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Dependence of exchange coupling in permalloy  /CrgyAl g bilayers
on the constituent layer thickness

S. M. Zhou, Kai Liu, and C. L. Chien®
Department of Physics and Astronomy, The Johns Hopkins University, Baltimore, Maryland 21218

Due to a weaker exchange coupling, the coercivity in permallayACys bilayers of thicknessegy,
andt,g, respectively, has been found to vary aé’,jr/at room temperature, a behavior previously
only observed at low temperatures. At room temperature, the exchange field decreaseg-when
less than 40 nm and vanishes at 25 nm. Switching in wedged-permalieddGrbilayers consists
of two macroscopic domains with one domain wall moving along the wedge directiorR0G®
American Institute of Physic§S0021-897@0)69108-9

A great deal of attention has recently been focused ofiinite-size effect$® However, for relatively large values of
the ferromagnetic(FM)/antiferromagnetic(AF) exchange tar, the observed dependence is probably a manifestation of
coupling because of the intriguing phenomkaad applica- the domain structure in the AF layelrs.
tions in spin-valve giant magnetoresistance devices for sens- To reveal the nature of the exchange coupling in FM/AF
ing magnetic field$.In exchange-coupled FM/AF bilayers, bilayers, it is essential to study the dependence not only of
the hysteresis loop is shifted from the origin by an amountH¢ but also ofH on the thickness of both the FM and the
known as the exchange fieldg, accompanied by an en- AF layers. Such studies can be conveniently made using
hanced coercivityd . The characteristics of the FM/AF ex- wedged constituent layers. Another distinct advantage of us-
change coupling depend strongly on the microstructure anghg a wedged FM layer is the realization of a simple domain
the thickness of the constituent materi&l&? The original  structure during switching. We have recently shown that, by
simple model with a static AF spin structure does not actaking advantage of the t}{, dependence oHg andH,
count for the observed characteristic¥he importance of  switching in wedged FM/uniform AF bilayers involves only
the AF domain wall with energy #(:Kap)"% whereAsr  two macroscopic domains separated by one domainall.
and K,g are, respectively, the exchange stiffness and the In this work we study the dependencetdf andH on
anisotropy constant of the AF layéhas been indicated by a the thickness of both the FM and the AF layers by using
number of recent micromagnetic calculatidhs:> FM/AF bilayers with either a wedged FM layer of permalloy

Because exchange bias is a result of interactions across a wedged AF layer of GsAl 5. For high Cr contents, the
the interface between the FM and the AF layédg is in-  Cryo, ,Al, alloys are antiferromagnetic with relatively high
versely proportional tdry, as experimentally observéd.  values ofTy. The magnetic measurements using vibrating
The exchange field generally decreases as temperature agample magnetometrfYSM) and magneto-optical Kerr ef-
proaches the so-called blocking temperatlige® While a  fect (MOKE) have been performed at room temperature.
nonzeroHg is usually considered as a signature of exchanggyhile we have observeH to vary as 1, more unusu-
bias, it has recently been demonstrated that the value arm|y' HC has been found to vary astagI at room tempera-
even the sign oHg can be drastically altered by the field- tyre, a behavior previously only observed at low tempera-
cooling proces$? On the other hand, the value of the en-tyres. We have found the onset of the exchange coupling of
hancedHc, also a telltale sign of exchange coupling, is py/Cg,Al 5 bilayers at room temperature for AF layers with
uniquely defined at each temperature, regardless of the valygicknesses larger than a critical value. We have also ob-
of Hg. served the macroscopic domain features in Py/CrAl, qualita-

The coercivity is known to depend on the quality of the tiyely similar to that in Py/FeMn, although the switching
FM/AF interface, across which the exchange coupling ispenaviors of Py/CrAl are noticeably different.
transmitted. In Py/CoO and Py/FeMn bilayejsermalloy The specimens of R$NM/CrgAlg(tar) and
=NigsFeq), the coercivity has been found to vary asgly/ Py(tey)/Cra,Al1g(53 nm), one with a wedged CrAl layer and
(wheretgy is the FM layer thicknegsat high temperature, he other with a wedged Py layer, were deposited onto Si
but shows %Zlgﬁ dependence at low temperatufésThe  gypstrates in a computer-controlled multisource deposition
observed £y behavior ofHc is consistent with the theo- system using an alloyed target of Py and an Al target fitted
retical predictions based on the random-field interactions ayith small pieces of Cr, before capping with a 30 nm thick
the FM/AF interface. In addition to the dependencetan,  cuy top layer. During deposition, a magnetic field of about
the exchange coupling has also been found to depend on thg)y oe was applied in the film plane and perpendicular to
AF layer thickness e . For small values ofar (€.9., 1€SS  the wedge direction to establish the unidirectional
than 10 r_m)l, the variation of the exchange Cogplmg is due toanisotropyl.s The wedged samples were cut into many small
a reduction of the Nel temperaturely, resulting from the  ,iaces along the wedge direction and individually measured
by VSM at room temperature. MOKE measurements were
dElectronic mail: clc@pha.jhu.edu also made by directing the laser beam with a sampling area
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FIG. 1. Representative hysteresis loops at 300 K of tRy(

Crg,Al 1g(53 nm) bilayers with different Py thicknesses.

of about 1 mr at various points on a large uncut wedged
sample.

Some representative hysteresis loops of the samples with
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FIG. 3. The dependence of the coercivity at 300 K for tRyl/
Crg,Al 15(53 nm) as a function of 132 .

one order smaller than those of Py/FeMn at room tempera-
ture and Py/CoO at 80 K
In Py/CoO and Py/FeMn bilayersi varies as 1fy at

different FM layer thickness in the series of sampleshigh temperatures but varies ag2f at low temperatures.

Py(d)/Crg,Al 1g(53 nm) measured by MOKE are shown in

Fig. 1. Each hysteresis loop is characterized by an exchangg 1t at T>160K. The 1122

field Hg, coercivityHc, and the width AH) of switching
from +M to —M. The values oHg, H¢c, andAH increase
with decreasing Py thickness. Of those, the increagetbis
particularly noticeable. While loops fd), of about 4 nm

For example, in Py/CoCH ¢ varies as 1£3 at T<90K, but

v dependence has been ac-
counted for by a random-field model by Zhasigal 1° In the
present case of Py/CrAl, howevdi: has a F’ﬁ, depen-
dence atoom temperatureas shown in Fig. 3. The extended
temperature range in which thet% dependence is valid, is

are square, the ones at 3 nm and less are considerallkely the result of a much weaker exchange coupling in

slanted, as shown in Fig. 1. The more rapid increas&kh
with decreasinggy, in Py/CrAl is one of several features that
is distinctly different from those in Py/FeMn.

The dependence &fg on the Py layer thickness at room
temperature is shown in Fig. 2 as a function ofg}/to
highlight the fact thatH ¢ exhibits the 1tf,, dependence. The
exchange coupling energy per unit areaHistgyyM gy, for
which we have obtained the value of 410 3 erg/cnf, us-
ing Mgy=780emu/cd for Py. The value of 4.7
X 10”3 erg/cnt of Py/CrAl at room temperature is more than
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FIG. 2. The dependence of the exchange field at 300 K for
Py(tem)/Crg Al 15(53 Nm) as a function of 14, .

Py/CrAl as mentioned above. It is noted in Figs. 2 and 3 that,
when extrapolated to-,— o, the values oHg andH¢ are
small but not zero. This suggests that thig\}/and the F’,ﬁ
dependencies are applicable only for reasonably small values
of tpyy and cannot be extended to arbitrarily thick FM layers.

Focusing now on the decreasing half of the hysteresis
loops shown in Fig. 1, the switching of magnetization from
+M to —M for each sample with a specific FM thickness
occurssequentially For example, aH= —70 Oe, the mag-
netization of FM layers withtg,>4.44nm has already
switched to—M, whereas those wittyy,<4.44 nm with+M
have not. Therefore, aH=—700e, the samples with
tem>4.44 nm andgy<4.44 nm belong tdwo macroscopic
domains separated byne 180° wall. This unique domain
structure is formed by capitalizing the inverse dependence of
Heg andH¢ ontpy. As one changes the magnetic field, the
domain wall sweeps across the wedged FM layer along the
wedge direction. These features are qualitatively similar to
those observed in wedged Py/uniform FeMn bilayérs.

In this case of two domains with one wall, the widsi
in the hysteresis loops is the field range within which the
domain sweeps across the sampling area in MOKE measure-
ments, or the width of the individual sample in VSM mea-
surements. As shown in Fig. 2, the value MH becomes
larger for smallettg,,, indicating that the rate of motion of
the wall (dx/dH) along the wedge direction becomes pro-
gressively smaller for thinner FM layers.

The dependence dfiz andH at room temperature on
the AF thicknesd g is shown in Fig. 4. It has been previ-
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area of 4.k 10 3erg/cnt obtained earlier wittK ag(tap)c,
0L 4 | i from which one obtain& ,-=1.9x10erg/cnr.
c - .. In summary, in Py/CrAl bilayers using wedged FM and

AF layers, we have observed the g/ and the F’,ﬁ, depen-
¥ dence for the exchange field and coercivity, respectively, at
20 N T room temperature. The latter is due to a small exchange cou-
N -, pling energy in Py/CrAl. The dependence of the exchange
! ‘. coupling on the AF thickness has also been determined.
10F ¢ : . When the AF thickness is less than 25 nm, exchange cou-
a pling remains but without an exchange field when the anisot-
H, » ropy constant in the CrAl layer cannot sustain exchange bias.

- Switching with two macroscopic domains has also been ob-
0 20 40 60 80 served due to the wedged Py layer.

t ¢ (nm)

H., H_ (Oe)
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