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Magnetization dynamics of interacting iron nanocrystals in SiG
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We find that ensembles of iron nanocrystals embedded within a matrix gfeXi@bit both a large Faraday
rotation and ultrafast magnetic relaxation. The Verdet constant is 6.3°+0.4°/cm/Oe and a still-unsaturated
Faraday rotation of 3.8°+0.2%m was observed at a wavelength of 532 nm for a specimen containing
nanocrystals ranging up to 20 nm in diameter. The dynamic response of the nanocrystals to a transient mag-
netic field produced by a current pulse propagating through a lithographically patterned wire was probed using
time-resolved magneto-optical Kerr-effect microscopy. The rise time of the magnetic response to a transient
out-of-plane field was observed to be as fast as 26 ps. Magnetostatic interactions between nanopatrticles play a
significant role in determining the observed static and dynamic properties of the nanocomposite.
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[. INTRODUCTION Samples were prepared by implanting an optical-quality
. : .fused quartz wafe(Esco Products type Al, 1 mm thick

_ The magneto-optical properties of nanostructured Fe thigy iy, 80qkeV Fe ionsf to a fluence of 1>></5F1)017 ions/cnt. Thz::
films are found to be dlﬁerent from those of bulk irbhe specimens were clipped into a supporting plate and were not
Kerr rotation for granular films has been shown to depend ofeat sunk. The beam current was maintained at less than
both the particle density and particle/matrix interfd@ther 55 , A in order to minimize local heating effects. Patterned
studies indicate that the magnetO-Optlcal propertles of F%rrays were a|so prepared by |mp|ant|ng ions through a Mo
nanocomposites agree reasonably well with effective memask with 5 and 1Qum square hole&¥ These patterned
dium approximations for particle sizes larger than 4 (Ref.  samples allow for convenient differentiation between signals
3). Magnetic nanoparticles may find important applicationsarising from the matrix and the nanocrystals when using
in ultra-high-density magnetic recording technologies. Forscanning microscopy techniques. Thermal annealing is often
individual bits with particle size and separation smaller thanused to modify the properties of ion-implanted materials; in
50 nm(i.e., single nanoparticlesecording media with areal most cases it promotes aggregation and growth of nanocrys-
densities approaching 1 terabit/sg.in. might be obtafned.tals. The sample concentrated on here, however, was found
This would represent a substantial evolution of current techto contain nanocrystals directly after implantation and was
nology, in which the storage densities are at abou€xamined in its as-implanted state. The microstructure of the
60 gigabits/sq. in. in high-end commercially available prod-sample was characterized using transmission electron mi-
ucts and 100 gigabits/sq. in. in the [&While the properties Croscopy _and electron diffraction. The optical reﬂect|V|ty_,
of isolated single-domain magnetic nanoparticles are reasoff@nsmission, and absorbance were measured using a fiber

ably well understood the effects of interparticle interactions Optli/(l: spec;rorr]T]eter. < d using Farad
on the behavior of an ensemble of nanoparticles continues to agnetic hysteresis loops were measured using Faraday

be an active area of researcfl.Improvements in access rota_tion,_ a technique that works vyell fo_r these se_mitranspar-
speed are also desirable, thus exploration of the dynami nt ion-implanted samples. P(_)Iarl_zed I'gh.t trz_avelmg thro_ugh
properties of magnetic nanopatrticles is relevant to the ad"® sample un.dergoes a rotation in polarization p.ropo.rtlonal
vancement of data storage technology. to the mggnéauzatlon component parallel to the direction of

In this study, the static and dynamic magnetic andpropagatlori. The rotation was measurgd using a rqtatable
magneto-optical properties of a thin layer of strongly inter_analyzer set a few degrees from the extinction point in order

acting Fe nanocrystals were examined. Magnetic hysteres‘g maximize_the si_gnal-to-noise ratio. A differenti_al detection
curves were measured using Faraday rotation, and the d cheme, Wh'Ch. rejects comm.onjmode !aser noise, was used
namics of the nanocomposite were investigated using Ul record the signal in .transm|33|6hFor in-plane measure-
trafast time-resolved scanning Kerr-effect microsc@pir- ”?e”‘.s’ the bgam was incident at an angle of 22 mn the lon-
SKEM), a powerful tool that combines picosecond temporal.g'tUdmal configuration and a polar arrangement with normal

and sub-micrometer spatial resoluti The TR-SKEM incidence was used for the out-of-plane measurements.

technique has been applied to permalloy microstructéres __Flgur_e 1 shows a c_ross-sectl_onal view of the s_ampl_e po-
and has provided insights into magnetic switchings't'on with respect to Ilthogra}phlcally patterned write wires.
dynamics'® This technique, however, has not yet been ap--”.]e U-shaped gold write wires used here_ were.ho n
plied to nanocomposite materials. width, §eparated by mm. They were fabricated by first
sputtering 30 nm of titanium followed by 300 nm of gold
onto a sapphire substrate. The wires were then patterned us-
ing standard deep UV lithography and wet etching tech-
The samples were prepared using ion implantation, a vemiques. Small aluminum mirrors, 10 nm thick ardlO um

satile technique for fabricating nanocomposite matettals. on a side, were similarly fabricated on the implanted surface

II. EXPERIMENTAL
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FIG. 1. Diagram showing the transmission wire layout(& FIG. 2. Plan viewm(top) and cross-sectiongbottom) TEM mi-

plan view andb) in cross s_ection. Gold write wirg800 nm thick crographs of Fe nanoclusters in $iGFe ions(80 kV) were im-
are patterned on a sapphire substrate. Nanocomposnes are formﬁl‘énted to a fluence of 1:610' ions/cn? into the SiQ substrate,
in a separatgtransparentsubstrate and 12m aluminum mirrors  which was held at room temperature during implantation. This

are patterned on the implanted surface, which is then positionedsmple was not annealed. The Fe nanoclusters are located within
directly on top of the write wires. A current pulse traveling through go nm of the sample surface.

the wires generates a magnetic field that is oriented in-plane over
the wires and out-of-plane between the wires. Polarized light is Th o f th . dulated
focused on the sample surface and used to probe the magnetization e magnet_lza_tlon state of the specimen was modu af[e

state. by the magnetic field created by current pulses propagating

down the write wire. The corresponding pulsed magnetic
of the nanocomposite specimen, which was then mountetield is predominantly an in-plane field over the wire and an
directly on top of the write wires. We estimate the spacingout-of-plane field between the wires. In this experiment we
between the nanocrystals and the write wires to be a fewsed several different pulse source/delay line combinations.
micrometers based on the difference in focus distance for théhe first was a 50 V pulser with a 250 ps rise tifRécosec-
gold wires and mirrors patterned on the implanted face of thend Pulse Labs 2000D Turb@ combination with an elec-
nanocomposite specimen. tronic delay line with a characteristic jitter of 220 ps. The

In order to quantitatively characterize the dynamic mag-second was a 10 V pulser with a 50 ps rise tigRSPL

netic response of the sample we used time-resolved scannid@50B) in combination with an optical delay line. The first
Kerr microscopy® This stroboscopic pump-probe method Setup provides a stronger signal and a longer scan range of
locally probes the change in all three components of thé20 ns, while the second setup has better temporal resolution
magnetization. The probe beafmode-locked Ti-sapphire butis limited to shorter 4 ns scans and weaker magnetic field
beam, wavelength 800 nm, repetition rate of 740—760 kHzpulses. The temporal resolution can be further improved by
average power between 20 and 4%/) was focused using using an optical pulse to excite a biased photoconductive
an objective lens through the silicon dioxide substrate ontgwitch, which provides a current pulse with a rise time of
the layer of implanted nanoparticles. The focused laser spatnly a few picosecond$:® In all cases, constant in-plane
size was estimated to be 1.@n. The objective was mounted bias magnetic fields ranging from 0 to more than 1 kOe were
on a precision translation stage, allowing it to move througrapplied.
a range of 2Qum, forming a scanning optical microscope.
The nanocrystal specimen is more transmissive than reflec-
tive, thus, the signal from the mirrored areas, which arises . RESULTS
from twice the single-pass Faraday rotation reduced slightly
by the weaker Kerr signal, is stronger than the signal ob-
tained from areas of the sample not positioned over reflective Transmission electron microscopyEM) was performed
elements. Signals were compared for the probe beam focuseth the ion-implanted sample, in both the plan view and
at the active layer atop or between the mirrors, directly aboveross-sectional modes. Bright field images of the as-
the write wires, or between them. Patterned samples witimplanted sample show spherical nanoclusters of iron with
mirrors over both the 5 by 5 and 10 by 10n? implanted mean diameters of about 10 nm concentrated within the top
regions and nonimplanted regions were also examined. 62+2 nm of the specimelFig. 2). This estimate for the

A. Sample characterization
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FIG. 4. (a) Kerr vs Faraday magneto-optical signal from the
implanted nanoparticles in response to a transient out-of-plane field
generated by an electronic pulgsguare pulse The stronger Far-
aday signal(gray line has opposite polarity as compared to the
Kerr signal and has been inverted to allow for direct comparison.
implanted layer thickness is representative of the thicknesg) The magneto-optical response to a current pulse generated using
of the layer where the majority of the larger nanocrystals are photoconductive switctfast ~1—10 ps rise, exponential degay
concentrated as measured from cross-sectional TEM micrdoer zero bias field.
graphs. The filling factor is estimated to be 35+5% based on

examination of thin areas of the plan view specimen. EleCgagistical fluctuations in the rotation measurement, and there
tron diffraction measurements reveal the presence of crystajs 5150 some uncertainty in defining the exact thickness of the
line iron in the beoferromagnetig form. implanted layer. For an applied field of 6 kOe, a Faraday
rotation 6 (as compared to zero fieldf 3.8°+0.2° jum
was observed. The Faraday rotation for bulk iron is 7 &%/
. , , based on the optic&l and magneto-optic#l parameters for
The hysteresis loops for the Fe implanted Sg@ample are ) =532 nm.
shown in Fig. 3. A correction was made for the Faraday The apsorption—another property that is important when
rotation in the SiQ host, which was first thinned 0 considering a material for magneto-optical applications—
205+5um to reduce this contribution. A magnetic field of \y55 also measured. At a wavelength of 532 nm the nano-
more than 400 Oe in the in-plane direction is needed to fU”ycomposite was found to be 38% transmissive and 28% re-
magnetize the sample and the in-plane coercivity isfective, which corresponds to an absorption coefficient of
23%5 Oe, indicating that the blocking temperature for th'510.310.8,um‘1. The absorption is lower at 800 nm
nanocomposite is above room temperature. The out-of-plan@_5i0_3ﬂm—1) than it is for the visible spectrum. For bulk

hysteresis loop for the same sample is shown in Righ. 3o 5 the absorption fom=532 nm is 79um™?, which is
coercivity is observed within the resolution of the measure{grger than that of the nanocomposite.

ment, and the maximum magnetic figldl kOe is not suffi-
cient to saturate the sample.

The Faraday signal from this sample is large, with a
Verdet  constant (out-of-plane  configuration of Magnetodynamic measurements were made on the Fe im-
6.3°+0.4°/cm/Oe measured at a wavelength of 532 nmplanted SiQ sample. The out-of-plane response to a square-
Part of the uncertainty of this measurement is attributed tgulse excitatioriFig. 4a)] was measured first using the 50 V

FIG. 3. In-plane(a) and out-of-plangb) magnetic hysteresis
curves for the Fe implanted Sj@ample obtained at room tempera-
ture through Faraday rotation.

B. Static Faraday hysteresis

C. Dynamic measurements
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pulser/electrical delay line combinatignot shown and then 0.6
using the 10 V pulser/optical delay line combinatigoulse

amplitude approximately 80 Qeln both cases the response

followed the profile of the current pulse and was sufficiently it
fast that the measurement was limited by the rise time of the

current pulse. In addition, the shape of the response was -

unaffected by the presence or absence of an in-plane bias
field of >1 kOe. A spatially uniform response was observed
within the resolution limits of the system for both the pat-
terned and bulk implanted samples. Measurements of the
patterned implanted samples confirm that the signal is spa-
tially correlated with implanted areas and there is no signal 02
from the host material.

In this particular semitransparent sampf8% transmis-
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sive, 28% reflective ak =800 nn), the magneto-optical re- B 04
sponse is a combination of Kerr and Faraday effects for re- &
flected and transmitted light, respectively. In order to £ 0:3
demonstrate the effect of Faraday rotation as compared to a =
Kerr polarization shift, the beam was focused on the layer of £ 02
implanted nanoparticles on top of an aluminum micromirror @
and the signal was compared to the magneto-optical response £ ¢ ;
at a point adjacent to the mirror. Figuréa$ shows a com- &
parison of these responses in the absence of any bias mag- ;3 ok
netic field. g
The black curve represents the Kerr signal from the bare =
sample. The magneto-optical rotation measured from the g 0 20 10 0 s 100
mirror region was approximately double that reflected from () Time (ns)

only the nanopatrticles, and the rotation was also opposite in
direction. The polarized beam incident on the mirrors travels FIG. 5. In-plane response of the Fe implanted Si®a mag-
twice through the nanocomposite, resulting in double thenetic field generated by a 10 ns, 1 A current pulsieaded region
Faraday rotation, but the overall signal is reduced by thén the presence ofa) zero in-plane bias field, antb) a 250 Oe
Kerr effect originating from the portion of the beam that is in-plane field. Solid lines show a two-exponential fit to data after
reflected directly by the nanocomposite and through absorphe falling edge of the pulse.
tion. Henceforth these effects will be referred to simply as
magneto-optical effects, since the same underlying physics For transient magnetic fields applied in the plane of the
applies whether the light is reflected or transmitted. sample, a much different response is observed. The magnetic
The magneto-optical response recorded over the mirrorésponse to a square-pulse excitatidthe magnitude is
is very similar in shapewithin the noise levglas compared 600 Oe directly over wire and approximately 150 Oe.ir@
to the signal measured from the bare nanocomposite. Fébove the wirgis relatively slow(Fig. 5. Thex (in-plane,
both samples, the time it takes to reach the maximum changeerpendicular to the direction of current flpmagnetization
in magnetization is around 150 pmeasured from 10 to 90% component changes almost linearly from the time that the
of the maximum amplitude The apparent rise time of the magnetic pulse begins until it end30 ng. Once the tran-
pulse has been degraded by a reflection from impedance misient pulse ends, the magnetization of the sample slowly re-
matched short indium wires connecting the lithographic linelaxes back to its original state over the course of more than
to a 50 Ohm coaxial cable. 80 ns. Data taken with bias fields ranging from
The out-of-plane measurements were repeated using ph6- to 200 gauss show the same behavior.
toconductive switches to obtain a faster measurement of the Focusing in on the data starting from the end of the tran-
response time of the nanocomposite to an out-of-plane exckient pulse, a two-exponential functiof(t)=A; exd—(t
tation [Fig. 4(b)]. The polar Kerr signal follows the expected —t,)/ 7]+A, exd —(t—t,)/ )], wheret, is the end-time of
pulse shape with low-amplitude oscillations superimposedthe pulse, provides a good fit. This function was chosen be-
The rise time for the zero bias field is 261 ps, limited by cause the slow relaxation of the magnetization back to equi-
the material. The response is similar for bias fields up tdibrium appears exponential in nature, but is not well de-
1.7 kOe with rise times ranging from 26 to 44 ps. A self- scribed by a single time constant. A standard nonlinear least-
consistent effective medium thedrfor iron spheres in Si®  squares fitting method was uséGauss-Newton method
(n=1.46 yields 5 mrad as an estimate for the magneto-yielding the values for the two time constants and the ratio of
optical rotation from the bare nanocomposite for a wavethe amplitude constants shown in Table I. The fit parameters
length of 800 nm. For a typical photoconductive switch mea<for both the data taken at zero bias field and a bias field of
surement, the maximum observed Kerr rotation was200 Oe agree within error; both exhibit a relatively fast re-
approximately 0.0080 mrad for an excitation of at least 7 Odaxation of ;=10 ns and a slower time constant of
in amplitude. Using these values, the maximum out-of-plane= 300 ns. Exponential behavior also agrees with the data
tilt is estimated to be only 0.16%®.099. taken over the duration of the pulse. Here, the time constant
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TABLE |. Exponential fit parameters for in-plane temporal data.
Uncertainties represent a 95% confidence interval on the fitting
parameters.

Bias Field(Oe) 71 (N9 7, (N9 AlA, é
0 10+2 280+80 0.88+0.09
200 10+2 300+100 1.0+0.1

—
QO
~

x (nm)

7, found for the falling edge provides a good match to

the data taken during the pulse when substituted into the .01
function f()=(Ag+A){1—-exg—(t—ty)/ 7]/ (1 —exg—(t,

-t,)/ 7] }, wheret, is the pulse-on time. The duration of the

pulse is short compared t5, thus adding the second expo- 0.005

nential term makes no difference in the quality of the fit to
the data during the pulse.

To summarize the results of the dynamic measurements,
the ensemble of iron nanocrystals responds very slowly to
both the leading and falling edges of an in-plane transient
magnetic field pulse. In contrast, the nanocomposite shows a

0 90
-180 -90 0 90 180
Angle (degrees)

In—plane orientation density

—~
o
~

very fast response to an out-of-plane magnetic field. For both 6

the in-plane and out-of-plane measurements using electronic =

pulsers, the shape of the temporal response was found to be £ 4

independent of the magnitude of an in-plane bias field. At ;,

faster time scales the overall character of the out-of-plane z

response does not change with bias field, however, the rise 3 2

time of the response and frequency of the superimposed os- &

cillations do vary. For the in-plane measurements, the maxi- 0

mum field applied was 200 Oe; for the out-of-plane measure- 4 02 0 02 a4
ments higher fields of up to 1.75 kOe were applied. (©) M,

FIG. 6. Simulation results for a random array of 10 nm cubes

IV. MICROMAGNETICS SIMULATIONS with cubic anisotropy imposed and no bias magnetic figgThe
model used in the simulations where the black areas are magnetic
(only part of the model is shown(b) Histograms of the in-plane

Micromagnetic simulations have been carried out on sim-angle of the magnetization beforblack and at 0.6 ns after the
plified models of the nanocomposite system in order to gairnset of a transient in-plane magnetic field pulgey). (c) Corre-
insight into the origins of the vastly different responses ac-sponding histograms of the out-of-plane component of the magne-
cording to orientation of the transient magnetic field. Simu-tization M, before(solid black ling and 0.6 ns after the onset of a
lations were carried out using the LLG Micromagnetic transient out-of-plane magnetic field pulggay ling). In both cases
Simulator™22 The sample was approximated as an array ofhe magnitude of the transient magnetic field was 600 Oe.
ferromagnetic particles arranged on a plane. Simulations
were carried out for a variety of models involving regular of this model. The magnetic constants for bulk iron were
and random arrays of cubic and cylindrical arrays of nanoused in the simulations(M¢=1714 emu/crfy K;=4.7
particles, but only the results for the simulation most closelyx 10° erg/cn?, exchange energy 2x10°erg/cm). The
modeled on the real nanocomposite will be presented hereparticles in the model are exchange decoupled through

The sample was modeled using randomly placed 10 nnphysical separation, but are close-enough together that dipo-
cubes on a 2.5 nm by 2.5 nm gri@56 by 256 elemenfs lar interactions are very important.
with a minimum separation of 2.5 nrfFig. §@a)], corre- A stable initial state was found by allowing the array of
sponding to a filling factor of approximately 40%. Each par-particles to relax to its equilibrium state from a random state;
ticle is therefore described by 16 cells that are 10 nm thickthat is, a state where each grid cell is assigned a random
Cubic crystalline anisotropy was imposed with the anisoimagnetization orientation in three dimensions. Separate ini-
tropy axes aligned along the principle axes of the cubedial states were found for each static magnetic bias field. To
Assigning random anisotropy axes to each particle would benodel the response to a transient field, the model in its initial
a better representation of the specimen, but is difficult tcstate was subjected to a fast magnetic field pulse approximat-
impose in the software package used. Also, the anisotroping the output of the electronic pulse generator used in the
energy is an order-of-magnitude smaller than the demagnetexperiments: the fast edge rises from zero to the saturation
zation energy, therefore, the crystalline anisotropy is not exlevel in 60 ps, remains constant for 10 ns, and then drops to
pected to be the primary factor in determining the responseero in 1 ns. Pulses of up to 600 Oe in amplitude were simu-

A. Simulation models and parameters
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lated, applied in thex and z directions. For the out-of-plane 0.05
simulations the pulse duration was reduced from 10 to 5 ns
to save on computational time, and the simulations were also

carried out using the functioﬁ(t):hma)[l—exp(—tla-r)]exp

(-t/ 7o)k to approximate the profile of the pulse generated by
the photoconductive switctpulse rise timer,=1 ps, carrier
lifetime 7.=250 pg. In addition to the temporal response
simulations, hysteresis curves were also mapped out by al-
lowing the model to relax in sequentially applied static
fields.

B. Simulation results and discussion

The model used to approximate the specimen is shown in 0.12¢
Fig. 6@a). This figure also shows histograms of the distribu- 0.1}
tions of in-plane angleg) andM,/ Mg values(c) in response
to in-plane and out-of-plane transient fields, respectively.
The black curves show the distributions for the initial state =~ 0.06f
(before the onset of the transient pylsehile the gray rep- =" 0.04f
resents the distribution observed during the transient mag-

© pulse
— simulation

netic field pulsg0.6 ns after the pulse onseFor the initial 002

state(black curves in Fig. § the M, distribution is narrow

and is centered on zero. In contrast, the in-plane angle dis- -0.02}

tribution is relatively flat with peaks along the grid/ ~100 0 100 200 300 200
anisotropy axes. In general, the initial state for this model is  (b) Time (ns)

predominantly in-plane with preferred in-plane orientations

corresponding to the direction of any applied bias figldly FIG. 7. Simulated out-of-plane magnetizatidvi, response
the zero bias case is showand in the directions of the (solid) for an irregular array of cubes averaged over the entire array
crystalline anisotropy axes. as a function of time. In(@ a 5 ns pulse was applied in the

When the transient field is applied in the in-plane direc-direction with a maximum amplitude of 200 Oe, while (h) a
tion, the M, distribution changes very little while the in- pulse meant to approximate that of the photoconductive switch was
plane angle distribution reveals an increase in alignment ofsed. The magnetic field pulse profiles are shown schematically as a
the magnetization along the direction of the in-plane compodotted line and inb) the data have also been includetaled to
nent of the applied fieldx axis). In response to a transient match the amplitude of the simulated magnetization response
out-of-plane magnetic field, thid, distribution, which is ini- The M, temporal response of the model to a

tially centered on zero, shifts slightly in the direction of the photoconductive-switchlike pulse is shown in Fighyfor
transient field while the in-plane angle distribution remainszero bias field. For this particular simulation a saturation
the same. The distributions observed during the pulses reveg{agnetization 0M,=1350 emu/crh was used to obtain a
that the magnitude and duration of the transient magnetigimilar rise time to the data. Overall the response follows the
fields are insufficient to achieve full alignment in either case shape of the pulse with oscillations superimposed that are
Figure {a) shows the out-of-plane temporal responseslightly larger in magnitude than those observed experimen-
(solid) to a square-wave transient field of 200 Oe applied intally. Adding an in-plane bias field results in a similar re-
the out-of-plane direction. Thecomponent of the magneti- sponse but with small changes in the rise times and oscilla-
zation retraces the ideal field pulse profile. The noise is rantion frequencies. Examination of the responses of the
dom (irreproducible from run to runand would be expected individual particles reveals that they oscillate such that, on
to average out in a stroboscopic experiment, which explainaverage, the particles tilt out of plane by a small amount,
why the the experimental measurements showed a cleaneiith the result that thé/l, response follows the shape of the
response as compared to the simulated response to a singtansient field. The in-plane components of the oscillations
pulse shown here. When a transient magnetic field is simuleancel out resulting in zero net in-plane response at zero bias
taneously applied in thex direction (H,=H,=200 Oe,H, field. These oscillations are much lower in amplitude and are
=0 Oe), the M, response is almost identicghot shown. damped more quickly than would be expected for a continu-
These results suggest that the fast out-of-plane response dsis thin film. Simulations carried out using the same param-
governed by collective small-anglend thus linear in field eters but with the array replaced with an iron thin film of the
strength tilt of mostly in-plane magnetized particles and is same size yields a response with higher oscillations that do
virtually decoupled from the slow, large-angle in-planenot damp appreciably over the course of 400 ps. The thin-
switching of individual particles. This out-of-plane responsefilm simulations, however, do yield a similar response if the
is unaffected by the presence of static in-plane bias fields alamping parameter is increased from 0.0023 to 0.05, sug-
200 Oe or 1.75 kOe at this time scdleot shown. gesting that this nanocomposite has an effective damping
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0.5 FIG. 9. Average in-plane magnetizatidh, as a function of time
for the model in response to in-plane transient magnetic fiedds
g” direction) of 60 and 600 Oe. The curve labeled “600 O ulse”
S 0 is the response of the final state in the 600 Oe pulse simulation to a
second pulse of the same magnitude. The 60 Oe results have been
05 scaled so that the shapes of the responses can be compared more
' easily. Two-exponential fits to the 600 Oe simulation results during
and after the pulse are also shown.
-1 . . . .
-1.5 -1 -0.5 0 0.5 1 1.5 ;
5 Magnetic Field (Oe) i shapes of the responses can be more easily compared on the

same plot. The response to the 60 Oe pulse, which is signifi-
cantly smaller than the coercivity of this model, is more
similar to the observed out-of-plane response rather than the

and(b) out-of-plane hysteresis curve for an irregular array of 10 nmln-plane response in that it mirrors _the pulsehsharr)]e. The re-
cubes, 2.5 nm minimum separatigt0% fill factor). The individual sponse to the 600 Oe pulse, which is larger than the coerciv-

points show the actual simulation results while the connecting linedly Of the model, is smoother with an initial fast response
are meant as a guide to the eye. followed by a slower approach to saturation during the pulse.

The effect of an in-plane bias field of 200 Oe applied anti-
parameter that is approximately 20 times larger than that oparallel to the transient field was also explored for a 600 Oe
bulk iron. transient pulse. The shape of the response during the pulse

Simulated in-plane hysteresis curves are shown in Figwas found to be unaffected by the bias field, however, the
8(a). These curves were simulated with the magnetic fieldsimulation with the 200 Oe bias field showed a slightly
applied along thex-axis (easy axis of the cubgsnd at an  steeper approach to equilibrium on a relative scale for the
in-plane angle of 63°. The curves differ significantly from same excitation magnitude. The time-resolved measurements
those of a single 10 nm cube, which are square in shape witfely on repetition of the excitation. To explore the effect of
coercivities of approximately 5000°) and 175 Og63°). having a nonequilibrium initial state, the simulation was re-
For a random array of particles, the coercivity is reducedpeated using the final state=21 n9 from each simulation
(slightly less than 500 Qgthe curves are rounded rather as the initial state in an identical simulation, which yielded
than square, and the in-plane response is close to being isvery similar response shapes for both the 60 and 600 Oe
tropic. In these simulations, the anisotropy engi@yly from  pulse amplitudes.
crystalline anisotropy is almost two orders-of-magnitude Qualitative features of the 600 Oe simulations are in
smaller than the demagnetization energy, which helps to exagreement with the experiment. The simulations yield a fast
plain the change from anisotropic to isotropic behavior.initial response followed by a slower approach to saturation
These effects agree with previous simulation resulfhe  during the pulse. Similarly the relaxation to the initial state
out-of-plane hysteresis curVéig. §b)] is linear up to an after the pulse shows a fast initial fall M, followed by a
applied field of approximately 6 kOe, which is consistentslower approach to equilibrium. Both responses are, how-
with the measured out-of-plane hysteresis response. The cever, much faster than observed experimentally. In fact, the
ercivities of the models are larger than that of the nanocomelata taken over the full duration of the pulse were found to
posite specimen, but the shapes of the curves are similar. be well described by a single exponential function, which is

Figure 9 shows the in-plane magnetization respdisg  believed to be analogous to the faster initial response of the
as a function of time for the model in zero bias field. Formodel. The two-exponential function used to fit the data also
these simulations, transient magnetic field pulses of 60 andescribes the simulation results wédlotted lines in figurg
600 Oe were applied in the direction. The 60 Oe pulse The parameters found for fits to the results obtained during
simulations have been scaled by a factor of 10 so that thand after the pulse are shown in Table Il. The fit to the

FIG. 8. Simulations of th€a) in-plane hysteresis curves along
the x-direction(easy axis of cubgsand at an angle of 63° in-plane,
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TABLE II. Exponential fit parameters for simulated response toisotropy (both random and almost regular arrangements, fill-
a 600 Oe in-plane transient magnetic field. Uncertainties representigg factors of 25% and 59%The cylindrical shape is a step

95% confidence interval on the fitting parameters. closer to capturing the spherical shape of the particles with-
out significantly increasing the computational expense. In all
71 (N9 72 (N9 ArlA; cases, the fast out-of-plane response was reproduced and
During Pulse: 0336+0.001  3.03:002  1.706+0.005 found to be decoupled from a slower in-plane response.
After Pulse: 1.022+0.006 430.7+£0.9 0.937+0.007

V. DISCUSSION

trailing edge is not as good as the fit during the pulse because The Faraday signal from this material was found to be
the initial fall of the simulation is actually limited by the quite large with a Verdet constant of 6.3°+0.4°/cm/Oe at a
900 ps fall time of the pulse. The fit parameters for the rewavelength of 532 nm. For an applied field of 6 kOe, a Far-
sults during and after the pulse are different, especially foaday rotation 6 (as compared to zero field of
7,. If the pulse fall time is limited to 60 ps, then for the  3.8°x0.2° jJum was observed, which is almost as large as
fall is comparable tar; during the pulse, which is consistent that of bulk iron (7.8°/um at saturatiopn Using a self-
with the experimental observations. The time constants frongonsistent effective medium theotyhe Faraday rotation for
the simulations are all faster than those obtained from théhe nanocomposite is expected to fifei-=6.3°£0.6° jum,
experiment with the exception af, from the falling edge, which is slightly larger than the observgdut unsaturated
which is the same order of magnitude gSrom the experi- value. This can be compared to the Faraday rotation for yt-
ment. The amplitude ratios are greater than or slightly lesgrium iron garnet(YIG), a material commonly used for
than 1 for the simulations and equal to or slightly less than Inagneto-optical application, which is 0.024Qi% for a
for the experiment! wavelength of 1200 nr Although the Faraday rotation
The two exponential terms could be related to either twdrom the nanocomposite is large, the absorption should also
separate populations that relax with separate time constani® considered when evaluating its usefulness for magneto-
or two separate behaviors that dominate at different timeoptical applications. The figure of melitpz/ @, wherea is
scales. The amplitude ratio would represent the relative sizethe absorption coefficient for the nanocomposite is
of the populations in the first case and would be related t®.085° +0.005°/dB, which is larger than that of bulk iron
the cross-over point in the second. With the simulations ther®.0227°/dB, but still smaller than that of YIG at 800 nm,
is evidence that the states oriented initially along the positivavhich is closer to 8°/dB*
or negativey directions respond more quickly at the onset of The simulations indicated that for a collection of closely
the pulse and level off at a lower me&dh, value. The states spaced single-domain iron nanoparticles, the dipolar interac-
oriented initially along thex-axis, in contrast, are slower to tions between the particles have a strong influence on both
respond initially and show a steepds, slope toward the end the static and dynamic properties of the ensemble. The par-
of the pulse. The behaviors of the two populations, howevetticles do not interact through exchange, as they have no
are not different enough from each other to match the indinearest-neighbor contact in the model. They are also be-
vidual terms of the exponential fit. It is thus thought to believed to be chemically isolated by the Si@natrix in the
more likely that the exponential terms are related to differenteal sample. The magnetization vectors lie mainly in-plane
processes rather than different populations. At fast timdor the same reason that thin-films are magnetized in-plane,
scales, the onset or removal of the pulse triggers large-angtfat is, to reduce the overall demagnetization energy of the
rotations of the magnetization. At longer time scales, thespecimen. This interpretation is supported by the out-of-
particles exhibit smaller angle oscillations as they settle intglane hysteresis loop, where a field greater than 6 kOe is
a more stable magnetization state. required to saturate the specimen indicating the presence of a
We emphasize that the model presented here represerggong in-plane anisotropy, and also by the simulations where
the physical specimen very qualitatively. The grid spacingwery little out-of-plane magnetization is observed for the ini-
used here are comparable to the particle sizes, which result iral states.
discrete rather than smooth variations of interparticle spac- The in-plane directions of the individual particles are in-
ing. Also, the model shown here is for particles of uniform fluenced by the crystalline anisotropy and the dipolar inter-
size while the specimen contains a distribution. The trueactions between particles. Ordered arrays of cubes tend to
shapes of the nanoparticles are also not well represented @xhibit stripe formation to minimize dipolar energy, a phe-
the models. The in-plane magnetization change may be momenon that is also observed to a limited degree in more
manifestation of a more complex three-dimensional switchtandom arrangements of cubes. In the presence of an in-
ing scenario. plane bias field, the nanocrystals reorient preferentially along
Other models were explored, including regular arrays othe field and the initial state remains predominantly in-plane.
10 nm cubes under a variety of separatiq@s5—15 nm A field of several hundred Oersteds, however, is required to
edge-to-edge separation, which results in filling factors ofcause all of the nanocrystals to become aligfted in-plane
between 64% and 16ptand in-plane bias fields, 30 and hysteresis curve in Fig(8) requires a field much higher than
20 nm diameter disks, cylindrical within the limits of a 5 the coercive field to achieve full saturation
X5 nm grid with a small distribution in sizgadii distribu- To visualize the fast out-of-plane response, first consider a
tion of 7.5 and 1.5 nm, respectiveland no crystalline an- single-domain, spherical magnetic nanoparticle aligned
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along a magnetic field in the direction. When a transient sary for a full understanding of the hysteresis curves for
field is applied in thez direction, there is suddenly an angle these types of materials. The results presented here indicate
between the magnetic moment of the particle and the direahat the interactions are not only important in determining
tion of the net effective field at that particle. The particle will the static magnetic properties, but also play a role in defining
begin to precess around the direction of the effective fieldhe characteristics of the dynamic magnetic response. The
Herr at a frequencyw, proportional to its magnitudes,  existence of coercivity at all at room temperature implies the
=YHerr, where y=1.76x 10" Hz Oe* is the gyromagnetic presence of dipolar ferromagnetism as a collection of nonin-

ratio for an electron spirinote: this expression differs for (aracting particles the size of those in the specimen would be
nonspherical particl&€®). For an ensemble of noninteracting expected to be superparamagnetic.
e

particles in this same bias field, the result should be th
same—oscillations of the particles, all at the same frequency.
In the case of a collection of magnetic nanoparticles with

strong dipolar interactions, the effective field experienced by
a given particle is the sum Of the G_:xternal field and thg fields An iron nanocomposite containing a thin layer of strongly
generated by all of the particles in the ensemble. With thenteracting Fe nanoparticles was fabricated by implanting
exception of very high external fields, there will be a rangegp kev Fe ions into a SiQhost material to a dose of 1.5

of effective fields present in the nanocomposite as well as & 107 ions/cn?. A large Faraday rotation was observed, and

range of initial in-plane orientations. Having a range of fré-ye vierdet constant was found to be 6.3°£0.4° /cm/Oe. This
guencies will cause the oscillations to cancel curt aver- ields a minimum Faraday rotation of 3.8°+0.28m in a

age, yielding a measure of the average magnetization for alg | e magnetic field, which is still below saturation for this
three components. The in-plane components average to zefo.

. aterial but is already a larger rotation than a YIG indicator
Wh|le'thez_component follpws the shape of the out-of-.planef”m by more than a factor of six. Although the figure of
transient field. At faster time scales, some frequencies arg it is higher than for bulk iron, it is still too small for
better represented than others, which results a response t

. o i ventional magneto-optical applications.
contains oscillations superimposed on the pulse shape as o “The dynamic properties of the Fe implanted Si@mple
served in both the experiment and the simulations.

; . . i were probed using time-resolved Kerr effect microscopy.

Micromagnetic simulations are able to quahtauvely rePro-The in_plane and out-of-plane switching dynamics are quite
duce the ultrafast response to an out-of-plane transient pu'ﬁﬁﬁerent with response times as fast as 26 ps observed in the
and suggest that this fast out-of-plane response should eXigl_of njane direction. This response is essentially indepen-
for st_rongly Interacting, excha_nge decoupled nar_woparhcle_ardem of the magnitude of an in-plane bias field up to several
rays in general. For this specimen, an upper limit on the MS&0e, although slight variations in the exact response are ob-
time tise Is 26 ps so the particles r.nE'lSt oscillate at frequenciege e for excitations with rise times faster than 150 ps. Mi-
fo of up to at Ieastfozll.(wt,ise)sm (0'8_)%11, GHz. Th|s. cromagnetics simulations indicate that the dipolar interac-
suggests that some fraction of the particles in the specimefi,ns petween single-domain nanoparticles play an important
must experience an effective field 63 kOe in the equilib- 5|6 in influencing the observed dynamic responses.
rium magnetization configuration at zero bias field. This ex- |, conclusion. we have shown that exchange decoupled
_pe_(_:tanon is confirmed through inspection of t_he Zero'f'eldnanoparticle arrays exhibit a very strong and fast out-of-
initial state of the random array model. For this model they|ane magnetization response. This effect is believed to be a
internal fields range from a few tens of Oe to as high asjirect consequence of strong dipole interactions between the
5 kOe with a mean internal field of 2.5 kOe. particles; very little dependence on the particular structure

The strong interactions between the nanocrystals also play, 4rrangement of the particles is observed in simulations at
a role in t_he s_low in-plane SW|tch|_ng of the nanocomposite hase time scalegon the order of pico- to nanoseconds
although in this case, the dynamics are more complex. Alyicromagnetic simulations consistently demonstrate a fast,
though the agreement between simulations and experiment §& e magnetic response to a transient out-of-plane magnetic
not complete, some qualitative features are similar. Thgie|q for a wide range of models with different filling factors,
switching dynamics can be described by two time constants;ngomness of particle placement, distributions of particle
a fast time constant0 ns experimentally which is thought ;65 and shapes, and the presence or absence of crystalline
to correspond to the switching of nanocrystals that are relagnisotropy. This fast out-of-plane response is also realtively
tively free to reorient along the direction of the field, and ajngensitive to the presence of in-plane magnetic fields. The
slower time constan300 ns experimentally which corre- o st nature of this ultrafast magnetic response may find use
sponds to slower switching of particles that are pinnedy tochnological applications. We expect that other exchange

through dipolar interactions as well as the overall resettlingyecoypled nanoparticle arrays will exhibit similar behavior.
of the magnetization of the composite into a new equilibrium

through damped oscillations of the individual particles.
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