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Interlayer exchange coupling in strong/weak/strong ferromagnetic multilayers is investigated as a function of
external magnetic field and temperature, with the focus on the magnetization switching near the Curie transition
in the spacer composed of a diluted ferromagnet of concentration paramagnetic in the bulk. The effect of an
externally applied reversing magnetic field on the width of the thermomagnetic transition is studied experimentally
and explained theoretically as a result of the interplay between the proximity-induced exchange and the Zeeman
effects in the system. Of high potential for applications should be the ability to switch one of the ferromagnetic
outer layers using magnetic field, temperature, or a combination of the two.

DOI: 10.1103/PhysRevB.90.104427

I. INTRODUCTION

Interlayer exchange interactions in spin-valve-type mag-
netic multilayers, such as direct exchange [1], indirect oscil-
latory (RKKY) exchange [2—4], the magnetostatic Néel cou-
pling [5-7], and exchange at ferromagnetic/antiferromagnetic
interfaces [8,9], often dominate the magnetic ordering in the
structure. These interactions are essentially fixed and cannot be
affected by external parameters post-fabrication. The energy
of these interactions is proportional to the strength of the
magnetization in the ferromagnetic layers and for typical spin
valves varies little for small changes in temperature near room
temperature. It would be highly advantageous to be able to
externally affect the strength of the intralayer and interlayer
exchange interactions in a magnetic stack, as that could result
in new types of devices based on magnetic switching via
exchange coupling/decoupling of a suitable free layer.

Recently proposed [10,11] and experimentally demon-
strated [12,13] is the effect of thermally controlled interlayer
exchange coupling in trilayers of two strong ferromagnets (F)
separated by a weakly ferromagnetic spacer (f), F\/f/F, (so-
called Curie valves), with a sharp thermomagnetic switching in
the structure just above room temperature [ 14]. This switching
was achieved by exchange decoupling of F; and F, when the
weakly ferromagnetic spacer was thermally driven through its
Curie point into the paramagnetic state.

Spacer f, determining the exchange between the outer
layers F; and F,, was diluted ferromagnetic alloy Ni,Cujgo—x
[10-14]. Since Ni and Cu have fcc lattices with nearly equal lat-
tice parameters (an; = 3.523 A, acy = 3.616 1&), Ni,Cujgo—x
alloys form at elevated temperatures up to 650 K single-phase
fcc-lattice substitutional solid solutions (o phase), in which Ni
and Cu are miscible in any proportions. At lower temperatures
phase « dissociates into two, a Ni-rich phase «; and a Cu-rich
phase «;, yielding a two-phase solid-state solution [15].
Therefore, in bulk samples [16-18] as well as thin films
of Ni,Cujgp—, deposited using magnetron sputtering [19],
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ferromagnetic clusters have been observed with magnetic
moments of 8-12uyp corresponding to ~20-30 atoms of Ni
and an average size of ~5-10 nm.

The Curie temperature (7¢) of bulk [15] as well as film
[20-23] samples of Ni,Cujgo—, alloys depends almost linearly
on the Ni concentration. For x varying between ~43-100
at.% the T¢ monotonically increases from ~0 K to 627 K.
Thus, by selecting the magnetic dilution of the Ni-Cu spacer,
and thereby its Curie point, one can regulate the temperature
dependence of the exchange coupling in F /f/F, trilayer
structures. The spacer is weakly ferromagnetic below its
Té and nominally paramagnetic above it. The proximity
effect at the interface with a strong ferromagnet, however,
can induce magnetization in a paramagnetic metal (F/P
interface) [27,28], sometimes even in a nonmagnetic metal
(F/N interface) [29,30]. This effect is typically accompanied
by a reduction of the atomic magnetic moments in the
strong ferromagnet at the interface [24-26] as well as by
a substantial increase in the Curie point of the interfacial
layer of the paramagnet [28]. It was recently observed [14]
that in Curie valves of type F;/Ni,Cujg_./F, the strength
of the effective interlayer exchange coupling (F;-F,) varies
nonlinearly with the thickness of the spacer, indicating a
nonlinear distribution of the magnetization in the spacer, both
below and above its Curie transition. Thus, the T¢ of thin f(P)
films enclosed by strongly ferromagnetic electrodes should be
expected to significantly differ from that in the bulk. These
proximity effects must be well understood, qualitatively and
quantitatively, in order to develop useful magnetic nanodevices
with thermomagnetic control.

Effective thermomagnetic control of the interlayer ex-
change coupling has recently been demonstrated [14] using
a trilayer structure called a Curie switch (CS). The structure
of CS is similar to that of a conventional spin valve [31,32],
with the only difference being that the nonmagnetic metal
spacer is replaced in CS with a layer of a diluted magnetic
alloy, Ni,Cujgo_, in our case, in which the T¢ is varied
in fabrication by varying the Ni concentration in the alloy.
The structure of such CS can be described as Fi/f/F; pin,
where F1 is NigoFGzo(lO IlIIl); f, NiXCU100,X(6 IlIIl); F2 pins
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CogoFeo(5 nm)/Mngglryo(12 nm); x = 35, 40, 45, and 52
at.% Ni. The magnetically soft permalloy layer, F;, serves
as the switching layer and the magnetically hard layer, F, pin,
exchange pinned to antiferromagnetic Mngolryg serves as the
reference layer of the spin valve. The type of the antifer-
romagnet (Mn-Ir) and its thickness of 12 nm were chosen
for increased thermal stability and large magnitude of the
exchange pinning of F; pin, CogoFejg [33]. The magnetization
in layers Fy and F, ;i in the Fi/f/F; i, structure, when weakly
exchange coupled, can rotate in response to an external
magnetic field independently. Therefore, one of the states of
the trilayer is where F; and F; ,;, are magnetized in opposition,
such that the net magnetic moment of the structure is nearly
zero. The above Curie switching is similar in spirit but is
different in mechanism from the thermally assisted switching
reported in Ref. [34].

The thickness of the NiggFe;o (10 nm) and CoggFeg (5 nm)
layers was chosen such that the layers had approximately equal
magnetic moments, and the thickness of the Ni, Cu;gy_, spacer
(6 nm) was chosen to avoid any indirect exchange (RKKY) or
magnetostatic (Néel) coupling. RKKY in Ni, Cujgg_, spacers
vanishes for thicknesses above ~5 nm [35-39], similarly to
the behavior in conventional spin valves with nonmagnetic
Cu spacers, where RKKY goes to essentially zero over
~5 nm [40]. The Néel coupling, which can be responsible in
particular for offsetting the minor loop of the switching layer
in spin-valves, also vanishes with increasing spacer thickness
and becomes insignificant at above ~5 nm [7,41].

In this work, we investigate, in a wide temperature
range, the magnetic phase space of the Curie switch,
the switching in which is determined by the interplay of
the F;-F, exchange coupling across the weakly ferromag-
netic/paramagnetic spacer f and the Zeeman energy of the
soft ferromagnetic layer F; in an external magnetic field.
The former is a nontrivial function of temperature due to
the overlap of the intrinsic Curie transition and the interface-
induced proximity effects in the spacer. We develop a detailed
theoretical model of the system, and obtain an analytical
expression for the effective switching field and its functional
form versus temperature. The model takes into account the
significantly nonlinear profile of the exchange and local
magnetization throughout the thickness of the switch. The
result is that magnetic switching can be achieved by either
a temperature or field sweep, or a combination of the two
where the sensitivity of the magnetic transition to external
field and temperature are interdependent parameters. We fully
confirm the analytical result using a micromagnetic simulation.

II. PHENOMENOLOGY OF CURIE SWITCHING

The thermomagnetic effects in the F/f/F;;, structure
(Fig. 1) are described using a phenomenological model, in
which the two ferromagnetic interfaces F,/f and {/F, ;, are
strongly coupled by the exchange interaction, primarily due
to the conduction electrons in the respective metals. This
exchange leads to enhanced magnetism in the interfacial layers
of the diluted ferromagnet f. It is then natural to assume that the
magnitude of the spacer magnetization reaches its maximum at
the interface, m, and its direction coincides with the direction
of the magnetization in F; and F; ;,. The free energy of the
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FIG. 1. (Color online) Magnetization distribution in F/f/F; i,
Curie switch at high (T > T) and low (T < T{) temperatures. The
upper panel illustrates the configuration of the magnetic moments M,
and M, of the layers at below and above the Curie temperature; the
arrows indicate the direction of the magnetic moments of the layers.

structure F/f/F, piy becomes

2o (dm)’ H’
F = — (= +H g
./_d/2|:2<d2> o +f(m)+877:| ‘

+20 4+ M, HL. (1

Axis Oz in (1) is taken to point perpendicularly to the
film plane and external magnetic field H along the Ox axis,
opposite to the equilibrium (all parallel) magnetization of the
trilayer. The first term, in the form of an integral, describes
the magnetic energy of the diluted ferromagnetic spacer f, and
includes the exchange contribution (o, the exchange constant),
the Zeeman contribution, and a phenomenological term f(m)
which depends on the magnitude of the effective magnetization
in the structure. The term containing H,, takes into account the
magnetostatic energy of the system. The term 2o describes the
interaction of the spacer with the ferromagnetic outer layers
at the two interfaces, F,/f and {/F; ,in, and is a constant since
here the spacer spins are saturated in the direction of F; and
F; pin. Finally, the last term in (1) describes the Zeeman effect
of the external field on the switching layer, F;. Here M|, is the
magnetization of the switching layer and L its thickness.

For determining the functional form of f(m), we use the
results of the Stoner theory [42], representing it in the form of
a series in even powers of the magnetization:

m?>  gm?*

f(m)—2X+ Tt @)
where, in accordance with the Curie-Weiss law, x = C/
(T — Té) is the magnetic susceptibility of the spacer’s material,
Té is its Curie temperature, and g is the expansion coefficient.
Here and in what follows we take T > T, corresponding to
the case of low Ni concentration, in focus in this work, with the
intrinsic state of the spacer being paramagnetic. Any magnetic
polarization of the spacer is then solely due to the influence
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of the surrounding ferromagnetic layers. In the paramagnetic
state 1/x > 1, and m is a small value, so that in Eq. (2) it is
sufficient to consider the first term of the expansion. A similar
approach has successfully been used in the description of the
temperature dependence of the interface exchange coupling in
a system of Co nanocrystals highly diluted in an amorphous
matrix [43].

Taking into account the uniformity of the structure in
the plane of the multilayer, the magnetization distribution
depends on one coordinate only, z, perpendicular to the film
plane. The Maxwell equation divB = 0 = B%(H,f1 +4mrm,) =
0 therefore yields H,, = —4mwm_e,. It is then convenient to
represent the spacer magnetization in terms of the angular
variables: m = m(cos ¢ sinf, sin¢@ sin6, cosf), where 6,
are the polar and azimuthal angles of the m vector, with the
polar axis being Oz.

J
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Using the above notations, the free energy of the system takes

the form
dm\? o\’ do\?
o) vam](57) +smeo(E) |

1 a4
F:—/
2 J ap
: m’ 2.2
+2mH cosgsind + — + 4mxm” cos” 6
X

+ MicospoHL + 20. 3)

Other notations implicit in (3) are that the magnetization
M, of the pinned layer F; ;, is oriented along Ox, and angle
¢o describes the deviation of M; from Ox, which also is the
direction of the external magnetic field. Thus, ¢ defines the
change in the system energy on rotation of the switching layer
F; with respect to the pinned layer F piy.

A. Variational equation for magnetization vector

The variational problem of finding the energy minimum of the system with respect to the magnetization parameters m,0,¢
results in the following equations (4a), (4b), and (4c) and boundary conditions at the interfaces (4d):

_dzm + do\* +sin’ 6 d¢ ’ + 4y cos’O |m+m+ xHcosgsing =0 (4a)
_ - = m+m =0,
VTS aE at X X ®
d ( ,do do\?
—E<m2E> —I—m2|:(£) — 4nxi| sinf cos@ + x Hmcos ¢ cos6 = 0, (4b)
i mzsinzed—w 4+ xHmsinpsing = 0, (4c)
ds ds

m(£d/2) =my, O(£d/2)=mn/2, ¢(—=d/2)=0, ¢(d/2)= gp. (4d)

Introduced here is a new notation § = z/A, A = ,/ax, which
is the characteristic length scale in the problem.

Analyzing the above boundary-value problem (4a)—(4d)
yields 6(§) = m /2, which significantly simplifies the system
of equations:

dm + de ’ + H (5a)
- — — | m+m=— cos a
e dE X ,
d d
E(nﬂ%) = —xHmsing. (5b)

Further simplification is due to the fact that for a material in
the paramagnetic state the following condition holds: y H <«
my. Therefore, neglecting the right-hand side of Egs. (5), we
arrive at

de _ pmo
dg m?’
§ m2
w9=3f dn—-2=, (6)
—a/m. m(n)
2m 4

2My
_d_§2+m+B ﬁ—O,

where B is the constant of integration depending on the
boundary conditions (4).

(

The system of equations (6) is integrated in elementary
functions and, subject to conditions (4d), yields the following
spatial variations:

m(§) = _ Mo
" sinh(d/))
X \/cosh 2& — 1 + cos gp[cosh(d/A) — cosh 2&],
(7a)
an @ = tan(go,/2) tanh(d /2A) + tanh(&) (7b)

tanh(d /21) — tanh(&) tan?(go/2)

It follows from (7) that for the parallel ordering of the
magnetic moments of layers F; and F,, ¢ =0, m(§) =
mgcosh&/cosh(d/2)), while for the antiparallel ordering,
¢ =, m(&) = mgsinh &/ sinh(d /2A).

Figure 2 shows the calculated spatial dependence of the
magnetization in the spacer f of a F/f/F;;, Curie switch
for parallel (¢ = 0) and antiparallel ordering of the magnetic
moments of the outer layers (¢ = ).

Despite the fact that the distribution of the magnetization (7)
was found for arbitrary angles, when analyzing the stability
of the system we can consider energy changes for small
deviations of the magnetization of the ferromagnetic layers
F, and F, from parallel orientation.

Then, assuming ¢y < 1, and taking into account the
boundary conditions (4d), we find the solution to (6) for the
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FIG. 2. (Color online) Theoretical magnetization distribution in
the spacer (f) of a Fi/f/F,;, Curie switch for parallel (¢ = 0) and
antiparallel ordering of the magnetic moments of the outer layers
(¢ = m). The temperature in this illustration is chosen such that the
interlayer exchange from the induced ferromagnetism is “pinched
off” in the center of the spacer.

modulus of the magnetization vector, accurate to the terms
proportional to ¢

mg cosh(&) mogy
cosh(d/21)  8sinh*(d/2X)

m(§) =

[ cosh(d/2)) cosh(§) i|
X — , (8a)
cosh(§) cosh(d/2))
) tanh(&)
v =5 [1 + tanh(d/ZA):|' (8b)

It follows from (8) that for d /A < 1 the magnetization at the
interface is essentially independent from temperature and close
to its maximum value m,, due to the exchange interaction with
the strong ferromagnets F; and F; ;. In the opposite limiting
case, d/A > 1, the magnetization in the center of the spacer
vanishes exponentially.

B. Equilibrium state of Curie switch

After finding the magnetization distribution in the spacer f
of F/f/F; pin, we proceed to find the energy of the exchange
interaction between the ferromagnetic layers F; and F; i,
(indirect, via the spacer) and, specifically, the temperature
dependence of the effective exchange constant.

From (3), accurate to second order in small ¢,, we find

F=Fy+Jg;/2,
Fo = A(m{ /2 + Hmy) tanh(d/2).) + M{HL + 20,  (9)
m%k

J= (ML + ™ anhd/2n)
~ y sinh(d/A) ! 2 ‘

Coefficient J in Eq. (9) essentially is the exchange integral
between the ferromagnetic layers F; and F; .. The positive
contribution to J decreases exponentially with the increase of
the spacer thickness.

For positive J, small deviations of the soft layer magneti-
zation M lead to an increase of the energy. In this case the
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system maintains stability in an external magnetic field applied
opposite to the ferromagnetic layers’ magnetization.

Thus, the criterium of stability of the Curie switch in a
magnetic field has the form

o Am(z)
= x sinh(d /MM L + (Amg/2) tanh(d /2))]

Since the spacer material is a diluted ferromagnet, and
condition 2M L > moA holds, Eq. (10) simplifies to

(10)

1A m%
<=

x L sinh(d/A)
It follows from (11) that the critical magnetic field necessary
for reorienting the soft ferromagnetic layer is a strong function
of temperature. Using the standard temperature dependence
of the magnetic susceptibility, x = C/(T — Té), the explicit
form of the temperature dependence becomes

HM, (11

2 T-TH/C
HM, =0 «(T 1)/ . (12)

L inh (a,/(T - Tf) /)

The Curie constant C can be estimated as follows:
C =xCyj, where Cy; is the Curie constant for pure Ni
(above Té) and x is Ni atomic content in the spacer material,
Ni,Cu;_,. For estimates in the vicinity of room temperature,
it is convenient to rewrite (12) as

_ é m(z) (T - ch)/TO
L oM inh (4,/( — 12) /7o)

, 13)

where T, is room temperature, xo = C/Ty ~ 1072-10~*
is magnetic susceptibility of the spacer material, and
8 = J/aC /Ty is the characteristic length scale of the system.

III. EXPERIMENTAL METHODS

Magnetic multilayers NiggFey(10 nm)/Ni, Cu;go—_, (6 nm)/
CogpFe 9(5 nm)/Mngylryg(12 nm), where x = 35, 40, 45, 52
at.% Ni (in what follows F1/Ni,Cugo—/F2 pin) were deposited
at room temperature on thermally oxidized silicon substrates
using magnetron sputtering in an AJA Orion 8-target system.
The base pressure in the chamber was ~ 6x10~° Torr. The
sputtering gas was Ar at 5 mTorr pressure. The substrates
were rotated at 32 rpm during depositions. The ferromag-
netic layers NigoFeyo (F) and CogoFejg (Fpin), as well
as antiferromagnetic Mngolryg (AFM), were sputtered from
single targets. The diluted ferromagnetic spacer Ni,Cujgo—y
with x =35, 40, 45, and 52 at.% was deposited by co-
sputtering from pure Cu and Ni targets. The composition of
the Ni,Cujgo—, Spacer was regulated by selecting suitable
rates of deposition of Ni and Cu, ryn; and r¢y, controlled
using a quartz thickness monitor. In this the relation between
the thickness monitor weights, y, and the expected atomic
fractions, x, in the Ni,Cujgy_, alloy was taken into account
according to x = 100y /[y + (100 — y)myi/mcy], where my;
and mc, are Ni and Cu atomic weights, respectively. Weight
concentrations y in Ni,Cujgo—, are related with ry; and r¢,
as y/(100 — y) = (oni/pcu)(rNi/Tcu), Where pn; and pc, are
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the densities of Ni and Cu, respectively. Thus calculated and
maintained during deposition of the spacer rates of Ni, ry;, and
Cu, r¢y, for x = 35, 40, 45, and 52 at.% Ni were, respectively,
0.0339 and 0.068; 0.0339 and 0.055; 0.0527 and 0.0697;
0.0717 and 0.0722 nm/sec.

The exchange pinning between the ferromagnetic CoggFe
and antiferromagnetic Mngylr,o was set in during deposition of
the multilayer using an in-plane magnetic field Hgyep 2 1 kOe.
The magnetization measurements as a function of magnetic
field and temperature were performed using a SQUID mag-
netometer MPMS-XL5 Quantum Design, in the temperature
range of 5—400 K, and in magnetic fields of up to 5 kOe applied
in the film plane and parallel to the pinning direction of Hgep.

IV. RESULTS AND DISCUSSION

Figure 3 shows the magnetization loops of F/Ni,Cujgo_/
Fpin with x =35, 40, 45, and 52 at.% Ni, measured at
T =300 K and 7T =5 K, for multilayer samples of
3.5x3.5 mm? in-plane dimensions. The loops consist of
two parts, minor and major, corresponding respectively to
switching of the soft F; and pinned layer F; ;.

The pinned layer F, iy is reversed far from zero field due to
the exchange coupling to the antiferromagnet. The soft layer
F;, for low Ni concentrations in the spacer (x = 35 and 40
at.%, paramagnetic in the bulk) should ideally switch near
zero field. Experimentally, however, a nonzero loop offset is
present, Hcopi, Which must be due to the spacer-mediated
interaction with the pinned ferromagnetic layer. The overall
form of the magnetization loops of the CS is similar to that
for conventional spin valves (SVs) [31,32], with the difference
being the offset of the minor loop, typically zero for SVs with
6 nm thick spacers (zero interlayer exchange and vanishing
Néel coupling [41]) while in the CS the offset Hcoupi can be
significant and strongly depends on temperature due to the
Curie transition in the spacer, acting as an on/off switch for
the interlayer exchange coupling between F; and F ;. The
data in Fig. 3 shows that F;, especially at low temperature,
reverses gradually rather than switches sharply. This indicates
that even for these nominally paramagnetic concentrations of
the spacer (in the bulk) the proximity of the interfaces mediates
nonzero exchange through the spacer.

In the intermediate plateau range (approximately —100 to
—400 Oe) in Fig. 3(a), where the net magnetization is nearly
zero, the magnetic moments of the strongly ferromagnetic
layers F; and F; p;, align antiparallel to each other.

The magnetization loops show the characteristic exchange
fields, Heoupl and Hey [see Fig. 3(d)], where Heqyp is the field
corresponding to the exchange coupling between F; and F; piy,,
and H., is the field of exchange pinning between F, and
AFM. As x increases, both for T =300 K and 7T =5 K,
the effective magnetization in the spacer increases, which
enhances the interlayer exchange. The effect is an increase
in the magnitude of Hcop and and a decrease in Hep, which
eventually merge in one transition [Fig. 3(d), for T = 5 K].

The difference between the two exchange fields can be used
as the quantity characterizing the strength interlayer exchange
between F; and F,;, through the NiCujgo—, spacer, for
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FIG. 3. (Color online) Magnetization loops of F;/Ni,Cujgo_,/
F, pin, measured at 7 =300 K and 7 =5 K. (a) x =35 at.% Ni;
(b) x =40 at.% Ni; (¢) x = 45 at.% Ni; (d) x = 52 at.% Ni.
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FIG. 4. (Color online) (a) Exchange fields H.o, and He, and
(b) their difference AH for F/Ni,Cujgo_./F; pin With x = 35, 40,
45, and 52 at.% Ni, measured at 7 =300 K and 7 = 5 K.

given temperature and concentration: AHex = Hep, — Heoupl
[Fig. 4(b)]. The smaller the A Hey, the stronger the interlayer
exchange interaction. Figure 4(b) shows that at 7 = 5 K the
interlayer exchange strength monotonically increases (A Hex
decreases) as the Ni concentration in the spacer increases.
Figures 5(a) and 5(b) show the minor loops for
F1/Ni35Cugs/F; pin measured at T = 5 K and 7 = 300 K, and
the temperature dependence of the magnetization recorded at
three characteristic applied fields. We note that the alloy of this
composition, NizsCugs (as well as NiggCug) is paramagnetic at
all temperatures in the bulk [15] and single-film form [20-22].
The data of Fig. 5 show that the proximity of strongly
ferromagnetic interfaces induces nonzero ferromagnetic order
in the spacer material across at least 6 nm of its thickness.
The effective Curie temperatures of NizsCugs and NigyCug
are thereby significantly increased. As a result, the proximity-
induced magnetic order mediates the exchange between the
two spacers’ interfaces at F and F, i, in F1/Ni3sCugs/F3 pin and
F/NigoCuso/F pin, Which become exchange coupled even at
room temperature. A similar in nature noticeable enhancement
of the Curie temperature of the amorphous matrix in Fe-B-Nb-
Cu nanocrystalline alloys, mainly due to magnetic interaction
with the Fe particles having higher Curie temperature, has been
reported by Hernando et al. [44]. This enhancement was ex-
plained by penetration of the exchange field of the Fe nanocrys-
tals into the amorphous paramagnetic intergranular regions.
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FIG. 5. (Color online) (a) Magnetization minor loops and (b) its
temperature dependence for F;/Ni3sCugs/F; i, measured in three
characteristic applied fields Hj,.

Increasing the temperature above the effective Curie point
(ch) of the diluted spacer Nis5Cugs subject to a weak reversing
magnetic field H, (—10 Oe) leads to magnetization switching
of F; in F/Ni3sCuss/F; pin, from parallel to antiparallel
alignment with respect to the pinned layer F ;. Since the
magnetic moments of F; and F i, are equal in magnitude,
the net magnetic moment of the structure becomes zero. Such
switching, in view of its thermomagnetic character, was termed
Curie switching (CS) [14].

Figure 6 shows the magnetic properties of the
F{/NigoCuso/F; pin trilayer. The minor magnetization loops are
shown in Fig. 6(a) for T = 5 K and T = 300 K. The dashed
lines show the reversing fields H, applied to the structure
during the temperature sweeps shown in Fig. 6(b). The data
clearly show that the position 7 and sharpness dT of the
magnetic transition in temperature strongly depend on the
applied magnetic field Hy. These transition characteristics, T,
and d Ty, were obtained by differentiating the measured M (T),
which are shown in Fig. 6(c), and Gaussian-interpolating the
result. The obtained 7, and dTi, are shown in Fig. 6(d).
T increases and d T decreases for lower applied fields Hj.
Similar behavior is observed for other concentrations x. Thus,
by varying H}, one can vary the temperature and width of
the Curie switching in the synthetic ferrimagnetic structure,
F1/t/F; pin. The thermomagnetic effect is very strong—a
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FIG. 6. (Color online) Magnetic properties of F;/NisoCueo/F pin
Curie switch. (a) Minor magnetization loops for T =5 K and T =
300 K. The dashed lines show the characteristic biasing fields H, used
in (b)—(d). (b) Magnetization versus temperature measured in various
H,,. (¢) First derivative of M(T') curves shown in (b). (d) Position T,
and half width dT,, of the Curie switching shown in (c).
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FIG. 7. (Color online) (a) Magnetization versus temperature
measured in optimal biasing fields; (b) temperature 7, and half width
dT, of the Curie transition for trilayers F;/Ni,Cujgo_./F; pin With
x = 35,40, 45, and 52 at.% Ni.

change in H, of a few tens of Oe results in changes of T;;
of hundreds of K.

Figure 7(a) shows the M-T transitions for four spacer con-
centrations measured under optimum biasing (corresponding
to narrowest transition for each x). Ti, and d T, extracted as
described above for F{/Ni, Cujgo_x/F2 pin With x = 35, 40, 45,
and 52 at.% Ni are shown in Fig. 7(b). The data show that
for increasing x, the stronger proximity effect in the spacer
increases the Curie-transition temperature and its width.

Figure 8 shows the measured temperature dependence of
the switching field in a CS, fitted using the the analytical
result of (13). Experimentally, the switching temperature
for a given applied field was determined as the point of
intersection of the tangent to the M-T transition with the
horizontal line [with the saturation magnetization line, as
shown in Fig. 6(b)]. The agreement between the experiment
and theory is very good, for reasonable sample parameters.
This supports our interpretation of the mechanisms involved
and offers a practical formula for designing or optimizing
relevant thermomagnetic heterostructures and devices.

V. MICROMAGNETIC SIMULATION OF
MAGNETIZATION PROFILE IN SPACER

We next simulate the switching in the Curie switch mi-
cromagnetically, using OOMMF with the theta evolve module,
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FIG. 8. (Color online) Measured temperature dependence of the
switching field in NiggFeyo(10 nm)/NisCugo(6 nm)/CogoFe (5 nm)/
Mngolry0(12 nm), fitted using the analytical result (13) with the
following parameters: xo = C/Ty = 0.016, my/M; =0.1,d/§ = 3,
and L/ = 5.

which models finite temperatures via a differential equation
of the Langevin type [45]. The simulation results are shown
in Fig. 9.

In a typical simulation, the magnetization throughout the
spacer (f) reached its equilibrium in approximately 250 ps. The
total simulation time was 500 ps. The plots shown in Fig. 9
consist of the average magnetization over each cell layer over
the last 125 ps of the simulation. The simulation data were
fitted with the theoretical prediction for the magnetization
profile in the spacer using m( and temperature as the fitting
parameters. The temperatures shown in Fig. 9 are the temper-
atures used in the simulation. In order to keep the simulation
time within reasonable bounds, only the magnetization of the
spacer f was simulated and ferromagnetic outer layers were
modeled via boundary conditions as full magnitude, parallel
and antiparallel interface-spin orientation. This has shown to
be a good approximation since the 7¢ of the F; and F, layers
is much higher than that of the spacer f. It was important
to use a small cell size, in our case 5x5x5 1&, and a rather
short time step of 1071 s to have a realistic thermal agitation.
A full quantitative agreement should not be expected as
with the atomistic spin-dynamic codes [46]; nevertheless, we
obtain an excellent qualitative agreement with the analytical
theory presented above and are able to clearly visualize the
thermomagnetic switching process in the system—a Bloch
wall type exchange spring in the proximity-ferromagnetic
spacer at low temperature, pinched off in the middle of the
spacer by a rise in the temperature.

VI. CONCLUSION

We develop a theoretical model of the thermomagnetic
switching in a Curie switch, and obtain analytical expressions
for the effective switching field and its functional form versus
temperature. The model takes into account the significantly
nonlinear profile of the exchange and local magnetization
throughout the thickness of the switch, and specifically in the
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FIG. 9. (Color online) (a) The two components of the spacer
magnetization at low temperature of 5 K, with the outer layers F;
and F, set in to the antiparallel alignment. The component along the
easy axis, m, (direction of the exchange pinning), has the structure
of Bloch wall type, with the spins rotating in the film plane. The
perpendicular in-plane component, m,, is maximum in the center of
the spacer (z = 0). Solid lines show the fits using the analytical theory.
(b) As the temperature is increased well above the T{ of the spacer
(here to 300 K), the spacer becomes paramagnetic in the middle, m,
becomes zero everywhere in f, and m, rapidly decays away from the
interfaces and is always along the easy axis.

spacer where proximity-induced magnetism plays the key role.
The result is that magnetic switching can be achieved by either
atemperature or field sweep, or acombination of the two where
the sensitivity of the magnetic transition to external field and
temperature are interdependent parameters. A micromagnetic
simulation details the thermomagnetic transition in the spacer
as a Bloch wall type exchange spring versus the interface-
induced ferromagnetic skin effect.

We experimentally demonstrate thermomagnetic control of
the interlayer exchange coupling in synthetic ferrimagnets of
type Fi/f/F, pin, with Fy being NigoFez(10 nm); f, Ni, Cujgo—
(6 nm); F pin, CogoFeo(5 nm)/Mngolrag (12 nm); x = 35, 40,
45, and 52 at.% Ni. The observed thermomagnetic effect is
very strong—a change in the biasing field of only a few tens of
Oe results in changes of the transition temperature of hundreds
of K. This offers a way of magnetization control in nanoscale
magnetic devices.
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