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Mechanisms for the multistep spin reorientation of ultrathin Fe films on Gd
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The multistep spin reorientation transition of ultrathin iron films on bulk gadolinium is described theoreti-
cally. We find that it is necessary to include cubic terms in the magnetic anisotropy energy expansion in order
to explain this phenomenon. Furthermore, the signs of the anisotropy coefficients required to explain the
coexistence of both first- and second-order phase transitions in this spin reorientation transition are obtained.
We can then model this system using either a surface or a bulk driven model, or a combination of both.
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[. INTRODUCTION begin understanding these systems, it is necessary to inves-
tigate the properties of more complicated, magnetic
Phase transitions are a common phenomenon encountergtiltilayer structures.
in nearly every branch of physiésModeling the driving Recently, we reported experimental evidence of a multi-
forces and the order of the transition often leads to a deep&tep spin reorientation transition in a magnetic bilayer sys-
understanding of the underlying physical processes involvedeém consisting of an ultrathifiL.5 atomic layersamorphous
Magnetism, in particular, is a rich field in this regard due tofilm of Fe on a thick, bulkiike GED00 film. The first step
the vector nature of the order parameter. Integral to this is th# this unique spin reorientation transition is a continuous,
concept of magnetic anisotropy, i.e., the difference in energyeversible transition as the temperature increases from an in-
for various orientations of the magnetization with respect td?lane orientation of Fe-rich surface magnetization into a
a sample. The anisotropy plays a role in every magneti§lightly canted, out-of-plane state. The next step occurs at
device’ and applications have allowed, for examp|e,still higher temperature, and is a discontinuous, hysteretic
magneto-optical devices to surpass the diffraction limit oftransition of the surface magnetization to a nearly perpen-
magneto-optical storage devices. These “super-resolutiondicular, out-of-plane state. Both steps take place in the tem-
devices rely on a temperature-driven spin-reorientation tranPerature interval from 260 to 280 K, i.e., below the Gd Curie
sition, where the magnetization of a thin film rotates fromPoint, Tc 4=292.5 K. Subsequent magnetic studies using
in-plane to perpendicular with increasing temperafusn  the polar magneto-optic Kerr effetthave shown that the
understanding of these spin reorientation transitions is afpd layers near the interface participate in the spin reorienta-
important source of knowledge regarding magnetic anisottion transition. However, it was not possible to determine to
ropy. This information is invaluable because ab initio calcu-What extent these interfacial layers are perturbed from the
lations in even the simplest systems are diffiéutnd it is ~ data at hand.
currently not feasible to predict, from first principles, the ~ The goals of the present work af® to reveal the physi-
behavior of complicated alloys and multilayered systems. Ccal mechanisms underlying these two phase transiti@)s,
For the most part, single magnetic films supported orio find the area in parameter spd@eterms of the magnetic
nonmagnetic substrates have been investigilda. these ~ properties of both filmsrequired for both a first order and
systems, the magnetization vector reorients from in the plangecond order phase transition to occur, &)do understand
of the film to perpendicular as the temperature changes. Thighd model the extent to which the Gd interfacial layers par-
phenomenon can occur either as the temperature increasestigipate in the spin reorientation transition. The approach
decreases. For example, in Fe and Co films the magnetiz&sed is based on the accepted viewpoint that magnetic spin
tion rotates into the plane as the temperature ramps Up, reorientations are physical realizations of phase transitions as
while in films of Ni grown on Cu it rotates out of the described by Landau theol:'®We take the perpendicular
plane!®!! All of these spin reorientation transitions are component of the surface layer vector magnetization as an
single step, continuous transitions, and can be understodg¥fder parameter and model the behavior of the entire system
using only the linearK,) and quadraticK,) terms of the @s the temperaturg changes, taking into account the layer
anisotropy energy expansion for a single magnetic film. Irdependent magnetization properties.
addition, these films are thin enough that the entire film mag-
netization rotates uniformly across the thickness of the film. |, -\oot sTEP_CONTINUOUS PHASE TRANSITION
However_, devices are generally qomposed of_many differ- FROM IN-PLANE TO CANTED
ent magnetic layers that can have significantly different mag-
netic orientations and properties. These properties include Here we discuss the physical mechanism that gives rise to
the Curie temperature, higher order anisotropies, interlayethe continuous, low temperature transition from the in-plane
and intralayer exchange, and crystal structure. In order tto canted magnetization state of the Fe-rich surface. This
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transition is characterized by the appearance of long-ranggerature is ramped up through the transition, there is a pro-
order perpendicular to the plane of the film, and is accompanounced maximum in both the perpendicular component of
nied by a reversible peak in the susceptibilty® It can  the electron spin polarization and the polar magneto-optic
therefore be considered a second-order phase transition intckaerr effect (MOKE).2'3 The observation that this effect is
state with a perpendicular magnetization component. In orstronger in the MOKE data shows that it originates in the
der to describe this behavior it is necessary to use #nterfacial Gd layers, and indicates that they are participating
multilayer approach. This is due to the fact that there must bé& spin canting-along with the Fe-rich surface layer.
a non-uniform magnetization profile establish@é., a do- The fact that there is a discontinuous, hysteretic transition
main wall) in the interfacial region between the canted sur-of the magnetization direction means that the energy of the
face magnetization and the in-plane magnetized bulk Gd. system must have two minima as a function of the angle of
The criterion for the onset of the continuous spin reorien-the film magnetization. This requirement can only be met by
tation phase transition in this type of system was derived inncluding up to at least cubic terms in the anisotropy energy
our recent work(Ref. 17, in terms of the reduced surface expansion. Just as important, however, is the fact that the
and subsurface anisotropy constants and the exchange intewlues of these anisotropy coefficients and the exchange
action in the surface layer. These are definelqgskg, and  terms must meet specific requirements in order to obtain a
v, respectivel\fsee Ref. 17, Sec. VI, Eg&42) and(43)], and  coexistence of both first- and second-order phase transitions
the general solution to this problem is given in closed formover the course of the spin reorientation transition. These
for an arbitrarily large number of magnetic layers in the sur-higher-order terms may originate either at the surface or in
face region. the bulk. Consideration of these possibilities results in the
This evolution of the surface magnetization into a cantedwo models discussed belowl) a surface driven model,
state can be understood intuitively by considering that thevith the higher-order terms originating solely in the Fe over
orientation of the surface moment is affected by two factorslayer; and(2) a bulk driven model with the higher order
the anisotropy energy of the Fe-rich surfdtieat favors the terms originating solely in the Gd. We explore both of these
perpendicular orientatiorand the exchange energy betweenpossibilities in Secs. lll A and 1lI B. In both models we de-
the Fe-rich surface and the in-plane magnetized bulk Gd. Theelop a full multilayer approach, where the Fe-rich surface is
experimental data imply that at low temperature, the exthe first layer and the underlying Gd film is divided into
change interaction between the bulk and the surface is stromrany different layers. The response of the system in these
ger than the surface anisotropy energy. To understand thwo models is calculated for both electron spin polarization
continuous reorientation of the surface magnetization fromand MOKE measurements.
in-plane to canted as the temperature increases, one must
realize that the bulk magnetization falls off faster than the A. Surface driven model of the discontinuous transition
surface because Gd has a lower Curie temperature than the __ . . -
Fe-rich surface. Therefore, at some point the exchange inter- T_h's model assumes th_at_the dlscontmum_/ OT the magne-
action between surface and bulk becomes weaker than tHFation vs. temperature originates from the INtrinsic proper-
surface anisotropy, and the surface will begin to cant out of'€s of the Fe-rich s_urfacg layer. In sSec. lllA1 we |Ilus§ratg
plane. the nature of the discontinuous step within a magnetic bi-

In the absence of the second discontinuous step observé%lyer approag:lﬁl.e., surfaqe and b“)k”%”d dem'onstraFe thaF
in Ref. 12, this analysis would be sufficient to describe that Is not possible to describe the multistep spin reorientation

Fe spin reorientation transition, and would allow us to deter_tra_nsmon without accountl_ng for at least cubic terms in the
isotropy energy expansion.

mine the reduced magnetic constants, as discussed in R& : . .
9 A multi-layer approach is then applié&ec. Il A2), and

17. This would resuit in a simple model that includes Onlysolved numerically to find the computer simulated magneti
the linear term in the perpendicular anisotropy and the ex>" . Lo , , . i
berp Ry ation profile in the Gd film. We find that the simulated

change energy between surface and bulk. However, the a KE and surf tization dat ich well with th
pearance of the second step at higher temperature means that; - and surtace magnetization data match well wi €
experimental data.

while the criterion for the onset of this transition still holds,
a more complicated model that includes higher order terms

in the anisotropy energy expansion is necessary. 1. Surface driven model—nbilayer approach using surface

anisotropy vs bulk exchange

In the surface driven model, the thermodynamic potential

. SECOND STEP—DISCONTINUOUS PHASE of the Fe/Gd system may be written as a series expansion in
TRANSITION OF THE SURFACE FROM CANTED TO the magnetization angle, G (6= 6, ):

PERPENDICULAR

2 4

The second step of the reorientation transition is charac- ®5=Kys,M5c0S 0+ KpsMscos' 0
terized by a discontinuous jump of the Fe-rich surface mag- +K3sME&cod 6+I55M Mg cosb. (1)
netization from canted to perpendicular, and can therefore be '
classified as a first-order phase transition. This spin reorienere, the coefficient&,, s are the surface anisotropy con-
tation transition is hysteretic with temperature cycling, andstants andlgg is the exchange interaction between the sur-
occurs slightly below the bulk Gd Curie temperature. An-face and the bulk magnetizationd,s andMg, respectively.
other important aspect of this transition is that as the temThis is depicted in Fig. ®. Note that the figure is drawn to
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(a) Bilayer (b) Multilayer ma T=0
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n
J
< My B FIG. 2. Evolution of the surface Fe-Gd magnetization orienta-
Op=0 Gd bulk tion (cos#) with reduced Gd magnetizatiom, using only linear,

K, and quadraticK,, anisotropy constants.
FIG. 1. Diagrams of the two approximations used for modeling

the behavior of the Fe/Gd magnetic multilayer system. P@el .y cles and confine the area of the maximal hysteresis loop.
shovys the magnetic bilayer appro_ach, and pe(hélShOWS_ the . This loop simulates the magnetization angle jumping up dis-
multilayer approach, where the Gd is allowed to break up into dls'continuously an, as the sample is heated, and back down at
crete magnetic layers. This simulates the formation of a domainm durin coolinl For a computer simula,tion however. we
wall in the Gd layers between the canted FeGd surface layer and the?2 9 9. . putet T "
in-plane magnetized Gd bulk. will observe the jumplike behavior at some intermediate

magnetization, denoted in Fig. 2 ag,. This is because the

show that the Fe is antiferromagnetically aligned to the bulks'mtl“at'oﬂ W'IL aIWﬁys find th; lowest enet;glgy equilibrium
(i.e.,Jgg<0), as occurs in the actual system. This does nofng'e rather than the intermediate metastable ones.

change the energy minimization of the system, but it is im- .However, the proble_m with thls.s.olutlon IS th_at th? re-
portant later for calculating the MOKE signal. quirements for the continuous transition, as described in Sec.

To illustrate the full multi-step spin reorientation with lll_handeef. _17t,hcankr)10t be mfet for tt).h'st range ?; parameters.
temperature we introduce the parameterm eretoré, in the absence of a cubic term In In€ energy ex-

=Myg(T)/M3(0), thereduced magnetic moment of the bulk pansion Kss, y= 0).' .it is possible to obtgieithgra first- or
Gd Thedecreasje’n m from one to zero corresponds to an second-order transitiolout not both Consideration of canted

increasein temperature from zero to the Gd Curie point states in an arbitrarily large number of atomic Gd layers does
Teo=T Normalizing® with the positive, temperature not change this result because at each layer the same consid-
c,6d= 'cB- s ,

. - : erations apply.
:‘gﬁﬁs r;gsz::ec(;) f:gﬁgzjsgm%\ﬂp%(tg%u%lves the formula With further analysis, it can be shown that only the case

a>0, B<0, and y>0 allows for both first- and second-
P order steps in the spin reorientation transition. The planof
o= —F—— v vs cosf (solid line) for this case is presented in Fig. 3, where
JsgMsMg(0)

=a cog 0+ B cos 0+ yco 6—mcosé. 2) m 4
L . . . 1 '4——-T=0
The minimization ofe with respect to the anglé gives the g
following solutions: the in-plane state#€0), the perpen- b= . .
dicular state ¢=/2) and the canted state €W<m/2) .§ coonngT lheanng
with ¢ determined by :én m, «2"-order step
<
m=2a cosf+ 43 cos 9+ 6y cos 6. (3) g
B m >
To obtain a double well of the anisotropy energy with a = ’
global minimum at cds#=0 and a local minimum at some g Mg / 4~ Equilibrium
intermediate angle between zero am@, one must investi- 5 / \ / 1¢-order step
gate Eq.(3) for all different signs of the reduced anisotropy Z m <
constantsa, B, andy. We find that the case wita+0, B » cosd
=vy=0 cannot give rise to a first-order transition. On the N0 cos6, cos6, 1
other hand, it can be shown that the case0 and 8<0, T=T Canting angle cosine
y=0, gives rise to a first-order transition far=0 only if e
the additional requirement i< — a/28<V3 is satisfied,; FIG. 3. The evolution of the surface Fe-Gd layer magnetization

otherwise the transition is second order. The plain¢€osé)  orientation (co®) with reduced Gd magnetizatiom, using linear,
is presented in Fig. 2. Arrows show the cooling and heating,, quadraticK,, and cubicK3, anisotropy constants.

094428-3



A. P. POPQV, A. V. ANISIMOV, AND D. P. PAPPAS PHYSICAL REVIEW B7, 094428 (2003

m=my and m=mg, correspond to the second and the first- 5 ottt

S . 3 —&— Simulated SPSEES signal i
order equilibrium steps, respectively. Arrows show the cool-< | ¢ g e Surfgce driven, |
( . ! e —4— Simulated MOKE signal muItllayer model
ing and heating cycles and define the boundary of the maxi-2 —e— 1% Gd layer
mal hysteresis loop. The spin reorientation is essentially§ - +2:’Gd layer 0. 7
multistepped, with the second-order transition preceding the2 —v—3" Gd layer *,

first-order one only if the requirememhy=2a+48+6y
>mg, Is satisfied. Therefore, within the surface driven
model, the description of the multistep spin reorientation
transition is possible only iK;5s>0, K,5<0, andK35>0
and they satisfy further stringent conditions for their relative
magnitudes?®

1°order step —._

2"-order step o4
) \ 4 -9

f -8 "A-A,\
e MM £ 2 2 2 2

T T T T T T T T T T v T
0.75 08 08 080 095 1.00 1.05 1.10
Reduced temperature t=T/T

2. Surface driven model-multilayer approach and simulation

endicular component of mag

In order to describe the MOKE data, it is necessary to &
account for the deviation of the subsurface Gd atomic layersg
from the in-plane direction. Therefore, within the first model
the thermodynamic potential of the system is given by

FIG. 4. Simulation of the surface driven model for the two-step
) . 6 spin reorientation transition of Fe/Gd.
®=K,;sM§cog 6, + KoM cod 6, +KysM2 cog 6,
B. Bulk driven model of the discontinuous phase transition

—J,MgMgcog 6,— 6,)+ 2 [—Jnn+1 In this section we take the opposite approach to Sec. Il A,
n=2 and assume that the discontinuous transition is driven only
X cOg 0, — Oy 1 1)+ K15 COL an]Mé. 4) by higher order anisotropies that exist in the Gd bulk. We

first describe the physical mechanism within a simplified bi-
layer approach, Sec. llIB1, and then extend to a full

. . . multilayer approach to simulate the experimental data in Sec.
Here J,,<0 is the exchange interaction between the sur; yerapp P

face and subsurface atomic layet, ., (n>1) is the ne2.
Gd-Gd interlayer exchange interactid,g is the Gd layer
anisotropy constan,5<0, and thed,, are the orientation

angles for surface N=1) and bulk atomic layers n( ) . )
=2,3,....), as shown in Fig.(). The minimization of Eq. The bulk driven model assumes that the discontinuous

(4) results in a dependence of the angison the layer transition originates from the intrinsic properties of the Gd
index and temperature via the temperature dependence of tHgerfacial layers. Due to the predominant role of the shape
Gd magnetizationMgs=Mg. The surface magnetization, anisotropy, the well-known second-order spin reorientation

Mg, was assumed to be temperature independent in the terfif the bulk Gd(Refs. 19 and 2Dis suppressed due to the
perature interval 270—290 K. shape anisotropy of the sampfésThe in-plane anisotropy

Equation(4) was solved using an iterative computer pro- €N€rgy of Gd therefore decreases to zero at the Curie point of
gram to find the minimum energy for any given combination@d- On the other hand, the perpendicular F.e,-Gd surface an-
of anisotropy and exchange parameters. With this prograr’r?Otmpy energy is almost constant because it's magnetization

we confirmed that the results of the bilayer approach disd0S not change significantly in this range. This change in
cussed in Sec. 1A 1 hold for the multi-layer approach. wethe balance between these two energies leads to a transition

were then able to simulate the temperature dependence pto the perpendicular state of the surface as tr_\e_ temperature
both the SPSEES and MOKE signals. These results are pré ramped up. To describe the first-order step, it is necessary
sented in Fig. 4. to assume that the dependence of the Gd subsurface anisot-

For the SPSEES signal, we plot the magnetization directOPY €nergy is a non-monotonic function with a local mini-
tion of the topmost surface layer. The MOKE signal, on the™um. The Gd anisotropy energy is expanded i gpmnd
other hand, is simulated by summing the contributions ofh€ total energy is given by the equation
each layer with an exponentially decreasing contribution as a
function of depth. This simulation incorporates the fact that ®=—JsgMsMg cOS6) + KSMgcosz o+ KlBM%COSZ 4
Ee and Gd give opposite rotations of light. These (_:ontribu— +KZBM§00§ o+ KgBMgcoss 0. (5)
tions therefore add because the Fe and Gd are antiferromag-
netically coupled. We find that the best fit to the data occursThe analysis of various cases corresponding to all possible
when the exponential attenuation constant is comparable tgigns of the bulk anisotropy constamtsg , Kog, andKsg in
the depth of the magnetization profile. This is consistent withEqg. (5) is similar to that for the first model. We find that the
the fact that the domain wall width and the exponential at-multi-step spin reorientation with both first- and second-
tenuation of light in Gd are of similar magnitude. order steps is possible only in the case whigeg K;5# 0,

1. Bulk driven model—bilayer approach using surface
anisotropy vs bulk exchange and anisotropy

094428-4



MECHANISMS FOR THE MULTISTEP SPIN.. .. PHYSICAL REVIEW B7, 094428 (2003

to be expected because, according to experimental data avail-
able, both Fe-GdRef. 22 and pure FgRefs. 7-9 films

T oumuated I\SIII:)SKEEEsSigSr:g?aI Bulk driven, exhibit a magnetic anisotropy that favors a magnetization
—e— 1" Gd layer multilayer model perpendicular to the plane of the film.
1 —a—2"Gdlayer T For the surface driven model, howevErgs andK ;5 have

—v— 3" Gd layer

never been experimentally determirfexistence of these
terms is not necessarily expected because the long-range or-
i der of the G@0001J) surface was reported to be broken by the
deposition of the Fe over lay&.However, the sixth-order
symmetry,Cg, , in the first few subsurface Gd layers might
affect the surface magnetic anisotropy energy as well as the
local structural symmetry seen by the individual Fe atoms.
2"-order step This effect could, therefore, contribute a cubic term to the
\ Fe-Gd anisotropy energy expression.
. For the bulk driven model, on the other hand, values for
K1g andK,g have been reported from experiments on bulk
T T T T T T T T T T . K
0.80 0.85 0.90 0.95 1.00 1.05 Gd®*?At low temperature, the sign &€, agrees with our
Reduced temperature t=T/T,__ model, while in the vicjnity of th_e. Gd Curie point it was
reported to become slightly positive. Due to the negative
FIG. 5. Simulation of the bulk driven model for the two-step contribution of the shape anisotropy of the Gd film substrate,
spin reorientation transition of Fe/Gd. however,K,g is not expected to change sign in this experi-
ment. On the other hand, the values Kojg reported in the
K1g<0, Ko5>0, andK35<0, with restrictions on their rela- literature are positive and small. In-depth analysis of the data
tive magnitudes analogous to those described in Sec. Il A lavailable brings us to the conclusion th&g is, in fact, not
well established even for bulk Gd samples. Also, it is likely
that the anisotropy constants of the Gd layers in the surface
In order to describe the MOKE data, again we consideregion are affected by the Fe overlayer, and therefore differ
the deviation of the magnetization from the in-plane orientafrom the bulk values.
tion in each Gd atomic layer. Within this second model the The comparison of our MOKE and surface magnetization
thermodynamic potential is given by computer simulations, presented in Figs. 4 and 5, shows that
) they are very similar. Both models demonstrate the two-step
®=—J;,;MsMg cog 0;— 0,) + K;sMgcos 6; spin reorientation; the first step is a second-order transition
© from the in-plane state to a canted, out-of-plane state, and the
+ 2 [—J, n+1M§cos{ O Ops 1)+ KlBMécos? 0, next step is a fir;t—order transition from the_ canted state to a
n=2 ’ nearly perpendicular state. The bump in the simulated
4 6 MOKE signal just above the first order step matches well in
+KzgMg cos' 6+ K3gMg cos’ 6, ]. (6)  shape and magnitude with experimental data. This supports
The minimization of® in Eq. (6) results in the dependence the conclusion made in Ref. 13, and shows that the Gd in-
of anglesé, on the layer index and on temperature via thetérfacial layers take part in the formation of a canted mag-
temperature dependenceMf;;=Mg, with M s temperature ~ Netic structure. The main difference between Figs. 4 and 5 is
independent. rather subtle, in that the change in the surfaammponent
Again, an iterative computer simulation of the magnetiza-On the first-order step is larger within the first model.
tion profile and resulting temperature dependent surface and Such uncertainty in the models for describing a spin re-
MOKE data were calculated in the same manner as Se@rientation transition in exchange coupled magnetic multi-

1%.order step

Perpendicular component of magnetization (a.u.)

2. Bulk driven model—multilayer approach and simulation

Il A. The results are presented in Fig. 5. layers is not unique. Because most experiments register only
the fact that a transition occurs, rather than directly measur-
IV. DISCUSSION ing the anisotropy in each layer, it is often impossible to

identify which layer is driving it. The exchange coupled lay-
The multi-step spin reorientation discussed here for theers in the super-resolution magneto-optical devices are a
Fe/Gd system has not been observed in any other thin film agood examplé® These devices are based on rare-earth and
multi-layered system. We find that the explanation of the firstransition metals with competing in-plane and perpendicular
order transition necessitates a nonlinear dependence of tlamisotropy. Two possible mechanisms were found for that
anisotropy energy on the magnetization orientation. In addispin reorientation transition. The first mechanism is an intrin-
tion, the parameter space available for the coexistence dafic spin reorientation in the GdFeCo layer, and the second is
both a first- and second-order phase transition in this systerthe exchange coupling force between the perpendicularly
is limited. magnetized TbFeCo and the in-plane GdFeCo films. These
In both models, it is necessary to have a surface that famechanisms are can be explained using only linear terms in
vors perpendicular magnetization, i.K,5>0. This effect is  the anisotropy and standard spin reorientation models.
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In contrast, our analysis of the order of the transitions instantK; in the bulk and at the interface for Gd and Fe-Gd
the Fe/Gd system demonstrates that this spin reorientation tkin films.
fundamentally different. This is because it relies on a nonlin-
earity in the anisotropy at or near the surface. The data avail-
able related to the first two anisotropy constaisandK,, ACKNOWLEDGMENTS
for Fe, Gd, and Fe-Gd films required by each model appear
to be of the appropriate sign, but a careful measurement of We thank NATO for support of this work under the col-
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