L +ny(1+ny —no) +nd +E2(4 +n3)7], (69)



6114

E V Kholopov

Table 2. The jellium-model Coulomb energy & per point charge ¢ that is determined by
equations (52)—(71) for simple hexagonal (sh) and hcp lattices, as well as & contributing to the
latter case, at different ¢/a ratios. For comparison, all the energies are measured in units of g2/ ry,

where 47”3 /3 = v/2 is typical of hcp lattices [25].

sh lattice hep lattice
c/a Eot = &1 & S =E1+&
6.969 154 38 1.888 665 36 —1.888 665 36 0
3.484 47247 0 —0.74948347 —0.74948347
2.00 —0.530704 41 —0.358 75147 —0.88945588
1.90 —0.556 85026 —0.33563063 —0.89248089
1.80 —0.58141733 —-0.31312775 —0.894 54508
1.70 —0.604 30223 —0.29133925 —0.89564148
1.63563941 —0.618 08640 —0.27775205 —0.895 838 45%
1.63299316° —0.618 63667 —0.27720145 —0.895 838 12¢
1.60 —0.62538530 —0.27039341 —0.895778 70
1.50 —0.644 52540 —0.25046099 —0.894 986 39
1.40 —0.66155191 —0.23176849 —0.89332040
1.30 —0.676251 30 —0.214614 32 —0.890 865 62
1.20 —0.688 34398 —0.19938749 —0.88773147
1.10 —0.697 442 80 —0.186 58721 —0.884 03001
1.00 —0.702976 38 —0.176 84091 —0.87981729
0.95 —0.704 14399 —0.17334721 —0.877491 19
0.928 357 50 —0.70426741* —0.172 15770 —0.87642511
0.90 —0.704 044 52 —0.17091595 —0.87496047
0.85 —0.702 468 82 —0.169665 18 —0.872 13400
0.826 848 52 —0.701 16520 —0.16952077*  —0.87068597
0.80 —0.699 13932 —0.16972147 —0.868 860 79
0.75 —0.693 68298 —0.17121988 —0.864902 86
0.70 —0.68559203 —0.174 30501 —0.859 89704
0.65 —0.674 166 14 —0.17913407 —0.85330020
0.60 —0.65842503 —0.185884 26 —0.84430929
0.55 —0.636972 66 —0.194768 12 —0.83174078
0.50 —0.607778 17 —0.206 062 90 —0.81384108
0.22113775 0 —0.35248997 —0.35248997
0.168 028 35 0.42331808 —0.42331808 0
2 This is an extremum value in the corresponding column.
b This minimum value is discussed in [37, 39].
¢ This is an ideal ratio ¢/a = /8/3 for hcp lattices.
4 This value agrees with the results in [25, 37, 39].

) 482 (n? +nd +niny) +3n3
|h> = — : (70)
3a%é

h(by — by) = M+ 2m2 303 1)

6

Here n;, n, and n3 are also integers over which the summation in equations (58) and (63)
is carried out. Moreover, these parameters are common to equations (70) and (71) upon
summation over h in formula (63). On substituting equations (68)—(71) into formulae (58)
and (63), the further numerical calculation based on equations (52), (58), (62) and (63) is
straightforward. The results are compiled in table 2.
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Note that the peculiar features of table 2 look like those of table 1. A minimum value
of £ occurs at £ = 0.928 357 50 and this value associated with the stable state of sh lattices
can also be expressed as £ = —0.887 321 33¢> /7, where the normalization 47l / 3=vis
inherent in the case at hand.

The trend in changing C, is similar to that in tetragonal lattices. The opposite trend in
changing &, with a maximum of &, at £ = 0.826 848 52, can also be comprehended on the
ground of the same arguments as those mentioned above for C;. In the limit of small £, a drop
in C; is driven by an increase in the three-dimensional background density, whose contribution
to C, is stronger here than that of surrounding point charges. This effect correlates with a
growth of C; due to formula (25). However, in the case of large £ the influence of a background
is predominant again. Although a background density diminishes, this density determines the
potential effect at the neighbourhood of reference points specific to C,, whereas point charges
in hexagonal planes of the other sublattice turn out to be too far from the foregoing reference
points. This effect can be understood as a consequence of the negative uniform potential that
is necessary to be added so as to make zero value of the mean potential within the plane-
wise summation approach [39]. In this case the sublattice potential of interest is originated
by hexagonal planes of point charges together with a background contribution, providing
that a background is decomposed into portions attributed to every point-charge plane in a
symmetric manner. As a result, the negative value of the correcting potential is the only
nonzero one surviving on planes situated midway between point-charge hexagonal planes
at large £. Furthermore, the negative magnitude of that potential increases upon enhancing
interplanar distances [39].

Thus, either of the trends is quite typical. The interplay between these trends accounts
for a minimum value of &g shown in table 2 and corresponding to the stable state of hcp
lattices at £ = 1.63563941 [39, 37]. It is interesting to notice that this minimum appears to
be close to the value of & characteristic of ideal hcp structures, though extremum values of
either of the parameters £, and &, occur in a quite different region of £ < 1. The problem of
instability of hcp lattices is also associated with the aforementioned interplay and turns out to
be in close connection with the properties of sh lattices. Indeed, on the boundaries of stability
of sh lattices, we have & < 0 and so hcp lattices are still stable there. In other words, the
interval of stability of hcp lattices includes a narrower interval of stability of sh lattices, by
definition.

8. Conclusion

In summary, it is ascertained that the Krazer—Prym theorem described by equation (8)—(11)
is governed by local periodic boundary conditions on a unit cell boundaries. As a result, not
only does its application enhance the rate of convergence of Coulomb series in accordance
with the traditional standpoint addressed to the Poisson summation formula, but also, being
a consequence of the translational symmetry of Bravais lattices, this theorem enables one to
perform summation of the conditionally convergent Coulomb series in a manner leading to
the definite unique result relevant to perfect crystals associated with the thermodynamic limit
[11].

As a result, the electrostatic potential subject to translational symmetry has no uniform
contribution within every treatment appropriate to the case. This fact follows directly from
local electrical neutrality. It is worth noting that this result looks like the case of zero
potential in empty space. It is not occasional because, namely, this limiting case appears if
we are interested in effects whose scale is large enough with respect to the lattice parameters.
Moreover, even if we deal with large, but finite crystals, of all different conditions on their
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surfaces, the special ones always exist and warrant the bulk solution discussed here. This issue
means that those surfaces are in equilibrium with bulk states, as anticipated in the case of the
thermodynamic limit as well.

As for the Coulomb characteristic of a Bravais lattice, it is actually responsible for the
inhomogeneous potential effect. This is the reason that a neutralizing uniform background
does not contribute to this parameter. On the other hand, this circumstance turns out to
be somewhat implicit if we focus our attention on the potential value at a lattice site,
providing that this potential is generated by identical point charges located at all other lattice
sites. Nevertheless, the application of the Krazer—Prym theorem for calculating the Coulomb
characteristic in question takes the foregoing peculiarity into account automatically. Hence,
the procedure of numerical calculation discussed here is not only effective, but it resolves some
methodical difficulties typical of the task. In particular, it is shown that the inhomogeneous
field driven by the Coulomb characteristics accounts for the peculiar features of stability
of jellium-model tetragonal and hexagonal lattices, providing that energy units are chosen

properly.
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