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PHYSICAL REVIEW E 68, 051203 (2003

Effect of external electric field on the bulk and interfacial properties of weakly dipolar fluid
in slab-shaped and sphere-shaped systems

V. B. Warshavsky and X. C. Zeng
Department of Chemistry, University of Nebraskincoln, Lincoln, Nebraska 68588, USA
(Received 25 June 2003; published 24 November 2003

The effect of a uniform electric field on the bulk and interfacial properties of a model dipolar fluid is
investigated by using a modified mean-field density functional theory. Particular attention is given to the
dependence of the vapor-liquid phase coexistence in a slab-shaped system on the direction of the electric field
with respect to the slab surfaces, as well as in the sphere-shaped system on the surrounding dielectric permit-
tivity. For planar vapor-liquid interfaces, the interfacial profiles of the orientation order parameters and com-
ponents of the dielectric-permittivity tensor are calculated. Analytical expressions for these interfacial profiles
and their dependence on the electric field are obtained. When the electric field is normal to the interface we find
that the thermodynamic surface tension is lowered compared to that in zero field, and that when the electric
field is parallel to the interface the surface tension is enhanced. In contrast, the mechanical surface tension at
the equimolar dividing surface is always enhanced by the field regardless of the field direction, and it assumes
its highest value when the field is parallel to the interface.

DOI: 10.1103/PhysReVvE.68.051203 PACS nuni)er68.03—g, 82.60.Nh, 92.60.Jq, 92.60.Ls

I. INTRODUCTION tion of molecular orderind7,8], the dielectric-permittivity
profiles [9,10], and the surface tensioj41-13. Among
In two previous paperfl,2], we studied the effect of a many theoretical methods developed, density functional
uniform electric field on the interfacial properties of a modeltheory (DFT) is one of the most successful for studying
dipolar and dipolar-quadrupolar fluid on the basis of a modi-vapor-liquid interface$3,14—-14. The DFT allows both the
fied mean-field density functional theof@,4]. In both pa-  Structural(the density and orientation profileand thermo-
pers, we considered only a special case for the system, thynamic (surface tensionproperties to be determined in a
is, the direction of the field is perpendicular to the planarSelf-consistent fashion. For weakly dipolar fluids, the modi-
vapor-liquid interface. For the dipolar system, we found thatied mean-fieldMMF) DFT developed by Teixeira and Telo

the electric field lowers the thermodynamic surface tensioﬁja Qama[3,4] has been employed by many researchers In-
but enhances the mechanical surface tension at the equimo I|ud|rl;g us[dl,17|—2]],daflthough n?or(tja_ solphﬁtl(aa;ed DFT has

dividing surface. We gave an estimation that a field as hig S'Iqh een develope _ordstro?g”y IFI)O gr ul[l h’zﬁ/if/ﬁé DET

as 1¢ V/m may be required in order to detect the field effect € paper Is organized as follow. In Sec. Il the

g . S ) A Sec. Ill we study the field dependence of the bulk prop-
tric field can have an arbitrary direction with respect to thegties and vapor-liquid phase coexistence. In Sec. IV, we
vapor-liquid interface. We pay particular attention to thepresent results for the density and dielectric-permittivity pro-

vapor-liquid phase coexistence in both slab-shaped anfjes, the surface tension as well as their field dependence.
sphere-shaped systems and their dependence on the directigBnclusions are given in Sec. V.

of the field as well as on the surrounding dielectric permit-

tivity. _ o Il. MODIFIED MEAN-FIELD DENSITY FUNCTIONAL
Knowledge of the field effect on the surface tension is of THEORY FOR WEAKLY DIPOLAR FLUIDS

importance to the study of liquid droplet nucleation in the

electric field[2]. This is because the rate of nucleation de- We consider a single-component dipolar fluid whose den-

pends exponentially on the surface tension, according to thsity is given byp(r,) wherer denotes the location ans

classical theory of nucleation, and thus a small change in ththe orientation of the molecular dipole. The number density

surface tension can result in huge changes in the rate @ written as

nucleation. A better understanding of the field effect on the

vapor-liquid interfacial properties is also useful for the ellip- p(r,w)=p(NHi(r w), (1)

sometry measurement of the width of the interface, as the

measurement requires knowledge of the dielectricyyhere p(r) is the number density of molecules without

permittivity pro_flle across the mte_zrface. The dielectric- specifying orientation an@l(F,w) is the orientation distribu-

permittivity profile essentially describes the response of a,, fnetion that satisfies the normalization condition

inhomogeneous dielectric to external electric figls]. . L .
A number of theoretical methods have been developed d«f(r,@)=1. The pairwise potential between the mol-

toward understanding the interfacial properties of dipolar flu-eculesu(ry,r ,@1,0,) is divided into a short-ranged repul-
ids in the electric field. These properties include the orientasive partu,e¢(r;,r,,w,,w,) and a long-ranged attractive

1063-651X/2003/66)/05120313)/$20.00 68 051203-1 ©2003 The American Physical Society



V. B. WARSHAVSKY AND X. C. ZENG PHYSICAL REVIEW E68, 051203 (2003

part Upe(r'1,f2,w;,w,). The former is treated as the refer- 1 . . . .
ence and the latter is treated as a perturbation. Here, theQint_ﬁ Vdrl Vdrz do1dwap(ry, @) p(rz,wz)
reference and perturbation potentig®3 are given by

e
Zﬁ per

. (7)

= Buyef(r _
+oo, r,=d, Xe Plref 12)(uper

0, ri,>d,

Uref(r12) = 2
Such a perturbation approach is applicable only to weakly
dipolar systems. For example, when compared with the non-

where ry,=|r,—ry| is the intermolecular distancel the  perturbation approachi16,24, Frodl and Dietrich have

hard-sphere diameter, and shown that the discrepancy in the predicted critical tempera-
ture is less than 10% if the reduced dipole momelatfined
Uper(F12,@1,@2) =[ —4€(d/T15) %+ Ugq(r 12,01, 05)] later) is less than 1. Note tha};, is the only term in Eq(5)
that depends on the geometry of the dielectric system, for it
XH(rp—d). (3 s related touy,. Lastly, the term()¢ in Eq. (5) stems from

the energy contribution due to the presence of the external
In Eq. (3) € is the energy parameter of the isotropic Sutherie|d E, i.e.,
land potentia[24,25, H(r) the Heaviside step function, and

Uqq the interaction between dipoles with an identical moment R R . R
o, i 0c=- | o [ dop(f.ligte) B @®
Uga(F 12,01, 02) = —{3[ o w1) - &1 ol ) - €1 Consider that the planar interfacial system is enclosed in an
. - 5 infinite slab. The planar interface with an arkés in parallel
—[ro(w1) - po(w2) 1115, (4)  with the surfaces of the slab and in tkey plane. A uniform

electric field E parallel to thex-z plane is applied onto the
where uo(w) denotes the dipole vector argl=r,/r;, is  slab system and thus it has two componeéts,(EH JEL),

the unit vector connecting molecules 1 and 2. whereE andE, are the components in theand z direc-
In the framework of DFT3,16], the grand potential of the tions, respectively. As such, the system is inhomogeneous
dipolar fluid can be expressed as only in the z direction. Consequently, the number density

p(z) as well as the orientation distributiof(z, ) exhibit

- _ > - only z dependence for the spatial variables. The solid angle
Q[p(r’w)]_fvdrth(p(r)H(1/B)S+Q‘”t w=(6,¢) describes the orientation of the dipole vector
,&O(w) in the space-fixed coordinates. Under these condi-
_ dedrp(r,0)+ Q¢ . 5 tions, we substitute Eq$1)—(4) into Eq. (7) and integrate
’U“fv wdrp(r, o) E ® out thex andy spatial variables(};,; can then be written as

an integral[2,3]
where V is the volume of the systenmy is the chemical
potential of the fluid,3=1/(kgT) (kg the Boltzmann con-
stant, T the temperatupe and fhs(p(F)) is the free energy
density of the hard-sphere reference system, which can be,
calculated via the Carnahan-Starling form[2s]. The term  With the kernel

Qin 1(= *
At:Ef_ocf_xdzldzzp(zl)p(ZZ)k(zl122) 9

S:J drp(H)(In[47F(F,0)]) 6) k(ZI-ZZ):f do1dw,f(z;,01)1(22, ;) Peti(212, 01, @7),

v (10)
accounts for the loss of entropy in the reference system dud@herez,,=z,—z;. The explicit form of¢e1(z;,2,) is given
to the orientational degrees of freedom, add--) inthe Appendix. R

=[...1(r,»)dw denotes the orientational average weighted ~The orientation distributiorf(z,w) can be written as a
by the orientation distribution function. The terfy,, de- ~ Sum of the isotropic part 144 and a small anisotropic cor-
scribes the contribution due to the perturbation potentialectionAf(z,») due to dipole-dipole and dipole-field inter-
Uper- A commonly used approximation to the pair correla-actions, i.e.,

tion function that appears in the expression €y, is the
modified mean-field approximatiofi3,16,17, which de-
scribes the correlation function by a Boltzmann term. Fol-
lowing previous work[3,17], we expand the exponential
term (in Q;,;) in powers of,Buper(Flz,wl,wz) and keep Note that for isotropic molecular fluidsf=0. With Eq.(11
terms up to the second order: Sin Eg. (6) can be reduced tal7]

f(z,w)=%+Af(z,w), (Af/f<1). (11)
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S +oo - ) 3, 3, 5 ,
KZZWJ:% de(Z)J dw|Af(z,0)|% (12 M:Mhs(p(zl))+ﬁm_(zl)‘l'ﬁ”’]”(zl)"’ﬁnz,o(zl)
The anisotropic part oAf(z,») can be expressed as an ex- +f dzk(z,22) p(25) — ol EL 7. (21) + Eymy(z0)],
pansion in terms of spherical harmoni¥g,(w) with the -
expansion coefficients;,(z)} as the orientation order pa- (17)

rameters,
whereun(p(z1))=dfh«(p(21))/ dp(z;) is the local chemical

2
s 21+ 1)1 (1= m|)1] Y2 potential of the hard-sphere fluid, and
Mo *
X7 m(2)Yim(w), (13 7.(21)= Tl + §f_wdzzp(zz) 7.(22) $1(212),
Am 1Y (1+|m|)1 |22 (18
— . *
7)(zy) = 3 _gj dz,p(25) 7)(22) p1(212), (19
(I=1,2;|m|=<I). (14 -
Becausef (z,w) is real, we haven (2)=(—1)"n -m(2). 7 :EJOC dz.0(z ZIV(Z1) + b Z:) 1.
Following previous worl{3,14,1q,r\r;ve truncate the rTéxpan— 72d2) Y 2P (22)L 12 2)V(222) + $2(212)]
sion in Eq.(13) at|=2 because a major contribution to the (20

anisotropic orientation of the dipolar molecules at the vapor-
liquid interface arises from the second-order term. HereafteB€cause thé=2 order parameters, ,(z,) and 7, (z,) are
the three order parameters for 1, 7, (2), 71_1(2), and incorporated only in the orientation entropy term in the ex-

mai(2), are denoted asz (2)=7.42z) and 7(2) pression forQ_, the variation of(} with respect toz, (z;)
=11-1(2)=—7114(2). and 77, (2;) gives 7,1(z1) = 172,{2,) =0.

With the above equations and using the orthogonality con- Recall that the nonzero order parameteis(z), 7)(2),
dition for the spherical harmonics, EG) can be rewritten as @nd 72,(2) are defined as
a functional ofp(z) and{#,(2)}, i.e.,

Q[ p(z1) A m,m(22)}]

7. (2)=(cos0),

7)(2)=(sin @ cosep),

o 1= 3
=| dzfnp(z +—f dzip(z1){ = 7% (z

f_w 1fhs(p(21)) B . 1p(21) 27&( 1) 772’0(2)=<P2(C056)>, (21)

3 5 5 5 i i

S 5 ) 2 5 ) where P,(cos#) is the Legendre polynomial of the second
ton(z)+ 5 mdz)+ gzt 5, 77212(21)] order and - - -) denotes the orientation average weighted by

o e ?(z,w). n.(z) is a component of the unit vector

+ fﬁ fﬁ dz,dz,p(21) p(22)k(21,25) (,Jo(w)/,uo) in thez direction andz(z) is the component in

the x direction. On the basis of Eq&18) and(19) it follows

o o thatif E, or E is zero, either, (z) or 7|(2) will be zero. If

—,u,f dzlp(zl)—,u,of dz;p(z,) both E, and E; are zero(in the zero field, 7, qz) will
‘°° ‘°° become the only nonzero order parameter.

X[E, n.(z0)+En(z0)], (15
I1l. BULK-FLUID PROPERTIES
where
A. Slab-shaped system
K(21,2) = bo(212) = 12,0 21) 72, 22)V(212) = [ 772,d(21) 1. Grand potential and order parameters
+ 12,022) 1 p2(212) — [ 1. (21) 1. (22) For the bulk-fluid phases the density and order parameters
are constant, denoted , 71, and nyq, respectively.
—71(20) ) (2)/2) ba(219), (16 PS T, e AN T20n TESPEETVEY

With the conditionf *Z ¢,(z)dz=0, Eq.(20) gives that the
and where the functioneéy(2), ¢1(2), ¢»(2), andV(z) are order parameter 7,0,=0, and with the condition

given in Eq.(A15) of Ref.[3]. J 2¢1(2)dz=— (87/3)u§, Egs.(18) and(19) give that
At a given temperature and chemical potential, the equi-

librium density and orientation order-parameter profiles are  _ Bko[ _ °Th d _Bro E 4_7TP

determined by functional minimization of the grand canoni- 7+~ 3 |=t~ 3 ") ad 7= I+ 3P

cal potential with respect tp(z) and{#7,(2)}, i.e., (22

051203-3
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whereP, andP are the two components of the polarization Q(u,T) Qo(p,T) 1 . .
vector in the bulk phases v ~ v 3FPB. (32
Pa=tonap (@=L @3 where P is the polarization per unit volume arfd, is the
We introduce the vector grand potential in the zero field but under the condition that
the chemical potentiglk is the same as that in the presence
. . 4. of the electric field. EquatiofB0) is consistent with Eq(32),
K=eM+ =P (24 provided thatQq/V=f(p) — (1/2)¥ p2— up and Eq.(23).

Moreover, the general expression for the chemical potential
thereby Eq(22) can be written in the more compact form  Of the dielectric system subjected to the electric field is given

by [29,30
Na=BuoKJ3 (a=L). (29 (EM)2 gg

8 %’

) =g— 33
In Eq. (24) EM is the so-called Maxwell fielf27], defined as #=g 33
the spatial-time averaging of microscopic fields of mol- ] ) ] ] ]
ecules. As a result, the Maxwell field is dependent on thavhereg is the chemical potential of the system in zero field.

geometry of the dielectric system. For the slab-shaped sy£dain, one can show that E¢31) is consistent with Eq.
tem the two components &" are given by[28,29 (33), given thatg = uny(p) =¥ p and that
(EM)? 9e

87 op (34

M_ _ 3 1
Eoy=E,~4mP,5,, (a=L1)), (26) ﬁ(ﬂf+7]ﬁ):gﬁﬂgK2:

whereE , is component of the applied external field afid, . :
is the Kronecker delta function. The termr®, describes Equation(34) can be derived from Eqs24), (27), and(28)

the induced field resulting from the charge induced at thé"’hiCh yields
macroscopic surfaces of the slab. Introducing the dielectric

. : - 3y J —1)?
constants via the equation gm_ Y e_(e—1)

———K and —=
(e—1) dp  3yp

(35

S =M
4mP=(e-1)EY, @7 Combining Eq.(35) with Eq. (24) yields Eq.(34).
and combining it with Egs(23)—(25) give the Clausius- 2. Vapor-liquid coexistence
Mossotti formula
The simultaneous solution of the equations(p,)
1+2y =u(p,) andQ(p)=Q(p,) at a givenT results in the co-
= 1-y ' (28) existing liquid p; and vaporp, densities. Hereafter, we will
express the thermodynamic variables in dimensionless units,
wherey = (4/9)u2p, a known result for weakly polar flu- i.€., é=(mwd*6)p, T*=1/8e, E*=E(d% €)' and ug
ids based on the mean-field theory. = uo/(d%)Y2. Denoting the angle between the direction of
Equations(22) and (23) also give an expression fay, E and the surface normal of the slab @s, we thus have
and | as a function of the applied field, density, and tem-E, =E cosé: and E|=Esin#:. Because the MMF DFT3]
perature: is applicable for weakly dipolar fluidsu@ <1) (Ref.[16]),
here we consider the dipolar fluid with the reduced dipole
_ BroEy _ BroFy (29 momentug=1.
& 3(1+2y) 3(1-y)’ In Fig. 1 we plot the coexisting vapor-liquid densities in
the cases ofE*=0 and E*=0.5 with the angle 6¢
By using Eq.(29), the grand potentialEq. (15)] and the =0, 7/4, /3, and /2. Figure 1 shows that when the elec-
chemical potentialEq. (17)] can be written as tric field is perpendicular to the slab surface€0) the
critical temperaturd? is lowered; at a fixed* the coexist-
ing vapor density¢, is increased while the coexisting liquid
density ¢, is decreased, compared to the results in the zero
B0 field. Increasingdg from 0 to 7/2 results in a higheT? , a
lower &, , and a highek, . Therefore, as shown in Fig. 1, at
a givenT* the effect of increasing the field strength on the
coexisting densities can be offset by a change of the field
_ direction[31]. We also find that the difference between the
where V is the volume of the system and¥  coexisting liquid and vapor density ne@ig(E,6g) satisfies
=(16med®3)[ 1+ (2/3)Be+ (1/12)(Bug/d®)]. the scaling relation
In general, the grand potenti&él of a dielectric system
subjected to a uniform electric field is given (89,30 &— &~ (36)

&€

and 7

1 1
v = ndp) = 5 Wp*—up =5 pop(mi Ev + mE)),

3 2 2
M=Mhs(p)—‘1’p—ﬁ(m+m|), (31

051203-4
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TABLE I. Values of the critical temperatur€} , density &,
dielectric permittivitye ., and orientation order parameteys. and
7| in the slab-shaped system for various gih and ¢ .

E* O T: & €c Nic Mc

0.0 2.0590 0.1304 1.6096 0.0000 0.0000
0.5 0 2.0574 0.1306 1.6113 0.0605 0.0000
05 w4 2.0600 0.1306 1.6104 0.0428 0.0688
05 #/3 2.0612 0.1306 1.6099 0.0302 0.0843
05 @/2 2.0624 0.1306 1.6095 0.0000 0.0972

pendent of the field direction. For the critical dielectric con-

178 e s 5055 stante, the field effect is opposite to that far; , that is,
13 changing the field direction froriz=0 to 7/2 will increase
¢, but reduceT? .
105 In Figs. 2a) and 2Zb) we plot the phase coexistence
— E*=0.0 T T T T
e E*=0.5 6,20 205 L @ JANEERVAN i
---- E*=0.5 6.=14 6.=0 oy )N
——- E*=0.5 6.=1U3 el = 77 S R U Y
—-— E*=0.58,=172 ——- o=m/3 ,' \\ ' Vo
—— 9=m/2 ', \; \
| Vi
* v
T% 145 1.95 | ,' “" \ 8
aoues | |\ ‘\
& T [ I i
& o I H '
5 | 0 \
gODOZ | [l \ \‘
90000 185 - I II \ \\ -
£ . | b :
- | " \ \
0002 ) : 'I ! \\ \\
175 ‘ ‘ | b \
0.22 0.25 E 0.28 | Y |
| P !
175 L L L s
L. ) . ) 0 0.02 0.04 0.06 0.08
FIG. 1. Vapor-liquid coexistence curves for various given values n,
of electric field and field directionga) The vapor branch antb) -
the liquid branch. The inset shows the differences in the coexistence
curves from the zero-field curve. o~ '
2.05 A VAN .
®) AN
. /
where r=1—T*/T¢ , regardless of the strength and direc- f \] I'A\ \
tion of the field. A
From Eq.(28), the temperature dependence of the dielec- ! : oy N
tric constantse, and g, at the coexisting vapor and liquid 1.95 1 N IR T \\ ]
.. . . 1 '
densities can be calculated. The dielectric-constant curves T* b \ AN
exhibit similar behavior to the coexisting-density curves i § N \ \
. . . . . [} "\
(Fig. D: the field that is normal to the interface increasgs Y \ N
ande| whereas the field in parallel to the interface decreases 1.85 | ‘, by \ \\ i
* . ] e 6.=0 ' A RN \
g, ande,. NearT; the differences, — ¢, satisfies the scal- S I R T oD
ing relation as Eq(36), i.e., ——o=w3 | N \
T T S BN N
\ 1 \\ \ N
1=, ~ T (37) \7s R T M N
T 0.02 0.06 0.1 0.14
In Table I, we list the critical temperatufg; , critical den- Ny

sit , and critical dielectric constant, for various given . )

E*yaggd g . One can see that when tr:]ié field is normgal to the, FIG. 2. The orientation order paramet@ », , and(b) » at
. - . . he vapor-liquid coexistence for various given field directions. Note

slab surfaces K —Q.S, .HE.— 0) TZ is 'sllghtly reduced ¢4t 7. =0 for fc=m/2 and =0 for g=0. At a fixed b, (a)

whereas when the field is in parallel with the surfacES ( the branch with larger;, values corresponds to the vapor phase

=0.5, fg=m/2) T is increased. The critical density is  and(b) the branch with smalles values corresponds to the vapor

always increased by the field and the increase is nearly indghase.
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V. B. WARSHAVSKY AND X. C. ZENG PHYSICAL REVIEW E68, 051203 (2003

curves for the orientation order parameters and » . For '
givenT*, E*, and 6 the branch of the curve having larger
values of », corresponds to the vapor phase whereas the
branch having smaller values corresponds to the liquid phase
[Eq. (29)]. In contrast, the branch having smaller values of _
77 corresponds to the vapor phase whereas the branch havinggs” 095
larger values ofp corresponds to the liquid phase. Since a pj
field that is normal to the surfaces tends to force the molecu- T
lar dipoles aligning in the same direction, one can see from
Fig. 2 that wheny, is at the maximumyy, is zero. Asfg
increases from zero, the tendency for dipoles to be in the
direction normal to the surfaces becomes weaker. As a result,
7, becomes smaller whiley; becomes larger. Similarly,
since a field that is parallel to the surface € 7/2) tends

to force the dipoles to align in the same direction, whgiis

at the maximumsy, is zero. We also find that bothy, ,
—n, andy,— n,,, wheren, , andz, (e=L1[|) are the ; ' '

order parameterg, and 5, at phase coexistence, follow the T o) s E¥20.5 =0
same scaling relation: / ( ---- E*=0.508,=n/4

——- E*=0.56=n/3
o=~ and -, (39 / \ AN

T*/T*

—-— E*=0.56=n/2

LLl
when7<1. The critical values ofy, . and 7 are also listed Ijl.} /
in Table I. The effect of the field direction om, . and 7 is - / \
more pronounced compared with that ®fi, &, ande.. f‘:
Changing the field direction frorig=0 to 7/2 reducesy, . £ \ \ \ |
but increasesy.. We calculated the ratio of the maximum 2
value of ¢ to the maximum value of, ., which is about [1 \2 \1 \
1.61. The ratio indicates that the effect due to the parallel / \ N

; .

field on the dipole ordering, near the critical point, is greater
than that due to the normal field.

Some qualitative features of the vapor-liquid coexistence
can be understood on the basis of the grand potefitial
which can be written in the van der Waals form via Egs.
(29-(31),

0.85
0.

FIG. 3. (a) The scaled vapor-liquid coexistence curves for den-
sities(curves } and dielectric constantsurves 2 for various given
0. The temperatures, densities, and dielectric constants are di-
vided by the corresponding critical value. The horizontal axis is
1 &1€(E, 6g) for curve 1 ande/e(E, 0g) for curve 2.(b) The scaled
QIV=—pudp)+ Eqreffpz, (39 vapor-liquid coexistence curves for order parameigrgcurves 3
and 7 (curves 2 for various givenfg. The horizontal axis is

. / E, 6g) for curves 1 andy, /5 .(E,0g) for curves 2.
wherep;.= pundp) — frns(p) is the hard-sphere pressure and 7 72o(E. be) a1 71e(E b)

Vs is @ measure of the effective intermolecular attraCt'On’glgc(E,HE), scaled dielectric constant/s(E,6g), and

Le., scaled order parameters /7, (E,60g) and 5/ 5(E, 0g).

. For given values ofE* and 6 we find that the density,
Vo=V + ?MS( ﬂ\\z—zﬂf)- (40) dieleg:tric constant, and order-parameter curves at the phase
coexistence can all be collapsed onto a master curve. We
therefore conclude that the laws of the corresponding states

Since =0 in the normal fieldW ¢y is less than¥. When are satisfied for these quantities in nonzero fields.

the field direction is changed from the normal directitty,
gradually increases until it arrives at the maximum in the
parallel field wheren, =0. The increase of the effective
intermolecular attraction gives rise to a high&r. This ex- 1. Grand potential and order parameters
plains why T} increases with increasing anghe . The fact

that a parallel field results in a larger shift of the coexistencedi
curve than a normal field is due to the induced field™ ,

B. Sphere-shaped system

In this section we consider a sphere-shaped homogeneous
electric system surrounded by a medium having the dielec-

which arises only in the normal field. Because the inducec}rIC constant . Agam,Afor a homogellneou.s system we have
field acts in the opposite direction to the applied field, it?(2)—p andf(z,0)—f(«v), as described in Sec. |. Letting
reduces the effective intermolecular attraction. the z axis be the direction of the electric fielel and taking

In Fig. 3 we plot all the coexistence curves using theinto account the symmetry of the system, the smaller aniso-
scaled temperature T*/T}(E,6g), scaled density tropic part of the orientation distribution functiavf (w) can
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be written as an expansion of the Legendre polynomiaEquationg44) and(46) together yield a formula fog; simi-
Pi(cosb), i.e., Af(w)=="_,[(2i+1)/2] 5 P;(cosb), where larto Eq.(25) for 5, and 7 in the slab-shaped system, i.e.,
0 is the angle between the dipole vector and ztaxis. The B K/3 4
expansion coefficientSy;} are denoted as the order param- 1= BroK/3, (47)
eters. o . .

First, we consider the expansion up to the third order. Thé’vhere K»IS given by Eq.(24). It is convenient to let the

> _)M - . - . .
grand potential per unit volum@/V of the system can be vectorsk, P, EY, andK be all in thez_ axis direction. The
projection of these vectors onto tkeaxis are denoted &5,

written as M :
P, EY, andK, respectively.
Q p(3 , 5, 5 25 , Minimizing Q/V with respect top and then taking into
v frs(p) + E 5 7t > 75— 3m1m2— 2172 account Eq(493) gives an expression for the chemical poten-
tial w
1 2
— 5V p2— = —ugnep?— up— popmE 3
2 4537072 o M:Mhs(P)_q’P_ﬁ”i- (48)
am (e'-1) , ,, . . )
T Momip”. (41) Now the Clausius-Mossotti formula E¢R8) for the dielec-
3 2e'+1) tric constants can be derived again from Eq&4), (27),

. ) ) (43), and (45). We therefore conclude that with the mean-
The sum in parentheses results from the orientation entropyy|4 approximation the Clausius-Mossotti form{iEg. (28)]

[Eq. (6)] with the In-term expanded to the third order®df. s independent of the shape of the system and the surround-
The next two terms in Eq41) result from the interaction ing medium.

part of free energyEq. (7)]. The last term in Eq41) has an

e’ dependence, due to the reaction field induced by the sur- 2. Vapor-liquid coexistence
rqundlng medig 33]. Minimizing Q/V with respect to7;} We calculated the vapor-liquid coexisting densities for
gives E* =0.5 with three different surrounding media’=1, &’
E/3 =g, and e’ =«. The corresponding order paramei&q.
= Bivo , (43)] becomes
1-(8m/9[(e' ~1)/(28' + 1) usBp—27,
:BMOE (6'=1)
37205 n=3 ’
2= 7 3 . (42
1 (41225 (Bugmld®)p—(5/7) 7, BuoE(1+y)
. 8 ! = 8 y
7, and 75, in the above equations can be separated with the MT3(1-y)(1+2y) ( )
help of an iterative procedure. To the first-order %,) ap-
proximation, », and 7, can be written as _ BroE L
7= Pt 7,=0(73)~0 i '=¢ is obtained with usi
1 3(1-[2(s'—1)/2e'+ 1)]y}’ 2 1 ' where the expression of; for ¢’ =¢ is obtained with using

Eq. (28). It can be seen that far' =1, 7, is independent of
(43) : . ; . e

the fluid density. Foe’ =, the expression fofy; is similar
becauseBuoE<1. Thus, under this simple approximation to that for | if we setE|=E [the sef:ond expression in EqQ.
the order parameten, is dependent linearly of whereas (29) for the slab-shaped systénWe find that fors’ = and
7, can be omitted. Next, the expression fgr can be re- &'=« the electric field raise¥ , whereas fore’=1 the
written as electric field has no effect oy . The latter result can be

understood based on the grand potenfialwhich can be

Bio 8w (e'—1) written again in the form of Eq(39) [obtained from Egs.
N A NN 44 (41), (43, and (48)], where now W =W+[8m (e’
—1)/(2e’ +1)udn:. Thus, fore’=1 the grand potential
where the polarization will show no field dependence. In Fig. 4, the coexistence
curves forn, are displayed.
P=pop71. (49) The fact that the electric field raisé§ for ¢’ =% has

. L ' . been reported previously based on Monte Carlo simulations
For a s;;ﬂhgre .Wlth polarizatioR the Maxwell field in the [37-39. Kiyoharaet al.[39] have shown that fos' = the
sphereE™ is given by[34-36 electric field broadens the vapor-liquid coexistence curves
although the shift of the curves is not as much as that for
EM—E— 4 =3 (46) e’ =0, Our results are in agreement with their finding. For
(2¢'+1) e¢'=1 Kiyoharaet al. have reported that the electric field
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FIG. 4. The orientation order parametg at vapor-liquid co- : :
existence for the sphere-shaped system with three different dielec- 06 2. . E=05 6=0 (-
tric constants of the surrounding mediusi=1, &, and. 5 T ---- E=05 6=/4
014 - _ : ——- E=0.5 6=1/3
slightly narrows the coexistence curve although the error
bars in the density data appear to be larger than the total 012r 2
shift. Woodward and Nordholm28] developed a different o1 |
DFT to study the sphere-shaped dielectric system with '
=1. They also found that the electric field narrows the co- 008 -
existence curve. In their approach, the orientation correlation
among dipoles were accounted for via the so-cattedm 006
potential, which renders their DFT beyond the mean-field T » 1
approximation. We thus expect that if terms higher th 004 L T T 1
in Eq. (7) were taken into account, a similar shift in the oo -7 |
coexistence curve fas’ =1 would also be seen.
Again, the coexisting densities also satisfy the law of cor- 0 ‘ ‘ ‘ ‘ ‘
. . . 7 5 3 1 3 5 7
responding states. This can be demonstrated by replotting the

coexistence curves by using the ax&$/T;(E,e’) and
¢1E(E,e”). All curves are collapsed onto a single master

FIG. 5. The orientation order-parameter profil@sz, «(z), and

curve. However, the order parametgr at phase coexistence (b) 7, (z) (curves 1 and 7(z) (curves 2 for various givendg and
does not satisfy the law of corresponding states because the =1.8. The inset to(a) shows the differences in they, (2)
curves in Fig. 4 cannot be superimposed onto each other furves from the zero-field one.

the axesT*/Tg (E,e') and 7,/ 75.(E,e") were used.
Other results for the critical densities and temperatures in
the electric field are summarized as follows: The critical
values forE* =0.5 ande’ =1 are nearly the same as those
for E* =0 excepty,.=0.0809(the first line in Table); (ii)
the critical values foe’ = are nearly the same as those for
the slab-shaped system wheélg= /2 and 7i.= 7| (the
fifth line in Table )); (iii) the critical values fore’ =¢ are
TE=2.0601, ¢.=0.1292, ¢.=1.6025, and 7,.=0.0805;
(iv) near the critical temperaturé.(E,e’) the coexisting
densities(and dielectric constantsalso follow the scaling
relations Eqs(36) and (37), respectively;v) the difference
in the order parameters at the phase coexistence 'fers
ande’ == satisfy the scaling relations as E&8), i.e., 7y,

N1y~ 71/2'

IV. INHOMOGENEOUS SLAB-SHAPED

DIPOLAR SYSTEM

A. Density and orientation profiles

We calculated the interfacial density profil&s) and ori-
entation profilen, (2), 7)(2), and n,z) by numerically
solving the four equationg17)—(20) using an iteration
method[1]. For given values oE*, 0z, andT*, the initial
inputs foré(z), »,(z), and »|(2) are taken as a step func-
tion with the bulk-liquid values,, #», ;, and 5 set forz
<0 and the bulk-vapor valueg,, 7, ,, and |, for z
>0. The initial input for 7, z) is just zero. Figures (8)
and 8b) show orientation profiles, (z), », (z), and»(2)
for T* =1.8 and various givek* and 6.

In the previous section, we showed that changipdrom
0 to 7/2 increases the liquid-side densities and decreases the
vapor-side densities. Thus, it makes the density prdfig
steeper and reduces the 10-90 width of the interfatén-
creasing the temperatufé towardT; leads to a divergence
of W. NearT} (E, 6g) the mean-field scaling relation fo¥ is

In this section we consider interfacial properties of thefynd to be
slab-shaped system and their dependence on the applied

electric field.

W~ 7112 (50)
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for the givenE* and 6.

Figure %a) shows thaty, o(z) is weakly dependent on the
field direction, whereas Fig.(B) shows that the orientation
profiles , (z) and 5(z) are strongly sensitive to the field
direction. In zero field, bothy, (z) and 7(z) become zero

PHYSICAL REVIEW E 68, 051203 (2003

BroE,
3

T, 2
7,.(29)= - ?ﬂﬂvop(zl) 7,(21)

ﬁﬂof dz,p(z,) 7, (2,)

and 7, «(z) is the only nonzero order parameter; it describes

the spontaneous interfacial ordering of dipoles. The sponta-

neous interfacial ordering of dipoles is well known from both
experimentd 40,41 and theorie§3,7,14,16,42,4B8 Consis-

$u(z10)

MR >

+68(z19) |,

tent with previous results, we find that the dipoles prefer to

lie parallel to the interface on the liquid sidey, (z)<0],

where 6(z1,) is the Dirac delta function. The two terms

but perpendicular to the interface on the vapor sidewithin the square brackets in E¢54) are negligibly small

[ 72,(2)>0]. As a measure of the degree of dipole orienta-
tional ordering at the interface we employed thg@arameter

when |z,)>1.5 for all temperatures considered. Within
|z1J=1.5, althoughé&(z,)=(7d/6)p(z,) can vary by an

[16], that is, the difference between the maximal and mini-order of magnitudey, (z,) varies only by 20% to 30%.

mal values of the order parametey,q(z), i.e., D,

= 72 Zmax) — 72, Zmin)» Wherezy,x andzy;, are the p03|-
tions of the maximum and minimum on thg «(z) curve.
The width of the profilen,z) can be defined16] by
W, =7Znax Zmin- Figure 8b) shows that when the electric

72,0
field is perpendicular to the interfac#{=0) theD,,20 pa-
., IS increased.

rameter is slightly reduced but the widd,
Changing the angl&g from O to 7/2 increasesD,720 but
reducesw

72,0
Frodl and Dietrich[16] have shown that neaf? the
width W and theD 7, , Parameter satisfy the scaling rela-

tions

-1/2

~r 12

w

72,0

and D 7 (51

= Zmax~ Zmin o 7
We find that both mean-field scaling relations still hold when
the system is in the electric field.

Figure 8b) shows that when the field is perpendicular to
the interface @g=0) the nonzero order parameterss (z)
and 77)(z) =0. Changingfe from 0 to 7/2 reduces the mean
orientational ordering of the dipoles in the normal direction
but enhances it in the direction parallel to the interface. Fo
0e=ml2, n(z) becomes largest at evegybut 7, (z) =0.
Both 7, (2) and 5(z) can be well approximated by an ex-
tended Eq(29), i.e.,

BroE

3[1-y()]’
(52

BroE,

7, (2)= 3A1+2y2)] and 7(z2)=

wherey(z) = (47/9)Buip(z).

More accurate formulas fop, (z) and »|(z) than Eq.
(52) can be obtained. To this end, we writg(z,,) [appear-
ing in Egs.(18) and(19)] as

8w ) 8w )
h1(Z10) = — ?Mo5(212)+ h1(210) + ?Mo5(212):

(53

with which Eq.(18) can be written as

Thus, in the regiofiz;,|< 1.5 we can approximate, (z,) by
7, (z,) to arrive at an algebraic equation fgr (z,). Solving
this equation yields

BuoE,

7B ST 2y (2 + 121 59
where
87 (" $1(21)
1(2)=— g pub | dzp(z) mwz@].
(56)

Similarly, using Eq.(53), Eq. (19) can be rewritten as

BuroE|
3

n)(21)= + _BMOP(Zl) 7)(21)

- _B,U«of dz,p(25) 7(22)

1(Z12)

(87/3) 7

+5(212)].

r

Replacing#|(z,) by #/(z1) and solving the resulting alge-
braic equation forp(z,) yields

BroE
3[1-y(zy)—(zp)/2])”

n)(21)= (59)

B. Dielectric-permittivity profile

At the interface, the dielectric permittivity is a tensor
whose components can be determined from the formula

P.(2)
sa(z)=1+47TEZ|(Z) (a=1,]), (59
where
Pu(2)=mop(2)n.(2) (a=L1,|) (60)
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FIG. 6. The dielectric-permittivity profiles(z) for variouség,
andE* =0.5 andT* =1.8. The inset shows a portion of the profiles
using a larger axis scale.
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Castle and Leknef9,10] employed a different approach to
investigate the anisotropy of the dielectric-permittivity pro-
file at the vapor-liquid interface for a nonpolar but polariz-
able fluid. They obtained the same formulas 1(z) and
£(2) [Egs.(64) and (65)] but a different formula forl (z)
[Eg. (56)]. They found that if a unit correlation function is

assumed, theh(z) =0, and the dielectric-permittivity profile
can be described by the local Clausius-Mossotti formula.
They therefore concluded that for nonpolar fluids the dielec-
tric anisotropy at the interface can be seen only if the corre-
lation function differs from unity. Our calculation indicates
that their conclusion cannot be generalized to dipolar fluids.
This is because, even if the correlation function is assumed

to be unity, ¢,(2)/(8wu2/3) still differs from 8(z), as fol-

lows from the formula(A15b) in Ref. [3]. Thus,1(z)#0,
and Eqgs.(64) and(65) cannot be reduced to E63).

Knowing the anisotropy of the dielectric function at the
vapor-liquid interface is important to ellipsometry measure-
ments of liquid interfacial structure, for instance, the deter-
mination of the interface thickneg$§]. In ellipsometry ex-

is’\}he component of the local polarization vector, and whereeriments, the coefficient of eIIipticityTzlm(rp/rs)IeB is
E. (2) is the component of the Maxwell field which has the nmeasured:; this is the imaginary component of the ratio of the

same expression as E@6) [44],

EY(2)=E,~47P,(2)3,, (a=L). (61
Substituting Eqs(60) and (61) into Eq. (59) gives
P (2)]? Pi(z
e, (2)=|1-4w +(2) and sH(Z)=1+47TL).
EJ_ E”
(62

In Fig. 6 we plot the dielectric-permittivity profiles(z) for
E*=0.5 and various giverdz and T*=1.8. Because the

complex reflection amplitudes at the Brewster angge(r
andr are the reflection amplitudes fprands polarizations,
respectively. The real part of this ratio at the Brewster angle,
Re(rp/rs)|4,=0. For light(with the optical wavelengti)
incident from a liquid onto a planar surface, the coefficient of

ellipticity ;can be expressed, to the first order in interfacial
thicknessW/A <1, by the equatiof5]

anisotropy of the dielectric permittivity is small, the tensor where
character of the dielectric permittivity cannot be seen in Fig.

6. The inset of Fig. 6 shows a small portion of the profiles
where the two components of the dielectric-permittivity ten-

— m e teg,
P=X o8, X0 (66)

I g€,
Xo= fﬁmdz 8(Z)+@—8|—8v . (67)

sor can be clearly distinguished. We find that at the interface

the dielectric permittivity is well described by the local
Clausius-Mossotti formula

1+2y(2z)

Ty (63)

e(z2)=

A small correction due to inhomogeneity to the local

Clausius-Mossotti formula of (z) can be given analytically.
Substituting Eqs(55), (58), and(60) into Eq.(62) results in
a more accurate equation fer (z) ande(2), i.e.,

B 1+2y(z)+1(2)

“Iy@ 112 64

e (z

and

1+2y(z)—1(z)/2
1-y(2)—-1(2)/2 "

g|(2)= (65)

When dielectric anisotropy is considerq?jis still given by
Eq. (66), but x, is replaced by9,45,44

oo €1g,
& &y (-

X= J;w dZ[8|(Z)+

To illustrate the extent to which the anisotropy of the dielec-

tric function affectsp, we calculatedy/x, for T*=1.8 and
0= ml4 or /3, and foundy/x,=0.97. Thus, when the
anisotropy of the interface is taken into account, the right-
hand side of Eq(66) will be a few percent smaller.

o (2 €8

C. Surface tension

The thermodynamic surface tensionis defined as the
excess grand potential per unit area,

o=(Q—-Q'")/A, (69)
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FIG. 7. Temperature dependence of the thermodynamic surface FIG. 8. Temperature dependence of scaled mechanical surface
tensiona* = ¢d?/¢ for various givenég . The inset shows the dif- tensiony* = yd?/e for various givendg . The inset shows the dif-
ferences in the temperature-tension curves from the zero-fielerences in the temperature-tension curves from the zero-field
curve. curve.

whereQ'"? is the grand potential at phase coexistence And _ . -

is the surface area. Figure 7 shows the temperature depen- APQZJ [Pu(r)=P, (n]dV  (a=L1,), (73

dence ofo* (= od?/ ) for various givendg . It can be seen

that when the electric field is normal to the interfac: ( o o . o

angle 0 from 0 to 7/2 increases the surface tension arfd ~ t€M.

reaches a maximum fofe= /2. We also find that the law !N _Fig. 8 we plot the temperature dependenceof

of corresponding states is not applicabledd; when we (=d7e) at the Gibbs equimolar dividing surfacg for

plot o* versus the scaled temperaturer=1  Vvarious givende. The Gibbs dividing surface is defined us-

—T*/T*(E,6g), the o* curves cannot be superimposed iNg the relation

onto one anothefexcept very close to the critical pojnt

However, we find that the scaling relatipp?2 Zc tee
g relatigaz] | “to@-pdz+ | “to2)-p102-0. 74

o .

o* ~ 732 (70 z

still holds for nonzero fields. In contrast tao™®, y* is always enhanced by the field regard-
Another surface tension commonly shown in the literaturdess of the field direction. The enhancement is a minimum
is the mechanical surface tensignwhich is defined as one- for fe=0 and a maximum fodg= /2. Like o*, the y*-7
half of the trace of the excess surface tension tensdre., _relatlon does not sansfy the Iaw of corresponding states, but
it does follow the scaling relation
Y=yt )12,
y* ~ 1%, (75)
— RN e .
A j [Pa(n)=pif D]V (i=xy),  (7) Experimental studies of the field effect on the surface tension
. . are scarce. Hurd and co-workd2] found that the surface
where p;;(r) and p;;’(r) are, respectively, a component of tension of a salt solution was reduced by an applied electric
the local pressure tensor in the real interfacial system and ifield (16° V/m) perpendicular to the liquid surface. How-
a fictitious system in which the liquid-side phase and vaporever, that result was questioned by Darf#i], who pointed
side phase are considered to be uniform up to a selectaslit the sensitivity of their results to the conditions of the
dividing surface. Assuming that the planar interface is in theexperiment. Hayep48] measured the surface tension of pure
x-y plane and the electric field is in thez plane, the two water and a salt solution. He found no change in the surface
terms ofy can be given by31] tension with the field having a magnitude up td® M'm.
. L L Here, we have considered the dimensionless electric field
¥»=0+P,E, and y,=0+P E —-PE, (72 E*=0.5. To give an estimation of its physical magnitude,
o . we utilize the Stockmayer parameters for methanol mol-
whereP, and P are the components of the excess surfaceecules [49], namely, ug=1.036, d=3.803 A, ande/kg
polarization vector, and =359.0 K (the Stockmayer model is very similar to the
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dipolar model considered hereThe calculation givesE —min(7,,0 as a measure of interfacial dipolar ordering, we
~10® V/m. Therefore, to detect the field effect on the sur-find that for 6z=0 the field reduce® 7, @nd increases the

face tension, a much stronger electric field than previouslyyiqth W of the 72(2) profile. Increasing the anglég
72,0 , ’

applied may be needed. It is expected that if the electric fiel -
is in parallel with the interface it will result in a greater rom 0 to'm/2 willincrease thep 7,0 PArameter but decrease

change in the surface tension. However, care must be takdhe width W, . Near the critical point bottW and W,
about the strength of the applied field, because if the electrigcale with the reduced temperature @52, andD, as

. . . . . . 72,0
field is above 5¢10° V/m it will lead to dielectric break- 32 \wg aiso find that the dielectric-permittivity profile can
down for most simple dielectric liquid$O0].

be well approximated by the Clausius-Mossotti formula with
a small correction due to the interfacial inhomogeneity.
Finally, we find that when the field is normal to the inter-
face (#g=0) the thermodynamic surface tensiefi is re-
We have studied the bulk and interfacial properties of aduced, compared te* in zero field. Increasing the angtg
weakly dipolar fluid in an electric field. To this end, we have from zero will enhance the surface tensieti, ando™ will
extended the MMF DFT of Teixeira and Telo da Gama toreach a maximum fofg= /2. In contrast, the mechanical
take into account the field effect. Particular attention hassurface tensiony* at the equimolar dividing surface is al-
been paid to the effect of an electric field with an arbitrary\yays increased by the field regardless of the field direction.
direction with respective to the vapor-liquid interface. The shift in y* is minimal for 6z=0 and maximal forgg
For the bulk properties of a fluid in a slab-shaped system.. /> Both o* and y* satisfy the scalings™*, y* ~ 732
we find that, when the electric field is perpendicular to theKnowIedge of the dependence of on the direction of the
slab surfaces, it reduces the critical temperafifreand nar-  gjactric field can be useful to the study of vapor-to-liquid
rows the vapor-liquid coexistence curve, compared {0 zeroq,cjeation in an electric fielf52,53. Thus far, experiments

field results. Changing the_diregtion .Of the fighy changing have not revealed any evidence of surface tension change
the angled between the field direction and the surface NOTque to an external electric field. We speculate that an electric

I *
mal from 0 tosr/2) will increaseT; and broaden the coex- field as high as 1DV/m may be needed in order to observe

Istence curve. When*the glectnc field |s_parallel_to the Slaba notable field effect on the surface tension, and that the
surfaces = m/2), T¢ is higher than that in zero field. Near

T the diff  the density. dielectri (fffect will become more pronounced when the electric field
¢ » the differences in the density, dielectric constant, andg applied along the interface.

order parameter at phase coexistence all follow the same
Sca:{igg relation:§|_§v v 1T €y Mo MLy T M
~T

We also investigated the properties of a sphere-shaped
dielectric system in an electric field. In particular, we studied .
the dependence of vapor-liquid coexistence on the dielectric We are grateful to Professor A. Shchekin and Dr. T.
constant of the surrounding medium,. We find that for ~ Bykov for useful discussions. This work is supported by the
¢'=1 the field has no effect on the coexistence curve. FoNational Science Foundation and in part by the Research
g'=¢ ande’ = the field increased?¥ and broadens the Computing Facility of the University of Nebraska—Lincoln.
coexistence curve. The broadening is greategfer . Our
results are in good agreement with a computer simulation
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and previous theoretical studies in the cases 'of & [39] APPENDIX
ande’ =« [37-39. However, we predict different behavior
of the vapor-liquid coexistence in the cases6f=1 [28,39. Here we give the expression for the effective potential

We expect that higher terms in the expansion of the expoé.ss appearing in Eq(10). To obtain ¢¢¢(z, w1, w5), Ref.
nential in Eq.(7) should be included in order to see the field [3] used the condition of the invariance of the system in the
effect on the coexistence curve in the casesbf1. Note  x-y plane. Therefore, the orientation distribution function de-
that Groh and Dietriclp51] studied vapor-liquid coexistence pends only on the azimuthal angle namely, f=1(z,8).

in other non-slab-shaped systems, for example, a needl®ote that the average over the angle for those terms in the
shaped spheroidal system. They also found that the criticalistribution function containing the factor cag(¢,) is
temperature increases with increasing applied external fieldzero. Thus, those terms are omitted in the expression of

For the planar interfacial properties, we find that when theg.:¢(z,w,,w>) [EqQ. (A13) in Ref.[3]].

field is perpendicular to the interfac@g=0) the 10-90 in- For the system considered here, however, the invariant of
terfacial widthW is broadened and the density profg§é€z) the system in the-y plane no longer holds. As a result, the
becomes smoother. Changing the field directiak)(will average over the angles for those terms containingggos(

decreaseW and make the slope of(z) at the interface —¢,) in the distribution functiorf(z, ) is no longer equal to
steeper. The interfacial dipolar ordering can be described bygero becausé(z,») has an axial angle dependence. The
the interfacial order-parameter profiles (z), 7(z), and final expression for the effective potentidl in terms of
72,0(2) (the last is the only nonzero order parameter in thespherical harmonics, accounting for its dependence on the
zero field. Using the parameter D,,2’0= max(7,,0) axial anglesp; and ¢,, is given by
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" 1 " 1 ﬁ 677- n 8 47T ! n
deti(Z,w1,w7) =A(2) + B(Z) YlO 10t 2Y1 1Yt 2Y11 C(2)+D(2) Yzo 20T g 9 ?(Yzo"' Y20)

32m 16 27 1 [4m
Yonzo (Y20+Y )+§ +F(2) EY20Y20+§ ?(Y20+Y20)

1 1
+G(z) YZOY”O+ H(2) 5 {YlOY"o—i— SYiaYit S YLy H (A1)

9 +E(2)

whereY| =Y im(01,¢1), Yim=Yim(62,¢,), and the coefficientd(z), B(z), C(z), D(z), E(z), F(z), G(z), andH(z) are
identical to those in EqA14) of Ref.[3].
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