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Voltage sensitivity of Curie temperature in ultrathin metallic films
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In ferromagnetic metals, the surface enhancement of magnetization and the surface magnetic anisotropy are
known to be coupled to the surface charge, o, controllable by bias voltage. In the critical region, these surface
parameters are nonlocal relevant fields, from which the Curie temperature of an ultrathin film, 7, should
borrow the dependence on ¢. Studying this phenomenon in the 3d transition metals, we find a significant
sensitivity of T to the charging. Our results suggest the possibility of the near-critical voltage control of the
very existence of magnetization in ultrathin metallic films, which can be useful for the future development of

spintronics devices.
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Magnetoelectronics is rightfully considered one of the
most likely future alternatives to the semiconductor technol-
ogy. Metallic ferromagnets as a material basis are especially
promising due to the robustness of the metallic ferromag-
netic order, which persists even well-above room tempera-
ture, and the high conductance and/or carrier density, which
allows for going further in the miniaturization.' The energy-
dissipation issues make the manipulation of the magnetiza-
tion by voltage?? more advantageous over that by electric
currents.* These are the reasons why among modern direc-
tions of frontier research is the study of the possibility to
control by voltage the magnetization of tiny metallic
parts,>~'3 which are typically of a film geometry.

The voltage control of the ferromagnetic transition in nan-
ometer scale metallic films may seem impossible due to the
screening of the electric field within a surface atomic layer.
This first-sight conclusion, however, is not correct. The point
is that the spatial width of the influence of the surface charge,
o, on the magnitude of the magnetization (soft sector) is
determined by the soft-sector correlation length, §S,13 and not
by the electric field penetration depth. In turn, & grows in-
finitely in the critical region, and sufficiently close to the
transition, when &g becomes on the order of the film width, o
couples to the soft sector across the entire film. This mecha-
nism of the critical nonlocality is universal and, in particular,
is responsible for the recently observed bulklike behavior of
surface quasiparticles in near-critical Mott insulators.'* In
our case, it should make the Curie temperature, T, depen-
dent on ¢. The T (o) dependence assumes the possibility to
isothermally manipulate by voltage the very existence of the
metallic magnetization, which is quite remarkable from the
fundamental point of view and may be of use in the future
development of the low-power magnetoelectronics devices.
Studying this phenomenon, we find that the 7~ of 3d transi-
tion metals ultrathin films is considerably sensitive to the
charging.

Our strategy to determine the T (o) dependence is rather
straightforward. The coupling of ¢ to the soft sector at low
temperatures is known as the surface magnetoelectric effect
(SMEE),%’ represented graphically in Fig. 1(a). At T<T_,
the mean-field theory is applicable and the SMEE coeffi-
cients directly provide the information on the o dependence
of surface parameters of the Ginzburg-Landau (GL) func-
tional. To the best of our knowledge, the only SMEE coeffi-
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cients for the 3d transition metals available in the literature
are those of Ref. 7 for Ni[001], Co[0001], and Fe[001] free
surfaces, to which we limit our consideration.

In the critical region, in which the SMEE develops into
the T¢(o) dependence [see Fig. 1(b)], the fluctuations are
important and it is necessary to go beyond the mean-field
theory. Accordingly, using previous experimental and ab ini-
tio data for T=0 we construct the GL functional, perform the
mean-field analysis, and then “dress” the mean-field results
by the fluctuational corrections.

Only relevant operators should be kept in the “minimal”
GL functional to be used in the critical region. They are
known to be ~d&m? m?, and m*, where m=M/M,, is the
dimensionless vector magnetization and M, is the magneti-
zation at T=0. The explicit 7" dependence can be dropped for
all the operators but one—the “mass” term of the spherically
symmetric Landau potential U, =(m?+7)?/4, where 7=(T
-TH/ 7% with T’é being the bulk transition temperature. The
“kinetic” nonlocal term can always be brought to the spheri-
cally symmetric form, (dm)*=X,,(dm;/ ax;)*, by the appro-
priate transformation of the spatial coordinates. The cubic
anisotropy, being of the fourth order, OCE,-m?, may also seem
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FIG. 1. (Color online) (a) The dimensionless magnetization,
m(z), as a function of the spatial coordinate, z, across the film at low
temperature, 7=(7— Tlé)/ Tléﬂ—l, with T{é being the bulk transition
temperature. D is the film width. The difference in the magnetic
properties of the surface and the bulk atoms, represented by Eq. (3),
results in the excess surface magnetization, M¢,., which is shown as
the shaded area and the spatial width of which is determined by the
T=0 soft-sector correlation length, &4(0). The charge, o, injected
into the (left) surface approximately linearly varies MS,, which
constitutes the low-temperature SMEE. (b) In the critical region,
7—0 and &> D, the coupling of o to the soft sector enables the
ultimate manipulation of the very existence of the magnetization

across the film.
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relevant. However, for the number of components of the or-
der parameter, N<4, the system should flow to the O(N)
Heisenberg stable point.!> Thus the cubic anisotropy can be
most likely dropped. The above reasonings limit the volume
part of the “minimal” GL functional to the following

Fy=TeA™ f [A2(0m)*2+ U, + U,]. (1)
14

Here the dimensional Tlé and the real-space cutoff, A, are the
primary energy and length scales, over which all the energies
and lengths in the problem lose their dimensions. Note, that
all the variables and coefficients have to be brought to the
dimensionless form in order to be able to appropriately shift
the power laws later, while accounting for fluctuations.

Adopting the convention of Ref. 16 that positive aniso-
tropy prefers the out-of-plane order, the local potential of the
uniaxial bulk anisotropy in Eq. (1) can be given as

U,=-KmAm/2, (2)

where the traceless A;;= 5,6, 6;;/3 (z is the coordinate per-
pendicular to the film) and the bulk anisotropy K=K,—g*
consists of the magnetocrystalline contribution, K,, and the
magnetic dipole-dipole “shape” contribution represented by
the parameter called quality, ¢.'

The “minimal” GL functional is the sum of the volume

part Eq. (1) and the relevant surface-integral terms:!”

Fs= Y%A_2E J

7=z,

(cn* —k,mAm)/2, (3)

where z,=(~1)*D/2 are the z coordinates of the left (a=1)
and right (a=2) surfaces, and ¢, and k, are the surface en-
hancement and surface anisotropy coefficients.

The bulk GL functional parameters relate to the experi-
mentally obtained “exchange” constant, A, the bulk uniaxial
anisotropy constant, K, and the 7=0 magnetization, all re-
viewed in Ref. 18, as A=T%/(2A)=~(3.71,3.04,4.03) A,
K,=2AK,/T0.~(0,1.2,0)X 1073, and ¢*=u MZA>/T?
~(1.8,3.7,16) X 1073. Here and in the following the triples
of the numerical values correspond, respectively, to Ni[001],
Cu[0001], and Fe[001]. The surface anisotropy can be ex-
pressed via K, of Ref. 16 as k=2A%K,/T?~(-14,
-0.26,2.1) X 1072,

The difference in the magnetization of the surface and the
bulk atoms at T=0, dmyg,, (in Bohr magnetons, ug) is known
from ab initio studies and reviewed in Ref. 18.!° The excess
surface magnetization [see Fig. 1(a)] is given as Mg,
= ug Smg,s, where s is the area density of surface atoms.?’
From the GL functional formalism at 7=0 and for |c|=<1
the mean-field M:ﬁ;MF%(—c)Mogs(O), where the “width” of
the excess magnetization is given by the T=0 correlation
length, &(0)=A/\2. For all the three materials &(0) is
smaller than the lattice constant and MM can be attributed
to the surface atoms only so that MZMF~pM® or ¢
=~ —up Omg,s/[Myég(0)]= (-0.11,-0.04,-0.16).

In Ref. 13 it was suggested that o couples to the soft
sector via the surface enhancement: ¢ — c+ a0, where «, is
the surface enhancement sensitivity. This assumption is in
accord with the SMEE at T=0.%7 in which M varies

sur
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linearly with o. The results of Ref. 7 also suggest the linear
coupling of o to the surface anisotropy: k— k+ ;0.
The sensitivities «,=(2ag+az)/[3eouoM£(0)]~=(1.88,
0.47,043)/0y and a,=(ag—ag)/[eomeMo£(0)]=(0.37,
-0.03,-0.09)/ 0, where 0y=10 C/cm® and ay’s are the
T=0 SMEE coefficients of Ref. 7 with superscripts specify-
ing direction of the magnetization.

Without a contact, free surfaces of the metals are “extraor-
dinary” (¢<0) due to the reduced coordination number for
the surface atoms resulting in the increased surface density
of states and consequently positive M, . In situations impor-
tant for applications, however, the metallic surface is in con-
tact with an insulating material withstanding the voltage. In
order to maximize the controllable surface charge it is mean-
ingful to have a ferroelectric material as a contact.’ Even if
no considerable reconstruction of the lattice structure of the
metal has happened at the surface, the effect of the contact
material is in the charge redistribution preserving the electro-
chemical equilibrium and putting a constant surface charge
A0 et On the metallic surface. Thus, ¢ and k should ac-
quire constant contact-specific shifts (~a, ;A0 oppue). This,
together with the other interface effects, e.g., materials’ in-
terdiffusion, will often render the surface ordinary
(¢>0)—the situation shown in Fig. 1(a). We believe, how-
ever, that the above values of ¢ and k for free surfaces prop-
erly reflect the order of the magnitude of the constants and,
in particular, £.<§& x (see below) is a reasonable assump-
tion. Note that within the above oversimplified picture, a,,
along with the upcoming estimations for the 7~ controllabil-
ity by o in the ultrathin film limit, are not contact specific.

Having obtained the necessary GL functional parameters,
we turn to the mean-field picture, in which the ground-state
magnetization profile across the film can be found by the
solution of the Euler equation with the appropriate boundary
conditions

Az&gm =0,(U.+Uy), (4a)

(= DAdm = (cq— k,A)m|., . (4b)

At low temperatures, the soft sector is frozen (m>~ 1) and m
is allowed to vary only in its orientation (Goldstone sector).
The orientation is governed by the nonlocal and the aniso-
tropy terms of the GL functional, which define the (mean-
field) bulk Goldstone-sector correlation length, %[F
=A|K[Y? (>5 nm for the 3d transition metals). In case
when D= &, the orientation of the magnetization across
the film acts as one and the effective anisotropy can be in-
troduced, KXi =K+ k,A/D. Provided K> — 0, disregards
of the fact that o resides only in, e.g., the left surface atomic
layer, it is possible to externally control the sign of Kle\ff
along with the orientation of the magnetization across the
entire film. A considerable experimental progress has been
recently achieved on the way to the realization of the possi-
bility to control the orientation of the low-7 metallic magne-
tization by sheer voltage.8~'? This possibility stands concep-
tually aside from cases, in which the control is mediated by,
e.g., piezoelectric strain,'! or the effective surface field (ex-
change bias) in the antiferromagnet-ferromagnet structures.'?
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FIG. 2. (Color online) (a) The mean-field scaled Curie tempera-
ture, 7o(D/A)? (where A is the real-space cutoff) as a function of
the scaled left and right surface enhancements (c;,c,) X (D/A). The
thin-film limit corresponds to the neighborhood of the origin [cf.
Eq. (9)]. The possibility to control the transition by the injected
surface charge on the (left) surface (c¢;— c,+a,0) is indicated by
the double-headed arrow. The points on the phase-plane away from
the origin correspond to (b) the wide-film limit, in which the two
surfaces separate from the bulk and develop independent phase dia-
grams on the (7¢,c¢) plane: when ¢ <0, surface orders before the
bulk at 7.~ (—c) U, 71(’j (for &.= &g see text). The insets show the
magnetization profile in the corresponding point of the phase dia-
gram and space. The possibility to control the (left) surface transi-
tion (Ref. 13) is indicated by the double-headed arrow.

Turning back to finding the T+(o) dependence, we notice
that right below the transition the magnetization is vanish-
ingly small and the nonlinear term in U; of Eq. (4a) can be
dropped, so that

m(z)= >, m;exp + (72" 2(z/A), (5)
where 7,-=7.~K/3 and 7¢=7.+2K/3 for the in- and out-of-
plane components of the magnetization. The boundary con-
ditions (4b) provide linear homogeneous equations on m-.,
solvable only if

OMF = 6(7¢,0,) B7c,00)* =0, (6)
where ¢! =c,~k,/3, c;=c,+2k,/3 and
0= (c,co + TC)tanh(Tlc/zD/A) +(c; +¢y) TIC/Z. (7)

Equations (5) and (7) are given for the 7->0 case, which is
limited on the (cy,c,) plane by 3,c.'>~1 and ¢,<0. In
case of negative 7, the corresponding equations are obtained
by the analytical continuation 70> — i(~7¢) "2,

Equation (6) has an infinite number of solutions. Only the
highest solution has the meaning of the mean-field 7., as
below it the magnetization is already condensed and, in par-
ticular, approximation Eq. (5) is not valid. Thus 7, corre-
sponds to either the out-of-plane #(7¢,c)=0 or the in-plane
o 'C,c'iy):O, whichever provides the highest 7. depending
on the surface parameters. The appropriate solution of
O(7¢,c,)=0 is given in Fig. 2(a).

In systems of low dimensionality and/or large number of
components of the order parameter, the fluctuations weaken
the tendency of the magnetization to form a long-range or-
der. For any finite D <o, the system is formally two dimen-
sional (2D) and is known to support only the out-of-plane
Ising-type long-range order’! and the in-plane Kosterlitz-
Thouless-Berezinskii (KTB) quasi-long-range order?’> with
no global spontaneous magnetization (the global spontane-
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ous magnetization exists, however, in finite 2D systems23).
Before the two transitions may happen, the system has first
to pass a rounded transition (or crossover)?* into the state
with the local (in the 2D sense) magnetization across the
film, experimentally observable by, e.g., the spatially re-
solved magnetic measurements. It suffices to study only the
o dependence of the critical temperature of the rounded tran-
sition, 7, as the Ising-type and the KTB transitions tempera-
tures are related to (and lower than) 7.

The rounded transition can be located as a peak in the
magnetic susceptibly. This can be expressed mathematically
as an implicit equation on 7

O(A/D,7¢,K,Co.k,) =0, (8)

the mean-field version of which is Eq. (6). In the critical
region, the onset of the renormalization group flow is in the
vicinity of the N&d=3 stable point (A/D,7¢,K,c4,ke—0),
in which the fields scale as D'~ u™!, 7.~ u V", and x;
~ %" where the notation x; stands for (K,c,,k,) and v
~0.68, py=0~1.22, $p.=P=0.67, and ¢, =V ~=0.89 up
to the second order in e=4—d.!”"> Besides D, the reciprocal
of which is considered to be an additional relevant field in
the spirit of the finite-size scaling,” the system has three
characteristic lengths: the extrapolation length, &.=A|c[™®
~(3.4,7.3,2.7) nm, and the lengths associated with the
anisotropies  &=A|K|7"¢~(12.3,8.4,3.9) nm and &
=Alk|""¥'~(9.2,27,7.6) nm.

The shifts in the critical exponents is the most pronounced
effect of fluctuations, which we are going to take into ac-
count by scaling arguments. Compared with the mean-field
picture, the fluctuations have two other effects: the crossover
functions acquire factors of order unity, e.g., sin mv~1,
which, however, can be dropped to a good approximation;
the absolute values of T‘é and ¢, acquire fluctuational
shifts,'” which can be absorbed into the parameters by their
redefinition.

In the limit of wide films, D>§x[, Vi, the interior of the
film is a bulk, what reflects itself in the factorization
0(0,...) = O™ (7., K)II,_; ,0"(7¢,K ,c . k,). The “bulk”
part of Eq. (8) defines 72*=E/*|K]|"/¢ of the in- and out-of-
plane bulk transitions, respectively (K=0), where the values
of the corresponding crossover functions Z"* are such that
OPIK(ElL 3 1)=0. The two surfaces have separate phase
diagrams [see Fig. 2(b)]. In case ¢<0, the surface should
order before the bulk at 73"=~ZE"(-c)"® (for & =§& ),
where 2% is such that @ (Z%r,0,-1,0)=0.2° The possi-
bility to control the surface transition by charge injection was
discussed in Ref. 13. At this, the (2D local) magnetization
controllably exists only in a relatively small surface layer of
the film, making the effect of a limited interest for applica-
tions. Moreover, the voltage control is possible only if
c¢——0, which is not satisfied in general.

Of the most importance for applications is the thin-film
limit, in which the two above disadvantages with the control-
lable surface transition disappear. When

D=§, )

the surface and the bulk transitions lock into one crossover.
As long as Eq. (9) is satisfied, D becomes the shortest scale
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in the problem, A <D =< ¢ < & g, which allows to Taylor ex-
pand Eq. (8), after having performed the scaling transforma-
tion A/D—1, 7c—Te=1(DIAN)"", x;—Fi=x(D/A)%"
[i=(K,c,,k,)], and arrive at

e~ Bo(A/D)"" + D) Euxi(A/D) - (10)

X

Here E, is the solution of ®(1,Z,,0,...)=0 and
E,-:&;j@(l,?c,...)/&;C®(l,7c,...)|;C:EO,5C~I_:O. (11)

The first term in Eq. (10) is the well-known finite-size scal-
ing correction with the “shift” exponent 1/v.2* The rest is the
contribution from the other relevant fields.

Finally we are in the position to conclude with the esti-
mations of the surface-charge-induced shifts in 7~. From Eq.
(6), the necessary values of the mean-field crossover func-
tions E.=1 and E;=-1/3,2/3 for the in- and out-of-plane
orderings. Combining this result with Eq. (10) and the above
values for the critical exponents, A and «; ., we find that the
TC shift

AT = 0T a,E(A/D) =" + 0, F (A/D) V7],

induced by typical saturation polarization of lead zirconate
titanate (PZT) (0~30 wC/cm?) in a D=2-nm-wide film is
(13.6,7.9,6.9) K and (19.1,7.0,4.7) K for the in- and out-of-
plane orderings, respectively.
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In summary, in this Brief Report we studied the possibil-
ity to control the ferromagnetic critical temperature of ultra-
thin metallic films by charging, which should enable the
bias-voltage control of the existence of the metallic magne-
tization. The coupling of the surface charge to the critical
temperature is due to the surface-charge dependence of the
surface enhancement and the surface anisotropy, which are
relevant fields in the critical region. Using scaling arguments
and the GL functional derived from data previously obtained
experimentally and by zero-temperature ab initio studies we
found a considerable sensitivity of the critical temperature to
the charging in the 3d transition metals ultrathin films. For
the room-temperature applications, the critical temperature
should be brought down to the desired operation tempera-
ture. This can be achieved by, e.g., the use of alloys."?

At the time of the submission we became aware of the
very recent experimental demonstration?’ of the critical tem-
perature of a 4-nm-wide layer of the complex ferromagnetic
oxide (LaSrMnO) is subject to the 20 K variation by the
surface charge of a PZT contact. At this, the density of free
carriers is almost at the metallic level (102! ¢m™). This re-
sult supports our prediction that disregard of the high density
of free carriers, the critical temperature in the metallic ferro-
magnetic films is externally controllable.
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