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Magnetic trilayers with bilinear and biquadratic exchange couplings: Criteria
for the measurement ofJ; and J,
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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 sputtered100) F&(40 A)/Cr(t,)/Fe(40 A) are reported for the Cr thickness in the range 15 #,<35 A.

As a result, our model calculations indicate that the bilinear and biquadratic exchange coupling cahstants,
andJ,, cannot be accurately determined from a fit to the experimental data when thé,rédtlg|> 1, and if
only the main magnetization axes are considef80163-182608)02725-9

Layered films of ferromagnetic metals exchange coupledction leads to first-order phase transitions in the magnetiza-
through a nonferromagnetic spacer layer are of considerablkion’s configuration, and numerical approaches are usually
fundamental and technological interest. Remarkable findingggquired to circumvent this problem. Here we show that, in
in these systems include interlayer antiferromagnéE) simple yet usual situations, one can obtain analytical expres-
coupling? the concurrent giant magnetoresistat€MR),>2  sions for the boundaries between phases, which are quite
oscillations in the interlayer exchange coupling and GMR agiSeful in interpreting the experimental data. Since the details
a function of the spacer layer thicknésand biquadratic Of our analysis may be_found_el_sewh@?é,we present here
exchange couplin§® On the other hand, magnetoelectric de-ONly the main assumptions aiming at the steps for obtaining
vices based on the GMR have been widely considered foihe expressions for the critical fields. , _
applications in information storage technoldg§.The rela- We consider a very thin trilayer, so that the dipolar inter-
tionship between the interlayer exchange coupling and th&ction can be negle_cted, and could be described in terms of a
GMR thus makes the measurement of the former of primarjf€€ €nergy per unit ared=E;+Ex+Eg, where the three
importance. The cheapest and most widely used technique f§"™MS on the right-hand side are, respectively, the Zeeman,
this regard is the magneto-optical Kerr effe@lOKE), the fourf(_)_ld magneto_—crystalllne anlsotropy, and the ex-
which is useful for extracting the bilinear exchange constanthange(bilinear and biquadratjcenergies. We assume that
only if the coupling is AF. Other techniques, such as ferro-the ferromagnetic layers have the same thickiksand that
magnetic resonancéFMR) and Brillouin light scattering the ma_gnetlzatlons are uniform in both Iayerg, Wlth the same
(BLS), are needed in the case of ferromagnetic coupling. Saturation valuéMs. For the external magnetic field, ap-

We have recently presented phenomenological model caRlied in the film plane, this energy can be writterf as
culations where the coupling between the magnetic films is 2
fully taken into account through bilinear and biquadratic ex- E= _2 [HoCog 6, — 6) — SHASIA(26))]
change and magnetic dipolar mteractlons,?together with sur- i=1
face, in-plane uniaxial and cubic anisotropieEhe calcula-
tions were previously shown to provide good quantitative ~HpiC08 01— 6) +HyCOS (01— 62), @
agreement with MOKE, magnetoresistance, FMR, and BLSvhere the effective fields are given by,=2K,/Mg (K4
experiments in several trilayer systefis;?with the advan- = effective anisotropy constantH, =J;/dMsg, and Hy,
tage of treating both static and dynamic responses on asJ,/dMg. The variable®),;, 6;, andé, are, respectively,
equal footing. In this report we present further investigationghe angles of the applied field and of the equilibrium magne-
of phase transitions in sputter¢ti00 Fe/Cr/Fe trilayers ex- tizations with respect to an easy axis. Consider a system
hibiting bilinear and biquadratic exchange couplings, makinggrown in the(100) plane, with a spacer layer thickness such
use of phase diagrams to help in understanding the behavitinat the bilinear and biquadratic interactions are of the same
of the magnetizations as the external magnetic field is variecbrder of magnitude. Furthermore, assume that the external
Previous studies on phase diagrams either did not take intieeld is applied along th€001] easy magnetization axis. The
account the biquadratic interactiGhnor looked carefully at  equilibrium configuration can be determined by equating to
the so-called 90° phasé where the magnetizations in the zero the derivatives of the free energy with respect to the
two magnetic films are nearly perpendicular to each otheranglesf; and8,. In the case of AF coupling, there are three
As has been demonstrated previouSithe biquadratic inter- possible phases, namely, AF, 90°, and saturftethe ex-
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FIG. 1. Calculated phase diagraff,q/|Hy, | vs Ho/|Hy| for FIG. 2. (8 Calculated magnetization curve for a trilayer with

antiferromagneti¢a) and ferromagneticb) coupling for a symmet-  H, = —40 Oe andH bq= 140 Oe(solid ling and H,=—27 Oe
ric thin-film trilayer. The arrows indicate the relative positions of gnd Hyq= +54 Oe(dashed ling (b) Same aga), with Hp, = —40

the magnetizations in the two magnetic films in each phase. Theye andH,,= +40 Oe (solid line) and Hy;=+40 Oe andH,,=
three horizontal lines in the inset correspond, from top to bottom, toy 120 Oe(dashed ling

the sweep of the external magnetic field in the MOKE experiments
described in Refs. 10, 16, and 17, respectively. phase diagram of Fig.(4). One can see that if the ratig
_ o =Hypq/|Hp|=J,/134| is smaller than one, the values of the ef-

pression for the critical fielt c; that separates the AF phase fective exchange fields can be determined from the measured
from.t.he 90° phase can be determined from the boundaryg|yes ofHe; and He, through Egs.(2) and (3), namely,
condition Hoi=—(He1+Hc)/2, andHyq=(Heo—He)/2. To illus-

. . trate the usefulness of this diagram, we show by the horizon-

E(6,=-90°, 6,=90°, 6,=0) tal lines in the inset of Fig. &), our classification of three

—E(0,=0, 6,=90°, 0,=0), magnetic-field sweeps in MOKE measurements in
Fe/Cr/Fe. The uppermost line corresponds to our own result
that gives described in Ref. 10, while the mid and lower lines fit the
data in Refs. 16 and 17, respectively. We show in Fip) 1
Hci=—(Hpi+Hpg)- (2)  the phase diagram for the ferromagnetic coupling, in the

‘samen range. In this case, there is only one transition at a
Actually, 6, and 9, have a weak dependence on the mag critical field given by Eq.(3), if »>1. That happens when

netic field within each regiofr2® but, as far as the determi- {he coupling is AF andy>1. as well. Therefore, only the

nation of the critical field is concerned, the values taken at,. .
. Co differenceH,,— Hy, would be available from a measurement
the frontier are excellent approximations to the real ones; d

Similarly, for the boundanyHc, between the 90° and the 0f Hc, in this cas€ %>1). There are important consequences

saturated phases, we assume that 0 and 8,=90° in the following this restriction, to which little attention seems to
, = ; . X )
90° phase, while we take, = 6,=0 in the saturated one. By have been paid. First, we point out that the authors in Refs.

. 2 ; o -7 18 and 19 were most probably working in this regime, and
applying the boundary condition, we obtain the critical f'eldthat might explain why E)hey We¥e unablg to providega precise

Hep=— (Hp— Hpg)- ?) measurement of bc_Jth biIine_ar and biquadratic_exchange pa-
q rameters from their experiments. To better illustrate this

Notice that in this case the effective anisotropy field has ngoint, we show in Fig. 2 plots ofM;/Mg=(cosé,
influence orHc; andH¢,. However, it can be showWnthat  +cos6,)/2, a quantity that is proportional to the MOKE
the situation described here is possible onlyif>2|H,|.  signal. The solid line in Fig. @ was obtained with
Thus, the transitions predicted by Eq®) and(3) may not Hp=—40 Oe andH,,=+40 Oe(5=1), while the dotted
occur if the magnetic films are too thin. The boundariesline corresponds toHp=—-27 Oe andHpq=+54 Oe
given by Egs(2) and(3) are shown by the solid lines in the (#=2). Thus, quite different values ofi,;, Hpq, and »



PRB 58 BRIEF REPORTS 103

1of pr— Lo} ' ' .'...,...
a . i oo
(a) . 0.5 (@ ...,.o’"]
05k I n 0.0} o . H
gv; o “ sl R c2
*
N H S ‘
N 0O0F 1 c2 ] \N _1.0bses% o *
= S . =" 05 00 005 060 005 010 0I5
05k / J § . : .
) = 1.0p ITYTVIYY
®e S ooooOO‘Q‘.‘".
-1.0 joomemanndisd ] ‘5 0.5¢ ey oooo
A ) ) ) ) A A 2 0.0+ * .
-04 -03 -02 -0 00 01 02 03 04 %0 05 . HCZ
[ T T T T TTTYTYT T E e .0.:‘:':“....
1.0} anp—— E -g -1.0 mio.oO ) ) ) )
(b) b .. % 015  -0.10 -005 000 0.05 0.10 015
s ,F).T ] § 1.0t ' I ' ou*lut—-'—-—-
gh o~ g o
. H 051 (© -
~ 0.0F * c2 4 \
EN . . 0.0F * ® i
05 P o3} -
R/A - -1 ° L]
Par) - 1.0 jeesmessmmpssesssnumionse
N 015 010 -0.05 000 0.05 0.10 0.15
-1.0 - ] -
-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 Magnetlc Field H0 (koe)
Magnetic Field H  (kOe) FIG. 4. Same as Fig. 3, fag,=29 A (a), 33 A (b), and 35 A(c).

FIG. 3. MOKE data in(100 Fe(40 A)/Cr(tc,)/Fe40 A) for t,  rately, as previously explained. Surprisingly, the same be-

=15 A (a) andte,=25 A (b), as described in the text. havior were observed for all samples around the second AF
_ } ) o peak. In Fig. 4 we show the magnetization curves observed

(7=1), can rgsult m_almost .|dent|cal magnetlzatlon CUNVeSjn the samples withic,=29 A [Fig. 4a)], 33 A [Fig. 4(b)],
Another ambiguous issue might happeri#1: as shownin  anq 35 A[Fig. 3(c)], with shapes qualitatively similar to that
Fig. 2(b), where the soliddotted line corresponds t¢, i Fig. 3b), and thus, with the same restriction regarding the
= —40 Oe(+40 Og andHp,=+40 Oe(+120 O, reason-  coypling fields. We have also used the FMR and BLS tech-
able fits to a hypothetically measured magnetization curvejques in some of these samples, with equally limited results.
could be obtained for both Afsolid ling) and ferromagnetic  For instance, the symbols in Fig. 5 are the acoustic and optic
(dotted-line cpupling. Whigh coupling would be the right modes in the sample with.,=25 A, as measured by BLS,
one? Finally, if=1, one might attempt to measu, and  with the same configuration described in Ref. 10. The solid
Hpq by applying the magnetic field along the hard axis, asand dashed lines are numerical fits with parameter#n4
well. In this case, there is a second-order transition between o 5 kG,H,=0.55 kOe, as for the sample witg,=15 A,
a spin-flop and the saturated phaset the critical field  and »=1.0 and 1.2, respectively. The fits are almost identi-

Hecs=—2Hp +4Hpa+Ha. Thus, a measurement dlco  cal, in spite of the different ratios used.
and Hcz would allow one to determinély,; and Hyg, pro-

vided H, is known. However, the fitting parametéet, is 25 - . .

usually much larger thahl,,, and it is difficult to measure H.,

Hcs precisely, given that this transition is of second-order g Sl ]

nature. <} 1
In the remainder of the paper, we apply the results above 8 ___J'ﬂ——__‘_—_—

to the F€40 A)/Cr(tc,)/Fe(40 A) system. The samples were 5 teceeeve ]

grown onto(100 MgO substrates by sputter deposition in a §*

UHV chamber, and belong to the same batch as the sample 3

with te,=15 A discussed in Ref. 10. Figure 3 shows room- N4 iniininininis FOURISESSS S

temperature MOKE measurements in two representative R

samples located close to the first and second AF p¥aks, . . .

namely,te,=15 A [Fig. 3(@] andtc,=25 A [Fig. 3(b)], re- Boo 005 010 ors 020

spectively. Figure @) is clearly a situation in whichy<1, Magnetic Field H (kOc)

and the measured values g, andH, yield H,,= —150

Oe andH4=50 Oe, i.e.,n=0.33, consistent with the phase  F|G. 5. Magnon frequencies for=1.22x 10° cm™ ! vs external
diagram in Fig. 18). The reduced value dHy,| is apparent field H,, applied along an easy magnetization axigi00 Fe(40

for the sample witht,= 25 A, which exhibits only the tran-  A)/Cr(25 A)/Fe(40 A). Symbols are BLS data: circles for the optic
sition between the 90° and the saturated phases. In this cas®de and triangles for the acoustic mode. The lines are theoretical
7»=1, and we cannot determine the two coupling fields accufits (Ref. 9 with H,q/|Hy,|=1.0(solid line) and 1.2(dashed ling
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