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Time-domain ferromagnetic resonance in epitaxial thin films
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Time-resolved ferromagnetic resonance is used to study magnetic relaxation in epitaxigée

films grown on vicinal GaA&L00) surfaces. The magnetic free energy of these films is determined
by a combination of a four-fold volume anisotropy and a two-fold anisotropy due to surface bonding
and morphology. The response following a high bandwid#10 GH2 magnetic field pulse is
measured using the polar Kerr effect. Samples with transverse dimensions much larger than the
spatial extent of the field pulse show simple free induction decays. The measured precession
frequencies are in good agreement with a coherent rotation model in the case of films grown on
(100 surfaces with little or n@<2°) miscut. The magnetic response of 2th diameter disks is

more complicated, particularly for static fields along the hard direction. Long-lived features appear
in the response, and single precession frequencies are no longer observed. Micromagnetic
simulations indicate the critical role played by the combination of the anisotropy and demagnetizing
fields in the patterned structures. #D02 American Institute of Physics.
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Ferromagnetic multilayers are a familiar component ofto a distinct reversal mechanism when a magnetic field is
storage technologies and an important model system for owapplied along th¢011] axis, in which a first-order transition
understanding of fundamental magnetism. Although all-occurs at a nonzersplit field Hy as the applied field is re-
metallic systems such as Co—Cu are most familiar to physiduced from saturation. Depending on the relative magnitudes
cists and engineers, heterostructures of ferromagnetic meta®$ the uniaxial and magnetocrystalline anisotropies, as well
and semiconductors have been the focus of considerable ras the surface terrace length, the transition at the split field
cent work on spin transport and dynamics. Many of thes&an occur by either coherent rotatitwards[011]) or do-
experiments have focused on the important problem of spifff@in nucleatiorf. Hysteresis loops for fields alorig11] are
injection2 but the ferromagnet—semiconductor system alsgsNown in Fig. 1 for each of the samples in this stue
provides an excellent opportunity for the study of spin dy-/00ps for fields along011] and [010] show conventional
namics in ferromagnets. Films of high crystalline quality can€2Sy and intermediate axis behavidn the case of the flat
be grown by molecular-beam epitaxy, and the magnetic anf;md 2° miscut §amples, the dlscontan|ty-p5t|s a nearly 90°
isotropy can be tuned by modifying the morphology andcoherent rotation toward®11] as determined by magneto-

bonding at the ferromagnet—semiconductor interfaceéin optical Kerr effect(MOKE) and vibrating sample magneto-

. . meter (VSM) measurements at different field orientatiéns.
important question that can be addressed by these systemsT|ﬁe 8° miscut sample shows nucleation behavior near the

the role of the interface in determining the characteristic de-._ = = g
cay mode and damping of magnetic excitations. split field. .

We have used time-resolved ferromagnetic resonance Pglsed ferromagnetic resonance allows fqr a comple.te

L . o tr%applng of the free-energy surface of these films while si-

study the magnetization dynamics of epitaxial EgCo, (x
~0.5) films grown on (X 4)-reconstructed GaA4.00) sur-
faces. Details of the growth procediras well as the basic
magnetic properti@sof these films, have been reported pre-
viously. Three samples are discussed here. One was grown
on the flat(100 surface, while the other two were grown on
surfaces miscut by 2° and 8° toward$141)A surface. The
miscut results in steps running along {ltd 1] direction and
enhances the uniaxial anisotropy already present due to the
two-fold symmetry of the reconstructed surface. For films of
the thicknesse6<200 A) under discussion here, the magni- 0I5 5 15030
tude of the effective uniaxial anisotropy is larger than the Field (O¢)

intrinsic four-fold magnetocrystalline anisotropy. This leads _

FIG. 1. Hysteresis loops measured al¢g1] for the three samples of this
study. Note that the jump in the magnetization at the split field occurs
3E|ectronic mail: crowell@physics.umn.edu directly from the fully magnetized state in the flat and 2° miscut samples.
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0 Aty FIG. 3. The precession frequency is shown as a function of magnetic field
1k for the three principal field orientationfd11] (squarey [010] (triangles,
0 i 5 3 2 and[011] (circles. Data are shown for three sampléa) Fe, sCq, 5 grown
. on flat GaA$100), (b) miscut 2° toward$111)A, and(c) miscut 8° towards
Time (ns) (11DA. The solid curves represent fits to the model discussed in the text.

FIG. 2. Time-domain data obtained for a film of epitaxial, E@o, 5 on
GaAq100 without miscut. An in-plane field of 200 Oe is applied along
each of the three principal directions) [011], the magnetic easy axis of the
sample(b) along[010], and(c) along[011], the magnetic hard axis. Fourier
transforms of the time-domain data are shown in the insets.

and the free-energl is

K,
F=—M-H+ T(sin2 260+ sir? 2¢ sin’ 6)

+(27mM?+K)cog 6, (2)

X aw
multaneously providing a direct time-domain probe of mag- +K,sin’ 6 cos’| o 4
netic relaxation. The technique has been used by several . o
groups~* to study relaxation processes in poncrystaIIinethirenret';]/I IIS Lhei ma:ﬁnetlz?tgjr}f ?ﬂ?goip ar:§ [tgleo]ptslar and
films. In our approach, a free-standing sample, with the subf;—’.1 | u Ka a ?hesf ea;sltije ) Ot Ka i th 'esiljec
strate polished to a thickness of 2&n or less, is placed on VEly, 1, 1S he lour-iold anisotropya, 1S fhe in-piane
a 30 um wide section of a microstrip transmission line. The uniaxial anisotropy, andk, is a perpendicular anisotropy

sample can be rotated about the polar axis, allowing for an i;;tzni' n Fg"?“’té“:ﬁ 'S th;g nly Iﬂttmtg parame:_?r 1;otrhthe
orientation of the microwave and static fields relative to the ata and I1s determinéd by a least squares it ot the easy

in-plane crystalline axes. An 8 mm taper on each side con@nd intermediate axis frequencies as a function of field. The

nects the narrow section to standard G0ines. A current magnetlzat|op and all of the in-plane anisotropy cgnstants
were determined from VSM measurements and fits to a

pulse is discharged into the stripline from a fast photodiode . . o
(rise time ~60 pg9 triggered by a Ti:Sapphire laser. Thze simple coherent rotation model. The magnetization data were

T . Iso used to determine the azimuthal anglat each field.
component of the magngtlzatlon 's probed by measuring th%nce the fitting of the data for tHj@®11] and[010Q] directions
polar Kerr rotation of a time-delayed probe pulse with a po-

larization bridge referenced to the pump chopping frequenc;){vas completed, th_e theoretical Curves_for fB&1] direction
Time traces for an unpatterned flat (€0, JGaAs were gene_rated wnhout any furth_er gdjustment of the param-
(100 sample are shown in Fig. 2 for a field of 200 Oe ap_eters.. Wh|Ie. there is good oquahtatlve agreement .Wlt|.’]. the
plied along the[011], [010], and [011] directions. The e.xperlment. N _the flat and 2 san:plgs, there are S|g_n|f|cant
sample dimensions of order 1-2 mm are much larger thag|s<_:repanC|e§ n thg case of the 8 miscut sample. This is not
the stripline width. Fourier transforms of the time—domainem'reIy surprising given the fact that the much stronger con-

signals are shown in the insets of Fig. 2. Unlike for the otherIrIbUtlon to the anisotropy from step edges favors domain

two directions, the magnetization alof@L0] is not saturated nucle{:\tion over C°hefe”t. rota'tion as vicinality increafsle's. .
at 200 Oe. This may be the origin of the shorter relaxatior;[eresnngly’ the damping in this sample near the split field is

time (and larger linewidthobserved in Fig. &). not gﬁglfl(ﬁ:g’ilyéargeir tzagfl?h;hfr#eeszgﬁgfltzahmnplesé i< it
A more complete picture of the dynamics is given in Fig. g advantag ime- In technique 1s 1ts

3, which shows the FMR frequencies determined from thémtent'?l fqr testing mlc_romagnetlc mOdeIS of magnetization
dynamics in small particle$ To obtain a more controlled

Fourier transforms of the time-domain data for fields along t it d les int di
the three principal directions in each sample. The soli comelry, we patlerned samples Into arrays Oj20 lam-
curves in Fig. 3 show fits to the FMR frequencies in theeter disks. The samples were positioned under a microscope
effective field modet? in which so that one of the disks was centered over the stripline. Since
' 112 the substrate thickness is approximately 2%, there is an
2F 2F 2F 2
7 a_ J ( J ) (1) approximately 6% variation in the magnitude of the pulsed
Msind | 96? 9o \900¢ field over the area of the sample. The probe beam was fo-

0="yHes=
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maximum diameter of Zum. Despite the difference in length

8 (a) Poly e (b) scale, there is reasonably good qualitative agreement in the

- 4 domain structure between simulations and images of the 20
é _2 = um Fe.b_,5CoO,5 d!;ks made with magngtic f_orce microscdﬁy.
Z 1 © Fo. Co p 5 Initial conditions for a time-domain simulation were ob-
% 0.8 05705 @ 3 tained by starting from the fully magnetized state and relax-
3 0.4 5 ing in successively smaller fields until the desired starting

0.0 = field was reached. A Gaussian field pulse with an amplitude
‘-'; ) (¢) Simulation ) § of 10 Oe and a full width at half maximum of 140 ps was
~ @ then applied. Figure(4¢) showsM,/Mg as a function of time
Z 0 integrated over the disk in an applied field of 150 Oe with a
) - : 4 Gilbert damping parameter=0.01. As at other fields in the

split-field regime, the simulations show the long-lived fea-
tures observed experimentally. There is a strong correlation
FIG. 4. Experimental data and simulations of the magnetic relaxation oP€tween the existence of edge domains and the low-
disks in applied fields of 150 Oe aloi911]. Time-domain data are shown frequency beating. For example, turning off the in-plane
in (a} for a 20 um dlametgr disk of polycrystalline Fe Wlth the a§SOC|ated component of the demagnetizing field in order to remove the
Fourier transform shown ifb). Panels(c) and (d) show time-domain data d d . t inal t Th
and the fast Fourier transfornFFT) for a 20 um diameter disk of e_ ge _Omams res ore_s a sing e-comp_onen_ response. e
Fe,:Cays. Panels(e) and (f) show time-domain data and the FFT from a Simulations also establish that the spatially inhomogeneous
micromagnetic simulation of a 2Zm diameter FgCa, s disk. pulse in a large sample also produces only a single preces-
sion frequency.

Although movies of the simulations have been produced,

cused to a spot with a diameter of approximatelys we do not have a detailed understanding of the relaxation

Patterned disks of polycrystalline Fe show a single well-Process in the presence of the realistic anisotropy and de-

defined precession frequency, as can be seen in fdy.ahd magnetizing fields. One important observation from the

the dependence on magnetic figlbt shown follows the simulations is that for a given set of anisotropy parameters
canonical form expected for a thin film with only shape an-2nd damping constant, the decay time for the envelope of the

isotropy. For disks of epitaxial ke, Ca, on a flat(100) sur- 2 component of the magnetization, integrated over the disk,

face, the time-domain scans for fields ald@g1] and[010] 'S found to be up to 25% shorter for disks than for large
show essentially the same precession frequencies as op2MPIes, indicating substantial inhomogeneous dephasing.
served for the unpatterned films. However, the behavior oPPatial imaging will be required to address this issue
the disks is significantly different when the magnetic field is€XPerimentally. o
applied along thg011] direction. Figure &) shows time- The guthors ackn'owledge C. E..Camp.bell for indispens-
domain data and their Fourier transform for a field of 150@Ple advice on the micromagnetic simulations and A. Lungu
Oe. The low-frequency beating in this case persists at tim&! Performing magnetic force microscopy on the disk

scales beyond the decay times observed in unpatterned films2mPples. This work was supported by the Research Corpora-
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The data of Fig. &) are an indication of a spatially (C.J.P, and the University of Minnesota Supercomputing

inhomogeneous response to the field pulse. Although fulllnstitute.
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