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Precessional dynamics in microarrays of nanomagnets

V. V. Kruglyak, A. Barman, and R. J. Hicken®
School of Physics, University of Exeter, Stocker Road, Exeter, EX4 4QL, UK

J. R. Childress and J. A. Katine
Hitachi Global Storage Technologies, San Jose Research Center, 650 Harry Road, San Jose,
California 95120

(Presented on 11 November 2004; published online 28 April 2005

Time resolved scanning Kerr microscopy has been used to study the response of square
NiggFe,»/ CoggFe,q bilayer elements to a pulsed magnetic field. Measurements were performed upon

a square element of 6000 nm size and upon 64, 120, 220, 425, and 630 nm square elements that
formed square arrays of about 4000 nm total size. While the frequency of precession of the
magnetization of the 6000 nm element could be described with a macrospin model, the frequencies
observed in the arrays of submicron size elements differed from the macrospin prediction. This
observation may be understood in terms of the increasing nonuniformity of the demagnetizing field
as the element aspect ratio is decrease@0@5 American Institute of Physics

[DOI: 10.1063/1.1849057

Patterned thin film magnetic materials are one of theCoggFe,; and NigFe;, were deduced to be equal to 1445 and
main subjects of investigation within modern magnetism.585 emu/crd, respectively. Since the two layers were
The dynamical properties of these materials have been studtrongly coupled by the interlayer exchange interaction, we
ied experimentally by Brillouin light scatteringtime re-  can treat them as a single layer with thickness equal to the
solved scanning Kerr microscoi)yTRSKM), ferromagnetic  sum of their thicknesseg€4.9 A), and with magnetization
resonancé’  and pulsed inductive  microwave given by an arithmetical average of their saturation magne-
magnetometry. However, current experimental methods do tizations (930 emu/crd). The uniaxial and average surface
not yet provide sufficient spatial resolution for the dynamicalanisotropy constantk, and K, were found to be equal to
properties of a single nanoscale element to be studied d5120 erg/cr and 0.11 erg/cfy respectively.
rectly. Consequently the magnetic properties of the element The elements were formed in between the tracks of a Au
must be deduced from measurements made on the entiteansmission line structure with a 30m track width and
array.1'3’4 In this article, measurements of the precessionaseparation so as to experience an out-of-plane pulsed mag-
dynamics in NigFe (27 A)/CoggFe,(10 A) single micro-  netic field. The measurements were performed in the TR-
element and nanoelement arrays are presented, using the TBKM configuration at a wavelength of 790 nm, as described
SKM as a submicron probe of the magnetization dynamics ah detail elsewheré.In this configuration, the measured sig-
the center of a sample. nal was proportional to the polar Kerr rotation, and hence, to

A square element of 6000 nm size and square arrays qhe out-of-plane component of the magnetization. In mea-
about 4000 nm total size with 64, 120, 220, 425, and 630 nniaurements made upon the element arrays, several elements
elements were patterned using electron beam lithographwere typically in the area probed by the microscope. Hence,
Scanning electron microscope images showed that the 22the measurement was sensitive only to the average response
425, 630, and 6000 nm elements have a perfect square shapgihe elements, falling under the probe spot. A photoconduc-
while the 64 and 120 nm elements came out slightlytive switch made from Au on a GaAs substrate was con-
rounded. The nominal composition of the elements wasected to the transmission line structure, and used for gen-
Si/Ta(50 A)/CogFex(10 A)/NiggFe (27 A)/Ta(100 A). A eration of the pulsed magnetic field. The optically gated
comparison of the results of static magnetometry measuregyylsed field had a rise time of about 40 ps and a decay time
ments made upon sheet samples of different thickness codgf about 2 ns. A static fielt was applied in the plane of the
posited with the elements showed that 12.1 A ofgNé;,  sample and its strength and orientation were varied during
was lost due to interdiffusion with Ta, leaving aghfie;,  the experiment. Each value of the static field was approached
Iayer with thickness of 14.9 A The CompOSitionS of tthrom a much greater value, typ|ca||y about 1-2 kOe, that
NiggFer, and C@oley alloys were chosen so that the mag- was sufficient to cause saturation.
netOStriCtion Of these two Ia.yers WOUId Compensate eaCh Two types Of dynamic Kerr measurement were per-
other, and the bilayer as a whole would have vanishingormed with the probe spot focused at the center of the
magnetostrictioff. The CqgFey alloy composition gave a 6000 nm element. First, the static field strength H was varied
stable fcc structure. The direction of the easy axis was set if}ith the field vectorH parallel and perpendicular to the
the samples by the field annealing. The magnetizations of thgacks of the transmission line structure, i.e., parallel to the
expected directions of the eagigA) and hard(HA) aniso-
¥Electronic mail: R.J.Hicken@ex.ac.uk tropy axes of the element, respectively. Figure 1 shows typi-

0021-8979/2005/97(10)/10A706/3/$22.50 97, 10A706-1 © 2005 American Institute of Physics
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FIG. 1. Typical time resolved Kerr rotation signals measured from the Bias Ficld. Oc
6000 nm element are presented in parialsand (b) for different values of ?
the bias field applied parallel to the EA and HA directions, respectively. The
Fourier spectra of the corresponding signals in pat@lsand (b) are pre-
sented in panel&) and(d), respectively.

FIG. 2. The dependence of the uniform mode frequency upon the bias field
magnitude is presented for the 6000 nm element. The symbols are data
points and the lines are least-square fits to the macrospin model equations.

cal time dependent Kerr signals and their fast Fourier transgyely small for the 425 and 630 nm element arrays and
form spectra. Since the oscillations decayed well within theych greater for the 220, 110, and 64 nm element arrays.
duration of the scan, the Fourier transforms were performeghe dependence of the mode frequencies upon the element
using a rectangular window function. As well as the fieldsize is presented in Fig. 5 for the field applied parallel to the
dependent peaks at higher frequencies, one can also Sg@ direction. The dependence is complicated and nonmono-
lower frequency peaks, the positions of which do not depengonic. For the 630, 425, and 220 nm element arrays, the fre-
upon the bias field strength. The latter peaks originate fronguency increases as the element size decreases. In the 120
the pulsed field profile and can be clearly distinguished fromand 64 nm element arrays, the same trend is observed, but
the sample response. However, an accurate determination #fe frequencies are reduced in comparison with those in the
frequency seems infeasible for frequencies less than approx$30, 425, and 220 nm element arrays. The line width of the
mately 2 GHz. Kerr images of the dynamic magnetizationFourier peaks was noticeably greater in the 120 and 64 nm
distribution acquired at different time delays between thearrays in comparison with the 630 and 425 nm element ar-
pump and the probénot shown did not reveal any spatial rays.
nonuniformity. Hence, the only observed mode of magneti- We begin by comparing the observed frequencies with
zation precession was identified as the uniform mode. In ghose predicted by a macrospin model modified to account
second type of measuremenbt shown, the direction of the for the demagnetizing field of the nanoscale elements. Figure
bias field was varied, while its magnitude was kept constanb presents the measured precession frequencies and the fre-
at a value of 240 Oe, allowing the symmetry and magnitudejuencies calculated for individual elements with size equal
of the in-plane anisotropy to be more directly determined.
The data from both sets of measurements were fitted to Qa)

. ) S . (©
macrospin model for a continuous magnetic filsee Fig. o, 63‘:m Mws
J\AMWW

7 - . .
2)." In the fitting, the magnetization was assumed to be al- 120 nm

ways parallel to the bias magnetic field. Tgpactor and the 2 | rhoommcsnsinrn| 220 nM 2

saturation magnetization were f!xed at_va_lues of 2.1 andg 4 oy, 1425 nm 1.
930 emu/crd, respectively. The fitted uniaxial and surface = 630 nm -
anisotropy parameters had values of 4140+330 erdAmd § 0 T -0 g
0.156+0.022 erg/cf The sample EA was canted by about § 30 bV ssn s HA Mms ﬁ
10° from the expected direction parallel to the tracks of the & B AL, gt)n;nm 3

transmission line structure. However, throughout this article® 2 [ s 220 1m 2
we mean by the EA and HA directions their expected direc- M,/\/\NWWMW 425 nm| }
tions, parallel to which the bias field was actually applied JVW 630 nmﬂwj\w
during the measurements. 0 s W S R S 0
Typical Kerr signals and their Fourier spectra obtained (b) Time Delay, ns (d)  Frequency, GHz

from arrays with 630, 425, 220, 120, and 64 nm size ele-
ments are presented in Fig. 3. Figure 4 presents the frequeRIG. 3. Typical time resolved Kerr rotation signals obtained from the dif-

: : ; rent element arrays are presented in pat@land(b) for the bias field of
cies of the observed modes together with curves obtained H 05 Oe applied parallel to the EA and HA directions, respectively. The

fitting the fre_quenCieS of the _ﬁm element to the macro_spin Fourier spectra of the corresponding signals in pafelsnd (b) are pre-
model equations. The deviation from the latter curves is relasented in panelé) and(d), respectively.
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A attempts were made to analyze the frequencies with the mac-
rospin model.

We now briefly consider other possible reasons for the
observed discrepancy between the experimental and simu-
lated frequencies. While the macrospin simulations assumed

and —---- Macrospin Simulations
8-  for 6 um Element

E
O 64 . 0 . that the elements had a square shape, the 64 and 120 nm
g 2 Eing;:?fl Points elements were slightly rounded. The demagnetizing fields of
() . . . .
= m and o 64nm a prism and a disk of the same aspect ratie different and
=, ] ® and © 1200m so the precession frequency is expected to be different. Also,
4 and 2 220nm the magnetic properties of smaller elements are more af-
- $ and o 425mm fected by the presence of imperfections. The random nature
v * and * 630nm y the p orimp -
* Size Elements of the latter will cause different elements in an array to pre-
200 400 600 cess at different frequencies, and so the observed frequency
Bias Field, Oe peak will be broadened, as was indeed observed in the 64

_ _ _ and 120 nm element arrays. Another explanation could lie in
FIG. 4. The mode frequencies obtained from different element arrays ar llecti ¢ f th b d d The field of
plotted as a function of the bias field magnitude. The lines are the macrospir e co .eC Ive nature O € observe mO €s. € neid o
model fits of the 6000 nm element frequencies from Fig. 2. The solid syminteraction between different elements in the arrays could
bols and solid line correspond to the bias field parallel to the EA direction.shift the frequency from the value predicted by the mac-
The open symbols and the dashed line correspond to the bias field parallel Fbspin model for a single eleme‘hﬂ:inally the observed
the HA direction. . to .

behavior could be the consequence of nonuniform precession

to th in th Th lculati ; q _tsince the frequency of precession may be different in differ-
tﬁ 0;9 ”: € artra(;/s. 1he caicu atl. IOFf]S were pegol\;lmM?: wi rént parts of the element due to the nonuniform distribution of
e object oriented micromagnetic framewof® ) the demagnetizing field° The latter explanation is sup-

packages.Thg cell size was set to be.equal t.o t_he size of theported by micromagnetic simulations allowing for the non-
element, which corresponds to a uniform distribution of the

ST . niform magnetization of the elements, details of which will
magnetization in the element. An out-of-plane pulsed flelcf)‘ g

. . . . . repor Isewhere.
with 40 ps rise time, 2 ns decay time, and magnitude o e reported elsewhere

. . In summary, the magnetization dynamics of small mag-
15 Oe was applied to the sample, and the magnetization Waktic elements and element arrays were investigated by

recorded after every 5 ps. The OOMMF implements analyti- . . :
) ; ..~ means of time resolved optical measurements. While the pre-
cal formulas derived in Ref. 9 for the average demagnetizin

Lession frequency observed for theufh element could be

tensor components of a uniformly magnetized prism. Hencedescribed by a macrospin model, the frequencies of the

each calculated frequency corresponds to a solution of the

. ._._modes observed for arrays of smaller elements showed a
macrospin model corrected to account for the demagneuzmgnore complicated behavior that must be explained using a
field. Although the experimental data follow the calculated P P g

model that allows for a nonuniform distribution of the mag-

frequencies “on average,” the detailed dependence on thr?etization within the elements.

element size is not properly reproduced. Hence, no further
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