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The magnetic anisotropy and rotational hysteresis loss in Ni—Fe/Mn—Ir bilayers were investigated
for films prepared by an ultraclean sputtering deposition process. An in-plane field of 30 Oe during
deposition served to define the antiferromagnéf€) alignment axis for the Mn—Ir layer. The
Ni—Fe layer thickness was maintained at 50 A and the Mn—Ir layer thickness ranged from 20 to 200
A. Room temperature magnetization and torque measurements were made as a function of the
Mn—Ir layer thicknessl,r and the applied field. The magnetization data were obtained for fields
applied in the same direction as during deposition. The magnetization data indicate a @xjical
value of 37 A, taken agi:. For d,->d3:, the data show hysteresis loops which are displaced
along the field axis. The torque response and rotational hysteresis characteristics are sensitive to
both dar and the measuring fieldl) Whend,r is much less thadr, the torque curves have a

sin @ characteristic at fields below 30—40 Oe or so which suddenly changes to @adiaiacteristic

at higher fields. With the onset of the sié fbrque response, rotational hysteresis loss also appears
but then vanishes for fields above 100 Oe or(& As dr approachesr from below, the torque
response is the same as above. Here, however, the rotational hysteresis appears for fields well below
the field at which the torque response assumes aé#stharacter and persists to the maximum
available measuring field of 15 kOe or $8) Whend e exceedsly, the torque has a predominant

sin @ character at all fields and a small sii@mponent and rotational hysteresis which only around

a field of 400 Oe or so. These results, while somewhat complicated, are in accord with responses
evaluated from the simple exchange anisotropy model of W. H. Meiklejohn and C. P|Bleps
Rev.102 1413(1956; 105 904 (1957]. Among other things, one may conclude that a rotational
hysteresis which persists to high field is not intrinsic to exchange anisotropy20@ American
Institute of Physicg.S0021-89780)04609-0

I. INTRODUCTION placed along the field axis, relative to the usual symmetric
hysteresis loop for a ferromagnet. Second, curves of the
. X ; . he in-pl fiel lati h idi-
adjacent antiferromagneti&\F) layer is one of the key ef- torq.ue versgs the in-plane '|e. d apg:lere ative to the unidi
rectional axis develop a unidirectional girtharacter. These

fects in the development of spin valve heaftsr magnetic . . .
tgrque curves may also show rotational hysteresis loss, mani-

recording. Through such exchange biasing, the exc:hang[§ ted by t hich i letel iol
coupling across the interface between the AF layer and the sted by forque curves which are not compietely reversioie,

layer effectively pins the magnetization direction on the I:but such Ipsses vanish at high field, according to the model.
layer. A second F layer, separated from the first by a thin  EXPerimental data on real F-AF systems, bulk as well as
nonmagnetidNM) layer, is free to respond to the magnetic thin film, show these basic responses, but often with one
field from the magnetic bits in the storage medium. There i€rucial complication—a rotational hysteresis loss which per-
a large change in the electrical resistance, the so-called giafists to high field:°~**Many possible origins of this discrep-
magnetoresistance, of the F-NM-F sandwich as the magnetgncy have been proposed. These include various domain wall
zation direction in the free F layer changes relative to theconfigurations in the AF or the F layBra more complex
pinned magnetization in the exchange coupled layer. Thisnagnetization process in the F layeand direct interaction
change vyields the desired bit readout signal. between the antiferromagnetic spins and the external applied
In spite of the intense interest in exchange biaditlee  field.*° In spite of such proposals, however, there is still no
detailed microscopic origins of this important effect remainclear physical model to explain these effects. The most rea-
unresolved:® The basic model for the effect is the exchangesonable element of the proposed models is some sort of in-
anisotropy model proposed by Meiklejohn and B&liB).>°  homogeneity which results in a variation in the local F-AF
In this MB model, the F-AF interaction leads to the appear-exchange coupling and produces a coexistence of blockable
ance of a unidirectional anisotropy with two characteristicand unblockable regiorislt was recently proposed that for
manifestations. First, magnetization curves for fields applieghin films structures, such a situation could result from inho-

parallel to the spin alignment axis in the AF layer are dis-mogeneous microstructure for the antiferromagnetic 1&Jer.
Previous work by the present authors has shown that
dElectronic mail: tsunoda@ecei.tohoku.ac.jp film fabrication under a highly purified sputtering atmo-

The exchange biasing of a ferromagné&g layer by an
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sphere can lead to a significantly improved film

morphology***The data in Ref. 13, for example, show that H

Ni—Fe films fabricated under such conditions have an in-

creased in-plane grain size and highly coheféitl) crystal 6

planes with an extremely low fault density from the initial

atomic layer to the top atomic layer of the film. Reference 14 e w
shows that an antiferromagnetic film which is deposited di- B
rectly on this Ni—Fe film under the same conditions will

replicate the large grain and highly coherent microstructure P, P J
of the Ni—Fe underlayer. The use of a highly purified and a s 4
ultraclean sputtering process, therefore, should result in the - dAF
realization of antiferromagnetic layers with a very homoge- = &=
neous microstructure.

The present study focuses on the ferromagnetic-
antiferromagnetic Ni—Fe/Mn—Ir film systefd. Bilayers <:>
made up of 50 A thick ferromagnetic Ni—Fe films and anti- Kar
ferromagnetic Mn—Ir films of different thicknesses were fab-
ricated through the ultraclean sputtering process cited abovéE!G. 1. Schematic diagram of the magnetic bilayer structure used for the

. . . . exchange anisotropy model calculations. The spin moments in the ferromag-
The aim Wa&ﬂ) to prOduce sandwich films with an enhanced netic (F) layer of thicknesslr and the antiferromagnetié\F) layer of thick-

structural homogeneity for the antiferromagnetic layer anthessd,: are indicated as open arrows. The exchange coupling at the inter-
(2) to use such films to study the fundamental exchange arface is indicated by the spring label@dThe uniaxial anisotropy for the AF

isotropy process without the complications of an inhomogelayer is i.ndicatejd by the large shaded arrow labefeg and_ eIo_ngated

necus microstructure. These bilayer fims were used to medZ=he? ine eslnder The sradeq anondencies he sonied 1 piare

sure magnetization versus field and torque versus in-plang the anglesy, g, and#, as indicated.

field angle as a function of the Mn—Ir layer thickness and the

applied field. These data were then used to deterifantne

film coercive force and exchange anisotropy field versus the

Mn—Ir film thicknessd e, and(b) the uniaxial and unidirec- «, andg, respectively. The small spring labelédndicates

tional torque response and the rotational hysteresis loss vethe interface exchange coupling. The layers are assumed to

susdar and the applied field used for the torque measurehave in-plane spins only, and no domains. The uniaxial an-

ments. These experimental results were then compared wiikotropy axis for the antiferromagnetic layer is indicated by

corresponding computations based on the original Meiklethe shaded arrow labeldtl,r. No magnetic anisotropy has

john and BeariMB) model. been taken into account for the ferromagnetic layer in this
The details of the experiment and the calculations arenodel, to observe the unique effect of exchange interaction

presented below. Section Il gives the procedures for the conbetween the ferromagnet and the antiferromagnet on macro-

putations and the sample preparation and measurementtopic magnetization, magnetic torque curves and rotational

Section Il gives the results of the model calculations and théwysteresis losses.

measurements. Section Il also provides a critical compari- Following Ref. 6, one may write the total free energy per

son of the model calculations with the data. Section IV con-unit surface area a&, wheret is the total film thickness and

siders various points of disagreement between the model ariflis an average energy density per unit volume, in the form

the measurements. Section V presents a summary and coshown in

clusion. The basic conclusions are easily stated. First, Ni—

Fe/Mn—Ir bilayers fabricated under the ultraclean sputtering tE=—MsdeH cog6— )

process have mggnetlc.proptlar'tles which typ|fy exchange an- +K ppdae SIE a— J cog B— a). 1)

isotropy interactions with minimal complications. Second,

the data can be modeled through the Meiklejohn and Bean In Eq. (1), Mg denotes the saturation magnetization per

model with no major additional modifications. unit volume of the ferromagnetic layelK e is the uniaxial

anisotropy constant in units of energy per unit volume for the

antiferromagnetic layer, andlis the exchange coupling en-

ergy per unit area of the interface between the layers. The

A. Model for calculation ferromagnetic layer is taken to be isotropic. From the usual

The model described below follows the basic exchang@n€rdy minimization procedure, one obtains the following

anisotropy concept developed by Meiklejohn and Bi&in, conditions for static equilibrium:
The coupling model and geometry applicable to a two-layer

1. PROCEDURE

. L ! e Kardar/J)sin 2a=sin(f— «), 2
Ni—Fe/Mn—Ir film is shown schematically in Fig. 1. The (Karpdar/J)sin 2 =sin(A = a) @
ferromagnetic and qntiferromagn_etic Igyers have thickne;ses (MdgH/J)sin(0— B) =sin( B— a). 3)
dr anddag, respectively. The orientation angles for the in-
plane magnetic fieltH, the ferromagnetic film magnetization Keep in mind that in the experiment, the control param-

vector, and the antiferromagnetic spin axis are shown,as eters are the antiferromagnetic Mn—Ir layer thicknegs
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and the applied magnetic field. For the analysis, it will

prove convenient to define a reducgg- control parameter Energy, tElJ

Cgar according to / /7///%////0
CdAF: KAFdAF/‘]’ (4) /’!”[/}/LCZO
and a reduced field control parame@®y according to / th\x\;e 7
Y-
Cr=MdeH/J. 5) &

For the model calculations, Eq$2) and (3) were solved
numerically for the magnetic moment orientation anghes
and B8 as a function ofCyae, Cy, and the field angle.
These angle results were then used to compute torque curves,
magnetization curves, hysteresis loops, and related properties
for comparison with the experimental data. The significance
of Cyar and C, as control parameters for changes in the
magnetic response of the ferromagnetic-antiferromagnetic
bilayer films will be apparent from the results given below
and the later comparisons with the data.

Some representative results on the basic calculations are
shown in Fig. 2. Figure (@) shows a constant energy contour
plot of B versusa with contour lines for stepped values of a
reduced energy parametdt/J. For this plot, the field angle -
0 was set at a value slightly greater than 180°, 1s8928nd A
the Cyar andCy, parameters were set at 0.8 and 0.72, respec- T
tively. The reason for this special choice férwill become
clear shortly. For this choice of parameters, there are two
minimum energy points as indicated by the crosses at points
B and C in the diagram. There is also a submerging stable
point at A to be considered shortly. There is a relatively
small energy barrier between points A and C which is close ij) o
to an («,B) position of (0.37,0.67).

Note that the energy minimum at point A starts out at
a=0 andB=0 for 6=0 and moves to the point indicated at FIG. 2. (a) Contour map of the reduced energy per unit flm area as a

Angle, o, B
S
T
l

2n
Applied field direction, 6

—~
2
e’
=) -
——
i ,UJ

, Torque {L/J
——

0=1.0297. For the indicatedC44r and Cy values, the sta-
bility point at A ceases to exist i) is increased above
1.0297 and the stable angle pai(B) transits toa new
minimum energy poirat B. The difference in energy which
occurs from A to B a9 increases above 1.029therefore,
is released irreversibly. With further increasefinthe («, 8)
point at B gradually moves to (2,2).

The graphs in Figs.(®) and Zc) clarify the effects dem-
onstrated above. Figurdt8 shows the variations in the spin
anglese andg as a function of the field anglefor the same
Cgyar @and Cy as used for Fig. @). Figure Zc) shows the

function of the antiferromagneti®F) layer spin axis angler and the fer-
romagnetiqF) layer moment angl@. The energy is given in units ¢E/J,
whereE is the energy density,is the bilayer thickness, antiis an interface
exchange coupling parameter. The specific contours were obtained for an
AF layer thicknessl,r specified byCyar=Kardar/J= 0.8, whereK 4 is

the uniaxial anisotropy energy density for the AF layer, and an in-plane field
H specified byC,=MdH/J=0.72, whereM¢ andd; denote the magne-
tization and thickness of the F layer, respectively. The field was set an angle
6 of 1.0297 to the uniaxial AF axis. Points B and C denote stable points.
Point A denotes a submerging stable point which will disappear for a slight
increase ind. (b) Plots of the stable point anglesand 8 as a function of

the field angled for the same thickness and field parameters da)irPoints

A, B, and C are the same as(@. (c) The torque response is given in units

of tL/J, wherelL is the torque per unit volume, which corresponds to the

corresponding forward and reverse torque curve respons@ggle variations irb).
for increasing and decreasing field angles. The vertical axis

in (c) corresponds tdlL/J, wherelL is the torque per unit

volume, thetL product denotes the torque per unit film area,condition L(#) = —JE/d6, based on the «,8) pair solu-
and theJ divisor provides a normalization to the interface tions as a function o for various choices o€ 4, andCy, .

exchange. In Fig. ®), the jump ina and B as# exceeds the From the torque results, the girand sin @ torque compo-
1.0297 point discussed above is clear. In FigcR the one-  nents were obtained by Fourier analysis and rotational hys-
fold unidirectional torque character and the presence of rotateresis loss was obtained as half the area enclosed by the full
tional hysteresis loss are also clear. rotation torque curves obtained for increasing and decreasing
Two types of computed results were obtained from theg.

model analysis.(1) Easy axis magnetization versus field
curves and hysteresis loops were obtained from the evalua-
tion of the magnetization component along the unidirectional
axis for a bipolar variation in the field paramei@, at 6 The samples were prepared under the extremely clean
=0. (2) Torque response curves were evaluated from theputtering process conditions described in Ref. 13. The films

. Experiment
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were fabricated on silicon wafers with a thermally oxidized F
layer. These substrates were held at room temperature for the §
deposition. A specialized rf magnetron sputtering machine g/
was used. The system has four individual sputtering cham- 1
bers, each with a vacuum capability down t& 80 2 Torr o1l
and separation from the main handling chamber by an ultra- ; ,
high vacuum(UHV) compatible gate valve. The handling -500 o H(og)oo
chamber contained a UHV compatible handling robot. The Hex—st
films consisted of four layers, an initial 50-A-thick tantalum o ol
c

underlayer followed by a 50-A-thick Ni—Fe ferromagnetic

layer, the Mn—Ir antiferromagnetic layer, and a final 50-A- g 3. Typical measured bilayer magnetization curve of the magnetic mo-

thick capping layer of tantalum. The thickness of the Mn—Irmentm vs the in-plane magnetic fielll. These specific data are for an

pping lay

|ayer, denoted bY’AFa ranged from 20 to 200 A. This thick- antifgrromagnetic Mn.—Ir layer thigkness of 50 A with_ the magnetic field_
lled th h .. in the | d .applied along the antiferromagnetic easy axis. The width of the hysteresis

qess _was cqntro ed through a Ya”atlon In the ay_er ep05||—00p is labeled as &, whereH, is the coercivity. The shift of the loop is

tion time which was controlled in turn by mechanical shut-indicated by the exchange anisotropy figld, .

ters. The Ni—Fe layer composition was 79 wt. % Ni and 21

wt. % Fe. The Mn-Ir layer composition were 74 at. % Mn

and 26 at. % Ir. The deposition rates were 1.7 and 0.064 A/8l. RESULTS

for the Ni—Fe and the Mn—Ir layers, respectively. Ultracleany model calculation

argon gas was used for the process ‘jakhe gas pressure ) ) o

during deposition was 0.75 mTorr for the Ni—Fe layer and 20~ Figure 4 shows a series of calculated magnetization

mTorr for the Mn—Ir layer. A magnetic field of 30 Oe was CUTVeS for fields applied along the=0 direction. The ver-

applied parallel to the plane of the film during the depositiontical axi_s ff?f each graPh S_hOWS the Compo_”?”t O_f the fer_ro—
of both the Ni—Fe layer and the Mn—Ir layer. This field magnetic film magnetization along the unidirectional axis,

direction defines the common antiferromagnetic alignmenpc:rmahzed to thﬁ satursnor? magtr;]etlza(tjlvl@.(;l'f;_e ||’(;OI‘IZOI”I- i
axis Kar and the reference axis for the measurement field® @xis on each graph shows the reduced field parameter

orientation angle) indicated in Fig. 1.

All measurements were performed at room temperature
for the as-deposited films. There was no post deposition heat KapGpelJ :
treatment or other processing. The film microstructure was @ 0.1 1
examined by x-ray diffractioXRD) with a CoK « radiation i
source and by transmission electron microscap¥M). et ———t— | ModeH/d
Magnetization curves and hysteresis loops were measured by
vibrating sample magnetometé/SM) techniques. For the
VSM measurements, external magnetic fields up to 2500 Oe
were applied along thi s axis atd=0 or = 7 according (b) o8
to the convention in Fig. 1. Determinations of the magnetic
anisotropy and the rotational hysteresis loss were made from L SN B I B
measurements of torque as a function of the in-plane field 1
angle for fixed applied fields from O to 15 kOe. These data -1
were obtained with a standard null method torque magneto- © 1.01 1]
meter with a sensitivity of about>210 3 dyne cm.

Figure 3 shows a representative hysteresis loop of the N I .
net film magnetic moment versus the bipolar applied field ’
H for a film with a 50 A thick Mn—Ir layer. It is to be T
emphasized that these data and all magnetization curve data
which follow are for fields applied along the unidirectional (d) 50 !
axis defined by the deposition field. The data in Fig. 3 dem- ] T
onstrate the displaced loop character produced by the unidi- g M
rectional exchange anisotropy as well as the usual hysteresis. }
The exchange anisotropy field,, indicated in the figure -1l
provujes a quantitative meas,ure of the mterfz_ace e,XChanglgG. 4. Calculated magnetization curves of the magnetizafiorormalized
coupling. The usual coercive field or coercivitl, is defined (5 the saturation magnetization, as a function of the in-plane field. The
as one-half the width of the hysteresis loop at the-0 field axis is given in terms of a reduced field parame@er=M dgH/J,
points of zero moment. These parameters will provide a usewhered is the t_hickness of the ferromagnetic Iaygr ahis t.he interface
ful point of comparison between data and theory. The hysgxchan_ge coupling parameter. G‘ramb}s—(d) are for increasing values of

. . . . o the antiferromagneti€AF) layer thicknessl- expressed in terms of a re-

teresis loop and torque data will be considered in detail in thced thickness paramet@ge = K srdae /3, WhereK 4 is the uniaxial an-
Sec. Il B. isotropy energy density for the AF layer.

4 MM,

| MdeH/J

NS

| ModeHA
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large values foCyar and, hence, fod,r. These results also
show that the transition betwedt. and H,, occurs at a
Hex ] critical thickness value fodag, taken asdie, which may
defined byCiar=Kardae/J=1. This simple example dem-
onstrates the physical significance and utility of g and
H, ] Cgar parameters. The conditiddy =1 yields the upper limit
on the exchange anisotropy field. The conditiGga=1
I | defines the critical antiferromagnetic layer thickness for the
0 LCorut o viouob e spud g vanishing of hysteresis and the appearance of exchange an-
Q.01 0.1 1 10 100 ;
Koechald isotropy.
AFEAE Turn now to the evolution in the model torque curve

FIG. 5. Exchange anisotropy field.,, shown as open circles, and the responses as a function 6f; andCgar . Figure 6 shows five
coercivity,H., shown as solid circles, as a function of the antiferromagneticpanels of five torque curves each. Each torque curve is in the
(AF) layer thicknessle, as obtained from the exchange anisotropy model.same format as in Fig.(&). The five panels(a)—(e), reflect
The vertical field axis is given in terms of the reduced field paranm@ter th ffect of t tic ch in t —K ' dac/]
=MdH/J, whereM, anddr denote the magnetization and the thickness e efiect of a sysiématic change In h\%AFf AFHAF
of the ferromagnetic layer, respectively, adds the interface exchange thickness parameter, as shown. The graphs in each panel are
coupling parameter. The horizontal thickness axis is given in terms of thfor systematic changes in ti&,= M dzH/J field parameter,
reduced thickness parqme@EAF=KAFdAF/J, whereK 4 is the uniaxial as indicated. First consider par@) for Cgae=0.1. In this
anisotropy energy density for the AF layer. . . or .

limit, dar is well below thed;r value introduced above. The
graphs in(a) show that in this limit, the torque curve exhibits

introduced in Sec. IIC,;=MdgH/J. The four graphs show @ basic unidirectional siéi character at low field G
magnetization curves for four values of the Mn—Ir thickness=0-05) which evolves into a sirf2characteristic at high
parameterCyar= K ardae/J. These computed curves dem- field (Cy=0.4). Rotational hysteresis loss appears suddenly
onstrate the utility of theCyar parameter. WherCqpur is whenC,, exceeds 0.1 and then decreases gradually and van-
much smaller than unity, as in grag#, the computed mag- ishes at high fields. A€Cys=0.1, theC,;=0.1 point repre-
netization curves show a small coercivity and exchange Sents a critical field for the vanishing sircharacter and for
anisotropy shift. IfC4ar is increased but kept below unity, as the appearance of rotational hysteresis loss. The critical field
in graph(b), one finds an increase in the coercivity but novalue for H is taken asH, which may defined byCyj
exchange anisotropy shift. However, @gar is increased =MgdgH/J=0.1 for this case. The situation is similar for
above unity, as irfic) and(d), one observes two effect§) a  panel(b) andCgyar=0.5. Now, however, the critical fiel@;
disappearance in the hysteresis diiglthe emergence of a has increased and correspond€tp=0.5. For pane(c) and
loop shift indicative of exchange anisotropy. the critical thickness point a€4a=1 noted above, the

Figure 5 shows the variation ikl and H,, with the  torque response becomes more complicated. While the
Cyar parameteK ,edar/J in more detail. The vertical axis torque response still has a gircharacter at low field and a
shows the modeH, andH,, fields in terms of the reduced sin 24 characteristic at high field, the onset of rotational hys-
field paramete€ ;=M dgH/J. From this graph, one can see teresis occurs for relatively low field€¢ = 0.9) and persists
the limiting value ofCy, of unity for He, in the limit of very  up to very high fields C>10). Whend g exceedsir and

—_
T
1

Reduced field, MdgH/J
=)
o
T

(@) Kagdpei =01 (D) Kupdartd = 0.5 (C) KupOapid = 1.0 (d) Kupdagld = 1.01 () Kapdlapld = 5.0

E MdeHIJ = 0.05 { MdeHIJ = 0.1 £ MdeHIJ = 0.1 { MsdeHIJ = 0.24 { MsdeHIJ = 0.2
Q Q Q Q Q

O——" 571 © 0.4

%

=)
Yo
N
=
=}
o
lml

Torque, {LIJ
—
e

Angle, 6

FIG. 6. Computed torque curves from the exchange anisotropy model. The vertical axes show the torque per unit wolumits oftL/J, wheret is the
bilayer thickness, andis the interface exchange coupling parameter. The field ahglethe horizontal axis is referenced to the antiferromagriéfg easy
axis. Panelqa) through(e) are for increasing values of the AF layer thicknekg, expressed in terms @gar=Kardae/J, WhereK e is the uniaxial
anisotropy energy density for the AF layer. The individual graphs in the panels are for different values of the in-plare digidessed in terms @@y

=MJdH/J, whereM¢ anddg denote the magnetization and the thickness of the ferromagnetic layer, respectively.
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FIG. 7. Torque Fourier amplitudels, and L,, for the sing and sin @ FIG. 8. Rotational hysteresis loss vs field for computed torque curves simi-
torque components, respectively, vs field. These were obtained from comar to those in Fig. 6. The vertical axes give the loss in termsVgf/J,

puted torque curves similar to those in Fig. 6. The vertical scales give thevhereW, is the rotational hysteresis energy loss per cycle per unit volume,
amplitudes in units ofL 4 54/J, wheret is the bilayer thickness antlis the  t s the bilayer thickness, anlis the interface exchange coupling parameter.
interface exchange coupling parameter. The horizontal axes show the inFhe loss was obtained as one-half the area enclosed between forward and
plane fieldH in terms of Cy=MJdgH/J, where Mg and de denote the  reverse torque curves. The horizontal axes show the in-plane Higial
magnetization and the thickness of the ferromagnetic layer, respectivelferms ofC,,=MdgH/J, whereM andd denote the magnetization and the
The solid and open circles show the girand sin @ torque component  thickness of the ferromagnetic layer, respectively. The eight graphs are for
coefficients, respectively, where the field anglés referenced to the anti- increasing values of the AF layer thicknedg-, expressed in terms of

ferromagnetid AF) easy axis. The eight graphs are for increasing values ofC =K rdae/J, WhereK ,¢ is the uniaxial anisotropy energy density for
the AF layer thicknesd e, expressed in terms @ya-= Kaedar/J, where the AF layer.
K ar is the uniaxial anisotropy energy density for the AF layer.

Cqyar €xceeds unity, as ind) and (e), the evolution in the =C{{. As long as the AF layer thickness is such tajr
torque character with field changes drastically. Even in the<1 is satisfied, for example, the sirtorque component is
caseCypr=1.01 for the second from the right panel where positive and increasing while the sif 2omponent is nega-
dae is slightly aboved$, all of the torque curves show a tive and increasing. Precisely &,=Cy, the sing torque
sin @ character up to the highest fields. Here, moreover, roelamps to zero. At the same time, the sthémponent be-
tational hysteresis appears close to@e=1 point and van- gins an upward transition to positive values which saturate
ishes at high field. For panét) and C4a=5.0, one has a close to the maximum value of the dintorque for large
sin @ character for all fields and there is no rotational hystervalues of Cy. It should be noticed that the value of the
esis for any field. reduced critical fieldC| agrees with the value of the thick-
Figures 7 and 8 show further details on the evolution inness parameteC - in every case for which the condition
the torque response for a wide range of values for the thickCyar=<1 is satisfied, as shown in the left side graphs of Fig.
ness parameteC ar and the field parameteZ,, . The eight 7. The significance of this correspondence betw&gnand
graphs in Fig. 7 show the Fourier amplitudesandL,, for = Cyar Will be apparent from the later comparisons with data.
the sind and sin @ torque components, respectively. The WhenCy,r exceeds unity, the character of both components
solid circles are forL, and the open circles are fdr,,. of the torque change drastically, as shown in the right side
These amplitudes were obtained from computed torqugraphs of Fig. 7. The companion changes in the rotational
curves similar to those in Fig. 6. The vertical axes in thesenysteresis at th€yaz=1 andCy=C}| points are also clear
graphs show the torque coefficients in the same normalizeftom Fig. 8.
tL/J units as in Figs. 2 and 6. The graphs in Fig. 8 show The results from the model calculations shown above
companion results on the rotational hysteresis. The verticadgree with the qualitative description of the rotational hys-
axes for these graphs show the results in termsvgf/J, teresis process given by Jacobs and B4irst consider the
whereW, is the rotational hysteresis energy loss per cycldimit of a very thin AF layer. When an antiferromagnetic
per unit volume. The energy loss was obtained as one-haHnisotropy is much smaller than an exchange anisotropy cou-
the area enclosed between forward and reverse torquaing (in the present wordsCyar=Kapdag/J<<1 is satis-
curves. The results in both figures are for torque componentied), the axis of magnetization of the antiferromagnetic layer
or rotational hysteresis as a function ©f, over the range follows close to the magnetization of the ferromagnetic
0.01<Cx<100 and with individual graphs for values of layer, which is rotating with the large applied field. Owing to
Cgar from 0.1 to 5.0. the uniaxial anisotropy of the antiferromagnetic layer, the
These model calculations demonstrate quite remarkablwhole system takes on the behavior, exhibiting a nonshifted
the changes in the character of the magnetic torque responsgagnetization curve and a sif Brque function without ro-
which take place at the transition poin® =1 andCy tational hysteresis loss.
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FIG. 9. Graphga) and(b) show measured and calculated x-ray diffraction
intensity vs angle profiles for typical films. The individual curves are for
different values of the antiferromagnetic layer thickndgs, as indicated.
The “264zp (CoKa)” label on the horizontal axis refers to the scattering
angle for the CK « radiation.

Now consider critical thickness point discussed above.
When the antiferromagnetic anisotropy and the exchange-
anisotropy coupling are comparablé {yr=Kardar/J=~1 is
satisfied, the axis of magnetization of the antiferromagnetic
layer departs from its original easy direction, but more
slowly than the magnetization of the ferromagnetic layer. At
a critical angle, this antiferromagnetic axis changes abruptly
and irreversibly to a new position lying close to the new easy
configuration described by a 180° reversal of all atomic mo-
ments in the antiferromagnetic layer. The system has two . Sley
easy directions, i.e., it does not exhibit the unidirectional - :
anisotropy at the same time as it develops rotational hyster- 50 A
esis losses.

Finally, consider the case in which the thick AF layer. FIG. 10. Typical cross-section transmission electron microscopy images for
When the antiferromagnetic anisotropy is much larger thaﬁhe films. Imagesa) and(b) are for nominal antiferromagnetic layer thick-

. . . ness values of 30 and 100 A, respectively.
the exchange-anisotropy couplin@® {ag=Kagdag/J>1 is
satisfied, the magnetization of the ferromagnetic layer fol-
lows the large rotating applied field, making small reversible
excursions about its direction. The axis of magnetization otalculations were 2.658 A for the tantalum, 2.055 A for the
the antiferromagnetic layer also makes small reversible exNi—Fe, and 2.188 A for the Mn—Ir. One can see good agree-
cursions about its preferred direction. There is no rotationaent between the measured and the calculated profiles. This
hysteresis but there is unidirectional anisotropy manifestedgreement indicated that the films consist of highly coherent
by a shifted magnetization cureonhystereticand a sird  crystal planes which are stacked parallel to the film plane and

torque function. that the thickness of the AF Mn-Ir layer in each case is
uniform and accurate.
B. Experimental results In order to clarify the microstructure of the AF layer,

film cross sections were observed by TEM. Figure 10 shows
typical TEM images for the film cross sections. The images
Figure 9 shows measured and calculated x-ray diffracin (a) and(b) are for nominal Mn—Ir thickness values of 30
tion profiles for a series of films with different AF layer and 100 A, respectively. These images show that the AF
thicknessd,e values. The data are shown (@. Calculated layers consist of highly oriented fdd-l1l) crystal planes
profiles are shown in(b). The calculations were done which extend from the Ni—Fe layer to the top of the Mn—Ir
through the use of a step modéf:® For these calculations, layer. This uniform layer structure is consistent with the
the film was taken to consist of a substrate with a 58-%a  good agreement between the measured and calculated XRD
layer, a 50 A fcc Ni—Fe layer, an fcc Mar s layer of thick-  profiles in Fig. 9. The TEM data also show that the AF layer
nessd,r as indicated, and a final 50-A-thigR-Ta capping thickness is highly uniform. The fluctuation @ng over the
layer. The Ni—Fe and Mn—Ir layers were taken to be disorscale of the images in Fig. 10 is less than a few monolayers.
dered. The lattice relationship between the substrate surfadée images also show evidence for grain boundaries perpen-
and the respective layers was taken to be substrat@02/  dicular to the film plane. This indicates a columnar micro-
Ni—Fe (11)/Mn—Ir (111). The lattice spacings used for the structure for the Ni—Fe/Mn—Ir bilayers in which Mn-Ir

1. Film microstructure
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comparable to previously reported vald@sThe corecivity

H., on the other hand, show a peak response. The coercivity
is 26 Oe atd =20 A, increases to a peak value of 240 Oe
atd,~35 A, and then decays rapidly to a nearly constant
value of 60 Oe fod,-=100 A or so. Note that the coercivity
for a 50-A-thick Ni—Fe film alone was only about 1 Oe. One
can associate the much larder value for the Ni—Fe/Mn—Ir
bilayer in the larged e limit with irreversible spin flopping

in the AF layer and/or irreversible pinning of the walls or
local spins in the F layer at the F/AF interfa@e!

Figure 12 is the experimental counterpart to the model
calculation results in Fig. 5. The data provide empirical sup-
port for the model exchange anisotropy mechanism and pro-
vide a basis for an estimation of the critical AF layer thick-
FIG_. 11. Typical top _vieW transmission electrqn microscopy image for a SOneSS parameten‘f\r,:. While the match between th'dex and
éé\lc't_rgf L?%gg;ﬂosgzgr?]nf;?ir;afliﬁfr' The inset shows the corresponding, responses in Figs. 5 and 12 is not perfect, there is a

qualitative match between two essential features. First, note

the near saturation ikl at large values ofl5r in Fig. 12
grains which form the AF layer grow on the underlying and the saturation in Fig. 5 for the corresponding reduced
Ni—Fe grains by epitaxy. field C,=M dgH/J at Cy=1 for large values of the re-

Figure 11 shows a top view TEM image and an electronducedd g control paramete€qar= K ardar/J. Second, note
diffraction pattern for a 50-A-thick Ni—Fe layer on the Ta the sharp peak it atdar~35 A in Fig. 12 and the maxi-
underlayer. One can see Ni—Fe grains which are about 100 Jum in the correspondin@y value in Fig. 5 atCyar=1.
in diameter. The random two-dimension&D) texture Recall that the conditiol©4ar=1 corresponds to a critical
shows that there is no clear preferred orientation in the filmvalue ds for the AF layer thickness for the vanishing of
plane. Given the evidence for epitaxy of the Mn—Ir on thehysteresis and the appearance of exchange anisotropy. One
Ni—Fe from Fig. 10, one may conclude that this random 2Dmay thus estimate the critical thicknedg: as the point in
texture applies to the complete Ni—Fe/Mn—Ir bilayer film. Fig. 12 at which the coercivity drops steeply. This point is

taken atdyr=da-=37 A,
2. Hysteresis loop response By using thisdgr value and regarding the maximum

experimental value ofJx=0.147 erg/crh as an Ni—Fe/

Figure 12 sgmmar!zes the results of hysteresis loop MeJyn_r interface exchange parametirthe anisotropy con-
surements for films with a range ofyz values from 20 to stant of the antiferromagnetic lay&r, (=J/dS"; Ref. 22

200 A. The figure _shows the variation in .the megsured eXis estimated as 4301C° erglcn?.
change coupling fielH., and the coercivityH. with the

antiferromagnetic layer thickness. These data showHhat
becomes nonzero whaiyr exceeds about 25 A, rises rap-

idly, reaches a peak value of about 370 Odat~75 A, and Figures 13, 14, and 1,5 give data on th? experimental
then gradually decreases. If the peakHn, at 370 Oe is torque response as a function of the applied in-plane Field

combined with the empiricaM d product value of 4.0 2and the AF layer thicknesd,e. Figure 13 shows actual

X104 emu/cr?, one obtains a unidirectional anisotropy torque curves. The vertical axes'show thg torque thlckrless

constantly=MdeH,, of 0.147 erg/crh. This Jy value is prod_uct. The horizontal axes give the in-plane field angle
relative to the AF easy axis. Panéts through(e) are for the
indicated values odl5r. The indicated,¢ values 25, 30, 40,

3. Torque response

i i 50, and 200 A correspond to the respectig values 0.68,
400 - . 0.81, 1.08, 1.35, and 5.4, based on the exchange and anisot-
- 1 ropy parameter values obtained above. The torque curves in
@ 3001 . each panel are for the indicatétivalues.
e The seven graphs in Fig. 14 show the Fourier amplitudes
T 2001 - L, andL,, for the sind and sin 2 torque components, re-
% ] spectively. The solid circles are far, and the open circles
T 400 i are forL,,. These amplitudes were obtained from measured
torque curves similar to those in Fig. 13. The vertical axes
0 S . show torque thickness product for these amplitudes. The
10 100 graphs in Fig. 15 show companion data on the rotational

dar (A) hysteresis. The vertical axes for these graphs show the results
6. 12. Exch ot ek sh - - in terms oftW, , whereW, is the rotational hysteresis energy
- e BXehange anisowopy Tielde, SNOWN as open carces, and e 445 par cycle per unit volume. These values were obtained
coercivity,H. , shown as solid circles, as a function of the antiferromagnetic
layer thicknessl,-, as obtained from the room temperature hysteresis Ioopfrom one-half the .area enclosed by torquelcurves for forward
measurements. and reverse rotations. In the graphs for Figs. 14 and 15, the
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(a) dyp=25A (b) dyr=30A (C) dig=40A (d) die=50A () dur=200A

H =15 Oe; £ H =50 Oeq £ H=1500e-
0 0

40 Oe

=3

FIG. 13. Measured torque vs field
angle for films with a range of antifer-
romagnetic layer thicknes$,r values,
as indicated for each panel, and for the
indicated values of the applied in-plane
magnetic field H. The vertical axis
shows the product of the torque per
unit volumeL and the film thickness
The horizontal axis shows the in-plane
field angle @ relative to the antiferro-
magnetic easy axis.
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horizontal field axis for all the graphs runs from below 10 Oevery high fields with a sin 2 component only for intermedi-
(Cy=~0.027) to over 10000 OeqQy~27). Here, the corre- ate fields.

spondingCy, values are obtained from the empiriddlsdr First consider the experimental data fix- values be-
product value of 4.810 “ emu/cn? and the exchange pa- |ow the critical antiferromagnetic layer thicknesf-=37 A.
rameter obtained above. In the case ofl\.=25 A (Cyar=0.68), the torque curve

The data in Figs. 13—15 exhibit many but not all of the exhibits the sirg character at low field <40 O@ which
features found in the model calculation results of Figs. 6— 8evolves into a sin & characteristic aH>40 Oe. The rota-
Except for the data for the lowest Mn—Ir thickness, the indi-tional hysteresis loss also appears at the field higher than 40
cateddar values as well as thel values and axis scales in Qe and decreases gradually and vanishes at high fields. One
these figures more or less match the correspondipg and  can say that these changes of the torque curve response
Cy parameters in Figs. 6—-8. Generally speaking, the experiagainst the applied field qualitatively agree with the MB
mental torque curves, the sirand sin 2 torque component  model calculation folCyar<1. The most remarkable differ-
response as a function ¢i, and the rotational hysteresis ence of the measured results from the calculated ones is a
versusH behavior tend to follow the model. At small;r  disagreement of both values of the reduced critical f@ff
values, as in the left two panels of Fig. 13 for example, oneand of the reduced antiferromagnetic layer thickn@gs-,
finds an evolution in the torque from a ginesponse at low while they should agree with each other in the calculation for
field to a sin 2 response at high field. At largg,-, onthe  C,,-<1 cases as mentioned in Figs. 7 and 8. The critical
other hand, one sees a pure giresponse at very low and field 40 Oe determined from the experimental results repre-

sentsCf=0.11, which is quite different from 0.68 of the

bl AL B T T Sk AL B AL
0.051daF ap:
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FIG. 14. Torque Fourier amplitudds, and L,, for the sind and sin 2

torque components, respectively, versus fidldThese were obtained from FIG. 15. Rotational hysteresis loss vs the in-plane figldor measured
measured torque curves similar to those in Fig. 13. The vertical scales giviorque curves similar to those in Fig. 13. The vertical axes give the loss in
the amplitudes in units dfl_, ,,, wheret is the bilayer thickness. The solid terms oftW, , whereW, is the rotational hysteresis energy loss per cycle per
and open circles show the sihand sin @ torque component coefficients, unit volume and is the bilayer thickness. The loss was obtained as one-half
respectively, where the field angteis referenced to the antiferromagnetic the area enclosed between forward and reverse torque curves. The seven
(AF) easy axis. The seven graphs are for increasing values of the AF layagraphs are for increasing values of the antiferromagnetic layer thickness
thicknessd,e, as indicated. dae, as indicated.
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value of Cyar in this case. The cause of this disagreementosstW, ~0.06 erg/crf still remains up to very high field.
will be discussed in the next section. One can safely say that these changes of the torque curve are
Whendae=30 A (Cyar=0.81), the torque curve exhib- very similar to the calculated results for the caseGyfye
its the sind characteristics in the low field{<290 Og and  >1, except for the nonvanishing hysteresis loss.
it changes component to the sié 2haracteristics with in- In the case ofixr=50 A (Cyar=1.35), similar changes
creasing field, while a small sfhcomponent remains up to of the torque curve to the case 0f==40 A are observed,
the high field. The rotational hysteresis Id8%, , which is  however, the remaining rotational hysteresis loss at very high
almost zero in the low field, appears aroufe-200 Oe and field becomes smaller valugy\V,~0.03 erg/crf.
steeply increases to 0.34 ergfcat H = 290 Oe. With fur- For the case ofi;r=200 A (Cyar=5.4), the magnitude
ther increase of the field, the rotational hysteresis loss resf the sind component gradually increases with increasing
mains almost constant. The reduced rotational hysteresis losise field up to the critical fieldH,~400 Oe, and slowly
tW, /J is estimated as 2.3 from the constant valuet\of approaches to a saturated value of 0.13 er§/chhe sin @
=0.34 erg/cm, by regarding the coupling energyas the component and the rotational hysteresis loss appear only in
unidirectional anisotropy constadt=0.147 erg/crh (maxi-  the vicinity of the critical field. From the comparison of these
mum experimental valyeThese changes of the torque curveresults in Figs. 14 and 15 with the corresponding model cal-
show some similarities to the calculated results for the caseulations forCyar = 5.0 in Figs. 7 and 8, one can say that
of Cyar ~ 1 (Figs. 6—-8. That is to say(1) the rotational the model is inquantitativeagreement with the data in the
hysteresis loss appears even in a onefold symmetrygjsin limit of large d,r. The most important point from these data
torque curve region(2) the steep increase of the rotational is the absence of rotational hysteresis loss at high field. This
hysteresis loss accompanied with the change of the dominangsult shows, rather unambiguously, that rotational hysteresis
torque component from sifito sin 29 at the critical fieldy(3)  at high field is not an intrinsic characteristic of exchange
the good agreement between the values of the reduced criénisotropy in real system. These results show that F—AF sys-
cal field Cf{=0.78 (H,=290 Os and of the reduced anti- tems with well-defined interfaces and uniform structure con-
ferromagnetic layer thicknesSyar = 0.81; (4) fairly good  firm to the MB model.
agreement for the maximum value of the reduced rotational
hysteresis losgW, /J=2.3 for the measurement and 3.1 for
the calculation in the case &@y,-=0.8; (5) the nonvanish-

ing rotational hysteresis loss up to very high field. The previous section presented detailed data on film mi-

On the other hand, there still exist some disagreementgrostructure, hysteresis loop characteristics, and the torque
between the calculated and the measured torque curvessponse. The MB model calculations of Secs. Il A and IIl A
Namely,(1) the remaining of nonzero sthcomponent at the gave a particularly good match to these data in the limit of a
field higher than the critical field2) the collapsed shape of |arge Mn—Ir layer thickness, that is, f@@ar=Kardar/J
the enclosed area of torque curvigsteresis logswhichis  >1. This good match provides an unambiguous answer to
not harmonic and has little angle variation, at very high fie|dprevious guestions about exchange anisotropy and high field
(H=3.2 kOg in Fig. 13, referring the two individual loss rotational hysteresis loss. The data and the matching results
areas of the calculated onéss an exampleCyar=1.0 and  from the model calculations in th€ya>1 limit clearly
Cy=10 in Fig. 6; (3) no decay of the rotational hysteresis show that a rotational hysteresis loss at high figlaot an
loss against the field higher than the critical field. These disessential feature of exchange coupled ferromagnetic and an-
crepancies are considered in the next section. tiferromagnetic systems.

As djr is increased above the critical antiferromagnetic  On the other hand, for antiferromagnetic layer thick-
layer thicknessii-=37 A, the torque data evolve into the nesses on the order of the critical thicknedf,~37 A, or
response expected from the model calculation in@@r  smaller, the exchange anisotropy model calculations show
>1 case. significant departures from experiment. Possible reasons for

In the case ofixz=40 A (C4ar=1.08), the torque curve these departures are considered below.
exhibits the sirg characteristics under the whole field ap- . ) _
plied. The magnitude of the sihcomponent gradually in- A RéMaining nonzero sin - components at th('a&ﬁeld
creases with increasing the field up to the critical field of 400hlgher than the critical field  (da-=30 and 35 A)
Oe, and saturates to be a value of 0.12 erd/cThis value Consider first the problems with the torque data for
well corresponds to the unidirectional anisotropy constant ofi,-=30 A andd,-=35 A. Notice the data in Fig. 14. The
the same filmJ,=0.11 erg/cri, determined from the mag- sin# torque component is nonzero and relatively constant in
netization curve. Concerning the shape of torque curves ithe high field limit, which is larger fod,-=35 A than for
Fig. 13, a slope around= 7 gradually becomes large with d,-=30 A. In stark contrast to these results, the model cal-
increasing the field up to the critical field,,=400 Oe. It  culations for the correspondinGq4ar value show a sharp
gradually decreases with further increase of the field. In othedrop of the sirg torque component to zero whéhexceeds
words, the magnitude of the si®2omponent with opposite the critical field C{{. It is proposed that the nonzero #in
sign to the sir component reaches a maximum value at thetorque component in the high field limit for AF films close to
critical field (Fig. 14). The rotational hysteresis loss arisesthe critical thickness is related to local variationglify . The
from H~ 300 Oe and steeply increases to 0.08 erd/amn data in Fig. 10 revealed such a variation and showed that the
the critical field; a small value of the rotational hysteresisfilms also have a columnar microstructure. It is reasonable to

IV. DISCUSSION
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AF grains

(a)

FIG. 17. (a) Schematic model of exchange-coupled ferromagnetic/
antiferromagnetic bilayer. The antiferromagnetic layer is regarded as an as-
semblage of antiferromagnetic grains with respective thickrigssGrains
thicker than the critical thicknesdgr, contribute to the si® component of

the torque responsshaded grains thinner ones, to the sind2component

(b) (white graing.
isisisi Si8.d.4.4 . o
y B ity e essasiind torque component. This response, therefore, is simply a

G manifestation of the sifi torque component at high field
which is found for thick films and a distribution of different

\f
1] iiJth m*iiif dag Within one film.
jiis iRiSIain
Bddigine s » > B. Remaining rotational hysteresis loss at the field
- Iﬁ 1 Wﬂ% ; higher than the critical field  (d,-=40 and 50 A)
§ H S =2 A grain to grain variation in the AF layer thickness also
= PR o= provides a consistent explanation of the persistent rotational
S Bis HHH = i igh field for films cl he critical
e HHE T = hysteresis loss at high field for films close to the critica
i = thickness. Just as an AF layer thickness above the critical

thickness produces a high field girtorque component, an
FIG. 16. (a) Schematic model of neighboring antiferromagnetic grains tilted AF Iayer thickness which ivelow CKF prOduces rotational
each other by anglé.. For simplicity, the grains are treated as rectangular hysteresis loss. Notice the data in Fig. 15 t=50 A.
parallelepipeds and antiferromagnetic spins in the grain aligned ferromageven though this film has an AF |ayer which is well above
netically in a plane parallel with the bottorth) Crystal lattices at the inter- the critical thickness of 37 A there is still a residual rota-
face are indicated as meshes. The paifs of surface spins of neighborir{?onal hysteresis loss which is1 constant at high field. As one
antiferromagnetic grains which collaboraigsompete with each other are :
indicated as opefclosed circles. moves to lower AF layer thicknesses in the range of the

critical thickness, the proportion of grains with thicknesses

below dii increases, and the high field rotational hysteresis
regard the antiferromagnetic grains as noninteracting. Figurgyss also increases.
16(a) represents a schematic model of neighboring antiferro-
magnetic grains, whose surface spins are compensated at the
atomic scale and the crystal lattices of grains are naturally: Disagreement between the values of  C, and Cyar
inclining to each other. The pairs of surface spins of the dar=25A)
neighboring antiferromagnetic grains thus collaborate or  Turn now to the problems noted fat\-=25 A. The
compete with each other at respective parts of the graitransition in the torque from a sihto a sin2 character
boundary through the exchange coupling, when the antifereccurs at a much lower field than expected fai,g value.
romagnetic spins reverse in a one-sided grain. In otheConversely, one could say that the valueQyfyr needed to
words, the exchange coupling between the pair of surfacexplain the data is much too low compared to the actual
spins of the neighboring antiferromagnetic grains are comvalue of 0.68 obtained from the hysteresis loop data analysis.
pensated statistically, and the intergranular coupling of antiThermal effects may provide one possible explanation for
ferromagnetic grains is negligible. This situation is illus- this low field threshold change over in the torque character.
trated in Fig. 160). An exchange-coupled bilayer with some All of the measurements reported here were made at room
deviation of the antiferromagnetic layer thickness is now retemperature. The model calculations, on the other hand, are
garded as an assemblage of antiferromagnetic grains witktrictly valid only at 0 K. The energy contour diagram in Fig.
respective thickness, which are exchange coupled with a fe2(a) provides an indication of the effect. As discussed earlier,
romagnetic layer as shown in Fig. 17. The antiferromagnetithere is a small energy barrier between the points A and C in
grains with ad,r which is greater than the critical thickness Fig. 2(a). The transition from point A to point B yields the
dxg, Wwill provide a dominant si® or onefold torque re- sing torque character evident in Fig(c2. Due to the weak
sponse which extends to high field as for the bottom left andbarrier from A to C, however, thermal processes can also
right side graphs of Fig. 14. The data in Fig. 14 fiy promote a transition from A to C and produce a sirit@que
=30 A andd,e=35 A show that as the average thickness isresponse. This will be possible, therefore, even wligky is
increased towardiy-=37 A, one obtains agreater sing  relatively large andCy, is small.
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= j!j ﬁ*s\ ﬁ\ FIG. 19. Computed torque curves from the exchange anisotropy model. The
g, R A vertical axes show the torque per unit voluiné units oftL/J, wheret is
§' n 2]n the bilayer thickness, and is the interface exchange coupling parameter.
|2 The horizontal axis corresponds to the field angl@he AF layer thickness
-1

dar specified byCyar=Kardar/J= 0.8, whereK ¢ is the uniaxial anisot-

o ropy energy density for the AF layer, and an in-plane fidldpecified by
FIG. 18. (8 Contour map of the reduced energy per unit film area as ac | =\ d.H/J=10, whereM, andd; denote the magnetization and thick-
function of the antiferromagnetiAF) layer spin axis angler and the fer-  negs of the F layer, respectively. The individual graphs are for different

romagnetiaF) layer moment angl@. The energy is given in units ¢£/J, values of the distribution angle of the antiferromagné#i€) easy axis.
whereE is the energy density,is the bilayer thickness, antlis an interface

exchange coupling parameter. The specific contours were obtained for an

AF layer thicknesdl e specified byCyar=Kardar/J= 0.8, whereK z¢ is

the uniaxial anisotropy energy density for the AF layer, and an in-plane field

H specified byC=MydH/J=10, whereM andd denote the magneti- . . . . .

zation and thickness of the F layer, respectively. The field was set an angld1entioned cannot explain this variance, obviously. One pos-

6 of 0.7 to the uniaxial AF axis. Point A denotes a stable point. The  Sibility is a distribution of the anisotropy axis of the antifer-
torque response is given in units tf/J, wherelL is the torque per unit romagnetic grains in the film plane.

volume for the same thickness and field parameters &.ifPoint A is the Figure 19 shows the calculated torque curves(ig)g

same as ina). F

=0.8 andCy=10 case, assuming the distribution of the
angle of theK 5 axis in the film plane. The uniaxial anisot-
Given the possible importance of thermal effects noted©PY (Kar) axes of the antiferromagnetic grains are ran-
above fordae=25 A, it is tempting to invoke similar pro- domly distributed within6=*¢. The shape of enclosed
cesses to explain, at least in part, the effects for the thickefea of the torque curves gradually inclines and the two in-
films noted above. On the basis of an energy contour analysfvidual areas tend to be connected to each other with in-
similar to that shown in Fig. ), this does not appear to be Créasinge. Whene=90°, which means an isotropic distri-
the case. Figure 18 shows a calculated energy mag at Pution of Kye axes in the film plane, the torque curves
—0.77 (a) and a torque curvé), as an example. ThEyae naturally become fl_at. Since the physical originkofz used
andCy, parameters were set at 0.8 and 10, respectively. Onl{Pr the calculation is not clear up to the present, we cannot
one stable solution pair ofa 8) exists at (0.8%,0.727) in estimate prec_lsely the distribution angpein thg actu_al bi-
the energy map. layers. IfK e is regarded as magnetocrystalline anisotropy,
¢ should be 90°, because the columns in the film have no
. preferred orientation in the film plane as shown in Fig. 11. It
E@ﬁ%ﬁgsiz sh=a|g(e) ZELhZShy'gs)teress loss at very is clear that the calculated torque curves for 90°, how-
AR ever, do not correspond with the measurement results. More
Finally, we will discuss about the origin of the collapsed detailed investigation related to the origin ki is required
shape of the torque response in Fig. 13dge=30 A atvery  to answer this problem.
high field. Returning to Fig. 18, one can say that the rota- The remaining variance between the measurement and
tional hysteresis loss should only exist in two individ#al the calculation should be discussed is the absence of the
regions under very high applied field as demonstrated in Figdecay of the rotational hysteresis loss in the field higher than
18(b) for an example, because the solution pair af g) the critical field ind,-=30 and 35 A cases. Unfortunately,
uniquely exists in othe® regions as demonstrated in Fig. the cause of this variance is not clear at present. One possi-
18(a). Since the hysteresis loss is originated from the antiferbility is the distribution of the magnitude dfbetween each
romagnetic grains thinner than the critical thickness, the coantiferromagnetic grain and the ferromagnetic layer, but this
existence of thicker antiferromagnetic grains previouslymatter requires more detailed study.
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V. SUMMARY AND CONCLUSION persisted up to the highest fields available for measurement,
15 kOe or so.
Ferromagnetic-antiferromagnetic bilayers were fabri-  For d,e values above the critical thickness, the torque

cated under the extremely clean sputtering process. Theshowed a predominant sfhresponse for all fields. The size
films were used to conduct a critical test of the basic Meikle-of this siné response increased with field and saturated for
john and Bear(MB) exchange anisotropy model. The films fields above about 400 Oe. For these films, the gis@m-
consisted of a Ni—Fe layer for the ferromagnet and a Mn-Iponent of the torque response peaked at 400 Oe and became
layer for the antiferromagnet. The Ni—Fe layer thickness wasmall at both low and high fields. Rotational hysteresis loss
50 A for all films. The thickness of the Mn—Ir layer was was found around 400 Oe, but the size of this loss was fairly
varied between 20 and 200 A. The films were deposited in agmall. Ford,z=200 A in particular, a value well above the
applied in-plane magnetic field of 30 Oe. The structuralcritical thickness, the rotational hysteresis loss essentially
properties of the films were determined by x-ray diffractionvanished for fields above 400 Oe.
and transmission electron microscopy. The magnetic proper- N general, the hysteresis and torque data could be mod-
ties of the films were determined from hysteresis loop ancfled accurately from the MB exchange anisotropy mecha-
torque measurements at room temperature. nism. The agreement was particula}rly good for the thick AF
The film microstructure was highly uniform. The Ni—Fe layers. One can conclude from this agreement that a rota-
layers consisted of orderdd11) planes with a random in- tional hystere5|s Ios_s WhICh persists at hlgh field is not an
plane texture, a columnar microstructure, and grain diam€SSential characteristic of exchange anisotropy systems.
eters of about 100 A. The Mn—Ir layers were highly uniform. There were some discrepancies in the details of the torque

These layers had a well-defin¢till) orientation relative to response from the MB _model as (_:ompared to _th(_a data. Pos-
the film normal, a random in-plane texture, and the sam ible origins of these differences include a variation the AF
columnar micr(;structure as the Ni—FEe u’nderlayer Thaaver thickness from grain to grain, thermal effects because
Mn—Ir layers had a uniform thickness with a grain-to-.grainthe measurements were all made at room temperature and the
thickness variation of a few monolayers MB model shows very small energy barriers between stable

The hysteresis loop data showed a critical antiferromag-StateS in some cases, and some dispersion in the interface

netic (AF) layer thicknessly-~37 A for the appearance of exchange and the AF layer uniaxial anisotropy.

exchange anisotropy. The film coercive field showed a peak
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