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Domain-wall superconductivity in hybrid superconductor-ferromagnet structures
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On the basis of a phenomenological Ginzburg-Landau approach we investigate the problem of order param-
eter nucleation in hybrid superconductor-ferromagnet systems with a domain structure in an applied external
magnetic field. Both isolated domain boundaries and periodic domain structures in ferromagnetic layers are
considered. We study the interplay between superconductivity localized at the domain walls and far from the
walls and show that such an interplay determines a peculiar field dependence of the critical temerature
For a periodic domain structure the behavior of the upper critical field of superconductivity nucleatior, near
is strongly influenced by the overlapping of the superconducting nuclei localized over different domains.
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[. INTRODUCTION which is obviously suppressed provided superconducting and
ferromagnetic layers are well separated by an insulating bar-
The problem of the coexistence of superconducting andier. We also assume that the domain walls are well pinned
magnetic orderings has been studied for several de¢ades and do not take account of changes in the domain structure
e.g., Refs. 1 and 2 for reviewsOne can separate two basic with an increase irH. It should be noted that we consider
mechanisms responsible for the interaction of superconducferromagnetic films with high coercivitge.g., perpendicular
ing order parameter with magnetic moments in the ferromagmagnetic materials for magneto-optical recording with coer-
netic statefi) the electromagnetic mechaniginteraction of  civity about 1 kOe[e.g., multilayered systems Co/FRef.
Cooper pairs with magnetic field induced by magnetic mo-22)]). The magnetic field induced in the superconductor is
ment3, which was first discussed by Ginzbdiig 1956, and weakened by the insulating layer and can be less than the
(i) the exchange interaction of magnetic moments with eleceoercivity field of the ferromagnet that allows us to neglect
trons in Cooper pairs. The revival of interest in the funda-the magnetic reversal effect in domains. Still the magnitude
mental questions of magnetism and superconductivity coexsf the field can be rather large to observe the effects dis-
istence has been stimulated, in particular, by recenctussed in the paper.
investigations of hybrid superconductor-ferromagstH The distribution of the magnetic field induced by the do-
systems. Such thin-film structures consist of a ferromagnetimain structure is determined by the ratio of two length
insulator film and superconducting film deposited on it. Ascales: the thickness of the ferromagnetic filln,and the
similar situation can be obtained with a metallic ferromagnedistance between the domain wallg, Hereafter we neglect
when a superconducting film is evaporated on the buffer oxa finite width of the domain wall—i.e., consider this width to
ide layer in order to avoid a proximity effect. The supercon-be much less than both the nucleus localization length
ducting properties of such structures have attracted a growwhich is of the order of the superconducting coherence
ing interest due to the large potential for applications. Inlength and the ferromagnetic film thickness. Provided the
particular, such hybrid S/F systems have been intensivelferromagnetic film is rather thickg>w), the magnetic field
investigated in connection with the problem of controlledin a thin superconducting film is almost homogeneous over
flux pinning. Enhancement of the depinning critical currentthe domain and suppresses the critical temperature of super-
density j. has been observed experimentally for superconeonductivity nucleation. In this case with the decrease in the
ducting films with arrays of submicron magnetic d&t§, temperature the superconductivity must first appear just
antidots’ and for S/F bilayers with domain structure in fer- above the domain walsee Refs. 23 and 24ue to a mecha-
romagnetic film$ A theory of vortex structures and pinning nism analogous to the one responsible for the surface super-
in S/F systems at rather low magnetic fields the London  conductivity belowH 5 (see Ref. 2h Thus, in this limit the
approximation has been developed in Refs. 9-18. domain walls stimulate the nucleation of the superconducting
A nonhomogeneous magnetic field distribution inducedorder parameter. Note that the same effect should appear for
by the domain structure in a ferromagnetic layer influenceswo-dimensional magnetic field distributions induced, e.g.,
strongly the conditions of the superconducting order paramby magnetic dots and results in the dependence of the upper
eter nucleation, and, as a consequence, hybrid S/F systerostical field on the angular momentum of the superconduct-
reveal a nontrivial phase diagram in an external applied magng nucleus wave functiofsee Refs. 26—28
netic fieldH (see, e.g., Refs. 19-21In this paper we focus For a thin ferromagnetic film@<w) the magnetic field
on a theoretical study of this phase diagram on the basis afecays with an increase in the distance from the domain wall
the phenomenological Ginzburg-Land@sL) model. We as- and almost vanishes inside the domain. In the absence of an
sume that the electromagnetic mechanism mentioned abowxternal field such a domain wall should locally weaken su-
plays a dominant role and neglect the exchange interactioperconductivity as was discussed in Ref. 9. The supercon-
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zA N 1/£%(T) of the Schrdinger-like equation(2). Note that a
TH similar problem of the energy spectrud(k) of two-
dimensional electronic gas in periodic magnetic field profiles

d - I has been analyzed for zero external magnetic fi¢tO in

R X Ref. 29 for extremely largdd values® and for a steplike
D T l TM l i magnetic profile’!
<>
w II. SUPERCONDUCTIVITY NUCLEATION AT A DOMAIN
FIG. 1. Superconductor-ferromagn&/F bilayer. WALL: AN ISOLATSSC?ERBISER PARAMETER

ducting nucleus in this case should appear far from the do- | et us start from consideration of a superconducting
main wall. As we switch on an external magnetic field, wenycleus at a single domain wall taking the magnetizakibn
can control the position of the superconducting nucleus, supyear the wall in the formv = M sgni)z, (we assume that

pressing the order parameter inside the domains. Thus, thge domain wall width is much less than the superconducting
phase diagram of the S/F bilayer is generally determined bysherence lengih

the interplay between the superconductivity nucleated at the
domain walls and in between these walls. For small-period
domain structureswhenw is comparable with the nucleus
size this simple physical picture based on consideration of
isolated superconducting nuclei should be modified, taking As was mentioned above, for a rather thick ferromagnetic
account of the interaction between the superconducting ndilm (D>w) the expression for the distribution of magnetic

A. Domain wall in a thick ferromagnetic film: Steplike
magnetic field profile

clei localized above different domain walls. field near the surface reads=47M sgnx)+H, whereH
Our further consideration is based on the linearized Glis an external applied magnetic field. We choose the gauge in
equation for the order parametér: the form A=(47M|x|+HX)y,. At high temperatures the

superconductivity far from the domain wall can be com-

pletely suppressed due to the orbital effect. On the contrary,
- v 1) near the boundary the superconducting nucleus can be still

&(T) - .

energetically favorable due to a mechanism analogous to the
HereA(r) is the vector potentiaB(r) =V XA(r), ®yisthe  one responsible for the existence of tig; critical field for
flux quantum £(T) = &,/1—T/Tq is the coherence length, a superconducting nucleus near the superconductor-insulator
andT is the critical temperature of the bulk superconductorinterface(see, e.g., Ref. 35Thus, a change of the magneti-
at B=0. Note that in Eq(1) we neglect the corrections to zation direction which occurs at a domain boundary is re-
the vector potential, caused by the supercurrgmtiicn ~ sponsible for a partial decrease of the orbital effect which
would result in terms nonlinear in the order parameter amprovides conditions for the formation of localized supercon-
plitude). For superconducting films with thicknessmuch  ducting nuclei at the domain walls at high temperatures
smaller than the coherence length the role of the parallelabove the critical temperature far from the wallSuch a
component of the magnetic field is negligibly small. Thus,localized nucleus can appear only if we take account of the
we can take account only of the magnetic field compoiegnt proximity effect—i.e., consider Cooper pairs to exist on both
perpendicular to the film surface and also neglect the depersides of the domain boundary. Such systems can reveal in-
dence of the order parameter nrFor the sake of simplicity teresting behavior in an external magnetic field. An external
we restrict ourselves to consideration of the one-dimensionanagnetic field applied to the sample results in a partial com-
caseB,(x)=H+Db(x), whereH is a uniform external mag- pensation of the field above one of the domains. As a result,
netic field andb(x) is the z component of the field induced the critical temperature of the superconductor can depend
by the magnetizatioiV =M (x)z, (see Fig. 1L nonmonotoneously on the applied magnetic field. Both the

Choosing the gaug@=A(x)y,, one can easily see that critical temperature of superconductivity nucleation far from
the momentum along thg axis is conserved; hence we can the domain wall and the critical temperature of the formation
find the solution of the Schdinger-like equatior(1) in the of localized superconductivity at the wall should increase up
form W(r) = f,(x)exp(-iky), where functionf,(x) should t0 an external field value equal to the magnetic induction
be determined from a solution of the one-dimensional probinduced by the ferromagnetic moment.
lem: It is convenient to rewrite Eq2) in the following dimen-
sionless form:

2

2f 2
——k+(1A(x)—k) fi= f 2 2
k= k-
0 &(T) —Tz"+(|t|+ht—to)2fk=Efk, 3)
Nontrivial solutions of Eq(2) exist only for a discrete set
of temperaturesT,(k). The superconducting critical tem- where t=x/L, to=kL, L?=®./(2@By), h=H/By, E
perature T, should be defined as the highest value=(T,—T)/ATS™, the valueAT™=T,£3/L? character-
maxXT,(k)}, corresponding to the lowest “energy level” izes the shift of critical temperature due to the orbital mecha-
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nism, andB, is the maximum absolute value of the fidid
(in this subsectioBy=47M).

For the caséty|—= a superconducting nucleus will ap-
pear far from the domain boundary at a cert@fh. In this
limit the lowest eigenvalueE=|1—|h|| of Eq. (3) and,
hence, the critical temperature is not disturbed by the pres-
ence of the domain boundary. On the contrary, for fitjte
values the superconducting nuclei to the left and to the right
from the domain wall cannot be considered separately due to
the proximity effect. Provided the lowest energy level in the
resulting potential well in Eq(3) is minimal for a certain -
finite t, coordinate, we get a superconducting nucleus local- e
ized at the domain boundary for temperatures abiqveThe 0 id :
mechanism resulting in the appearance of such a localized -1 -06 (TC—Tco)/ATﬁrb 0
nucleus is analogous to the one responsible for the existence
of surface superconductivity at the superconductor-insulator FIG. 2. The temperature dependence of the critical magnetic
boundary for magnetic fieldsi.,,<H<Hs. Indeed, forh field for a S/F system with a thick ferromagn.e.tic layer. The solid
=0 the potential wellV(t) in Schralinger equation(3) is (dashgoillne corresponds to the supt_arconductlvny nucleation at the
symmetric[V(t)=V(—1)] and the eigenvalue probler) domain boundaryfar from the domain boundayy
can be considered only for>0 with the boundary condition
f(t=0)=0. For this particular case the energy minimum
corresponds t63=E,;,=0.59010(Ref. 25. An increase in
the h value will obviously result in an increasing asymmetry
of the well V(t) and, thus, in the suppression of supercon-
ductivity localized at the domain wall. EquatidB) can be
solved exactly in terms of Weber functiofsee Refs. 25 and

—_
T

HIB,

the critical temperature of superconductivity nucleation on
parameteh is shown in Fig. 2. One can see that the external
field suppresses the localized superconducting nuclei and the
superconductivity localized at the domain wall exists only at
a relatively weak applied field. As we increase an external
field the superconducting nucleus shifts away from the do-
main wall towards the region where the absolute value of the

32) total magnetic field is minimal. For €|h|<1 the curve
i £ E(h) calculated numerically can be fitted by the following
0 i ion-:
f.=C,W| V1+ht— ——, ——|, t>0, 4 simple expression:
k 1 \/m 1+ h) ( )
1., (1 )
( t E E(h)= Emin_i h*+ E_ZEmin h*+Epin. 8
fr=C,W| —J1—ht— ——,—+|, t<0. (5
k 2 /_1_h 1-h
Here C, and C, are constants, and the Weber function B. Domain wall in a thin ferromagnetic film
W(s,¢) is the solution of the following equation: In this subsection we proceed with consideration of an-
other limiting cased <w and consider the problem of super-
PPW conductivity nucleation in the field of an isolated domain
—— +s"W=¢W, (6) wall in a thin ferromagnetic film: B,(x,z=0)

2
ds =4M tan }(D/x)+H. Obviously, for rather weak external

with the boundary conditioW(s— +,s)—0. Matching Magnetic fieldsH<B, (in this subsection the maximum
these solutions at=0 we obtain value of the domain-wall field a=0 is given by the ex-
pressionBy=27M) the superconducting order parameter
nucleates in the region near the poigtwhereB,(xq)=0.

to E ; o :
V1+ h\/\/S T T—=1%h Provided the localization lengthi of the superconducting
vi+h nucleus is much smaller than the characteristic length scale
to E of magnetic field distribution, we can expand vector potential
W ——,—— as
Ji+h'1+h
N—hW.| = o E A(X)zA(XoH‘%Bé(xo)(x_xo)z-
- s J1—h'1-h
T ( to E ' @) Such a local approximation is valid if the following condi-
W| — , tions are fulfilled:
Ji-h'1-h
This.equation can be solved numeric_ally which allows us ‘Bf(XO) ¢<1 and ¢<x,. (9)
to obtain the functiorE(ty,h). The resulting dependence of B, (Xo)
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Introducing a new coordinate= (x—Xg)/¢ we obtain the
dimensionless equation
42 1.5
— — +(t?—Q)?*f=¢€f, (10)
dt
go 1T ‘I
3 d, 3 D, = :
¢=\/——=D , (1)
7| B} (Xo)] 47MD?sirA(H/4M) osl
62(1 T ) (12
€e=—|1——],
& Teo 0 :
-1 05 (T T yaTo® 0
3 q)o 27T
Q=\/——k==—A(Xp) |- (13 FIG. 3. The temperature dependence of the upper critical field
mB;(Xo) D

for a domain wall in a S/F system with a thin ferromagnetic layer
for BoD?/®,=25 (solid line). The dashed line corresponds to the
analytical expressiofil4) at low fields; the dotted line corresponds

to the high-field asymptotic€l6).

The lowest eigenvalue of E¢LO), €;=0.904, is achieved
atQ=0.437. For the critical temperatuiig of superconduc-
tivity nucleation we obtain

13 IH| peratures close td., (£(T)>w); otherwise for a rather
i /3( 77_) (14) large domain sizev>£(T) the overlapping of superconduct-
2B, ing nuclei above different domain walls is exponentially

small. For the sake of simplicity we consider here the case

TcO_TCZE( ®q
ATO® 7| 2B,D?

This expression is valid when w<D and take the steplike distribution of magnetic fields
. induced by the domain structure with peri@g=2w:b(x)
Sm1/3(H/4M)| < AmMD? (15) = Bosgn(), for |x|<w andb(x+na)=Db(x), wheren is an
cogH/AM) | Oy integer. The corresponding vector potential can be chosen in
N the form A(x) =By|x| for |x|<w and A(x+na)=A(X).
Note that close ¢, the upper C”t'c"’}i field has an un- | the absence of an external field the general solution of
usual temperature dependencgT ,— T)%4 Eq. (2) meets the Bloch theorem:
As we increase an external magnetic fieldhe position
of superconducting nucleus shifts from infinity to the domain frg(x+a)= fkq(x)eiqa, (17)

wall atx=0. For rather large fieldsl the nucleus appears to

be localized at the domain wall. Thus, the behavior of thewhereq is a quasimomentum. The nodeless wave function of
nucleus coordinate in an external field is an opposite to théhe ground state corresponds to the vatireO and is an
one considered in the Sec. Il A. The critical temperature fofeyen function of, and thus we obtaifi, (0)=f,(w)=0. So

high-field H limit is given by the expression we conclude that the solution at zero external field is identi-
Te—Teo _ / ' ' ' '
—ATgrb =1—|H|/By. (16) f,() (arb.units) .\ B,(X)/B,

The simple asymptotical formulas given above are in good :
agreement with our numerical simulations of Eg) (see !
Fig. 3. |

For numerical analysis of the localized states of |
Schralinger-like equatiori2) with an external magnetic field o ~ :

we approximated it on a equidistant grid and obtained the 0 BREN

eigenfunctions ,(x) and eigenvalues §#(T) by the diago- AN
nalization method of the tridiagonal difference scheme. The ,
typical behavior of the ground-state wave function is shown '\
in Fig. 4.

lll. NUCLEATION OF SUPERCONDUCTIVITY FOR A - - w0 0 4

PERIODIC DOMAIN STRUCTURE
FIG. 4. The typical behavior of the ground-state wave function

In this s_ection we Co_nsider the effect of_ interaction O_ffor a domain wall in a S/F system with a thin ferromagnetic layer
Cooper pair wave functions nucleated at different domainsolid line). The magnetic field profile is shown by the dashed line.
walls. Surely such an interaction is important only for tem-The parameters aB,D?/ ®,=25 andH/B,=0.24.
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cal to the one describing the superconductivity nucleation in 3
a superconducting film of thickness in uniform magnetic
field By. Following Ref. 25 we can obtain the ground-state
wave functions and energy=(T,,— T.)/AT™ as a func-
tion of momentumk. The behavior of the resulting depen-
dence ofE(k) strongly depends on the parametgiL. Two
different regimes could be realized: for small values of
w/L<2.5 there is only one minimum ofE(k) at k
=w/(2L?), which corresponds to superconductivity nucle-
ation above the domain center. For larger valuewf one
obtains two minima with equal energies at ki'" and
kg'™ (KT""+K3""=w/L?). For w/L>1 the coordinates of
these minim&"'" andk3"" and minimum energ§ approach . =
the values corresponding to the ones for isolated domain -2 (7T _yaTo® -1 0
walls (see Section Il A Depending on the&-momentum ¢ e

value the superconducting nuclei appear either above the FIG. 5. The temperature dependence of the upper critical field
walls atx=na (for k"") or atx=w-+na (for k3""). Thus, for a periodic domain structure in a S/F system with a thick ferro-
the nuclei at neighboring domain walls do not interact withinmagnetic layer formBow? ®,=5 (solid line) and mBow? =1

the linearized GL theory. The dependence of the critical tem{dashed ling

perature on the field, in a periodic domain structure is

described by the formula For not very large values/L <2.0 the critical tempera-
ture becomes a monotonic function of the external magnetic
field because of the strong overlapping of wave functions
' corresponding to different domains. Therefore, the wave
function is no longer localized in a single domdsee Fig.
where the functiorF(z) coincides with that for a supercon- 8). However, even in this case we still observe a change in
ducting film in the uniform magnetic fielB, which is plot-  the slope of the phase transition lifgee the dashed line in
ted, e.g., in Ref. 25. For a finite domain thicknesshe  Fig. 5).
critical temperaturd .(B,) appears to be larger than the one  The behavior of the upper critical field discussed above is
for a single domain wall. This difference ifi, becomes not specific for steplike field distributions. To demonstrate
rather large for small valueg=7wBow?/2d, when the this fact we studied the superconductivity nucleation for the
nucleus is not localized near the domain boundary. For largéeld profile B,(x) =Bycos(2mx/a)+H. The phase diagram on
z values one can obtaiR(z) — z/1.69, which corresponds to the planeH-T appears to be qualitatively similar to the one
the dependencg,(B,) for a nucleus at a single domain wall. shown in Fig. 5. The critical temperature is a monotonic
If we apply an external magnetic field, the Bloch theo- function of the external magnetic field fa/L<4.5. For
rem is no longer valid and the solutidp(x) appears to be large parameters/L>1 and H<B, the behavior of the
localized. The energy levef(k) becomes a periodic func- critical temperature can be analyzed analytically following
tion of the momentunk: E(k+47Hw/®,)=E(k). The be- the approach used in Section Il B. The characteristic size of a
havior of the upper critical field and structure of supercon-
ducting nuclei are controlled by the parametefL. The ; ;
results of our calculations carried out using the same numeri- f(x) (arb.units) B_(x)/B
cal scheme as in Section Il B are shown in Fig. 5. R
For large valuesw/L the phase transition line is very I
close to the one found in the Section Il A, except for the
small temperature region cIoseTgO:AT~4TC0§§/w2. Out-
side this narrow temperature interv@nd for H<B) the
wave function is localized at the domain walkee Fig. 6.
The coordinates of these localized nuclei shiftnaa as 0
we change the momentum atrrHlwm/®, (m is an integey.
Let us note that for rather weak magnetic fields<B, we
observed a very peculiar behavior of the order parameter for
a discrete set of field values given by the conditidh"

nN
T

HIB,

—_
T

485 [ mBow?
1—TC/TC0—FF( >,

—kM"=47Hwm/®: the ground-state wave functidip(x) -1 5 T
has a two-peak structursee Fig. 7. This fact is a natural - x/(aw)
consequence of the equivalence of the moménend k’ FIG. 6. The behavior of the ground-state wave functisolid

=k+4mHwm/®, and the resulting resonant interaction of jine) localized at a domain wall in a periodic domain system. The
nuclei localized at domain walls separated by the distancenagnetic field profile is shown by the dashed line. The parameters
w(2m—1). are mBow?/®y=5 andH/B,=0.095.
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FIG. 7. The two-peak structure of the ground-state wave func- FIG. 8. The behavior of the ground-state wave function in a
tion (solid line) for a periodic domain system. The magnetic field periodic domain structure forrBgw?/®,=1 and H/By=0.025
profile is shown by the dashed line. The parameters ardsolid line). The magnetic field profile is shown by the dashed line.

mBW2/®y=5 andH/B,=0.16. - _ » .
ing increase in the critical temperature above a domain wall

Js quite strong:6T.~1-3 K. The thickness of a supercon-
ducting film must be much smaller than the distance between
domains and ideal conditions correspond to a thickness of
@, H2\ " Ve the order of several coherence lengths. So we conclude that
€=a\/f3ﬁ(1——2) , the effects discussed above may be easily observed and
2mBoa Bo could be quite important. Note that the behavior observed in
Ref. 21 for S/F bilayers with bubble domains in a ferromag-
T. 53 3 /271-ZBOa2 H?2 netic film is qualitatively similar to our predictions. Gener-
( 1- T_c()) = 60; To 1- ? : (18 ally the temperature behavior of the critical field in S/F struc-
0 tures can be very rictsee Figs. 2, 3, and)@and it is strongly
The validity range of this approximate description is defineddependent on the domain structure and method of determi-
by the conditions nation of the critical field. Careful measurements of the re-
sistive and magnetic transitidincluding the measurements
H/Bg of the transition broadeningn the samples with a control-
1-H?%B3

superconducting nucleus and the critical temperature of s
perconductivity nucleation are given by the expressions

13
>1.

lable domain structure would be very useful for the interpre-
tation of the phase diagram and could give important infor-
mation on the domain-wall superconductivity.
IV. CONCLUSIONS Note in conclusion that the existence of localized super-

To summarize, we investigated the conditions of nucle-conducting channels near the domain walls in S/F hetero-
ation of localized superconductivity at the domain bound-Structures can prowde an interesting possibility to realize a
aries in hybrid S/F systems. The appearance of these locaiVitching behavior provided we can move the ferromagnetic
ized superconducting nuclei should result in a broadening ofomain wall. The sluperconductlng' channel n this case
the superconducting transition probed, e.g., by the resistivitgnould follow the motion of the domain wall, which provides
measurements. We predict different regimes for the temper& POssibility to control the conductance between certain
ture dependence of the upper critical field ndar. The Static leads.
crossover between these regimes could be easily seen in ex-
periments. In fact, the beginning of the resistivity decrease
with the temperature decrease would correspond to the We would like to thank Dr. I. A. Shereshevskii for fruitful
domain-wall superconductivity, while its complete disap-discussions and F. M. Peeters for correspondence and valu-
pearance would signal the bulk superconductivity. An exterable comments. This work was supported, in part, by the
nal magnetic field would shrink the region of the domainRussian Foundation for Basic Research, Grant No. 03-02-
wall superconductivity. Let us discuss some estimates of th&6774, Russian Academy of Sciences under the Program
physical parameters for systems where the nucleation of stQuantum Macrophysics,” Russian State Grant No. MD-
perconductivity at domain boundaries could be observed. W@41.2003.02, University of Nizhny Novgorod under the pro-
can take, for example, the parameters of Nb9 K and gram BRHE and “Physics of Solid State Nanostructures,”
dH.,/dT~0.5 kOe/K) and typical values of magnetization ESF “Vortex” Program, and Materials Theory Institute at the
for ferromagnetic insulators,#M ~1-10 kOe. The result- Argonne National Laboratory.
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