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Magnetic trilayers with bilinear and biquadratic exchange couplings: Criteria
for the measurement ofJ1 and J2
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We have analytically calculated phase boundaries of magnetic trilayers with bilinear and biquadradic ex-
change couplings in order to investigate possible phase transitions in these systems as the external magnetic
field, applied either along an easy or a hard magnetization axis, is varied. A simple scheme is obtained for both
antiferromagnetic and ferromagnetic couplings that is shown to be consistent with magnetization curves pre-
viously measured in different systems. In addition, experimental data regarding static and dynamic responses
in sputtered~100! Fe~40 Å!/Cr(tCr)/Fe~40 Å! are reported for the Cr thickness in the range 15 Å, tCr,35 Å.
As a result, our model calculations indicate that the bilinear and biquadratic exchange coupling constants,J1

andJ2, cannot be accurately determined from a fit to the experimental data when the ratioJ2 /uJ1u.1, and if
only the main magnetization axes are considered.@S0163-1829~98!02725-8#
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Layered films of ferromagnetic metals exchange coup
through a nonferromagnetic spacer layer are of consider
fundamental and technological interest. Remarkable findi
in these systems include interlayer antiferromagnetic~AF!
coupling,1 the concurrent giant magnetoresistance~GMR!,2

oscillations in the interlayer exchange coupling and GMR
a function of the spacer layer thickness,3 and biquadratic
exchange coupling.4,5 On the other hand, magnetoelectric d
vices based on the GMR have been widely considered
applications in information storage technology.6–8 The rela-
tionship between the interlayer exchange coupling and
GMR thus makes the measurement of the former of prim
importance. The cheapest and most widely used techniqu
this regard is the magneto-optical Kerr effect~MOKE!,
which is useful for extracting the bilinear exchange const
only if the coupling is AF. Other techniques, such as fer
magnetic resonance~FMR! and Brillouin light scattering
~BLS!, are needed in the case of ferromagnetic coupling

We have recently presented phenomenological model
culations where the coupling between the magnetic film
fully taken into account through bilinear and biquadratic e
change and magnetic dipolar interactions, together with
face, in-plane uniaxial and cubic anisotropies.9 The calcula-
tions were previously shown to provide good quantitat
agreement with MOKE, magnetoresistance, FMR, and B
experiments in several trilayer systems,10–12 with the advan-
tage of treating both static and dynamic responses on
equal footing. In this report we present further investigatio
of phase transitions in sputtered~100! Fe/Cr/Fe trilayers ex-
hibiting bilinear and biquadratic exchange couplings, mak
use of phase diagrams to help in understanding the beha
of the magnetizations as the external magnetic field is var
Previous studies on phase diagrams either did not take
account the biquadratic interaction,13 nor looked carefully at
the so-called 90° phase,14 where the magnetizations in th
two magnetic films are nearly perpendicular to each oth
As has been demonstrated previously,10 the biquadratic inter-
PRB 580163-1829/98/58~1!/101~4!/$15.00
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action leads to first-order phase transitions in the magnet
tion’s configuration, and numerical approaches are usu
required to circumvent this problem. Here we show that,
simple yet usual situations, one can obtain analytical exp
sions for the boundaries between phases, which are q
useful in interpreting the experimental data. Since the det
of our analysis may be found elsewhere,9–12 we present here
only the main assumptions aiming at the steps for obtain
the expressions for the critical fields.

We consider a very thin trilayer, so that the dipolar inte
action can be neglected, and could be described in terms
free energy per unit areaE5EZ1EA1EE, where the three
terms on the right-hand side are, respectively, the Zeem
the fourfold magneto-crystalline anisotropy, and the e
change~bilinear and biquadratic! energies. We assume tha
the ferromagnetic layers have the same thicknessd, and that
the magnetizations are uniform in both layers, with the sa
saturation valueMS . For the external magnetic fieldH0 ap-
plied in the film plane, this energy can be written as9

E52(
i 51

2

@H0cos~u i2uH!2 1
8 HAsin2~2u i !#

2Hblcos~u12u2!1Hbqcos2~u12u2!, ~1!

where the effective fields are given byHA52K1 /MS (K1
5 effective anisotropy constant!, Hbl5J1 /dMS , and Hbq
5J2 /dMS . The variablesuH , u1 , andu2 are, respectively,
the angles of the applied field and of the equilibrium mag
tizations with respect to an easy axis. Consider a sys
grown in the~100! plane, with a spacer layer thickness su
that the bilinear and biquadratic interactions are of the sa
order of magnitude. Furthermore, assume that the exte
field is applied along the@001# easy magnetization axis. Th
equilibrium configuration can be determined by equating
zero the derivatives of the free energy with respect to
anglesu1 andu2. In the case of AF coupling, there are thre
possible phases, namely, AF, 90°, and saturated.10 The ex-
101 © 1998 The American Physical Society
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pression for the critical fieldHC1 that separates the AF phas
from the 90° phase can be determined from the bound
condition

E~u15290°, u2590°, uH50!

5E~u150, u2590°, uH50!,

that gives

HC152~Hbl1Hbq!. ~2!

Actually, u1 and u2 have a weak dependence on the ma
netic field within each region,9,10 but, as far as the determ
nation of the critical field is concerned, the values taken
the frontier are excellent approximations to the real on
Similarly, for the boundaryHC2 between the 90° and th
saturated phases, we assume thatu150 andu2590° in the
90° phase, while we takeu15u250 in the saturated one. B
applying the boundary condition, we obtain the critical fie

HC252~Hbl2Hbq!. ~3!

Notice that in this case the effective anisotropy field has
influence onHC1 andHC2. However, it can be shown15 that
the situation described here is possible only ifHA.2uHblu.
Thus, the transitions predicted by Eqs.~2! and ~3! may not
occur if the magnetic films are too thin. The boundar
given by Eqs.~2! and~3! are shown by the solid lines in th

FIG. 1. Calculated phase diagramHbq /uHblu vs H0 /uHblu for
antiferromagnetic~a! and ferromagnetic~b! coupling for a symmet-
ric thin-film trilayer. The arrows indicate the relative positions
the magnetizations in the two magnetic films in each phase.
three horizontal lines in the inset correspond, from top to bottom
the sweep of the external magnetic field in the MOKE experime
described in Refs. 10, 16, and 17, respectively.
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phase diagram of Fig. 1~a!. One can see that if the ratioh
[Hbq/uHblu5J2 /uJ1u is smaller than one, the values of the e
fective exchange fields can be determined from the meas
values ofHC1 and HC2 through Eqs.~2! and ~3!, namely,
Hbl52(HC11HC2)/2, andHbq5(HC22HC1)/2. To illus-
trate the usefulness of this diagram, we show by the horiz
tal lines in the inset of Fig. 1~a!, our classification of three
magnetic-field sweeps in MOKE measurements
Fe/Cr/Fe. The uppermost line corresponds to our own re
described in Ref. 10, while the mid and lower lines fit t
data in Refs. 16 and 17, respectively. We show in Fig. 1~b!
the phase diagram for the ferromagnetic coupling, in
sameh range. In this case, there is only one transition a
critical field given by Eq.~3!, if h.1. That happens when
the coupling is AF andh.1, as well. Therefore, only the
differenceHbq2Hbl would be available from a measureme
of HC2 in this case~h.1!. There are important consequenc
following this restriction, to which little attention seems
have been paid. First, we point out that the authors in R
18 and 19 were most probably working in this regime, a
that might explain why they were unable to provide a prec
measurement of both bilinear and biquadratic exchange
rameters from their experiments. To better illustrate t
point, we show in Fig. 2 plots ofMZ /MS5(cosu1
1cosu2)/2, a quantity that is proportional to the MOKE
signal. The solid line in Fig. 2~a! was obtained with
Hbl5240 Oe andHbq5140 Oe ~h51!, while the dotted
line corresponds toHbl5227 Oe and Hbq5154 Oe
~h52!. Thus, quite different values ofHbl , Hbq , and h

e
o
ts

FIG. 2. ~a! Calculated magnetization curve for a trilayer wi
Hbl5240 Oe andHbq5140 Oe ~solid line! and Hbl5227 Oe
andHbq5154 Oe~dashed line!. ~b! Same as~a!, with Hbl5240
Oe andHbq5140 Oe ~solid line! and Hbl5140 Oe andHbq5
1120 Oe~dashed line!.
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~h>1!, can result in almost identical magnetization curv
Another ambiguous issue might happen ifh>1: as shown in
Fig. 2~b!, where the solid~dotted! line corresponds toHbl
5240 Oe~140 Oe! andHbq5140 Oe~1120 Oe!, reason-
able fits to a hypothetically measured magnetization cu
could be obtained for both AF~solid line! and ferromagnetic
~dotted line! coupling. Which coupling would be the righ
one? Finally, ifh>1, one might attempt to measureHbl and
Hbq by applying the magnetic field along the hard axis,
well. In this case, there is a second-order transition betw
a spin-flop and the saturated phase,11 at the critical field
HC3522Hbl14Hbq1HA . Thus, a measurement ofHC2
and HC3 would allow one to determineHbl and Hbq, pro-
vided HA is known. However, the fitting parameterHA is
usually much larger thanHbq , and it is difficult to measure
HC3 precisely, given that this transition is of second-ord
nature.

In the remainder of the paper, we apply the results ab
to the Fe~40 Å!/Cr(tCr)/Fe~40 Å! system. The samples wer
grown onto~100! MgO substrates by sputter deposition in
UHV chamber, and belong to the same batch as the sam
with tCr515 Å discussed in Ref. 10. Figure 3 shows roo
temperature MOKE measurements in two representa
samples located close to the first and second AF pea10

namely,tCr515 Å @Fig. 3~a!# and tCr525 Å @Fig. 3~b!#, re-
spectively. Figure 3~a! is clearly a situation in whichh,1,
and the measured values ofHC1 andHC2 yield Hbl52150
Oe andHbq550 Oe, i.e.,h50.33, consistent with the phas
diagram in Fig. 1~a!. The reduced value ofuHblu is apparent
for the sample withtCr525 Å, which exhibits only the tran-
sition between the 90° and the saturated phases. In this
h>1, and we cannot determine the two coupling fields ac

FIG. 3. MOKE data in~100! Fe~40 Å!/Cr~tCr)/Fe~40 Å! for tCr

515 Å ~a! and tCr525 Å ~b!, as described in the text.
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rately, as previously explained. Surprisingly, the same
havior were observed for all samples around the second
peak. In Fig. 4 we show the magnetization curves obser
in the samples withtCr529 Å @Fig. 4~a!#, 33 Å @Fig. 4~b!#,
and 35 Å@Fig. 3~c!#, with shapes qualitatively similar to tha
in Fig. 3~b!, and thus, with the same restriction regarding t
coupling fields. We have also used the FMR and BLS te
niques in some of these samples, with equally limited resu
For instance, the symbols in Fig. 5 are the acoustic and o
modes in the sample withtCr525 Å, as measured by BLS
with the same configuration described in Ref. 10. The so
and dashed lines are numerical fits with parameters 4pMS
520.5 kG,HA50.55 kOe, as for the sample withtCr515 Å,
andh51.0 and 1.2, respectively. The fits are almost iden
cal, in spite of the different ratiosh used.

FIG. 4. Same as Fig. 3, fortCr529 Å ~a!, 33 Å ~b!, and 35 Å~c!.

FIG. 5. Magnon frequencies forq51.223105 cm21 vs external
field H0, applied along an easy magnetization axis in~100! Fe~40
Å!/Cr~25 Å!/Fe~40 Å!. Symbols are BLS data: circles for the opt
mode and triangles for the acoustic mode. The lines are theore
fits ~Ref. 9! with Hbq /uHblu51.0 ~solid line! and 1.2~dashed line!.
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