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Exchange-spring behavior in epitaxial hard/soft magnetic bilayers
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We present results on the magnetic reversal process in epitaxial 8MO0PTM (TM=Fe,C9 bilayer
films prepared via magnetron sputtering. The magnetically hard Sm-Co films have 20-T uniaxial anisotropy
and coercivities>3 T at room temperature, that double on cooling, as determined by magnetometry. The TM
layers are exchange coupled to the Sm-Co layer and exhibit reversible demagnetization curves expected for an
exchange-spring magnet. We also present numerical solutions of a one-dimensional model that provide the
spin configuration for each atomic layer. Comparison of the experimental results with the model simulations
indicates that our exchange-spring behavior can be understood from the intrinsic parameters of the hard and
soft layers. The simulations are extended to realistically estimate the ultimate gain in the energy product that
potentially can be realized based on the exchange hardening prif&ptE63-18208)00742-3

I. INTRODUCTION The switching of a soft-magnet film coupled ferromag-
netically to a hard layer was studied by Gabal! Under
Exchange-spring magnets are composed of a two-phagbe assumption that the hard layer is perfectly rigid and the
distribution of hard- and soft-magnetic grains that have posoft layer has no anisotropy, they solved for the magnetiza-
tential applications as permanent magret¥he hard- tion of the soft layer with an applied field opposed to the
magnetic grains provide the high anisotropy and coercivd1ard layer. They found that the soft layer remains parallel to
fields while the soft-magnetic grains enhance the magnetithe hard layer for fields less than the exchange-bias ffigigd
moment with the additional benefit of reducing the rare-earttvhereHe, is given by
content since the soft phase can be rare-earth free. The soft
grains are pinned to the hard-magnet grains at the interfaces Hex= m2AI2M (2, (1)
by the exchange interaction while the center of the soft- i L
magnet grains can rotate in a reversed magnetic field. Such IS the exchange constant that couples spins within the soft
magnets are characterized by enhanced remanent magnetif3er. t is the soft layer thickness, aid, is the saturation
tion and reversible demagnetization curves since the soff!@gnetization of the soft layer. Fér>He,, the spins in the

grains will rotate back into alignment with the hard grainsSOft layer exhibit continuous rotation, as in a Bloch wall,
when the applied field is removed. Although future applica-With the angle of rotation increasing with increasing distance

tion of two-phase magnets will most likely be based on ranfrom the hard layer. The magnetization of the_osgft layer is
domly dispersed nanocomposite geometfiesupled bilayer ~réversible and approaches saturation HgHe,) . Both
films provide convenient model systems for studying theirpr_ed'Ct"_)”S are consistent with experl_mental studies of NiFe/
properties because the relative length scéiles thicknesses NiCo bilayers by Gotoet al, and W'th7 subsequent stud-
of the hard- and soft-magnet laygcan be controlled during €S 0f  Sm-Co/NiF€, Sm-Co/Co-zf:” and ~epitaxial
the deposition process. Skomskind Coe§ explored the COFeO,/(MnZn)Fe,0, exchange-coupled bilayefsin all
theory of exchange coupled films and predicted that a giarifese studies, the thickness of the soft layer wa80 A. For
energy product of 120 MGO@bout three times that of com- Ssufficiently thin soft-magnetic layerst~ a domain-wall
mercially available permanent magneits possible in super- Width in the hard laygr the soft layer is expected to be
lattice structures consisting of aligned hard-magnet layer§9idly coupled to the hard layer, with both layers switching
that are exchange coupled to soft layers with high magnetiat & nucleation field given by

zation.
Realization of exchange-coupled thin-film structures re- 2(t K+ tKy)
quires controlled growth of nanometer-scale hard-magnet N:Wa (2
S S

films. The growth of such films, their incorporation into suit-

able magnetic heterostructures, and understanding their magtherety(ts), Kn(Kg), andMy(M,) are the thickness, anisot-
netic reversal behavior are areas of current reséar@n ropy, and magnetization of the hafdoft) layers, respec-
this paper we explore the reversal processes in epitaxial hartively. Such behavior has been shown qualitatively for Sm-
soft Sm-C¢1100)/TM bilayers (TM=Fe and Cd with the  Co/Fe-Co bilayersand Nd-Fe-B/Fe superlatticéX.
transition-metal TM) thicknesses in the range of 25-200 A.  The present paper is organized as follows: we present
Magnetically hard Sm-0d100) has the advantage of having experimental procedures in Sec. Il, the magnetization of the
a uniaxial in-plane anisotropy. Thus, the rotation process o6m-Co films and Sm-Co/TM bilayers in Sec. Ill, compare
the exchange-coupled TM layers can be studied with the aphe observed magnetic reversal behavior with numerical so-
plied field both parallel and perpendicular to the anisotropylutions of one-dimensional magnetic models of the system in
axis of the hard layer. Sec. IV, and summarize the major conclusions in Sec. V.
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T s T T with the expectedt-axis anisotropy. FoH parallel to the
Sm-Co easy axifMgO[001]), a square loop is observed with
a coercive fieldH. of 3.4 T for this film. The coercivity
increases to 7.3 T at 25 K. The Sm-Co saturation magneti-
zation is~500—-600 emu/cras compared to 1710 and 1425
emu/cni, for Fe and Co, respectively. Fét applied in the
orthogonal in-plane direction, a sheared hard-axis loop is
measured. The anisotropy field, estimated from extrapolating
e.a. " the hard-axis loop to saturation,1s20 T. This field value is
! L | ‘ comparable to those reported for bulk 80, (>20 T) (Ref.
-8 -4 0 4 8 14) and SmCg (25-44 T).*°

H (T) Also shown in Fig. 1 is the transverse magnetization mea-
sured withH parallel to the hard axis. This measurement was

FIG. 1. Room-temperature magnetic hysteresis loops for a . . . .
200-A_Sm-C¢1100) film with H parallel to the hard-axigh.a) obtained after the film was first saturated along the easy axis

MgO[110] direction(circles and the easy-axie.a) [001] direction and then rotated 90° for the hard-axis measurements. For

(triangles. For the hard-axis measurements, we show both the lont =0, the transverse moment equals the remanent easy-axis

gitudinal (filled circles and transversépen circles magnetization ~ Value. The moment decreases ort$% from the remanent
components. value in a field 67 T along the hard axis indicating that the

moments rotate<20° from the easy axis. The shoulder ob-
II. EXPERIMENTAL PROCEDURES served in the easy-axis magnetization nda+0 may result
— . . from the presence of a minority soft magnetic phase. As will
The Sm-C_()llOO)/TM b|layers are grown via dc magne- pe seen later, however, such minority soft phases do not

tron sputtering onto single-crystal MO0 substrates gffect the switching of the TM layers.
coated with an epitaxial 200-A @11) buffer layer. The
200-A Sm-Co layers are deposited by cosputtering from
separate Sm and Co sources with a nominally,&on con- B. Sm-Co/Fe bilayers
centration at a substrate temperatlige= 600 °C as outlined 1. Magnetization
in Ref. 4. The TM layers are then grown®=300-400 °C

with thickness values of 25—-200 A and capped with a SO'A\h
Cr layer. The film structure was studied by x-ray diffraction.etry as Fig. 1. For a 25-A Fe laydFig. 2a)], the loop

The magnetic properties were measured by mearis) ot shapes are similar to those observed in Fig. 1. A square easy-
Quantum Design 7-T superconducting quantum interferenchispIoo is measured with H.—1.7 T regﬁce.d~sgty as Y
device magnetometerii) the longitudinal magneto-optic P he isol c f:I Lo h Oh

Kerr effect (MOKE) using p-polarized, 633-nm light, and compared to the isolated Sm-Co film, indicating that the en-

(iii ) Brillouin light scattering(BLS). The BLS experiments tire Fe layer is strongly coupled to the underlying Sm-Co

g film and that the two layers switch as a unit. The hard-axis
were performed at room temperature using a 5-pass Fabry: . . .

o . ransverse loop is reversible and decreas@%% in a 7-T
Peot interferometer and a single-mode argon laser operatefd

at 514.5 nm. The magnetometer was equipped with coil Seg‘eld resulting from the increased rotation of the Fe layer

1.0
h.a.-transverse
0.5

M/M
[
(e

Shown in Fig. 2 are room-temperature hysteresis loops of
e Sm-C@200 A)/Fe bilayers measured in the same geom-

to measure both the longitudinal and transverse magnetiza " the Sm-Co easy axis. For the 100- and 200-A Fe layers

tion. Because of the nonuniform rotation process expected i ai;l?;ai t%gaggse Z?(iiispieqlg:gtsIgvczigrigtlﬁ.raizﬁ%ﬂ;ef%r the
an exchange-spring magnet, the longitudinal and transver: Y + S€P 1g lransit

. e and Sm-Co layers are observed. This is similar to that
data are not simply relate@s they would for coherent rota-

: . : : observed in Refs. 5-8 but with much thinner soft layers in
tion of a uniformly magnetized sampland thus provide a o
more complete description of the magnetic reversal. the present samples. The switching fields for the Sm-Co lay-

ers(0.6—0.7 T are similar for the 100- and 200-A Fe layers
and are only 20% of that of the isolated Sm-Co film value.
Ill. EXPERIMENTAL RESULTS The hard-axis data exhibit an initial low-field susceptibility
A. Sm-Co films that increases with increasing Fe layer thickness. The trans-
) L verse magnetization also shows a rapid decrease at low
The structural and magnetic characterization of SMyjg|gs. Both effects are due to the rotation of most of the Fe

Co(1100) films grown onto C{211) buffer layers are de- |ayer asH increases. This result is consistent with that ob-
scribed in detail in Refs. 12 and 13. The epitaxial relation forganed for Sm-Co/Co-Zr films.

the Sm-C¢1100) films is Sm-C$0001]|Cr{011]|MgO[001]
resulting in a uniaxial in-plane structure with the magnetic
easy axis parallel to the Sm-Quoaxis. The nominal compo-
sition of the films is SCo,. However, high-resolution elec- Shown in Fig. 3 are the MOKE results for the 100- and
tron microscopy identifies stacking disorder in thaxis di-  200-A Fe layer films. As a result of the finite penetration of
rection consisting of a mixture of SmgoSm,Co;, and the light, the MOKE measurements are dominated by the
SmCaq phases? Shown in Fig. 1 are the magnetic hysteresisswitching of the top Fe layer. For the easy-axis measure-
loops for a single 200-A Sm-Gb100) film measured with ment, the Fe layer starts to switch at the exchange field: 0.22
the fieldH applied along orthogonal in-plane directions. Theand 0.09 T for the 100- and 200-A Fe layers, respectively.
films exhibit strong uniaxial in-plane anisotropy consistentAbove H,,, a sharp drop in the magnetization is then fol-

2. Magneto-optic Kerr effect
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FIG. 2. Room-temperature magnetic hysteresis loops for Sm- FIG. 3. Room-temperature magnetic properties of Sm-Co/Fe bi-
ColFe bilayer films wittH parallel to the hard-axiircles and the  layer films measured by MOKE. Hysteresis loops measured ith

easy-axigtriangles directions. For the hard-axis measurements, weParallel to the hard-axigopen circles and the easy-axifilled
show both the longitudinalfilled circles and transversdopen  Circles directions for the 100-A Féa) and 200-A Fe(b) films. (c)
circles magnetization components. The irreversible magnetizatiahM;,, vs reverse field measured with

H parallel to the easy axis, wheteM,,, is the difference between
6he remanence acquired after saturation in one direction and the
remnant magnetization after subsequent application of a reverse
Field in the opposite direction.

lowed by an asymptotic approach to saturation until the har
layer switches irreversibly aH;,, as expected for the
exchange-spring state. This behavior is particularly clear fo
the 200-A Fe film. One characteristic of exchange-spring

magnets is that the reorientation of the soft layer should b&eduencies decrease with decreadihygeaching a minimum
fully reversible for fields below the switching field of the atH=—0.25T, and then increase for even lower fields. At
hard layer. To test this behavior, we have measured the irrdd~—0.55 T, the frequency changes abruptly and becomes
versible magnetization change as a function of field reversa@dual to the corresponding positive field value. Qualitatively
for intermediate fields. Following Kneller and Hawighe these results are consistent with the magnetization studies:
irreversible magnetization is described by the field demagne-

tization remanencéV4(H), the remanence being acquired 60 i T T T
after saturation in one direction and subsequent application
of an applied field in the opposite direction. The irreversible 50
magnetization chang&M;,, is given byM,—M4(H) where —
M, is the remanent magnetization. Shown in Figb)3is E 40
AM,,/2M,. The magnetization is fully reversibleAM,, 0
=0) up to fields where the Sm-Co layer switchesHa} ~ 30
=0.6 and 0.7 T for the 100- and 200-A Fe layer films, re- 3
spectively. 20
3. Brillouin light scattering 0% 06 04 02 00 02 04 06 08
As a final probe of the magnetic properties we have ex- H (T)

amined the magnon frequencies of the Fe layers using BLS.

Shown in Fig. 4 is the field dependence of the magnon fre- FIG. 4. Room-temperature BLS results for the Sm-C(¥B6
quency in the 100-A Fe sample. As with MOKE, the BLS A) bilayer film. The symbols are the magnon frequencies measured
signal is dominated by contributions from magnons in thefrom saturation in positive fields towards negative fields. The solid
top Fe layer. The field is always parallel to the easy axis. Théine is a fit to Eq.(3).
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the frequency minimum at-—0.25 T reflects the instability
as the Fe layer starts to spiral away from the easy axis of the 1.0
Sm-Co layer, and the jump at0.55 T occurs as the Sm-Co
layer switches.

We are not aware of any theory that quantitatively de- 0.0~
scribes the magnon frequencies in a magnetic layer undergo-
ing such a spiral reorientation. However, in the regions be- =
low —0.55 T and above-0.25 T, where the magnetization X
of the Fe layer lies along the easy axis of the SM-Co and is
also either parallel or antiparallel to the applied field, the
following quantitative analysis can be made. The magnon
frequency for an isolated Fe film of thicknes@ssuming no
anisotropy is given by®

h.a.-transverse

100-A Co

h.a.

w=y[(H+27My)%— (27MJ)%exp(—2qt)]*%  (3)

where y=29.4 GHz/T is the gyromagnetic ratio of Fe, and
q=8.6x10"% A~!is the magnon wave vector determined H (D

by our scattering geometry. In order to use Eg). for our

samples it must be generalized to include the constraint of FIG. 5. Room-temperature magnetic hysteresis loops for Sm-
the Fe spins at the Sm-Co interface. Since the instability o€o/Co bilayer films witrH parallel to the hard-axigircles and the

the Fe magnetization occurs atH,, it is reasonable to easy-axigtriangles directions. For the hard-axis measurements, we
invoke H,, as an effective exchange field. Replacidgoy = show both the longitudinalfilled circles and transverséopen
H+H,, Eqg. (3) quantitatively fits the data in Fig. 4 and circles magnetization components.

yields Hg,=0.22 T (0.09 T for the 200-A samp)eand

4mM¢=1.8 T. The fit belowH =—0.55 T is obtained in the with the magnetization measured both longitudinal and trans-
calculation by considering the sign changeHqf, when the  verse to the applied field. The Sm-Co/Fe results are similar
Sm-Co layer switches. The Brillouin scattering shows thato the room-temperature data with the exception that the
the spin-wave frequencies of the Fe films are consistent witBwitching of the Sm-Co layer has increased to 1.5 T but is
isolated Fe films perturbed by an effective exchange fieldstill well below the ~7 T value for the Sm-Co film. The
This demonstrates the model behavior of our system. A moreninor loop shows the switching of the Fe layer is completely
rigorous description of the magnon modes that also describggversible for field as large as 1.2 T confirming that the Fe
the region in which the magnetization is in a spiral state willand Sm-Co are strongly exchange coupled. ForH,,
require solving the eigenmodes of the coupled-layered sys-

tem, including the anisotropy of the Sm-Co layer, and satis-

fying the appropriate boundary condition at the interface, and 1oL ! f T
is beyond the scope of this paper. 200-A Fe
C. Sm-Co/Co bilayers <
0.0

Shown in Fig. 5 are room-temperature hysteresis loops of
the Sm-C¢200 A)/Co bilayers. Square easy-axis loops are
observed with coercive fields of 0.73 and 0.42 T for the 100-
and 200-A Co layers, respectively. The Sm-Co/Co results % .10 =2, '
contrast with those on similar Sm-Co/Fe samples in impor- e

=

tant ways:(i) the Co layers remain parallel with the Sm-Co 1.0 - -
to well above the expectdd,, determined from Eq(1), (ii) 200-A Co ¢ A
the Sm-Co and Co layers switch at the same field, @nd 0.5 / -
the switching field of the Sm-Co layer depends strongly on
the Co layer thickness. The hard-axis loops are similar to 0.0
those of the Sm-Co/Fe films, and exhibit an increased low- 3 /
field susceptibility with increased Co layer thickness. 05 = N
—>
D. Low-temperature results Ho — I ' R *z"
-1.6 -1.2 -0.8 0.4 0.0
To further investigate the difference in switching of the H (T)

Fe and Co layers, we examined the samples at low tempera-

tures in order to increase the coercivity of the Sm-Co layers. FiG. 6. Low-temperaturé25 K) demagnetization curves for
For isolated Sm-Co films, the coercivity doubles on coolingsm-Co/Fe and Sm-Co/Co bilayer films with parallel to the easy
from 300 to 25 K. Shown in Fig. 6 are easy-axis demagneaxis. We show both the longitudinétircles and transversédia-
tization curves for the 200-A Co and Fe films measured at 25nonds magnetization components. The filled symbols are the de-
K. Included in Fig. 6 are major loops as well as minor loopsmagnetization curves and the open symbols are minor loops.
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when the longitudinal moment decreases, the transverse matomic model employed successfully in Refs. 5 and 7. We
ment first increases and then more slowly decreases witlivide the bilayer structure into a sum of atomic layers and
increasing field. In the exchange-spring state, the rotation ahe bilayer is treated as a one-dimensional chain of spins
the spins away from the hard layer results in the significanhormal to the layers. Each spin is characterized by a moment
transverse moment observed experimentally. The fact tha#l;, uniaxial anisotropy constamt;, and is assumed to ro-
such a large transverse moment is observed indicates that ttege within the plane of the film characterized by an in-plane
Fe layer rotates with a preferred sense of rotation. This sugangled,. ; is measured relative to the easy-axis direction of
gests that the applied field is slightly misaligned with thethe hard layer, and the external field is applied at an afigle
easy axis. If the field were perfectly aligned, then differentwith respect to the easy axis. Adjacent spins are separated by
regions of the samples would rotate with opposite sense dd=2 A and coupled by an exchange constant,;. The
rotations and the net transverse magnetization would averagetal energy of the system is given by
to zero.

At 25 K, separate switching transitions are observed for N-1 o N
the Sm-Co and Co layers at 1.05 and 0.5 T, respectively. The _ i+l _ _
switching of the Co layer is reversible but is hysteretic about E= 2 a2 0080~ biva) .21 Kicos'(6))
the exchange fielt o,=0.46 T (H,=0.86 T for the 100-A
Co samples This behavior arises from the intrinsic mag-
netic anisotropy of the Co lay&The c-axis Co anisotropy _;1 HM;cos 6 — Oy). )
stabilizes the Co layer either parallel or antiparallel to the
Sm-Co film and results in an abrupt and hysteretic behavior

at the Co switching fieldH ., for the Co layer can be roughly For the bilayer system, the indeilethro.ugh' N corre-
estimated by assuming that i, the Co layer rotates from sponds to the soft layer which has magnetization, anisotropy,

being parallel to antiparallel with the Sm-Co layer. By equat-21d €xchange given by, Ks, andAs, respectively. The
nap P W Y y equ index i=Ng+1 throughN represents the hard layer and is

ing the Zeeman energy gain with the energy of introducing d )
domain wally (~10 ergs/cr) in the Co layer near the in- characterized b, K, andA;. The hard and soft layers

terface, a rough estimate fbt,, is given byy/M =0.36 T, are coupl_ed_at the_interfa_ce by_an EXChaﬂge intera@tign
in reasonable agreement with the experimental results. The eqU|I|br_|u_m Spin configuration for a given field is det_er-
The observed low-temperatuke,, values for the Co lay- mined by minimizing Eq(4). For H parallel to the easy axis

ers are close to the room-temperatutdge values of the (gH_ZO)’ the Ipwest energy configurati_on will b‘g=_0 for_
coupled bilayer. This suggests that the room-temperatyre all i . We are interested in the local-minimum configuration

values for the Sm-Co/Co samples are determined primaril)iﬁ which the hard layer is opposite td (¢~ for i=Ns

by H,, of the Co layer. Once the Co layer switches the+1 to N) and the soft layer rotates with the applied field. To
Sm-Ce(); layer follows calculate this configuration we employ an iterative approach

outlined by Camley”*®We start with all spins af;~ 7 (for

all i=1toN) in a small positive applied field. A spin is then

randomly chosen and rotated towards its lowest energy po-
To obtain greater insight into the switching of both the sition. The new spin direction is estimated by the follow-

soft and hard layers, we use the simple one-dimensionahg expression:

N

IV. SIMULATION

fan(9!) = Aji—1SIN(6;_1) +A; i 1SIN(6; 1) + d*HM;sin( 6,,)
" AZ1€09 6, _1) + A 1 1C09 64 1) +2d°K;cog ;) + d*HM;cog by) ’

®

which is determined from the criterion thdE/d#;=0. This  lations. Both methods give similar results. Since there is in-
procedure is repeated by randomly selecting spins and rotagvitably some misalignment between the field and the easy
ing them, via Eq(5), until the system converges on a stableaxis in an actual measurement, taking into account the mis-
configuration. For a 200-spin system, this typically takesalignment angle in fact more closely simulates the real sys-
10°— 10 iterations. The total longitudinal and transverse mo-tem.

ments are calculated, the field is increased and the process Shown in Fig. 7a) is the comparison of the calculated
repeated in order to calculate a hysteresis loop. Since th®m-Co/Fe(200 A) easy-axis loop to the 25-K data shown
criterion dE/d#;=0 is also valid for maxima as well as in Fig. 6. The parameters for the calculation afg
minima in the energy, some care is needed to avoid suck1.2x10 ¢ ergs/cm, K,=5x10" ergs/cmd, M,=550
solutions. One such solution can be obtaineddige=0 and  emu/cn?, A,=2.8x10 Sergs/cm, K=10* ergs/cm, Mg

6,= = for all i, even if an applied field is sufficient to reverse =1700 emu/cy A;,=1.8x10 ® ergs/cm, andf,=3°.

the soft layer. To avoid this problem, we either perturb theThe values oK,, andM, were estimated from magnetization
system at each field to check the stability of the solution omeasurements on the Sm-Co films. The valudgfwas set

we use a small but finite value @f; in our easy-axis calcu- intermediate to exchange coupling of the hard and soft lay-
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FIG. 8. Calculated demagnetization curves for the Sm-Co/
Co(200 A) film. The model parameters are described in the text.

180

pressed and its energy increases. The wall energy in the soft

layer vy, assuming no anisotropy, is expected to vary as

VAsMH. The energy of a domain wall in the hard layer is

Yn=4VAK}. As the field increases such th@f becomes

greater thany,, the domain wall in the soft layer moves

z ! into, and switches, the hard layer. The field at which the hard
0 10(,) 200 300 layer switches should roughly scale AgK,,/A;Mg and is

Thickness (A) significantly lower than that for the isolated film. This also

FIG. 7. (a) Low-temperaturé25 K) demagnetization curves for explains Why the hard Ia_yer switches gt a lower field in the
the Sm-Co/F€&00 A) film shown in Fig. 6 compared to the model 5”_"C°/C° bilayerg¢see Fig. & Co has hlgh.er ?XChange and
calculation(solid line) described in the text. The longitudinal and anisotropy constants than I_:e, _bOth_ of which increpsand
transverse components of the magnetization are given by the circld@US reduce the Sm-Co switching field. _
and triangles, respectivelyb) Representative spin configuration W Simulated the switching of the Sm-Co/@00 A) bi-
determined from the model calculation shown(&. Open circles ~ layer. Shown in Fig. 8 are the calculated demagnetization
are Fe spins and filled circles are Sm-Co spins. The free Fe surfaddirve and minor loop simulated for the 200-A Co layer for
is located at zero and the Sm-Col/Fe interface is at 200 A. parametersiM ¢=1400 emu/cry A;=4.0x10"° ergs/cm,

andK,=3x10° ergs/cm. All the features of the measured
ers. The calculation reproduces the, value, the field de- data(Fig. 6) are reproduced in the calculations. In particular,
pendence of both the longitudinal and transverse magnetiza?€ €xchange field for the Co layer is large compared to that
tion, as well as the switching field of the Sm-Co layer atfor Fg layers of.3|m|Iar thickness, the switching of Fhe Co
~1.5 T. The irreversible switching of the hard layer is ex-[2Yer is hysteretic aboud,, and the Sm-Co layer switches
pected to be the least reliable parameter determined by th & lower field than the Sm-Co/Fe films.
type of modeling and the close agreement in Figg) 7s The reliability of the simulation can be checked by com-
rather fortuitous. Shown in Fig.(B) is the spin configuration Parison to the room-temperature easy- and hard-axis data
at various fields for the calculated magnetization in Fig).7  (Poth longitudinal and transverse. These comparisons are
The distribution of moments is consistent with the expectaShown in Fig. 9. The parameters in the calculation are iden-
tion that the Fe located away from the interface rotates moréic@l to those used in Fig. 7 with the exception ti#at is
For the configuration al=0.14 T the average Fe angle is decreased by 8% to reflect th(_e weakening wnh w_mred’sed
~90° resulting in the maximum in the transverse moment! N same set of parameterslls able to qu.antltatlvely repro-
with applied field. As the field increases, the turn angle of thefuce the measured results, with the exception of the value of
Fe spins away from the interface increases and the surface
layers align with the field. AtH=1.45 T (just below the
switching of the hard laygrthe top~120 A of the Fe layer
aligns with the field.

The hard layer is also significantly perturbed by the rota-
tion of the Fe layers, in agreement with the calculations of
Mibu et al® As H increases, the interfacial Sm-Co spin is
also increasingly rotated and a domain wall is slowly intro-
duced into the hard layer. This domain wall, nucleated by the
Fe layer, reverses the Sm-Co layer at a field well below that
expected for an isolated Sm-Co film. In the calculation
shown in Fig. 6, the Sm-Co layer reversedat 1.47 T. If H (T)
one setsA;;=0 to decouple the Fe and Sm-Co layers, the
Sm-Co layer reverses d&=15 T. The reduction of the FIG. 9. Room-temperature hysteresis loops for the Sm-Co/
switching field of the hard layer was explained in Ref. 1. AsFg200 A) film shown in Fig. 2(filled symbold compared to the
the field increases, the domain wall in the soft layer is com-model calculatior{open circle} described in the text.

Angle (deg.)

60

s passiniedets
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FIG. 11. Calculated maximum energy produ@H) ,,ax of Sm-
Co/Fe bilayers with different layer thicknesses. The dashed curves
are that of the idealgH) ,.x- The square symbols are experimental
- (BH) max Values taken from the hysteresis loops shown in Fig. 2.

L

0 1 ! i
0 50 100 150 200 With increasing thickness, the Fe-layer magnetization re-
Fe thickness (A) verses at lower fields, andBH) .y is limited by the ex-
o change bias fieldH.,. The square symbols are thBKl) .«
FIG. 10. (a) Calculated demagnetization curves for Sm'COIFevalueS taken from the hysteresis loops shown in Fig. 2. The

films with variogs Fe thickness.e(sb) Calcula.ted irreversibility field agreement between the experimental data and model calcu-
for Sm-Co/Fe films as a function of Fe thickness compared to th%

measured values for the Sm-Co/Fe bilayer films measured at 25 {:}tlon IS r(_easonfably goqd. The.calculanon shows that for
ilayers with suitably thin constituent layer$3 ) .x can

even be greater than that of Nd-Fe-B, illustrating the impor-

the room-temperature switching field of the hard layer. Thesgance of the exchange hardening mechanism.
parameters provide a reasonable description of the sample The model does overestimate the switching fields for low
and provide added confidence in the assumption that the irFe thickness as seen in Fig.(bD This results from an in-
terfacial exchange is comparable with the exchange withitomplete description for the Sm-Co layer. The present model
the layer. does not include any other region to nucleate reversal besides

With these parameters we can simulate a series of hystethe Fe layer and, thusi, for the isolated Sm-Co layer
e;is loops for different Fe layer thickness values. Shpwn iequals the anisotropy fieldor 6,,=0) which, of course, is
Fig. 10/ are easy-axis demagnetization curves for differenfhever expected to be achieved in real films. However, as we

Fe layer thicknesses from 10 to 200 A. The switching for thehave discussed previously, this does not affect the calcula-
hard layer initially decreases dramatically with increasing Fejon of (BH) ay.

thickness. Even a 10-A Fe layer reduces the calculated coer-
civity of the hard layer by a factor of 3. When the Fe-layer
thickness become comparable to the width of a domain wall,
the switching of the hard layer becomes independent of the We have presented the experimental results on strongly
Fe layer thickness. This is shown in Fig.(Bpwhere the exchange-coupled Sm-Cid00)/TM bilayer films. Because
calculated Sm-Co switching fields are compared to those abf the epitaxial growth, the magnetically hard Sm-Co layer
the Sm-Co/Fe samples measured at 25 K. The general tremghs an in-plane uniaxial anisotropy field as large as 20 T.
in the data is well reproduced by the simulations. Such a large anisotropy field enables us to explore exchange-
From the simulated hysteresis loops, we can extract thepring behavior in a new region where the soft-layer thick-
maximum energy producBH) .« for the Fe/Sm-Co bilayer nesses arez20 nm. The moments in the soft layer near the
structure. Shown in Fig. 11 are the calculateBlH) .«  interface are pinned by the hard layer and switch reversibly.
curves plotted as a function of Fe layer thickness for differ-The present results can be understood from the intrinsic pa-
ent Sm-Co layer thicknessesBIfl) . increases initially rameters of the hard and soft layers, indicating that the inter-
with increasing Fe thickness, peaks, and then decreases. Tfazial coupling between the Sm-Co and the soft layer is com-
peak value of BH) increases with decreasing Sm-Co parable to the atomic exchange whether the soft layer is Fe
thickness. Also shown as dashed curves is the ideal energgr Co. It was suggestédhat exchange coupling requires
product BH) max=(27Mg?. At low Fe thicknessefless than  crystallographically coherent interfaces and therefore the
the Block wall width in the hard laygrthe Fe layer couples hard and soft phases should emerge from a common matrix
rigidly to the hard layer and the nucleation fielg, is greater phase. The present results suggest that exchange coupling is
than 2rMg. (BH)hax then increases as a result of the in-a more general and robust phenomenon since Fe and Co
creased saturation magnetization, following the ideal curvehave different crystal symmetries and both are strongly

V. CONCLUSION
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coupled to the hard Co-Sm layer. development and optimization of high-performance perma-
The fact that the experimental results and the simulatioment magnets.

agree quantitatively permits the use of bilayers to model

exchange-spring coupling in order to obtain detailed infor- ACKNOWLEDGMENT
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