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Theory of the Magnetization Reversal of Ultrathin Fe Films on a Cr Substrate
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A micromagnetic theory based on the thickness-averaged Landau-Lifshitz equation is proposed to
describe the magnetization behavior of ultrathin Fe films on Cr. The calculations predict the appearance
of an effective uniaxial anisotropy of Fe below the Cr spin-flip transition temperature when its magnetic
state is characterized by a longitudinal spin density wave. This anisotropy resultseipendicular
coupling of Fe and Cr spins, suggesting the modification of the coercive behavior. The calculations
provide a possible explanation for recently discovered anomalous magnetic properties of Fe films
grown on Cr(100). [S0031-9007(97)05178-8]

PACS numbers: 75.70.Ak, 75.50.Bb, 75.50.Ee, 75.70.Cn

The behavior of mixed ferro/antiferromagnetic systems First we offer an approach to average the Landau-
is a subject of interest since the discovery forty years agtifshitz equation over the thickness of a thin magnetic
of the exchange anisotropy phenomenon [1] and more resandwich, taking into account interface/surface boundary
cently of a variety of intriguing properties of layered mag- conditions. Second, for Fe on Cr, a mechanism of the
netic sandwiches, including oscillatory exchange couplingappearance of an effective uniaxial anisotropy below
through a nonmagnetic spacer [2—5], biquadratic coupling’sg is proposed, similar to a change of the effective
[6—8], and giant magnetoresistance [9]. It is well estabpotential of a pendulum in a rapidly oscillating field. The
lished that magnetic and transport properties of ultrathircalculations give the energy minimum when the wave
layered systems are in a great extent governed by intexector of the longitudinal SDW iperpendicularto the
face phenomena. However, an outstanding problem in thEe magnetization. The change of the ground state of
thin-film magnetism is to understand the mechanism ofe/Cr system belowlsg alters the magnetization reversal
the influence of microscopic interfacial interactions on themechanism and results in a drastic increasing in the
macroscopic magnetic properties as exchange shift in theoercivity. Third, to be specific, we calculate nonuniform
hysteresis loop, coercive force, and remanent magnetizarucleation modes localized near the film edge and at
tion. Theoretical models for exchange coupling in ferro/Fe/Cr interface steps to find the coercive field below and
antiferromagnetic systems so far have concentrated on aboveTsg. The thickness dependence of nucleation fields
tempts to account for exchange shift and paying no atterallows a detailed comparison with the experiment [12].
tion to the coercivity and remanent magnetization behavior To derive the thickness-average Landau-Lifshitz equa-
[10,11]. tion, we write the three-dimensional micromagnetic en-

Recently, an anomalous temperature behavior of the cargy functional as the sum of volume and surface parts

ercivity and of the remanent magnetization of thin Fe lay- )

ers grown on Cr(100) substrate has been reported [12]. E = [[A(VQ")z + K si? ¢ cos ¢]dV
Among layered materials FEr systems demonstrate a

unique set of unusual physical properties such as extreme + f Jcod¢op — ¢)dS, @

magnetoresistance [9,13], two periods in the bilinear in-

terlayer coupling [2—5], and non-Heisenberg biquadratievhere the Fe and Cr in-plane magnetization is character-
coupling [6,8,14]. The most intriguing problem for f@&r  ized by ¢ andy angles with respect to the axis in the
systems is to understand the correlation in the magfilm plane [Fig. 1(a)],A and K are the Fe exchange and
netic behavior of Fe and Cr. At the Néel tempera-the cubic anisotropy constants, ahd> 0 is the Fg/Cr in-
ture Ty = 311 K, bulk Cr is magnetically ordered as a terface exchange coupling per unit area which is expected
transverse spin density wave (SDW), while below theto be antiferromagnetic. The spin distribution of Cr is as-
spin-flip transition temperaturd’sy = 123 K a phase sumed to be “frozen”. Below we discuss this restriction.
transition to a longitudinal SDW is observed [15]. Tem- Variational procedure for Eq. (1) leads to the volume
perature anomalies of macroscopic magnetic properties ré&nd surface static equilibrium conditions

ported in Ref. [12] have been observed arounid and —282V2¢ + sin2¢ cos2¢p = 0, (2a)
qualitatively have been associated with the change of the 7
Cr magnetic ordering. In this Letter we propose a quan- G0 = =—sin(¢p — ), ¢ l.—a=0. (2b)
titative micromagnetic theory of the magnetization behav- 24

ior of Fe films on Cr substrate. Some conclusions of thevhere § = \/A/K, and d is the Fe thickness. We
theory can be applied not only to the /& system, but seek solutions of Eq. (2a) in the formd(x,y,z) =
also to other layered magnetic materials. tan '[ f(£,m)g(0)], where ¢ =x/8, n =y/§, and
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antiferromagnet play the role of an effective in-plane mag-
netic field H, = J/2M,d. In principle, this particular
result might be obtained from a qualitative consideration
of the equilibrium condition of a fictitious domain wall

in the ferromagnet. In our case the effective magnetic
field results from a ferromagnet spin variation along the
axis due to different boundary conditions at free surface
and at ferro/antiferromagnetic interface. Although we
concentrate here on the case of a ferro/antiferromagnetic
bilayer with “frozen” spins in the antiferromagnet, this
procedure can be extended for other magnetic sandwiches
with flexible spin structure in all layers.

Further, we use Eq. (4) to analyze the magnetic be-
havior of Fe on Cr. For simplicity, we assume the Cr
magnetic surface structure is given by the bulk terminated
magnetic configuration. BeloWsg the surface Cr spins
© . in the longitudinal SDW vary as = S, coskx or § =
Sy cosky [Fig. 1(a)] where the wave vector = 27 /A
with A = 50 A [15]. The spin variations result in a peri-
odic spatial dependence of the exchange coupling magni-
tudeJ = Jycosky. Becausel < § further simplifying
can be achieved by averaging Eq. (4) over rapid spatial
spin oscillations, similar to a pendulum in a rapidly oscil-
FIG. 1. (a) The ground state of Fér system below the Cr lating field [17]. Consider a single-domain Cr state with
spin-flip transition temperature90° coupling between Fe and e longitudinal SDW along the axis (¢ = m/2). Let
Cr spins results in an effective uniaxial anisotropy. (b) Theq)( ) = qB( ) + x(y) Whel’e(i)( ) describes av-
magnetostatic field at the edge of a thin magnetic film. (c) The™ “*>Y X, y) T x\y), W X ) et .
nucleation mode near the film edge. eraged over the rapid oscillations magnetization “motion”,
and y (y) represents small oscillations of Fe magnetic mo-
ment aroundb (x, y). Averaging Eq. (4) yields

0
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. = z/8. Then Egs. (2) are rewritten as

[(fee + fon)g + feccd(1 + f287) —
2fgl(f2 + f2)8* + f2g7] — fg(l — f2g) =0, where K¢ = J§/32Ak*d> is the additional effective
3 uniaxial anisotropy constant, anf is the amplitude of

(3a) the interface exchange interaction between Fe and Cr.

2A(D,, + ®,,) — %sinﬁ) - Ksin2d =0, (5)

Jé 5 e The density of the effective anisotropy energy may be
ferle=o = N [fgcosy — (1 — fg7)siny], written as the sum of cubic and uniaxial terms
grle=ass = 0. (3b) we = Ksit ®cog & + K'si? & . (6)

Because of Lamb’s remark [16] we impgf = Bg? — a  Thus, belowTsg the fourfold symmetry of Fe is bro-
where « and B are arbitrary constants. The solu- ken by interactions at the F€r interface and the energy
tion of the equation satisfying the boundary condi-minimum is achieved b90° coupling between Fe and Cr
tion at the free ferromagnet surface is given py=  Spins. Note that the same result has been found by num-
Ja/B cosiy/B (¢ — d/6)]. For thin films (d/6 < 1) erical calculations for the case of the ordinary antiferro-
¢(0) = Ja/B, gm0 ~ —JaB d/s. Integrating magnet with fully compensated interface spin.stru_cture
Eq. (3a) over the ferromagnet thicknessaking into ac- [18]. [t has been pointed out that th®° coupling is
count the boundary condition at ferro/antiferromagnet inSimilar to the spin-flop state of an antiferromagnet in an
terface and introducing the variable = tan™'[ f - ¢(0)], external magnetic field. In the case of Fe on Cr we are

the following equation is obtained: able to give an analytic treatment of this phenomenon.
% J Further, we cglculate the coercive force beiﬁw. The _
24(®,, + ®yy) — —sindd + ——sin(® — ) = 0. reversal behavior of ferromagnets is often discussed in
2 d terms of the coherent spin rotation. In the case of ultrathin

(4)  extended layers that mechanism seems to be extremely
This equation describes the thickness-averaged in-planelikely. Because of the presence of such defects as film
magnetization behavior of the cubic ferromagnet inedges and interface steps which serve as nucleation centers,
contact with an antiferromagnet. Interface spins of thewe consider incoherent reversal mechanisms. It is very

2210



VOLUME 80, NUMBER 10 PHYSICAL REVIEW LETTERS 9 MRcH 1998

important to note that the interfacial roughness plays ndween magnetic and exchange energy. Spin deviations in
essential role in the reversal At< Tsg when Fe and Cr the nucleation mode (9b) reach a maximum at the distance
spins are perpendicular in the magnetized state [Fig. 1(a)from the film edge of order ofA/M?2d [Fig. 1(c)]. Hence,
Below we suggest that the coercive force beldy: is  for a particular case of FéM, = 1700 emy/cm’, A =
determined by the instability of a nonuniform mode that2 X 10~° erg/cm) our representation of the film edge as
in the absence of great volume defects is assumed ® “charged” line remains valid for the film thickness of
be localized at the film edge. The magnetostatic fieldd < 2/A/M; = 160 A. The second term in the expres-
due to Fe edge for thin films can be determined asion (9a) is comparable with the first term even for the
being caused by a charged line with the linear “charge’thinnest films and is increased crucially with the film
density —M,d cos®(0), where M, is the Fe saturation thickness (see Fig. 3, curve 1), we assume forkFe-
magnetization [Fig. 1(b)]. The integration of the Maxwell 4.6 X 103 erg/cn®. In contrast, the effective uniaxial
equation yields the radial component of the magnetostatianisotropy constank® is small as compared to the Fe

field H™ 277 = —47M,d cos®(0) (r > d). The field cubic anisotropy and does not substantially contribute to
component along direction wherlx| > 4 may be written  the coercivity. Actlgfally, aisuming);—v 1.5 erg/cn (see

m .- . ing et ~ = -
asH" ~ —2Md cos®(0)/|x|. For the stability analysis below) we obtairk; 10* erg/em’ ford = 20 A. Al

fogether, this anisotropy establishes the perpendicular ori-
entation of Fe and Cr spins beldfg, making the role of
interface steps in the reversal insignificant [Fig. 1(a)].
b, = — 240, + ﬁsinz@ + K sin2d The situation is radically changed aboVg: when Fe
and Cr spin suggesi® or 180° coupling [Fig. 2(a)]. In
M2d - L s this case we should take into account a possibility of
- cos®(0)sind® + HM,sin®, (7)  the nucleation at interface steps. In the simplest version
of our model, the exchange couplingx) per unit area
is presented by the step function with peridd. The
fluctuations in coupling due to monoatomic terraces at
Fe/Cr interface are shown in Fig. 2(b). Further, we
approximate the step function alx) = Jocosmx/L.
In this case the instability of the reference stdie= 0
is determined by the existing of periodic solutions of
Mathieu’s equation

we consider the equation of motion of the Fe magnetizatio
in the limit of a large dampingy

aM,

wherey is the gyromagnetic ratio, antl is the external
magnetic field alongx axis. Linearization of Eq. (7)
& = d) + §(x, 1) around the reference staly = 0 and
substitutionyy + W (x) exp(vr) [19] yields the equation

V., +[—p2+2”7"}p=0, (8)

where  p? = (2K + 2K + HM; + aMv/y)/2A,

k = M2d/4pA. This is well known “radial Schrédinger v+ <a _ 5 cosﬂ>\lf —o (10)
equation” for the hydrogen atom with zero or- o ) ’

bital moment. The localized solutions are given Byyhere, = —(2k + HM,)/24, g = Jo/4Ad. The bot-

W~ xexp(—px)iF1(1 — «,2;2px), where  Fi() is the  om of zero zone of periodic solutions of Mathieu's equa-
degenerated hypergeometric function, and= 1,2,....  ion can be approximated fgr< 1.5 by a ~ —q2/2 [20]
The reference stateab, = 0 becomes unstable when

v = 0[19]. The largest (the smallest in absolute value)
magnetic field of the instability is determined by the
conditionk = 1. This yields the nucleation field and the @)
associated nucleation mode

2K + K& M}d?
M, 8A

M:d
v = exp(— > ) 9b

* 44 " (9b)
Evidently, this result is valid not only for F€r system,
but for any thin magnetic film. It is clear that the linear (o) J&)
nucleation mode (9b) shown schematically in Fig. 1(c) de- -
velops eventually into a domain wall. The first term of
the expression (9a) would give the coercive force for the P —
case of the coherent magnetization rotation. In contrast,
the appearance of the second term is entirely due to an inss o (@) The arrangement of Fe and Cr spins at the

cqherent Spin rotation near the film edge. .In aCCOrd"’mcﬁlterface with atomic steps above the Cr spin-flip transition
with an intuitive understanding of the nonuniform reversakemperature. (b) The variations of the exchange coupling

picture, its magnitude is determined by the competition bebetween Fe and Cr in the presence of the interface roughness.

H' = H' = (92)
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600 For the particular case of Fe on Cr such a crossover
occurs with the temperature variation due to the spin-flip
g 500 transition in Cr. We believe that this crossover leads
g a0l to the abrupt change of the coercive field reported in
© Ref. [12].
g 3000 Strictly speaking, we find the expressions for the coer-
= civity of Fe on Cr above and belo®sg in the frames of
3 a micromagnetic theory assuming “frozen” Cr spin distri-
3 200 bution. A more realistic picture would have the frustrated
1001 magnetic order located near the Fe-Cr interface but within
the Cr layer. Microscopic calculations of stepped €e
0 , , | , interface demonstrate that nodes in the Cr spin density
0 20 40 60 80 100 wave could be moved toward the interior of the Cr layer
during the Fe magnetization. Electronic structure calcula-
film thickness (Angstroms) tions [23] are not in contradiction with the micromagnetic

FIG. 3. The thickness dependence of the nucleation field (ifl€Scription while we study the instability condition of the
absolute value) of both the domain wall near the Fe film edgenagnetized Fe state. The exchange coupling constant in

(curve 1) and of the ripple structure of F@r interface steps (11) can simply be thought as a phenomenological param-

(curve 2).  Exchange coupling per unit aka= 1.5 erg/cn?;  eter which should be determined from the experiments.

the lateral size of monoatomic terraces= 300 A. This work was supported by the Russian Foundation for
Basic Research, under Grant No. 97-02-16879.
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