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Abstract—A mechanism of unidirectional anisotropy formation in an exchange-coupled ferromagnetic—ferri-
magnetic film structure with orthogonal effective magnetizations in the layers is investigated. The reason for
unidirectional anisotropy is the magnetic heterogeneity of the ferrimagnetic layer in the compensation range.
Magnetization reversal in the magnetically soft layer of an (REE—transition metal)/NiFe film structure is dis-
cussed based on amodel of uniform rotation of magnetization. It isfound that unidirectional anisotropy sharply
decreases the magnetic noise level in the magnetically soft layer. The field of application of these materiasis

outlined. © 2005 Pleiades Publishing, Inc.

Exchangeinteraction between magnetically soft and
magnetically hard layers imparts intriguing properties
to related structures, which are of great fundamental
and applied interest. One of these properties is unidi-
rectional exchange anisotropy in the magnetically soft
layer, which shifts hysteresis loop AH along the mag-
netic field axis. Although this effect was discovered
50 years ago [1], it has not been yet completely under-
stood. Therefore, to gain adeeper insight into the nature
of unidirectional anisotropy remains atopical problem.
Hot interest in these materials as candidates, e.g., for
magnetic memory devices [2], spintronics devices [3],
and magnetic sensors [4] is giving an additional impe-
tusto research in thisfield.

Unidirectional exchange anisotropy has been stud-
ied mostly in ferromagnetic—antiferromagnetic
(FM/AFM) film structures [5]. However, a number of
disadvantages limit the application of these materials
[6]. These are a poor temperature stability of AH, an
increased coercive force of the magnetically soft layer
compared with that of aone-layer FM film, and the evo-
[ution of the hysteresisloop with the number of a mag-
netization reversal cycle.

At the beginning of the 1980s, unidirectional anisot-
ropy was discovered [7] in aTbFe/NiFeferromagnetic—
ferrimagnetic (FOM/FiM) film structure. These struc-
tures attracted attention, since they, on the one hand,
lack the disadvantages typical of their FM/AFM coun-
terparts and, on the other hand, unidirectional anisot-
ropy here appears in layers with orthogonal effective
magnetizations. A large body of data concerning inves-
tigation and application of FOM/FiIM structures has
been gained in recent years [8-15]. In our opinion, itis

an appropriate timeto analyze the state of the art in this
field. In this work, we consider the nature of unidirec-
tional anisotropy, its effect on the magnetic perfor-
mance of the FM layer, and applications of FOM/FiM
strictures.

MECHANISMS OF UNIDIRECTIONAL
ANISOTROPY FORMATION

The phenomenological description of the effect of
unidirectional exchange anisotropy is straightforward.
It is based on the assumption that the magnetic
moments at the interface are collinear,

jM{ M, = IM;M,cos(M;M,). (1)

In [7], where the existence of unidirectional anisot-
ropy in a ThFe, _,/NiFe exchange-coupled film struc-
ture with orthogonal effective magnetizations of the
layers was reported for the first time, we applied some
considerationsto the origin of this effect. It was conjec-
tured that an amorphous ferrimagnetic layer may have
the in-plane magnetization component resulting, for
example, from a chemical inhomogeneity across the
amorphousalloy film. Thisinhomogeneity, in turn, pro-
duces a compensation plane, in which the magnetiza-
tion reverses.

Further investigations into the chemical composi-
tion of REE~transition meta (REE-TM) amorphous
alloy films obtained by thermal evaporation have
shown, however, that a concentration gradient normal
to the plane is absent in such films. Therefore, other
mechanisms come to the fore. For example, the in-
plane magnetization component in amorphous REE—
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Fig. 1. (a) Hysteresis|oop and concentration dependence of
biasfield AH(x) and (b) the orientation scheme for the mag-
netizations of 3d metas in exchange-coupled DyCo/NiFe
film structures. A, substrate; |, matrix; and I, impurity.

TM films, which are characterized by perpendicular
anisotropy, may be dueto alocal dispersion of the mag-
netic anisotropy axis. As aresult, the genera direction
of the easy magnetic axis deviated from the normal to
the film surface. If such a mechanism works and the
composition of the REE-TM film is off-compensation,
the amount of unidirectional anisotropy in exchange-
coupled (REE-TM)/NiFe film structures is bound to
grow, being minimal in those where the easy magnetic
axis of the amorphous REE-TM layer liesin the plane
of the film. However, our investigations [14], aswell as
those carried out by other authors[9, 11], show that the
reverseistrue. In (REE-TM)/NiFe structures, unidirec-
tional anisotropy exists only in that concentration range
of the amorphous alloy where perpendicular anisotropy
inthe REE-TM layer is observed.

The existence of unidirectional anisotropy in
Th,Fe,_/NiFe and Dy,Co,_,/NiFe film structures,
which was first discovered in [7], indicates a specific
magnetic microstructure of REE-TM layers. Namely,
Dy,Co; _, and Th,Fe, _, aloys show nanoareas where
the magnetization vector of the 3d metal sublattice has
the in-plane component, and it is this component that
takes part in exchange interaction with the FM layer of
NiFe alloy.

To establish factors causing the in-plane component
of the 3d metal sublatticein REE-TM alloy with layers
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that have near-compensation compositions and feature
a high degree of integral perpendicular anisotropy is a
challenge. Thisisbecause the amorphous ferrimagnetic
REE-TM adlloy has a low saturation magnetization
(Mg — 0) and a high magnetic hardness (for example,
the coercivefield in the (REE-TM)/DyCo alloy may be
ashigh as> 10 kOe). In light of this, we suggested that
the physical properties of such magnetically hard mate-
rials be studied on NiFe/Dy,Co,; _/NiFe multilayer
exchange-coupled film structures where the Dy,Co; _,
layer is much thinner than NiFe, dpyc, < dyire
Exchange interaction between the Co sublattice of the
ferrimagnetic aloy and the NiFe layer substantialy
maodifies the magneti c performance of such awell-stud-
ied alloy as NiFe.

Based on the measurements of the dynamic and
static magnetic characteristics of NiFe/Dy,Co, _/NiFe
composites, we developed a microheterogeneous
model of the DyCo amorphous layer [15, 16]. The
DyCo specific microstructure in the compensation
range that follows from this model has allowed us to
explain experimental data for FM resonance (FMR)
and spin-wave resonance (SWR). To find specific fea
tures of DyCo, we (i) prepared NiFe/DyCo/NiFe three-
layer structures with unidirectional exchange anisot-
ropy and orthogonal effective magnetizations of the
layers, (ii) studied the FMR and SWR spectra of these
structures, and (iii) found that the spin system of the
amorphous DyCo aloy in the concentration range of
magnetic compensation can be represented in the form
of two subsystems with the TM magnetization prevail-
ing in one of them (nanophase ®,) and the REE magne-
tization in the other (nanophase ®,). This model
embodies the basic structural feature of amorphous
alloys. natura fluctuation (topological and composi-
tion) inhomogeneity. In the concentration ranges x; +
AX < Xgomp (Matrix ®;) and X £ AX > Xeomp (Matrix @),
the magnetic microstructures of amorphous ferrimag-
nets will differ substantially from the magnetic micro-
structure in the range X, — AX < Xgomp < X + AX. In this
case, magnetic compensation point X.,m, is defined by

the condition M= pr;f)l) + qM;qf’Z) =0, where p and

g arethe volume fractions of nanophases ®, and @, and

M,(;f)l) and ME;Z) are the effective magnetizations of

these phases at x; — Ax and x; + Ax, respectively.

Figure 1 shows the experimental dependences of
shift AH(x) of the hysteresis loop on the REE concen-
tration in a planar DyCo/NiFe structure and the distri-
butions of nanophases @, and @, in the DyCo layer. It
is seen that the curve AH(X) for the Dy,Co, _/NiFe
structure is described by the asymmetric function
AH(X —Xgomp) @d has singular points: the coordinate of
the zero (minimal value of AH) and extreme points.
Also, it is seen that AH(X) in this planar structure
reaches amaximum at x = 19 at.% for undercompensa
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tion compositions of DyCo and x = 24 at.% for over-
compensation compositions.

The above results are readily explained in terms of
the suggested model of amorphous DyCo alloy struc-
turein the magnetic compensation range. Indeed, inthe
REE-TM concentration range x < 16 a.% (X =
27 at.%), the magnetic structure of amorphous DyCoiis
completely specified by magnetic nanophase ®, (P,).
Hence, the magnetic moments of the Co and Dy sublat-
tices are collinear with the perpendicular anisotropy
axisinthe DyCo layer and, as a consequence, the effec-
tive magnetizations of the DyCo and NiFe layers are
mutually orthogona (exchange coupling is absent).
Such a situation takes place in the concentration range
X —AX < Xeomp < X + AX. Here, the magnetic structure of
DyCoisformed by randomly mixed nanophases ®, and
@,. If phase @, isamatrix, phase ®, isan impurity and
vice versa. The only exception is compensation point
Xeomp» Where the volume fractions of the phases are
roughly the same.

At any concentration x; from the above range, the
effective magnetization of matrix phase @; in the DyCo
layer is aligned with the perpendicular anisotropy field
(M, and Mp, are collinear with this field (as indicated
by the polar Kerr effect). In this case, the magnetization
of the Co sublattice, Mc,, in impurity nanophase @
must have the in-plane component because of exchange
interaction between the transition elementsin theimpu-
rity and matrix and the effective magnetization of
nanophase ®; has a chance to align with an external
magnetic field. We bdieve that exchange interaction
between magnetization Mc, of impurity phase ®; inthe
DyCo layer and the magnetization of the NiFe layer
resultsin exchange unidirectional anisotropy in NiFe.

The form of the experimental dependencein Fig. 1
(asymmetry about X.,m,) can also be treated in terms of
our model. In this planar system, a Dy,Co,_, layer
forms where the magnetization of the matrix phase is
aligned with the perpendicular anisotropy axis, while
the effective magnetization of the impurity phaseliesin
the plane of the payer. When aNiFe overlayer isgrown,
apermanent magnetic field is switched on to specify the
easy direction and the effective magnetization of the
impurity phase in the Dy,Co, _, layer is aligned with
thisfield and, hence, with the unidirectional anisotropy
axisin NiFe. In the range X < Xgomp, the impurity phase
meets the inequality Mc, < Mp,, while at X > X g, the
inverse inequality isvalid. This meansthat, at X < Xeomp,
the magnetization vectors of the Co sublattice and NiFe
layer are anticollinear, whereas, at x > Xcomps they are
codirected (see Fig. 1b). That is why the sign of AH
changes in going through concentration Xg,m, (Fig. 1a).
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Fig. 2. (8) Angular dependence of AH and (b) dependence
of the hysteresis loop on Hp in the exchange-coupled
DyCo/NiFe film structure.

QUASI-STATIC MAGNETIZATION REVERSAL
IN FERROMAGNETIC-FERRIMAGNETIC FILM
STRUCTURES

In exchange-coupled structures, the state of one
layer may substantially affect the state of another. For
example, direct exchange interaction between ferro-
magnetic layers (positive coupling) with different
degrees of anisotropy may lead to the situation where
both layers experiencing magnetization reversal will
behave as a whole with a coercive force intermediate
between the coercive forces of the layers [6]. In
FM/AFM film structures, unidirectional anisotropy
shifts the hysteresis loop, results in only one easy axis,
stabilizes the domain structure of the ferromagnetic
layer, etc. [17, 18].

In FOM/FiM structures, the magnetization reversal
process somewhat differs from that in FM/AFM films.
Figure 2a shows the angular dependence of the hyster-
esis loop for a DyCo/NiFe film (the layer thicknesses
are, respectively, 70 and 210 nm; the easy axis coin-
cides with the unidirectional anisotropy axis). In the
easy axis direction (a = 0), the hysteresis loop is the
widest (H, =2 Oe) and is shifted along the field axis by
AH =10.5 Oe. Asangle a increases, the loop gets thin-
ner and collapses at a = 25° (in the range 25°-90°, the
process of magnetization reversal is hysteresis-free).
The shift also decreases, and, at a = 90°, the “loop”
becomes symmetric (the anisotropy field determined
from this curveis H, = 15 Oe).

Figure 2b demonstrates the variation of the hystere-
sis loop for the same film when permanent magnetic
field H is applied aong the hard axis. At H; = 4 Oe,
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the loop collapses and takes the form of the magnetiza-
tion reversal curvefor a =25°. At H;=H_,=15 Oe, the
loop is still asymmetric.

Such an observation (collapsed hysteresisoop) dif-
fers from experimental data obtained on NiFe/FeMn
films[17]. Magnetization reversal curves taken of two-
layer exchange-coupled structures are usually treatedin
terms of the model assuming that the magnetization
vector of one layer is fixed, while the magnetization
vector of the other spirals under the action of an exter-
nal magnetic field [19, 20]. The analytical solution pre-
sented in [20] givesthe following results. If magnetiza-
tion reversal takes place aong the easy axis (a = 0) in
films with dgy, < d, the hysteresis loop collapses and
shifts along the field axis. In films with dg, > d, the
loop “opens up” and expands with dqy,. (Here, d, =

2A/M5HadﬁM > 12/1%, where A is the exchange interac-
tion constant and M, H,, and dq, are, respectively, the

saturation magnetization, anisotropy field, and thick-
ness of the magnetically soft layer.)

However, in none of the numerous experiments
where magnetization reversal took place along the easy
axisin FM/AFM and FoM/FiM structures did the hys-
teresisloop collapse even for AH > Hc. The reason for
the discrepancy between the analytical and experimen-
tal data seems to be an inadequate estimate of d. For
an exchange-coupled structure with parameters M, =
800 G and H, = 3 Oe for the magnetically soft material
and exchange constant A = 106 erg/cm?, the critical
thickness was estimated as d.,, = 260 nm [20]. At the
same time, experiments with NiFe/FeMn films showed
that the exchange constant is two orders of magnitude
smaller [21]; that is, d., = 3 nm. However, the hysteresis
loop did not collapse even when magnetization reversal
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Fig. 3. Magnetic noise intensity (1) in the exchange-cou-
pled DyCo/NiFe film structure vs. the amount of unidirec-
tional anisotropy AH and (2) in the reference NiFe film vs.
applied permanent magnetic field Hg.
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along the easy axis took place in structures with dg,
(dnire) < 3M [21].

Another model of quasi-static magnetization rever-
sal in exchange-coupled structures that assumes coher-
ent rotation of the magnetization in amagnetically soft
layer was suggested in [17]. Here, the interaction
between the layersis described in terms of specific sur-
face energy E.. In this case, we dea with thickness-
averaged unidirectional anisotropy, the amount of
which is inversely proportional to the thickness of the
magnetically soft layer. Such a dependence of AH on
the thickness of the magnetically soft layer isconfirmed
experimentally [9, 11]. When external magnetic field H
is applied to the plane of the film at angle a to the easy
axis, magnetization M of the magnetically soft layer
rotates through angle 3 relative to the easy axis. Then,
the energy of the FM layer can be written in the form

. E
= —HMcos¢ + E,sin’p — —= cosp, 2
dem
where ¢ = o — 3 and E, isthe unidirectional anisotropy
constant.

Using the standard computational method, we
derived an expression for the hysteresis loop for any a
(except a = 0 and ). It was found that the loop col-
lapses at certain o > a,, o, depending on ratio AH/H,,
where AH = E/Mdg,,. This model leads us to conclude
that, first, magnetization reversal at an angleto the easy
axis of an FM layer may proceed by rotation of vector
M and, second, unidirectional anisotropy can be simu-
lated by permanent magnetic field H = AH. Both con-
clusions were corroborated in experiments, which
means that the model adequately describes quasi-static
magnetization reversal in exchange-coupled structures.

MAGNETIC NOISE IN FERROMAGNETIC-
FERRIMAGNETIC FILM STRUCTURES

It isknown that the magnetic noisein thin-film mag-
netic devices can be depressed, e.g., by applying amag-
netic field, which makes the process of magnetization
reversal more uniform. The same results can be
obtained using structures with unidirectional anisot-
ropy.

We performed special experiments to see how the
external magnetic field and unidirectional anisotropy
influence the magnetic noise in Permalloy films
[22, 23]. The abject of interest was fluctuations of the
transverse emf in the presence of a constant bias (H,,
AH) applied aong the easy magnetic axis or ahigh-fre-
quency field (Hy < Hg, Ho) applied along the hard mag-
netic axis.

Figure 3 showsthe variation of magnetic noise By in
the NiFe film incorporated into an exchange-coupled
DyCo/NiFe structure 500 nm thick with bias field AH
(curve 1) and in a reference NiFe film magnetized by
magnetic field Hy (curve 2).
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As follows from Fig. 3, the magnetic noise in the
exchange-coupled film structure is much lower than in
the reference film. Presumably, unidirectional anisot-
ropy isnot totally equivalent (is superior) to the applied
field in efficiency and exchange interaction in the struc-
ture makes the process of magnetization reversal in the
magnetic layer more uniform.

APPLICATION OF EXCHANGE-COUPLED
STRUCTURES

Film magnetic materials have found wide applica
tioninvariousfields of technology [2—4]. Here, we will
concentrate on using (REE-TM)/NiFe FoM/FiM struc-
tures with unidirectional anisotropy as magnetooptic
memory devices and weak-field magnetic sensors.

Memory devices. Itisbelieved that, inthisfield, the
film structures under consideration may decrease the
power consumption and raise the speed of datawriting
and erasing.

Magnetooptic data writing on films with a magneti-
zation normal to the film surface isin common use in
disk storages of PCs. Data writing and erasing is
accomplished by the thermomagnetic method in writ-
ing magnetic field H; = 400-500 Oe applied normally
to thefilm (Fig. 4).

As materials for magnetooptic data carriers, REE—
TM aloys are usually employed. Their basic disadvan-
tagesare (i) the need to apply high writing/erasing mag-
netic fields, which influence the electrodynamic sus-
pension of the focusing lens holder and (ii) alarge time
delay between writing and erasing, which depends on
the inductance of the magnetic field source winding
[24].

We suggest another approach [16] to writing magne-
tooptic information on REE-TM/NiFe FOM/FiM struc-
tures with exchange anisotropy (see Fig. 5).Writing
magnetic field H,,, > Hc + AH (10-15 Oe) is applied to
aFoM/FiM structure (Fig. 5a) antiparallel to the initia
magnetization in layer 3 (Fig. 5b). The magnetization
of layer 3 reverses, while that of layer 2 does not. After
layer 2 has been locally heated by athermal pulseto a
temperature close to Curie temperature T, the heated
areaturns into the paramagnetic state (Fig. 5¢) and the
magnetic state of layer 3 remains unchanged, since T
of NiFe is much higher than T, of DyCo. Due to
exchange interaction between layers 2 and 3 (during
cooling), the magnetization of the heated area of layer
2 reverses in accordance with the magnetization direc-
tion in the NiFelayer (Fig. 5d). After the thermal pulse
is terminated and the writing field is switched off, the
inverted state of the magnetic moment of the heated
areain layer 2 persists (which corresponds to writing a
bit of information), while the magnetization of thelocal
areain layer 3 takeson anonequilibrium (helical) struc-
ture (Fig. 5d), representing a compressed “ spin spring.”
Data readout is accomplished using the polar Kerr
effect.
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Fig. 4. Thermomagnetic data writing on REE-TM films
with perpendicular magnetic anisotropy. A, substrate; B,
radiation; and C, domain.

AMAAA

— Hy>Hc+ AH

Fig. 5. Thermomagnetic data writing on exchange-coupled
(REE-TM)/NiFefilm structures. A-C, thesame asin Fig. 4.

To erase information, it suffices to heat the same
local areaof layer 2 to the Curie temperature. Exchange
interaction between this area and layer 3 then disap-
pears, and the magnetization of thelocal areain layer 3
becomes aligned with the magnetization of the entire
layer (“the helix untwists’). After the pulse is termi-
nated and thelocal areaof layer 2 cools, the magnetiza-
tion of this area changes sense because of exchange
interaction with layer 3 and the information is erased.

Thus, in our approach, writing magnetic field H,,, =
Hc + AH ismuch lower than thewriting field in the case
of standard REE-TM films. Moreover, data erasing
doesnot requireamagneticfield at all. Accordingly, the
magnetic field energy spent on data writing/erasing
substantially decreases. At the sametime, alow writing
magnetic field, which makes it possible to generate H,
pulses as short as several nanoseconds, and no need for
switching the magnetic field at writing and/or erasing
provide a higher speed of the processes. It should be
emphasized that al the related advantages of REE-TM
layers are retained.
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Film magnetometers. FOM/FIM structures with
unidirectional anisotropy were used to design a weak-
field magnetic detector and study the dependence of the
magnetic noise of this device on the static characteris-
tics of the film magnetic structure and on excitation
modes [22, 23]. The operating principle of this magne-
tometer is akin to that of a bubble magnetometer [25].
However, an exchange-coupled film structure used as a
sensitive element made it possible to considerably sup-
press the low-frequency noise, which was found to be
=2 x 10711 T/HZ'? at a frequency of 1 Hz. The device
was put to field tests, which showsthat it can be applied
in geophysics, specifically, in geoelectrical prospecting
of shallow ore-bearing rocks and in shallow oil-and-gas
prospecting [12].

CONCLUSIONS

We touched upon three issues concerning exchange-
coupled FoM/FiM film structures consisting of a mag-
netically hard material (amorphous films of REE-TM
aloys) and a magnetically soft Permalloy film. These
are the mechanism of formation of exchange coupling
between the layers, the magnetic properties of the
structures, and application of the structures. In spite of
extensive investigation, the problems considered here
still need greater insight. However, wide application of
these composites stimulates further effort in thisfield.
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