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Theory of electric-field-controlled surface ferromagnetic transition in metals

Igor V. Ovchinnikov* and Kang L. Wang"
Department of Electrical Engineering, University of California at Los Angeles, Los Angeles, California 90095-1594, USA
(Received 13 December 2008; published 9 January 2009; publisher error corrected 12 January 2009)

It is widely believed that in metals, unlike in the dilute magnetic semiconductors, the control of ferromag-
netic ordering by external voltage is hardly achievable. We compare the two types of ferromagnets and show

that there is no obvious reason why metals are less preferable for this phenomenon. A similar effect in metals,
however, has a different physical picture and should be identified as a voltage-induced surface transition. We
study its properties within the theory of the surface critical phenomena and discuss possible difficulties on the

way to its experimental realization.
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The possibility to externally control ferromagnetic order-
ing will naturally render an entire additional degree of free-
dom to the functionality of the magnetoelectronics and spin-
tronics devices.! Of primary importance is the capacitive
manipulation of ferromagnetism. The voltage-controlled fer-
romagnetic ordering (VCFO) was demonstrated not long
ago’® in the dilute magnetic semiconductors (DMS).> The
phenomenon was recognized as a controllable variation in
the local (bulk) Curie temperature, 72, in the surface layer,
which the electric field penetrates varying the free-carrier
concentration, p, and consequently the free-carrier-mediated
exchange coupling between the localized spins. For reason-
able voltages, the available variation in p and/or T (Ref. 4)
is minor, thus making it imperative that the operation tem-
perature of the device, T, be sufficiently close to the transi-
tion point, 7=(T,—~T¢)/T%— 0. The recent challenge for the
technological applications of the VCFO in DMS is that T,
and consequently 7}, is much lower than the room tempera-
ture, 7.

One of the possible ways to achieve the room-temperature
VCEFO is to switch to the high-7- metallic ferromagnets. The
conventional wisdom, however, puts forward the two follow-
ing widely accepted arguments against the possibility of the
VCFO in metals: (i) due to the high p the voltage-induced
variation in T is inconsiderable in metals; (ii) in metals, the
injected carriers occupy only an atomic-size surface layer
and so should the voltage-induced magnetization. In this
Rapid Communication we show that both arguments are ac-
tually misconceptions and a similar effect must exist in met-
als as recently predicted in Ref. 5. Its physical picture, how-
ever, is in a sense opposite of the conventional interpretation.
The phenomenon should be viewed not as a local bulk but as
a surface transition, which can be isothermally and revers-
ibly turned on and off by the external voltage. We find the
conditions for the existence of the VCFO in metals, obtain
the dependence of physical quantities on the applied voltage,
and discuss complications, together with possible solutions,
on the way to its experimental realization.

The density of itinerant carriers in a ferromagnet defines
the strength of the exchange coupling and consequently the
magnitude of 7. The reserve statement is also qualitatively
correct: that T is high directly points out on high p no
matter what the ferromagnet is—a metal or a DMS. For ex-
ample, in the assumption that the increase in doping leads to
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the corresponding increase in p.% the T of Ga,_,Mn,As was
predicted® to reach Ty at x=~0.1 and p>10?! cm™3, which is
usually considered a metallic limit for p. Had argument (i)
against the VCFO in metals been true, this would make the
recent search for the high-T. DMS meaningless from the
room-temperature VCFO realization point of view. Fortu-
nately, argument (i) is not correct. Near the transition, the
temperature fluctuations have already “consumed” the initial
coupling strength no matter how high the coupling strength
and/or p are. The effectiveness of the charging, p— p+Ap, is
determined by the voltage-induced shift in the absolute value
of T¢, ATe=~Apd,Te, not the relative T variation,
AT/ To Ap/ p, which indeed drops as p rises.’

The injected charge is limited solely by the insulator with-
standing the voltage, and AT for different materials varies
due to the material-specific T sensitivity, d,7c. DMS and
metals have very different (and in a sense opposite) pictures
of their ferromagnetic order: the Ruderman-Kittel-Kotsuya-
Yosida (RKKY) theory vs. the Stoner theory. The T sensi-
tivities, however, can be compared for the two representa-
tives of the two classes of ferromagnets: Ga;_Mn,As and
Ni,Cu;_,. In Ga;_,Mn,As, the exchange-interaction-
mediating carriers are introduced by manganize itself. Each
Mn atom contributes roughly one hole to the valence band so
that pocx. The electron density in Ni,Cu,_, is also linear in
the composition as Cu has an extra electron beyond Ni and,
on the other hand, Ni and Cu have identical band structures.
Thus, the T sensitivity for both materials is approximately
given by the slope of the T%(x) curve: &pTc~a3(9XT’é, with a
being the lattice constant. The ]% curves obtained experi-
mentally for Ni,Cu,_, (Ref. 10) and by the mean-field studies
for Ga,;_,Mn, As (Ref. 8) are given (to scale) in Fig. 1(a). It is
seen that the slopes are of the same order at T%. In fact, the
truth about the metallic ferromagetism is somewhere be-
tween the Stoner and the RKKY theories. The T-sensitivity
in Ni,Cu,_, will be even higher than the estimate a3o"x7"é if
we adopt the RKKY picture. Indeed, the change of the elec-
tron density in the alloy with x is split between the localized
(3d) electrons and the itinerant (4s+4p) electrons, whereas
by the carrier injection one mostly changes the density of the
Tc-defining itinerant electrons. These observations bring us
to the conclusion that there is no obvious reason to believe
that in general the absolute value of 7 is more sensible to
the charging in high-7~- DMS than in metals.
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FIG. 1. (Color online) (a) T'é for Ga;_,Mn,As from mean-field
considerations and Ni,Cu;_, from experimental studies. The thin
line represents 7% of the DMS from Monte Carlo simulations (Ref.
7). (b) Even though the width of the injected charge distribution,
Ap(z), (thin lines) is higher in the high-T- DMS (right side), Atp
< Apwms, the magnetization profile, m(z), (thick lines) being deter-
mined by the spin-spin-correlation length, &, is wider in metals (left
side). (c) The phase plane (7,c) of a semi-infinite ferromagnet con-
sists of the three regions: the paramagnetic, the ferromagnetic, and
the surface ferromagnetic phases. The corresponding mean-field
(thin lines) and RG-corrected (thick lines) magnetization profiles
are qualitatively given in the insets. The ordinary (ord), the special
(sp), the extraordinary (ex), and the surface (sur) transitions are
indicated by the black vertical arrows. With the carrier injection one
shifts the metallic surface on the ¢ scale (double-headed arrows),
and at 7— +0 it is possible to turn the surface magnetization on and
off if c<opp (see text). The dashed double-headed arrow repre-
sents the effect of charging in low-T- DMS material. The effect of
the wetting layer (see text) is also shown. [(d)—(e)] The excess
magnetization, m, and the capacitance renormalization function,
3.c, as functions of ¢ (and/or of the injected charge, o). The arrows
indicate the modification of the profiles as 7— +0.

The spatial behavior of the magnetization does not go
beyond the spin-spin-correlation length, é&=A|7™", where v is
the critical exponent of the bulk transition (v=0.63 for d
=3, n=1) and the cutoff A>a. Thus, the width of the
voltage-induced surface magnetization is given by the largest
of the two lengths: ¢ and the electric-field penetration length.
The device operates in the critical region and £ is large. In
fact, & is limited only by the experimental accuracy with
which it is possible to maintain the device at a fixed T,
stably, and the record £ values can go well above 100 nm.

The electric-field penetration length in metals is given by
the Thomas-Fermi screening radius, AMpp=a<<§. In doped
semiconductors, the electric-field penetration length can be
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as high as hundreds of nanometers at low doping (right
above the percolation threshold, p~10'® cm™). In the
high-T~ DMS case (p>10*" cm™), however, A\py is given
by the Debye screening radius,!" which upon estimation will
not exceed a dozen nanometers. Even though Apyg>> Ay, it
is not as high as the record values of £ so that in both metals
and high-T- DMS the width of the magnetization profile is
determined by £ [see Fig. 1(b)]. The metallic ferromagnetic
ordering is “stiffer” (A e Apms) and Epe™ épms for
equal 7. Thus, argument (ii) is also a misconception and the
voltage-induced magnetization layer must be wider on a me-
tallic surface.

At the transition, the qualitative reconstruction of the sys-
tem’s properties happen on a macroscopically large scale.
The zero-temperature local picture of the magnetoelectric ef-
fect on a surface'? breaks down at the criticality and by no
means applies to the VCFO, which at its very essence is a
phase transition. The proper physical description can only be
given in terms of the theory of the surface critical phenom-
ena (see, e.g., Refs. 13—16), which is based on the formalism
of the Ginzburg-Landau energy functional. At this, the dif-
ference between the magnetic properties of the surface and
the bulk atoms is accounted for by an additional surface-
integral term, c[gn?, where m is the spatial density of the
magnetization and c is the surface enhancement. That ¢ is
negative reflects the fact that the surface atomic layer is lo-
cally “more” ferromagnetic than the bulk. The effects of the
surface-enhanced magnetization'” and the so-called magnetic
“dead” layers'® can be viewed as direct indications that ¢
= (), respectively.

The renormalization-group (RG) flow of a near-critical
semi-infinite ferromagnet is governed by the Wilson’s fixed
point'® on the coupling-constant-t plane. The enhancement,
however, is also a relevant field'® with the cross scaling ¢
« 7P where ® is the so-called crossover exponent (P
~(.58 for d=3 and n=1). Accordingly, the long-wavelength
properties of the system are uniquely defined by the position
on the 7-c¢ phase plane, which consists of the three distinct
regions: ' the paramagnetic phase, the ferromagnetic phase,
and the surface ferromagnetic phase in which the magnetiza-
tion exists only at the surface [see Fig. 1(c)]. Depending on
the value of ¢, the ferromagnetic ordering of the bulk at 7
=0 is referred to as the ordinary (¢>0), the special (¢=0),
and the extraordinary (c¢<<0) transitions. In addition, for ¢
<0 and 7> 0 there also exists the surface transition from the
paramagnetic to the surface ferromagnetic phases. The sur-
face transition has a separate Curie temperature, 7T
=70, 7,=(T-~T%)/T? which is determined up to an
interface-specific factor by the cross scaling, 7,=(—c)"®.

In metals, the injected charge resides exactly in the sur-
face atoms, which determine the surface enhancement. To a
first approximation, the charging can be viewed as a linear
variation, ¢— c+vo, with o=JdzAp(z) being the injected
surface charge and v being another interface-specific param-
eter. On the phase plane, charging a metal looks like the
controllable shift along the ¢ axis. As long as Apys<<§, the
same picture of the VCFO applies to the high-7- DMS. In
case the electric-field penetration length is comparable with
¢, the case which is most likely realized in the low-T- DMS,
the surface electron system “sees” the VCFO as a partly bulk

020402-2



THEORY OF ELECTRIC-FIELD-CONTROLLED SURFACE...

and partly surface transition. On the phase plane, the charg-
ing can be effectively viewed as the shift in both axes at the
angle @=tan~! Apys/& The conventional picture of the
VCFO as of a local bulk transition, i.e., of shifting the sys-
tem along the 7 axis (6— m/2), is recovered only in the
hypothetical situation when £<\pys.

Phase transitions reveal themselves through singular con-
tributions to various physical quantities, Q"2 Typically,
one is interested in the 7 dependence of Q" treating ¢ as
a fixed parameter of the system. The situation is opposite for
the VCFO, where 7 is fixed and it is ¢,which is variable by
the applied voltage. The voltage dependence of Q®"® can be
derived from the scaling hypothesis,'* which implies the fol-
lowing:

0""8)(r,c) = A efplc/ 1), (M

with f(x) being a smooth function with the power-law sin-
gularities at the transition points, x= *0o,—1. The singulari-
ties can be obtained by the requirement that at different tran-
sitions (x=0,-1,=*%) Eq. (1) should provide the
corresponding 7 exponents, which are known for the ordi-

nary, the special, and the surface transitions: Q(Si“g)
sp,ord . :
w7 ,7—0 for c¢=0,+%, respectively, and QUi"®
sur
0<|T— TS|7Q , T— T,

The extraordinary transition case (c——%) is more
subtle.’3!5 The source of the difficulty in the theoretical
studies is in the weakness of the singularities in the presence
of already existing surface magnetization. We appeal to a
heuristic argument that the extraordinary and ordinary tran-
sitions can be viewed as two close points on the opposite
sides of the point c=% on the Reimmann loop. From this
perspective, c=% is a transition point separating the para-
magnetic and the surface ferromagnetic phases. As such, the
exponents of Q"2 should be the same Yo = gd This is at
least true for a, and B, exponents,'> which are of specific
interest to us (see below). With this assumption we arrive at
To=y2, folx)|x+1]70 as x——1, and f, (x)0<|x|(72)‘73d)/q’

0= 70> J0 > Q
as x— *0; and consequently,

A7 + By, |7+l <1

Q(sing) — ’ (2)
T"gdf|c|7QfHQ le| > 7,
where ,yng SP_ P ,ysQur , ,yalr[ ,ygr , ,y(ér(i- ')’gd , ord (

- Qrd)/(D and = is a decently behaving crossover functlon
which can contain weak logarithmic corrections to the ex-
plicit power-law singularities.

The two physical quantities directly measurable experi-
mentally are our primary interest. The first one is the excess
magnetization per surface area, which is straightforwardly
obtainable through, e.g., superconducting quantum interfer-
ence device (SQUID) measurements. The other quantity is
the excess surface energy (per surface area), f,. The transi-
tion should contribute to the overall surface capacitance as
C! =C(_,1 —3(c), where C is the electrostatic capacitance of
the device geometry and 3.(c)=-2¢f,/dc*. This singular
contribution should be measurable by the conventional elec-
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tronics means, e.g., by the differential capacitance measure-
ments. In terms of Eq. (2): y%“’rd Vi " and y;“cr”frd

5°C

The exponents for m, and f, are known in the literature as
' =P8, and ny:Z—ax. At the surface transition, the bulk is
not critical and all the exponents are those of the
(d—1)-dimensional bulk transition: B"= (‘H), a'= (bd .
The surface transition is essentially 2D and it should exist?
in the presence of even vanishingly small perpendicular an-
isotropy (see below). The assumption that at the ordinary and
the special transitions (at which the surface is not critical
solely) there is only one relevant scale, § or that f;
o (1/€%1, leads to the conclusion that o ord_ 94 ) and
B Ord—,B(d) @, The two basic scaling laws ,B(d =19(d
-2+ 7](‘1))/ 2 and a(d =2—dv'¥ relate the exponents to the
two principle bulk exponents v and 7, which are known for
different dimensions and different numbers of the compo-
nents of the order parameter, n.

The vicinity of the surface (and/or the flat geometry of the
device) should impose a strong perpendicular easy-axis an-
isotropy, as is known from the studies of thin magnetic
films.?! Therefore, among different choices of n for the sur-
face transition, n=1 is probably the most pertinent one.
At last, up to the second order in e=4-d (Ref. 19) we
have  (d=3, n=1): =-033, %,7,=0.031, ¢,

=-0.31,92° =0  and yg“;T_o.il, y*;fL -0.32, y%rch
=1.25, 'y%rat——Z. That the power-law smgularity vanishes

ord

for m; at hlgh c’s (,.=0) implies that the logarithmic sin-
gularlty takes over and Eq. (2) should be corrected for m as

OC7'“merln(|c|/ ) for |c|>7®. The resulting curves for m;
and 3, are given in Figs. 1(d) and 1(e).

Numerical estimations can be obtained from mean-field
considerations. At this, the material-specific Ginzburg-
Landau functional parameters should be acquired from some
additional physical arguments. In Ref. 5, this was done for
Ni,Cu;_, in the framework of the orbital-free spin-density-
functional theory. The rise of T¢. (at initial c=0) due to the
charge injection, withstandable by SiO,, was found to be on
order of dozens kelvins. In a similar manner one can obtain
the following estimates for the crossover functions in Eq.
(2): B, =10 Mup em™ and Ex ~1077° J em™, which
lie w1th1n the sensitivity of modern measuring tools. In fact,
due to the small stiffness coefficient, the model proposed in
Ref. 5 underestimates the magnetic response and overesti-
mates the voltage variability of Tj. The possibly low T
variability, however, can be experimentally compensated by
switching to the ferroelectric insulators in which the avail-
able surface charge is on the order of magnitude higher than
in SiO,.

If from the theoretical point of view a rather close look at
the VCFO in metals can be taken with relative ease by build-
ing on the previous work on the surface critical phenomena,
the experimental observation of this effect may claim some
effort and diligence. As is seen from Figs. 1(d) and 1(e) the
strongest ferromagnetic response should be at the tricritical
point (c,7—0). Tuning the interface to the tricritical point
on each of the two phase-plane axes is a matter of two sepa-
rate experimental challenges.
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T of most metallic ferromagnets used recently is usually
much higher than T%. This is the reason why the room-
temperature metallic ferromagnetism was controllable so far
only in ultrathin films.?? In order to bring the VCFO in met-
als to 100 nm scale it is necessary to tune 7~ close to Tp.
This is achievable by the use of ferromagnetic alloys with
the composition-dependent 7; e.g., for Ni,Cu, T%=TR at
x=0.67.

As for tuning the system on the ¢ axis, it is clear from Fig.
1(c) that due to the limitation on the charging, imposed by
the insulating material breakdown, cr|<chD, the VCFO is
only possible if ¢ <ogp. Due to such surface effects as mis-
fit, hybridization of the electron levels, etc., the surface en-
hancement is specific not only to the ferromagnet itself but
also to the contact material. It is possible that none of the
available ferromagnet-insulator pairs will satisfy the above
requirement on c. The solution can be found in what could
be called a “wetting” layer—a monolayer of a different ma-
terial between the contacts. It is likely that an intrinsically
extraordinary ferromagnet such as the lanthanides Gd (Ref.
23) and Tb (Ref. 24) must be used for a wetting layer.

—Xx
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Concluding our discussion, we showed that the effect of
the high-temperature voltage-controlled ferromagnetism
does not favor only the high-T- DMS and should exist in
metallic ferromagnets as well. We clarified the physical pic-
ture of this phenomenon in metals and high-7- DMS, iden-
tifying it with the voltage-controlled transition on a surface,
which is close enough to the tricritical point on the
temperature-surface enhancement phase plane. Within the
theory of the surface critical phenomena we found the “volt-
age” critical exponents for the excess surface magnetization
and surface energy. We proposed that the required proximity
of the tricritical point can be achieved by using ferromag-
netic alloys with T tunable by the composition and by
means of a wetting monolayer of a different material be-
tween the insulator and the ferromagnet.
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