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Reversal behavior of exchange-biased submicron dots
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Nanostructured Fe dots were prepared on antiferromagnetig thatfilms and investigated by
magneto-optical Kerr effectMOKE). We studied the influence of dot sizes on the magnetic
hysteresis and compared the result with both continuous thin film bilayers and nanostructured
Fe/Fek pillars. Hysteresis loops were measured at temperatures below and above
(10 and 90 K, respectivelthe Néel temperature of the antiferromagnet. A vortex state is found for
dots of 300 nm diameter, where the exchange bias field is reduced compared to larger dot system
and the continuous bilayer. Micromagnetic simulations including the interaction with the
antiferromagnet show qualitatively similar behavior. ZDO5 American Institute of Physics
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Submicron ferromagnetid=M) dot arrays have attracted 600 nm and center-to-center distanceasf2d were prepared
much attention recentfy’ This is driven by the technological by e-beam lithography and subsequent-&an milling. By
interest in higher storage densityniniaturization of sensors controlling the ion-milling time, two different types of sys-
and basic research in reduced dimensions. When the size otems were prepared from the same bilayer sample: in the
magnetic system is reduced close to the order of 100 nniype A sample, only the Fe layer was nanostructured, while
interesting spin configurations can océw,g., the single do- in type B both Fe and FeFwere nanostructurefsee Fig.
main and vortex state. For dots of certain sizes, when th(@]. In both cases, a small area was kept unexposed to the
magnetic field is reduced from saturation, a vortex cordon beam to allow comparison of the dots and continuous
nucleates at one edge, reversibly moves across the dot afitin on the same sample. The dot arrays were imaged by

annihilates on the other side. In this case, the reversiblgtomic force microscopy as shown in Figbl The samples

movement of the vortex core often manifests in the hyster!Vere initially cooled from 150 K to 10 K through the Neel
mperaturély=78.4 K of Fek in an in-plane cooling field

esis loop as a straight line through the origin. This has bee . ; .
B g g g ce=5 kOe. Magnetic measurements were carried out using

studied in detail both experimentally and using micromag- :
netic simulationd:* low-temperature magneto-optical Kerr effddOKE) both

In this work we combine ferromagnetic dot arrays with below and above the Neéel tgmperatt(JT(_: 10 a_nd .90 Ko
. 5.8 . compare the reversal behavior when the AF is either ordered
an antiferromagnetAF).”"" When such a system is cooled

. . . or in a paramagnetic state, respectively. The laser beam was
below th? Neel tgmperatuﬂéN of th? AFina m.agnefuc field focused to 5Qum, much larger than the dot size, thus mea-
Hcr the interaction at the FM/AF interface gives rise to the

suring the average behavior of a large number of dots.
exchange biasEB) effect, revealed as a shift of the hyster- g g g

) . 5 The results from the two types of dot arrays and the film
esis loop along the field axisMany models have been pro- 5.6 symmarized in Table I. Figure 2 shows the measurement

posed to explain EB® Some of them address different mag- on sample A for Fe dots of 300 nta) and 600 nm(b) di-
netization reversal mechanisms and how they influencé'EB. ameter, respectively, It=10 and 90 K. AfT=90 K, the con-

However, the detailed mechanism of EB is still unclear.tinyous Fe/Feffilm exhibits a square loopupper inset of

Here, we modify the reversal process of a FM by shaping it

into submicron dots to investigate its influence on the EB

effect. @
Fe(30 nm/FeR(20 nm bilayers capped with 4 nm Al

were prepared on top of a single crystal MGO0 substrate

by e-beam evaporation. The Felgrows as a twinned

quasiepitaxial filmt? whereas the Fe layer is polycrystalline. Type A

Square arrays of circular Fe dots with diameter300 nm or

FIG. 1. (a) Schematic of type A and B sampld®) Atomic force micros-
dAuthor to whom correspondence should be addressed. Electronic maitopy image of a type B sample with dot diameter 300 nm. The array size is
zhipan@physics.ucsd.edu 80x% 80 um?.
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TABLE |. CoercivitiesHs at T=10 K and 90 K, and exchange bias fi¢ld
atT=10 K for dot arrays and continuous film determined from the inflection
points of the hysteresis loops. The error is close to 5 Oe for the continuous
film, 10 Oe for type A dots, and 20 Oe for type B dots.

Hc (Oe) at H¢ (Oe) at He (Oe) at
Type T=90 K T=10K T=10K
A, d=300 nm 99 302 -55
A, d=600 nm 395 546 -96
B, d=300 nm 299 433 -110
B, d=600 nm 768 875 -105
Continuous film 54 60 -97

Fig. 2(a)]. The 300 nm dot array clearly shows that the two
hysteresis branches almost join at zero field, which is char-
acteristic of the vortex stafeThe 600 nm dot array shows a
sheared loop at 90 K without any vortex signature. The ob-
served shearing of the loop is generally believed to come
from shape anisotropy or the distribution of switching filds.
When the sample is cooled i6=10 K, the exchange bias of
the continuous film manifests as a clear loop shiftHy=

—97 Oe. While the 600 nm dots exhiblg=-96 Oe similar

to that of the continuous film, the 300 nm dot array shows a
smaller EB fieldHg=-55 Oe. The coercivity is enhanced
upon biasing for both dot sizes. The collapse of the two
hysteresis branches in the 300 nm dot leads to a smaller co-
ercivity than the 600 nm dots. Moreover, patterning also
leads to an increased coercivity compared with the unpat-

FIG. 3. Kerr signalKS) vs magnetic field H from type B sample with dot
diameter 300 nn{a) and 600 nm(b) at T=10 K (solid squaresand 90 K
(open squares

terned film possibly due to the increased importance of the
shape anisotropy and pinning.

The type B sample&ig. 3) show much larger coercivi-
ties than type A with a similar trend in size and temperature
as shown in Table I. This may be attributed to increased
structural defects and pinning due to the high etching rate of
the Fek compared with Fe. Contrary to type A, the 300 nm
type B dots do not show the vortex-characteristic narrowing
in the hysteresis loop close to zero field, showing that the
increased pinning modifies the reversal behavior with the
vortex becoming pinned or inhibited. Moreover, the EB field
becomes almost independent of the lateral size, i.e., —110
and —-105 Oe for the 300 nm and 600 nm dot array, respec-
tively, which is comparable with the continuous filidz=
—97 Oe. Shaping the AF has little influence on the EB field
possibly because the AF domain size in twinned FHsFes-
timated to be close to the grain size of about 10 Timvhich
is much smaller than either dot dimension.

The above results imply several important features re-
lated to EB. First, the 300 nm dots of type A with a vortex-
characteristic hysteresis exhibit a reduction of the EB field.
For other cases, regardless of dot sizes and types, the unidi-

0 > 4 rectional anisotropy shifts the hysteresis loops Hy=
H (kOe) —100 Oe. Second, both dot types show larger coercivities at

T=10 K thanT=90 K. This observation is consistent with
FIG. 2. Kerr effect signalKS) vs magnetic field H from type Asampi&e  the coercivity enhancement commonly observed in EB

dots on Fef film) with dot diameter 300 nna) and 600 nm(b) at T gystemd? |t should be mentioned that several groups have
=10 K (solid squaresand 90 K (open squargs The upper inset ofa) :
shows the data on the continuous film of the same sample. The lower inse{?pormd a Ygle“crea_se of the I_EB . field upon
of (a) and(b) show corresponding data from micromagnetic calculations in nanOStrUCtU”név . while the reverse situation was . also
the unbiased case. observed A possible scenario is that different parts of in the
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P

ol R perpendicular to the bias field. The reduction of the EB field
' T for the vortex state can be understood since a flux closed
o5l f/ state h_as only part of its spins pointing parallel 'Fo the qet
frozen interface moment of the AF, thus the total interfacial
coupling energy is reduced. In other words, the exchange
00 ¥ bias is associated with a term of the ty@gy - Sar, ™ which is
reduced in the vortex state. On the other hand, the above
Haf J/ 7 simulation does not show any coercivity increase upon bias-
m/:f A ing as found in the experiment. Hence, the ansatz consider-
10f wemman e i : e :
ing only few uncompensated unidirectional frozen AF mo-
P 2 0 > ” ments is too simple. This might be related to the lack of a
H (kOe) reversible component of AF interfacial spins leading to an
additional contribution to the coercivity. This discrepancy
FIG. 4. Micromagnetic simulations of a FM filnffilled squar¢ and a  can also come from variations among individual dots, e.g.,
300 nm type A dofopen squaresubject to rigid AF uncompensated spins. . . . . L .
The thickness in both cases is 30 nm. distribution of defect pinning and exchange coupling. Fur-
ther studies using other techniques like low temperature
thickness-diameter diagram have different size dependence'v'ls':.'vI can he_Ip make direct comparison with the micromag-
of the EB. Additional experimental studies are needed tonetIC S|mulat|0_n. . .
clarify this issue. In_ conclusion, we have stumed the reversal behavior of
To understand the reversal behavior of the dots, we pergubmmron Fe dots exchange b|gsed to Fesing low tem-
formed micromagnetic calculation. First, the FM dots perature MOKE. We varied the dlame_ter Qf deds: 300 and
without the AF are simulated. Thé=600 nm and=30 nm 000 nm as well as the type of structuring, i.e., Fe dots on top
Fe dots show a reversal through a multidomain state with & & continuous FeFfilm (type A) or both Fe and Fef
similar magnetization curve as in our experimflotver in-  Patterned(type B), while the thickness was kept constant,
set of Fig. 2b)]. For the 300 nm dots, the shape anisotropytrm=30 NM,taz=20 nm. We find that a vortex state leads to
dominates its behavior and a flux-closure vortex state is enr@n EB field smaller than in all other cases. This result is
counteredlower inset of Fig. 2a)]. This confirms our ex- consistent with micromagnetic simulations.
perimental observations that in type A dots a vortex state is .
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The incomplete collapse in the experiment may arise fronf'VH Foundation, CaliT),” and CNPq.
deV|at|0r_1$ _from circular shape of the dots_, roughne_ss, struc-lR_ P. Cowburn, J. Phys. 33, R1 (2000,
tural variations from do_t to dot and other imperfections. 23, 1. Martin, J. Nogués, K. Liu, J. L. Vicent, and I. K. Schuller, J. Magn.
To investigate the influence of the vortex state on the agn. Mater. 256 449 (2003.
EB, we assume that 4% of randomly distributed, rigid, un- 3c. A. Ross, Annu. Rev. Mater. Sc81, 203 (2001).
compensated AF interfacial s;;)ins are exchange coupled tdJ. K. Ha, R. Hertel, and J. Kirschner, Phys. Rev6B 224432(2003.
the bottom |ayer of the F|\}|61'1 because of the very h|gh 5K. Liu, J. Nogués, C. Leighton, H. Masuda, K. Nishio, I. V. Roshchin, and
anisotropy of Fek'® The interfacial coupling strength is - - Schuller, Appl. Phys. Lett81, 4434(2002. _
taken to be the AF coupling in the FeF Jeyar= :th l;rafgg,#. ;;féijze(r)og Gilntherodt, S. Cardoso, and P. Freitas, Appl.
-0.45 meV-® The results of these simulations are presented?; gh'u, Y. Zheng, and X. Lin, J. Appl. Phy&1, 4336(1997.
in Fig. 4, where the 300 nm dot shows an EB field of 8k. Liu, S. M. Baker, M. Tuominen, T. P. Russel, and I. K. Schuller, Phys.
—-206 Oe, compared with =505 Oe for the continuous film. Rev. B 63, 060403(2001).
The same trend was found experimentally. Figure 5 show: ZW H. Meiklejohn and C. P. Bean, Phys. Re102, 1413(1956.
the corresponding spin structure of the biased dot at different?: Nogués and I. K. Schuller, J. Magn. '\I"ag”' Mate82, ,203(1999" o
fields along the increasing hysteresis branch. There is virtu—["ét:_(';‘g’ ié&?’l'agégpez’ R. D. Portugal, and R. Ramirez, Appl. Phys.
ally no difference in the reversal process compared to thezy g, Fitzsimmons, P. Yashar, C. Leighton, 1. K. Schuller, J. Nogués, C. F.
unbiased casksee Fig. 2a) insef except an overall EB shift.  Majkrzak, and J. A. Dura, Phys. Rev. Le@4, 3986(2000.
This means the AF pinning spins act as a uniform EB field,"*H. Shi and D. Lederman, Phys. Rev. &, 094426(2002.
and the magnetization loop resembles that of the unbiased’- Eisenmenger, Z.-P. Li, O. Petracic, W. A. A. Macedo, and I. K. Schuller,
case. Moreover, the vortex core is no longer at the center olf;;‘ys' Rev. Lett(accepted for publicatign . .
the dot at zero field. but shifted to one side in the direction e simulation code from Object Orlenteq MicroMagnetic Fran_1ework
! (OOMMF) by M. Donahue and D. Porter is used. http://math.nist.gov/
oommf. 3D Oxsii solver is used for simulations with AF spins considered.
All simulation results shown are the average of at least 5 independent runs
with random initialization and random anisotropy in the FM.
8. Ohldag, A. Scholl, F. Nolting, E. Arenholz, S. Maat, A. T. Young, M.
Carey, and J. Stohr, Phys. Rev. Le®1, 017203(2003.
"p. Kappenberger, S. Martin, Y. Pellmont, H. J. Hug, J. B. Kortright, O.
Hellwig, and Eric E. Fullerton, Phys. Rev. Le#®1, 267202(2003.
FIG. 5. (Color online Spin configurations of a 300 nm type A dot in exter- 18\, T. Hutchings, B. D. Rainford, and H. J. Guggenheim, J. Phy8, G07
nal fields of —-825, —-600, 975, and 2550 Oe along the increasing hysteresis(1970.
branch from the micromagnetic simulation. The red, white, and blue color*®J. Nogués, T. J. Moran, D. Lederman, I. K. Schuller, and K. V. Rao, Phys.
codes refer tavl, (horizontal direction equal to 1, 0, and -1, respectively. ~ Rev. B 59, 6984(1999.

Downloaded 18 Nov 2008 to 132.239.69.137. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



	Text9: 404


