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Precessional dynamics of elemental moments in a ferromagnetic alloy
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We demonstrate an element-specific measurement of magnetization precession in a metallic ferromagnetic
alloy, separating Ni and Fe moment motion ing{ffie;,s. Pump-probe x-ray magnetic circular dichroism,
synchronized with short magnetic field pulses, is used to measure free magnetization oscillations up to 2.6 GHz
with elemental specificity and a rotational resolution<a2°. Magnetic moments residing on Ni sites and Fe
sites in a Ng;Fe (50 nm thin film are found to precess together at all frequencies, coupled in phase within
instrumental resolution of 90 ps.
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[. INTRODUCTION (2.20 vs 2.1Y of Ni and Fe suggest different natural angular
velocities for the motion of elemental moments. An element-
The precession of magnetic moments in an applied magspecific measurement of magnetization precession can pro-
netic field is relevant for many classes of materials studiesvide a direct test for the presence of a phase lag betiggn
Precession is usually observed through microwave absor@andM . in coupled motion.
tion, as in electron spin resonan@SR), nuclear magnetic An element-specific measurement of ferromagnetic reso-
resonancéNMR), or ferromagnetic resonan¢EMR), com-  nance(FMR) precession has not been available previously.
bining the response from all species present. In complex man x-ray optical technique, x-ray magnetic circular dichro-
terials and heterostructures, time-domain optical techniquesm (XMCD), is a well-established, quantitative, element-
have proven useful to separate precessional dynamics at dipecific measurement of magnetic mom@rtowever, its
ferent atomic sites through the photon energy dependence pfeviously demonstrated time-domain extension shows reso-
the response. Site-specific measurement of Z8R NMR®  lution of ~2 ns. This has been sufficient to characterize
precession has been achieved in semiconductors using vi$80° reversal dynamics in buried magnetic layeist is
ible optical pump-probe techniques. FMR precession of ferinsufficient to characterize FMR precession at frequencies of
romagnetic alloys and heterostructures is technologically imf,=1 GHz.
portant since it determines data ratewitching speedsof We present direct experimental separation of Ni and Fe
spin electronics devices. magnetic  moment  precession in  ferromagnetic
The magnetic moments oA and B sites in a random Nig;Fe o(50 nm through pump-probe XMCD. Improved
ferromagnetic alloyA;,B, are usually believed to be parallel time resolution( ~90 ps FWHM has been achieved in part
and collinear, due to strong exchange forces, either in statithrough the use of a fast fall-time square wave magnetic field
equilibrium or precessional motion. However, noncollinearpulse delivered through a coplanar wave guig®w).'° We
static moments are predicted as the ground state in randonerify coupled precession of elemental moments within in-
Ni,_Fe, alloy systems, particularly near=0.352 The ran-  strumental resolution.
dom site disorder plays a strong role in the reduction of
collinearity, evidenced in the 30% reduction of exchange
stiffness for x=0.75NisFe) upon an order-disorder Il. EXPERIMENT
transformatiorf. In Nig;Fe g (permalloy) total energy calcu-
lations predict a 1°—2° average angle of moment noncol- Time-resolved XMCD(TR-XMCD) measurements were
linearity atT=025 carried out at Beamline 4-ID-C of the Advanced Photon
The magnetization dynamics of j\Fe;g have been stud- Source in Argonne, IL. The circular dichroism signal was
ied more intensively than those of any other alloy. Given theobtained in reflectivity at near grazing incider(see Fig. },
noncollinear ground-state alignment predicted foy;N&,, it using photon helicityr switching (olly) at the elliptical un-
is natural to ask whether a small net misalignment of Ni anculator for fixed applied fieltH. Reflected intensity was read
Fe moments may also exist in a low-energy configuratiorat a soft x-ray photodiode and normalized to an incident
accessible at short times and finite temperatures. The diffeintensity at a reference grid. The measurement technique is
ent moments in the allog2.5 vs 1.6:5/atom® and different  photon-in/photon out and should therefore minimize artifacts
effective gyromagnetic ratioge; in elemental crystals from time-varying stray magnetic fields.
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beam isyz oriented roughly 5° offy. During TR-XMCD,
magnetization was longitudinally biased<®z<100 Oe
along the easy anisotropy axis, therefttel o, and magne-
tization was rotated over small angles by the pulsed oersted
field Hp~7 Oe. Measurements were carried out at room
temperaturg295 K).

Element-specific XMCD hysteresis loops were taken as a
function of transverse biakl; to obtain a calibration for

FIG. 1. (Color onling TR-XMCD measurement configuration. - . .
Circularly polarized photons are reflected at grazing incidence intoroet;t(lg?oinlzgé%l(zl\%' a2)r{ dpg?ézz Zr\lbe:glﬁeg:lﬁesggtgnu;%\“
a photodiodgright-hand sidg XMCD is measured by switching P

photon helicityo. Relative alignment of applied fieldsp (pulse, XMCD signals, respectivelyFig. 2, left-hand sidg;nominal

Hg (longitudinal biag, Hk (anisotropy, andHy (transverse bigss energies were CI,Ose to reported peak ener_‘gies Qf 707 eV and
shown. 853 eV, respectively. The XMCD signal is defined as the

ratio of reflectivity difference to the reflectivity sum; reflec-
Time resolution was achieved through a pump-probe techtivity is taken as proportional to the photodiode drain current
nique. Fast fall-time magnetic field pulsgauimp were syn-  (reflected intensity normalized to the reference grid electron
chronized with variable delay to x-ray photon bunches fromyield current(incident intensity. The saturation values of
the APS storage ringprobe. The repetition frequencies of XMCD signals are taken to bgy;= ¢re=+90°. Well-defined
photon bunches and magnetic field pulses were bothard-axis loop behavior is shown with an anisotropy fied
88.0 MHz ( 11.37 ns periof therefore, source or detector of 11.8+1.0 Oe(Fig. 2, right-hand side the Fe dichroism
gating was not required. signal is roughly a factor of 2 larger than the Nidichroism
The magnetic field delivery configuration is similar to that Signal, consistent with previous wdfand the smaller num-
used in a pulsed inductive microwave permeameteper of holes in Ni.
(PIMM).1911 Fast fall-time current pulseé~150 ps were
delivered from a commercial pulse generator and through a
CPW located under the magnetic thin film, providing pulsed
transverse fields<10 Oe in amplitude. Pulses terminated The measurement of magnetization precession for Ni mo-
into a 20 GHz sampling oscilloscope with 27 dB attenuationments alone is presented in Fig. 3. XMCD signals were mea-
for pulse wave form characterization or directly into €50 sured as a function of pump-probe delay and converted to
load during TR-XMCD measurement. The CPW center contime-dependent elemental Ni magnetization anglgst) ac-
ductor was aligned alongk, generating pulse fields cording to Fig. 2. Damped precessional oscillations are
Hp=Hpy. Orthogonal Helmholtz coils apply longitudinal clearly seen, diminishing in amplitude20° to 59 and in-
biasHg= HgX or transverse magnetic field biék;=H:y. creasing in frequencyl.6 to 2.6 GHx with increasing lon-
Experimental system time resolution can be estimate@jitudinal bias 6<Hg< 100 Oe.
by using the finite photon bunch lengthy,, and the timing Single-domain Landau-Lifshitz-Gilber(LLG) simula-
jitter in the current pulse delivery electronieg;. Separate tions of Ni magnetization dynamics are plotted with the ex-
streak camera measurements provide RMS bunch lengiberimental data. Consistent parameters are used for the fits.
oph=25 ps(Ref. 12)) and sampling oscilloscope measure- These areM =830 kA/m, measured by SQUID from simul-
ments provide RMS timing jitte;=30 ps. Adding these taneously deposited samples, aggk=2.05. The géff Ms
contributions in quadrature yields a net timing resolution ofproducts characterized by TR-XMCD agree within 6% to
Voot 05=39 ps RMS or 90 ps FWHM. those found in Ref. 11, measured by PIMM. The anisotropy
The Nig;Feo(50 nm/Ta(2 nm) thin film was deposited field H,=11.4+0.5 Oe, determined according to the Kittel
on the CPW using ion beam sputtering at a base pressure uilationshipwgzyzungH” for in-plane magnetization pre-
5x 108 Torr. Magnetic anisotropy was induced using acession and plotted in the right bottom panel of Fig. 3, agrees
static magnetic field applied along the center conductor, crewithin experimental error with that measured statically by
ating an effective uniaxial anisotropy fieltilX. The element-resolved hysteresis loo&g. 2, right-hand side
sample normal points along the plane of incidence of the The pulse fieldHp(t) was taken to be proportional to the

IIl. RESULTS
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FIG. 3. Time dependence of Ni magnetization anglg(t) after
falling magnetic field(point9, with LLG simulation (lines). Top
left; Hg=13 Oe. Top right,Hg=26 Oe. The wave form of the
current pulse is indicated. Middle leftlg=52 Oe. Middle right,
Hz=93 Oe. Bottom left, equilibrium magnetization angles for high -70 i
and low pulse levels; bottom right, Kittel plot of extracted preces- 0O 05 71 1.5 2 2¢

sional frequencies. Time (ns)

transmitted current wave forriy,s{t) at the oscilloscope; , )
scaling for the pulse was found by fitting the steady-state F'C- 5- (Color 0?"”2 T.R'X'\f/'CD measurement of Fe and Ni
pre- and post-falling edge levels of magnetization angld@dnetization angle during free precession. Téfy=13 Oe.

p P . Middle, Hg=26 Oe. BottomHg=52 Oe. Solid lines are polynomial
(0.5 and ¢i(4.5 n9, respectively, yielding maximum B ; B ;
E)bl’jllée ?eld |eV¢;I\|‘|I'E =7 ZsOe P .y g smoothing functions applied to the Fe and Ni data sets separately;
P— . .

The Fe magnetization angles have been processed sinﬂgtted lines are polynomial smoothing functions applied to Fe and

larly. Differences between high and low saturation angles fo i data sets together. Timing errors of +45 ps are indicated.

Fe and Ni TR-XMCD scanéA ¢y re) are plotted in Fig. 4 as

a function of longitudinal biagig. Agreement between ex- resolution (+45 ps. As the longitudinal bias fieldHg in-
perimental A¢yi(Hg), experimental A¢rHg), and the creases, the precessional frequency increases for both ele-
single-domain model is satisfactory after application of anments and there is no apparent development of a phase lag
11% increase in the XMCD-te calibration factor found greater than experimental error.

from the Fe hysteresis logjgig. 2). This level of adjustment

is close to the level of drift measured in the saturation level IV. DISCUSSION

of the Fe loop. High saturation levels of Fe are then offset to

match those of Ni, by values varying from 0°—2°. Ni and Fe magnetic moment precession is observed to be

Element-specific precession is shown in Fig. 5. Ni and F&ouPIed in phase, within 90 ps, during FMR precession of

moments are shown to precess together within instrumentd)isi-€o. The measurement provides direct experimental
confirmation that the net Fe and Ni elemental moments are

g collinear during precession at time scales exceeding 90 ps. It
24 BN - N should be noted that this result could not have been easily
§ 721\ o Fe | determined without assumption from existing measurement
I 70l Q ] techniques such as PIMM or time-resolved magneto-optical
AN gl N | Kerr effect.
N DN The result indicates that the exchange force exceeds the
a S~ ] tendency of moments on Ni and Fe to precess or relax at
4 T -0 different rates. The time resolution of the experiment is on
D ————— the order of the spin-lattice relaxation timg characterized
70 20 30 40 50 60 70 80 90 10¢ for Gd'* 100+80 ps, which characterizes thedirect spin-to-
Hp (Og) lattice relaxation channel; these values are unknown for tran-

sition metals but can be expected to be within an order of
FIG. 4. (Color onlin® Differences between high and low satu- magnitude. A tendency for Fe and Ni moments to relax at
ration angles of the elemental Ni and Fe scans during TR-xMcDdifferent rates is plausible based on the orbital to spin mo-
measuremenidp=@(t=0.5 ng— ¢(t=4.5 ng. Measured points for ment ratiosL/S of Ni and Fe characterized in jFe o by
Ni and Fe are shown with the single-domain model fit. XMCD, 0.12 and 0.08, respectively.
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The prospect of partially coupled motion is more likely in V. CONCLUSION
systems where exchange coupling is weaker and/or magnetic
moments are more localized. Transition-metal-rare-earth al- e have separated Ni and Fe moment motion igfé;q
loys, featuring lower Curie temperatures and more isolated py TR-XMCD, demonstrating elemental resolution in ferro-
shells on the rare earths, would be attractive systems to stuqﬁagnetic resonance up to 2.6 GHz. Coupled motion of el-

using the technique. Many rare-earth dopants ig;™s  emental moments is found to a time resolution of +45 ps and
have been found to increase the FMR I&sand TR-XMCD angular resolution better than 2°.

can test the possibility that some loss is carried by a phase
lag between RE and TM momerisSimilarly, the trilayer
structures used in spin electroni@sg., NiFe/Cu/CoPeof-

fer the possibility of continuous adjustment of interlayer cou-
pling through the spacer thickness.

Finally, we note the possibility of additional studies The authors thank Gary NitzeéNSLS) for technical sup-
through more detailed spectroscopic information. Spin angbort. This work was partially supported by the Army Re-
orbital moment dynamics may be separated on individuatearch Office, Grant No. ARO-43986-MS-YIP. Use of the
elements through the use of sum rules. We take the poimtdvanced Photon Source was supported by the U. S. Depart-
time resolution as that of the measurement; it should benent of Energy, Office of Science, Office of Basic Energy
noted that edge resolution, with long enough averaging an&ciences, under Contract No. W-31-109-Eng-38. Research
continuous monitoring for drift of the pulse amplitutly,  was carried out in part at the National Synchrotron Light
could be improved. Better control over pulse delivery jitter Source, Brookhaven National Laboratory, which is supported
will allow a point resolution limited only byr,, and longer by the U.S. Department of Energy, Division of Materials
averaging could allow edge resolution better than that of th&ciences and Division of Chemical Sciences, under Contract
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