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Magnetic Casimir effect
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The Casimir effect results from alterations of the zero-point electromagnetic energy introduced by boundary
conditions. For ferromagnetic layers separated by vactoma dielectrig, such boundary conditions are
influenced by the magneto-optical Kerr effect. We will show that this gives rise to a long-range magnetic
interaction and discuss the effect for two different configurationagnetization parallel and perpendicular to
the layers. Analytical expressions are derived for two models and compared to numerical calculations. Nu-
merical calculations of the effect for Fe are also presented and the possibility of an experimental observation
of the Casimir magnetic interaction is discussed.
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[. INTRODUCTION the case of perpendicular magnetization and>as® when
the magnetization is parallel to the plates, while the behavior
Since its discovery, the Casimir effect has gradually bein the short-distance limit is unchanged. Finally, we will
come a much-discussed subject in physics. Originally, ong@resent some numerical calculations of the interaction for Fe,
understood by the Casimir effect the attractive force betweein which experimental data for the elements of the dielectric
two metal plates in vacuum as a result of zero-point quanturtensor are used. An experimental setup to measure the mag-
fluctuations[1]. Nowadays the term is used for a much netic Casimir force is also discussed.
broader range of effects, all involving the influence of
boundaries on fluctuations. As such, the Casimir effect plays Il. GENERAL THEORY
a role in quantum-field theory, atomic and molecular physics, ) ) . ,
condensed-matter physics, gravitation, cosmology, and so on, Consider two uniformly magnetized ferromagnetic plates
A thorough review of the Casimir effect in all these fields of mfm_ﬂg Iatera_l extension held parallel to each other. The
was published recentlf2]. Casimir interaction energy per unit arealat 0 between the
For two uniformly magnetized ferromagnetic plates heldPlates can be expresspd] as
parallel to each other, it is shown in a previous pdéithat 5 .
the mterplay_ of th_e Casimir effect and the magne_to_—optlcal = f d“’f dzk”|m-|-r|n(1_RARBezikLD)’
Kerr effect gives rise to a new long-range magnetic interac- (2m)3Jo
tion. In Ref.[3], this magnetic Casimir force was found to (1)
decay with interplate distand® asD ~° in the limit of long
distances, and a® ! for short distances. In this case, the Wherek, andk; are the components of the wave vector
ferromagnetic plates were described with a Drude model angerpendicular and parallel to the mirrors. The 2 matrices
the magnetization was defined to be perpendicular to th&a andRg contain the reflection coefficients of the two mir-
plates. In view of future experimental investigations of thisfOrs:
new magnetic Casimir force, it would be useful to study the AB) .A(B)
case where the magnetization is parallel to the plates since Ry o= Iss Fsp
this situation is easier to obtain in an experimental setup. A(B) r;\ge) rﬁff‘) '
This subject will be studied in the present paper and a force
that decays aB ~© in the long-distance limit and @ %in  The indexs (p) corresponds to a polarization with the elec-
the limit of short distances is found when the Drude model istric field perpendiculafparalle) to the incidence plane. We
used. This behavior is interesting since it means that thevill adopt here the usual convention that thaxis remains
force is larger, and thus easier to measure, for in-plane magmchanged upon reflection. Since the reflection coefficients
netization than for perpendicular magnetization at suffi-are dependent on the direction of the magnetization of the
ciently small distances. Next to the Drude model, anothemirrors, it is clear from Eqgs(1l) and (2) that the magnetic
more realistic model is also studied. In this so-called hybridCasimir energy between the mirrors will differ for the situa-
model, a plasma model is used for the diagonal element afons in which the magnetizations of the two mirrors are
the dielectric tensor of the magnetic plates, and a single alparallel [ferromagnetic(FM)] or antiparallel[antiferromag-
sorption line model for the off-diagonal element. As for the netic (AF)]. This will result in a net magnetic Casimir force
long-distance limit, the force in this model goes IRe 8 for  per unit area\ F= Far— Fry between the mirrors, different
from the ordinary Casimir force discussed in Réf].
If a change of integration variables (k) — (w,k, ,¢) is
*Electronic address: bruno@mpi-halle.de performed and complex integration methods are used as in
TURL: http://www.mpi-halle.de Ref.[4], Eq. (1) can be written as
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27 k c
L], de OL doRe Trif1—Ra(iw,ik, ,¢)Ra(i ik, ,@)e 2P]. &)

T (2n)°

In general, the reflection coefficients contain terms of different orders of the magneto-optical c@hdtamur calculation,

only terms up to first order i@ will be conserved. When the magnetization direction is reversed, these terms will change sign.
Since the first-order terms are usually much smaller than 1, and than the terms that are indepe@dénitsgbossible to
expand expressio(B) to lowest order in the linear terms.

A. The polar configuration

After some algebra, we find for the situation with magnetization directed perpendicular to the(plated! call this the
polar configuration from now gn

Ast=gt gk h f+wdk . fkicd . (rsp)z -2k, "
~— — w ,
AFTCAMT T ) Gk (1-r2e 2D)(1—r2 e D)
apio G e o] (eI rie Ple 20 .
d _dDN__ 22k Dirq_ .2 o2k D\2]|’ (4b)
0 ([1-ree 2P 1—ry e 2P

where the reflection coefficients have to be evaluated at
imaginary perpendicular wavevector and frequency. In this AE” ~ —f dk, k,
equation, the reflection amplitudes are supposed to be iden-

tical for the two mirrors. Otherwise, the squared reflection - (r” )% 2k,
coefficients have to be replaced by the product of the coef- Xf U de Re{ 1
ficients for the separate mirrote.g.r2.—ras5). The inte- 0 (1-rie 2Py (1-r2 e D)
gral over the anglep is already performed. The reflection (63)
coefficients for a mirror in the polar configuration are given
in Ref.[5] as
Y e Argye 2P
A&~ 4—772f0 dkLka0 doR (1_r2. 20y
Cke—g o egliokie—¢ a (6b)
rsio,ik )= k c+§ rpp(lwvlki)_my
(Sa) H h + o 2
w=JO0
L ik )= (i ik, )= @ Exyliw) ke (rl)2[1-r2s2 e 4k Dlg- 20
spu W IRL PV LT K et E][egyliw)k, CHE]° Xj do Re{ 2kstp —— 2]
(5b) 0 ([1-rie 2P][1-r3 e 2uP])
(60)
with é= Vo ey(iw)—1]+(k, c)°.
h [+
A;E”~— dk, k?
. i . 22
B. The in-plane configuration
For the case where the magnetization is parallel to the kpc Ar2 (1412 e 2 D)e 2D
plates(we will refer to this situation as the in-plane configu- X fo doR (1_rrz)pe—2kp)3

ration from now o, not onlyr,, but alsor y, will contain
a term that is linear in the magneto-optical constant. As a (6d)
consequence, we find two contrlbutlons to the Casimir mag-

netic interaction energy. The first onA&' ) results from the Of Cm”se,AgH;Ag”pL Agg and Aj:l\:A]-'”ﬁA}'g. For
longitudinal Kerr effect, while the second terrmf ) is a two different mirrors, the squares of the reflection coeffi-
consequence of the transversal Kerr effect. Again the integralients have to be replaced as mentioned above. The integra-
over ¢ can be performed directly. We obtaifor identical  tion over the anglep is already performed. The reflection
mirrors) coefficients in Eq(6) are given in Ref[5]:
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rlp(iw,iki)z—rlgs(iw,ikl) Arg (iw,ik )%Zw(:@ (100
_(_l)mwxy(iw)mc) ppli®, ik, w? k.c :

(k et &l[exdimw)k ct+&]E

(7a)
L83 wir hic?
2\w?—(k, €) 2y (iw) (K, C) A& ~ " 162 W D’ (113

For the polar configuration, we arrive at

Ar (i o)k, )= (b o
polt ) ik ot e 7 °
2 2
again with é= Vo el @) — 11+ (K, 0)% r.Jiw,ik,) and AFLe_ &?“’_fﬁ_cs (110
roplio,ik, ) are still given by Eq(5a). Note that the contri- 47 o, D

butions arising from the longitudinal and transversal Kerr
effect are of opposite sign and therefore tend to cancel eacf/hile for the in-plane configuration, it is found that
other. On the basis of Eq$4)—(7), we will calculate the

Casimir magnetic energies and forces for two simple models

{(4) w? hic® {(4) w?hc®

) . . Agllw____, Asl~ —,
in the next twq sections. In Sec. V we w.|II use t.hese equa- 1 472 ot D5 271072 w* D
tions to numerically calculate the interaction for iron plates. P P (123
Ill. THE DRUDE MODEL Ag”_Ag” +Ag\| - 3¢(4) w_g ﬁ_CS o
Consider two identical magnetic mirrors with a dielectric s 2 2072 w* D5’ (12b
tensor described by the Drude model: P
2 5((4) w? ficd {(4) w? he?
oo wuT A]——Hw— ¢ A]:H%__C_
8XX(Iw)_1+w(l+ wT)’ (83 ! 4772 wg DS 2 o2 wg DS
(129
P s (8b) 2
Exyliw)=———. 3{(4) o hcd
—A 7l [~ — e
o(1+w7) AFI=AF +AF)~ a2 oips 12

In this equationw,, is the plasma frequency defined by,
=4mne’/m*; w, Is the cyclotron frequency given by, The second regime is that for intermediate distancés (
=eBy/m*c, whereBg is the effective magnetic field ex- <D<cr7). Now the integrals in Eqg4) and (6) are domi-
perienced by the conduction electrons as a result of exchangmted by the range #<w<k, c~c/D<w,. For the ele-
and spin-orbit interactions; and is the relaxation time. In  ments of the dielectric tensor, one then finds
the usual situationp 7<1<w,7.

There are three important distance regimes to consider. In Y
the long-distance limit P>c7) the dominant part in the Sxx(iw)ngx(iw)_lw_;)»lv (139
integrals in Egqs(4) and(6) comes from the regiom=<Kk, ¢ w
~c/D<1/7. In this range, one has

. w,Z)wC
. . ST sxy(lw)% 3 - (13b
ex(iw)~en(iw)—1~ ” >1, (99 w
In this case, the reflection coefficientss, ryp, rlp, and
wiwe Ar, still satisfy Eqs.(109—(10d), while
i)~ ———. (9b) PP ' '
L W
With these approximations, one finds for the reflection coef- Fsp™~~ o (14
o ) p
ficients:
o o Since the reflection coefficients for the in-plane configuration
s ik )~=rp(io,ik )~-1, (103 in this regime are not different from the ones in the short-

distance limit, the expressiori$2) are still valid for the Ca-
Lo @Ye simir magnetic energies and forces in the in-plane configu-
rs(lw,ik )~——JorT, 10b ) : .
spll @.k.) wp d (100 ration. However, for the polar configuration, one has

rlp(iw,iki)%—% wz_(kic)zy (10(;) At~ ¢ (156)
P p

062102-3



G. METALIDIS AND P. BRUNO

(15b

The third regime to be considered is the limit of short dis-
tances D<c/w;). Here one has to distinguish between two
regions:(i) o<k, c<w, and(ii) v,<w=Kk, c. In region(i),
the dielectric tensor elements are given in EdS), so the
reflection coefficientsrgp, rlp, and Ar,, are the same as
those in the intermediate distance regime, but we will no
make an expansion fogsandr,, around—1 and 1, respec-
tively,

C!)2

. 2k, c .
rss(lw,lkl)%—l-i-w—, rpp(lwalkL)wl_z

p wka_C

(16)
In region(ii), the dielectric tensor elements are given by

2

sxx(lw)—l~—2<1, (17a
w
2
[N
Exyliw)~—== (17b)
w
We then find for regionii),
2
redio,ik,)=0, rpy(iw,ik )~ *—, (183
w2+wp
2
wiw 1
ri(io,ik, )~— —=— ., (18b
sall ko) 2 (ko) (20%+ wd) (18D
| wswc Vo —(k,c)
repim,ik,)~— 5 5. (180
2 (k. 0)*(2w*+ wh)
Jo?—(k, c)?
AT (i ,iK, ) ~ 202w, —— (ks )2 . (189
(kLC)(Za)2+wp)2

With these approximations for the reflection coefficients in
regions(i) and (ii), one finds the following expressions for
the energies and forcéenly the dominant term is given

h

A== 16j§ - wg\/w_pCSIZD 12’ (199
AgL~- 96j§w wgmﬁ%ol’z’ (199
AFy~- 192%/577 @We wpcs/ths/z' (190
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Agl S0 ane3)t Je h 10
" l6y2n i [ (N+1)(4n+6)!1 |w, D2’

Al L 21 @n+3)n Je? Lo
fzwsﬁwpo (n+1)(4n+6)! |0, D3’ (199

From these expressions, it is obvious thH%Agg and

WAFI=AFL for distances small enough. Note that for the

polar configuration, the exponent of the dependence with re-
spect toD obtained here in the short-distance limit differs
from the one obtained in Ref3]. This is due to the effect of
multiple reflections, which were neglected in Rd] in this
regime. It is interesting to note that although the reflection
coefficients are much smaller than 1 in this high-frequency
limit, the effect of multiple reflections is so important that
the analytical dependence with is modified. This is a
unigue feature of the magnetic Casimir effect.

It is clear that in the polar configuration, the energies are
always negative. For the in-plane configuration, however,
Agg is positive, whileAé’! is negative, so the sign of the
resulting energy\&l=Ag!l+ A&l will depend on the mag-
nitude of these two terms in the different regimes. As a re-
sult, a change of sign of the interaction is observed; in the
long and intermediate-distance regimes, the total enmd&/
is negative, while for short distances it is positive. So
whether the magnetic Casimir interaction is negative or posi-
tive depends on the distance between the mirrors.

We numerically calculated Eq&4) and(6) and compared
them to the analytical expressions derived above. Details of
the numerical procedure will be given in Sec. V. The abso-
lute values of the magnetic Casimir forces per unit dbedh
numerical and analytical resultfor distances between 1 nm
and 10um for the two configurations are plotted in Fig. 1.
Since typically 7=10 '3s, the long-distance regimeD(
>c7~10 um) will not be visible in these plots. For the
plots, a Drude model is used witho.=5.9 meV andiw,
=9.85 eV. As expected from the analytical results, the force
in the in-plane configuration will be larger than that for the
polar configuration for small enough distanced (
<10 nm). The discontinuity d~40 nm in the plot of the
in-plane case depicts the change of sign. The analytical re-
sults are in pretty good agreement with the numerical calcu-
lations.

IV. THE HYBRID MODEL

The Drude model is not very realistic. Although it de-
scribes rather well the diagonal part of the dielectric tensor
(except of course for the effect of interband transitions,
which are not very important herethe off-diagonal part of
the dielectric tensor is poorly described. This is because the
latter is dominated by interband transitions. We therefore in-
troduce a modelcalled “hybrid model”) in which &, is
described by a plasma model,

exx(iw)=1+ (20

w2

P
)

w2

062102-4



MAGNETIC CASIMIR EFFECT PHYSICAL REVIEW A66, 062102 (2002

N . (a) 0 N ()
10-2_ ~\‘\ \\ 10 3
L N 10%f
4 Y . 2
—~ 10 Sen £ 10t SN
£ a SR E E N
g 10-6_ \\\ ~‘~\\ § 10-6r
5 100 % 1o
L -12—
10" il
f 10k
10™ L L L 10™ )
10° 10* 107 10* 10° 10° 10
D (m)

()

|AF,| (N/m?)
|AF,| (N/m?)

D (m) D (m)

FIG. 1. Absolute values of the magnetic Casimir fotper unit areawith the mirrors described by a Drude model. Numerical results
(solid curveg are compared with the analytical expressi¢eshed curvedor the polar configuratiofa), the in-plane configuratiotb), the
term A]—‘”l resulting from the longitudinal Kerr effegt), and the term from the transversal Kerr eﬁecﬂ (d).

and wheree,, is described by a single absorption line inter- w2
band transition: exxiw)~ex(iw)—1~ —2>1, (243
w
Resxy(w)%woaig(s(w— wg). (21
. 2 wos§§
In real systemso, will be of the same order of magnitude as Exyliw)~———. (240

a w
w,. The off-diagonal element of the dielectric tensor at

imaginary frequency can be obtained by the followinggne then finds for the reflection coefficients
Kramers-Kranig relation:

redioik )~—1, ryioik )~1, (253

] 2 [+ ,w'zResxy(w')
exy(iw)= EJ'O do'——————, (22 .
0t 2 wosiy
replio ik )~—— ——="w? (25b)
and in this way we arrive at T wp
2 wsseff 2w 8ef'f
sylio)=— —a 20— 23 ik )~—= 0P (k c)%? (250
T w(wy+ ) T w,
For this model, we will only have two different integration eff 2 7 3
. . ; 4 Vo<—(k
regimes; the long-distanc®@>c/w,) and the short-distance Arpp(iw, ik, )~— wO‘ixy 0 (Kio)w . (250
regime O <c/wp). Inthe long-distance regime, the integrals T w, k.c

in Egs.(4) and(6) will be dominated by the range<k, c
<w,. Inthis range, we can approximate the dielectric tensoWith these approximations, we obtain for the magnetic Ca-
by simir energies and forceger unit areg
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2

a2 wz(seﬁ)2 fic® w
N 1T R il (263 eulio)~1~—2 <1, (283
wp o
w2 w?(e$2 5 2 wies
AFL~— =5 O_GXV =1 (26b) exyliw)=~ - o 3xy. (28b)
w 1)

p

4 20 eff\2 5 7 One then finds for the magneto-optical reflection coefficients
T wh(eyy)” AC . R
A~ — — (260  in regioniii):

o 1 1
replio,ik, )~— ;wgegg—(kic)(szerz) , (299
p

3 eff \/wz_(kj_c)z

| 2T @olExy) hC
AFl~~ 1555 i o (260)

I (i ik ) —
ri(iw,ik,) —wye , (29b
gl T @aey)? he! (260 T T k0 (20 0)
2945 8 po’
At (oK) 4 4 o \/wz—(kLC)zw (290
r lw,| ~—wpE . C
| T wd(eg)” Ac’ PR T o) (207 0])?
p With these equations by hand, we made an interpolation for
2 it the reflection coefficients in regiotts) and(iii ). This makes
Al '’ wp(exy) hc’ 26 the calculation of the integrals less labor intensive because
&~ 9450 8 E’ (269 we can calculate the two regions at the same time. We have
p
put
4 2, _effy2 7
AP @ e B
S wp D spT ™ (kLC)(2w2+wF2,)(w2+ wg)'
30
As in the Drude model, the force in the polar configuration (303
will be negative. However, the total force for the in-plane 3 eff T2 2
configuration will be positive for the hybrid model in this ri (iw,ik, )~— ©0fxy © K Co ,
distance regime. P 7T (k, ©)*(20°+ wd)(w?+ w))
In the limit of short distances, one has to distinguish be- (30b)
tween three different integration ranges while performing the
integrals in Eqgs.(4) and (6): region (i) where w<k,c o 4wgg§f; ‘/wi_(klc)iaﬁ
<w,, region (i) k,c>w,, w<w, and region(iii) k,c Arpp(iw,ik )~ 7 22 2. 2.
>w,, 0> w,. Inregion(i), rssandr,, are defined by Eq. T (ko)(20"Fwp) (@ +“’0)(300)

(16), while rép, rlp, and Ar,, are given by Eqs(25b)—
(25d. In regions(ii) and (iii), we will do the calculations \yjth these expressions for the reflection coefficients, we are
without multiple reflections[i.e., we put refiw,ik.)  finally ready to calculate the magnetic Casimir energies and

=Tpp(iw,ik )~0]. In region(ii), the dielectric tensor ele- ¢yces for the short-distance regime. The result is
ments are given in Eq$24), and the magneto-optical reflec-

tion coefficients are given by oo 1 w8(8§§)2 Em( c a1a
| . w2 4273 (wpt \/Ewo)?’ c2 \wD)/’
refimik )~— —wees'——————, (27
sp( L) T 0 Xy(kLC)(sz'f‘wS) 69 6 s
Aot wdey)t A (31b)
S AT (o200 D
rlioik, )~—=weesh ————. (27
™ (kJ_C) (2(1) +wp) 1 wG( ef‘f)Z A
0 8xy c
Agl~- —In , (310
4 mws 8273 (wpt \/Ea)o)3 ¢ \w*D
Arpp(io,ik, ) ~—woegy 5 (279
™ (ki €)(20°+ wp) 6, eff\2
P 1 wi(egy) h
AF|~— oL~ (31
In region (iii ), the dielectric tensor can be approximated by 8\/5773 (wy+ \/Ewo)e’ c’D
p
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FIG. 2. Absolute values of the magnetic Casimir fofper unit areawith the mirrors described by the hybrid model. Numerical results
(solid curveg are compared with the analytical expressitieshed curvedor the polar configuratiofa), the in-plane configuratiotb), the
term Af”l resulting from the longitudinal Kerr effegt), and the term from the transversal Kerr effécl—'ﬂ (d).

R 1 wg(sgfyf 2(wp+5\/§w0) 7 system. This is because interband transitions will start play-
b~ —, (31e ing a role at photon energies of a few eV, and these are not
627 wp(wpt V2we)® D2 contained correctly in either of the models. In order to obtain

an estimate of the magnitude of the magnetic Casimir force
1 wg(sjfyf)z(prr 5\2wq) % in such a real system, it is necessary to perform numerical

AFL~ =
32\/§7T3 wp(wp+ \/Ewo)s D3

(31f)  calculations of Eqs(4) and (6) where the reflection coeffi-
cients are calculated with experimental data for the dielectric
with o* a cutoff frequency of the order of the plasma fre- tenior. In_:ﬂl_s sectllotn, Wg_w'_lll preslentl Stl.JCh cfalc;Jr:atlons for a
quency. . It is clear thatAE”~A5£ andAf”mAfg for  Systemwith iron plates. Similar calculations for the nonmag-
. P : . netic Casimir force have already been performed for Al, Au,
distances small enough. The force for the in-plane conflguémd Cu[6.7]
ration is positive in this short-distance regime too, so there T . .
: . . Experimental values for the imaginary partgf(w) for
will not be a change of sign for this model. . . . .
e are given in Ref.8]. The diagonal element of the dielec-

We did the same numerical calculations as for the Drud fic tensor at imadinary frequency can then be obtained b
model and compared the results with the analytical expres; ginary freq y y

sions in the different regimes. The following parameters he causality relation

were used in our hybrid modeliw,=9.85 eV, fiwg 2 (i
=3.9 eV, si‘;: 15102, and we have puto* sxx(iw):1+_f do’
=2 exp(1),. In Fig. 2 the numerical and analytical results m™Jo

for the absolute value of the magnetic Casimir force are o . o
shown to be in rather good agreement. Of course, it is impossible to perform the numerical integra-

tion over the entire intervdl0,+ ], so we have to define
V. NUMERICAL CALCULATIONS ON Fe our integration range in more dgtall. In our calculations, the
complete range of data extending from 4 meV to 10 keV

The Drude and hybrid model will not provide an accurateavailable in Ref[8] was used, along with a Drude model
description for the dielectric tensor of the mirrors in a realbelow 4 meV, as shown in Fig. 3. The following parameters

o'Ime (o'
o'+t
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FIG. 3. The imaginary part of the diagonal element of the dielectric tensor evaluated at real freq(@ramesthe diagonal element as
a function of imaginary frequenctp).

for the Drude model were found by extrapolation of theresulting force and energyper unit area for the polar
available data at low frequenciediw,=3.5 eV and#/r  and in-plane configurations. In the short-distance limit,
=19 meV. The quantity,,(iw)—1 calculated in this way the force decays a® 2 for the polar configuration and
is shown in Fig. 3 to decay roughly as 7 (for w>7/7), asD 3 for the in-plane case. For long distances we find a
so it cannot be completely described by a Drgdeplasma D6 power law for the polar configuration and 8 for
model. the situation with magnetization parallel to the plates. A

Experimental data for the off-diagonal element of the di-change of sign of the interaction for the in-plane configura-
electric tensor is rather scarce. Some data foe Réw) can  tion is also visible from the figurdthe discontinuity at
be found in Ref[9]. They are shown in Fig. 4. With the D=50 nm). The power laws diffefexcept for the in-plane
causality relation(22), it is then possible to calculate configuration at short distangesrom those obtained for
exy(iw). Since we only have data available between 0.1 eMhe Drude and the hybrid model. This can be explained
and 6 eV, we had to perform the integration in E2R) over as due to the different behavigbecause of interband
this range. This, of course, is a rather rough approximationtransitiong of the dielectric tensor for Fe compared to
The results of the calculation depicted in Fig. 4 show thathat of the models. In view of future experimental investiga-
exy(iw) decays the same way as in our hybrid mopEl  tions of the effect, distance®>10 nm are the most inter-
Eqgs.(24b) and (27b)]. esting. In this range, the effect will be greatest for the polar

The magnetic Casimir force and energy are now calcueonfiguration. For two parallel plates of Peith infinite lat-
lated by numerical integration of Eq&4) and (6). We are  eral extensio)) the force per unit area in this configuration is
interested in plate separations between 1 nm anguh0  approximately 40 mN/fh at D=10 nm, and decays to
These separations correspond to frequencies in the ran@el mN/nf at D=100 nm. Whether such forces can be
102-1C eV, so we will have to perform the integration observed experimentally will be discussed in the following
between, say, 1 eV and 10 eV. Figure 5 shows the section.

L (a) 3 (b)
3,5 [ 10°F
g 3,0 - 103 [
f 25} 10'k
g I - .
F20r 2 10}
W l Vi, 3
&’ 1,5+ T
NS | 3
1,0+ 10'5 E
05} 107F

0,0 I . 1 . { . | N | N L . 10-8 FPETTYEEETTTY R R IS EEPETTIT BRI NP

0 1 2 3 4 5 10® 10* 10° 107 10" 10° 10' 10° 10°
o (eV) o (V)

FIG. 4. The real part of the off-diagonal element of the dielectric tensor evaluated at real frequendtigdied by w?) (a) and the
off-diagonal element as a function of imaginary frequefigy
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FIG. 5. Absolute values of the magnetic Casimir force per unit éaeand the magnetic Casimir energy per unit afi@abetween two
iron plates(of infinite lateral extension The solid curve corresponds to the in-plane configuration, while the dashed curve describes the polar
configuration.

VI. EXPERIMENTAL SETUP actuator. By applying an ac magnetic field, one is able to
. I . o modulate the magnetization of the soft sample at the reso-
Since Itis hard to experlmental_ly maintain two parallel nance frequency of the cantilever. This will generate an os-
plates uniformly separated by distances smaller than @ating magnetic Casimir force that causes the cantilever to
1 um, one of the plates is most often replaced by a lensyiprate. The deflection of the cantilever can then be mea-
shaped mirror. Recently, a number of experiments has beefjred with a laser. In this way, the magnetic fora®F(
performed using this geometry to measure the nonmagnetic F, _—F_,) can be measured. The force resolution achiev-
Casimir force with an atomic force microscopid—12. For  aple using a freely vibrating cantilever is fundamentally lim-
this plate-cylinder geometry, the Casimir force can be obited by intrinsic thermomechanical noise. This force noise
tained from the plate-plate geometry by means of the forcgan be controlled by the geometry of the cantilever; one
proximity theorem{13]: needs a higl® cantilever that is thin, narrow, and long to
_ obtain the best sensitivity. With ultrathin silicon cantilevers,
AF=27RAZD). (33 force resolutions in the attonewton range have been obtained

In this equationR is the radius of curvature of the lens- [16]- More information on the sensitivity of MRFM can be

shaped mirror and £(D) is the Casimir energy per unit area found in Ref.[15,16. o o

for the configuration with two plates. One has to be careful Since the nonmagnetic Casimir effect is independent of
to distinguish betweeAF andAF: the former is the force (€ magnetization direction of the samples, only the mag-
for the plate-lens geometry, while the latter is a force per unif/€tic contribution to the Casimir effect will be measured by

area for two parallel plates. With the numerical results fromUSing this modulation technique. Parasitic electrostatic forces

the preceding section, we are able to estimate the magnitud§@used by a difference in potential between the magnetic

of the magnetic Casimir force in the plate-lens geometry forS@Mples are also automatically taken care of in this way.
Fe. If we takeR=100 xm and a distanc® =50 nm, a force The exchange interaction between the samples does not con-

|AF|~10 N is found for the polar configuration. In the in- tribute much at the separations of intereSt{10 nm). An-
plane configuration, the force will be two orders of magni—Oth_er parasitic magnetostatic mteracU_on is the dipole inter-
tude smaller. Such small forces can probably not be meaaction between the ferromagnets. This dipole force can be

sured with the AFM technique. However, sensitivities of Made as small as needed by taking a ferromagnetic plate
0.1-10 fN in “magnetic resonant force microscopy with sufficiently large lateral extension and sufficiently small

(MRFM)" have been reported14,15. More recently, the thickness. The plate should also be as uniformly magnetized
detection of forces in the attonewton range has beefS possible. With a plate of radius 1 cm and a thickness of 10
achieved16,17. nm, this parasitic magnetostatic force can be estimated to be

A possible MRFM setup is already discussed in detail inpelow 1 aN. Interaction of the soft sample with the ac mag-
netic field will yield a signal at two times the modulation

Ref. [3]. A thin film (=10 nm) of ferromagnetic material equency, so this can be filtered out effectively by using a
ith hard magnetization is deposited on a substrate that i ’
Y dietizafion | posi " IF ck-in amplifier. Thus with MRFM, it should be possible to

placed on a piezoelectric actuator. The lens-shaped mirror 18 h . Casimir | . ith hi
attached to a cantilever by first depositing a small droplet O]rlneasureft ehmagf[;enc asimir interaction without much in-
polymer on the cantilever, which can then be covered b)’ uence of other effects.

evaporation with a thin£10 nm) layer of soft ferromagnet VII. CONCLUSION
(such as permallgyIn this way, one is able to create the lens '
shape, with a curvature radius of say 0. The distance In this paper, the magnetic Casimir interaction discovered

between the samples can be controlled easily with the piezdn Ref.[3] was generalized to the case where the magnetiza-
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tion is parallel to the plates. The calculations for the Drudemicroscopy. However, to obtain an accurate comparison of
model in the short-distance limit were revised, and anothethe theory with eventual experimental results, more work
model was introduced. The behavior of the interaction wass needed on the theoretical side. A detailed analysis of
discussed in the different distance regimes, and it is seen thétte geometrical effects would be valuable; the proximity
the interaction in the two models decays quite differentlyforce theorem does not provide reliable estimations at a
with interplate distance. Numerical calculations for a reallevel of accuracy of a few percent. Also, one has to consider
system with iron plates were also presented. Here we useather corrections already calculated for the nonmagnetic
experimental data for the dielectric tensor of the mirrors. TheCasimir effect; e.g., surface roughness corrections would
results from this numerical work on Fe could not be fitted byprobably play an important roleg[18]. Finally, more
one of the introduced models, because interband transitiorexperimental data on the off-diagonal element of the
play a prominent role in Fe, and these were not implementedielectric tensor for several ferromagnetic materials is
correctly in the models. also necessary in order to obtain a better estimate of the

It was made acceptable that the new Casimir magnetimagnitude of the interaction from the numerical procedure
interaction can be measured with magnetic resonance forqaesented.
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