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Angular momentum and energy transferred through ferromagnetic
resonance
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We show that ferromagnetic resonanE®R) selectively transfers angular momentum and energy
from a microwave field to the lattice as measurable torque and heat. The expected torque and
absorbed power are derived classically in terms of Landau-Lifshitz dynamics, including
demagnetizing field effects. The torque is also described as a photon absorption process, in which
the absorbed photons carry both energy and angular momentum. FMR data are shown for a thin
NiFe film deposited on a micromechanical cantilever detector that measures both torque and heat
under nearly identical conditions. [DOI: 10.1063/1.1361095

We describe the transfer of both angular momentum andlicular to the bias field is described in terms of Polder’s
energy to the spin system when electromagnetic radiatiosusceptibility tensor,
drives magnetic resonance. Through damping of the spin
precession, these quantities are transferred to the lattice, mx}:
where the angular momentum manifests itself as a torque on | My K Xyy
the sample and the dissipation of energy results in heating of

the samole. Both of these effects can be used as a means of For sinusoidal excitation, this describes a rotating com-
mpe. . ponent of the magnetization in tkxe-y plane. In the case of
detecting magnetic resonance.

) . . a dissipative medium, the susceptibilitigsand « are com-
The torque induced in electron paramagnetic resonanc&ex and result in a time lag between the microwave freld
(EPR was first measured using a quartz fiber torsional '

. . _—and the rotating magnetizatiom, shown schematically in
pendulumt™ and more recently using micromechanical 9 9 Y

. . . . Fig. 2. This lag implies both a dissipation of energy from the
cantilevers$ Calorimetric techniques have been used to mea; 9 'S 1ag Imp' Issipatl 9y

. . field and a torque due to the angle between the microwave

sure al%sorbed power in .EF7R)ucIear maggetlc resonance gy and the dynamic magnetization.
(NMR), apd ferrqmagnehc resonangeMR). FMR tprque With the magnetic excitation restricted to tkelirection
was con3|derec_i in Ref. 10'. _However, the predictions hav?i.e., hy,=0), the dissipation is determined by the imaginary
not been experimentally verified. Here, we report on thg firs art of y,, which produces the component of directed
mgasuremer!t of the torque produced by the absorption arallel to, but temporally out of phase with, the driving
microwaves In FMR. Our measurements are based on a ield. For a sinusoidal excitation with angular frequenay
cromechanical detectqr that senses both the torque and t'{'ﬁe average power dissipated is
absorbed power, allowing a comparison of the two effects.

In their analysis of the EPR torque detected in the ex-  P=3uowxl,h2V, 2
periments described in Refs. 1-6, the authors assume that . ) N
only o* circularly polarized photons, matching the spin pre-Wheréuo=4m>x10""H/m is the permeability of free space,
cession, are absorbed. Under this assumption, each absorbéd 1S the imaginary part of,y, andV is the sample vol-
photon contributes a quantulw of energy and: of angular ~ UMe- _ _ - _
momentum, so that the absorbed power is directly related to 1 he off-diagonal elements in the susceptibility tensor in-
the torque byP=wT. However, as we show here, in the dicate that, due to the precessional motion of the spins, a
presence of magnetic anisotropies, the elliptical precession
of the magnetization allows absorption of different amounts film sample
of botha™ ando~ circular polarizations. The corresponding on cantilever
transfers of+4 and —# angular momenta to the sample
partly cancel, whereas the energy contributions sum. Thus, in
contrast to EPR and NMR experiments, in which the sample
may be regarded as gyrotropic, the relatls o T does not
hold for FMR experiments, where magnetic anisotropies can
dominate the response.

Consider a magnetic material saturated by a uniform bias
field Hy directed along the axis (see Fig. 1 The response

of the magnetization to a perturbing field applied perpen-IG. 1. Orientation of the bias field, and microwave fieldh, with respect

to the cantilever. The magnetization of the film precesses in an elliptical
orbit aroundH,. Damping of this motion results in a torque veciodi-
¥Electronic mail: moreland@boulder.nist.gov rected along the cantilever axis.
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the spin precession under the influence of the demagnetizing
fields. For a thin film oriented in th&—z plane (N,=N,
=0, Ny=1), this can be written as

Pres= @resV1+Mg/HT s (11)

The normal modes which diagonalize the susceptibility
tensor in Eq.(1) are elliptically polarized? with hy
=*iJo,/oh,. Near resonance, absorption of the elliptical
mode with circulation direction matching the precession is
dominant. Thus, stimulation of FMR in a sample with anisot-
ropy is characterized by the absorption of elliptically polar-
ized radiation consisting of botlr* and o~ photons. For

N ) . n _
FIG. 2. Damping causes the precession of the magnetization lag the  the ellipticity given previously, the ratio of ™ to o~ pho-

oscillating microwave magnetic fiehi, . A component ofn, is out of phase  tons is
with h,, and results in absorption of energy from the microwave field. The

component ofn, that is in phase witth, is perpendicular to this field, and nt Vo lwy+1
results in a torque. The case shown here is for a 90° lag, which occurs near — = y—. (12
resonance. n Voyloy—1

S S S The absorbed radiation carries an average angular momen-
field in the x direction induces a magnetization in the per-yym per photon of

pendiculary direction. The component ah that is tempo-

rally in phase with, but perpendicular to, the driving field nN“hA-n"#h h 13
results in a torqud =mxXxh with an average value nf+n- W
T= %MOK”hﬁv, 3

and an energy okw per photon. This is consistent with Eq.

where k” is the imaginary part ok. The torque acts along (10 _
the z axis parallel toH,. The elements of the susceptibility [N the steady state, the torque on the magnetic moments
tensor can be calculated in terms of Landau—LifshitziS balanced by the torque induced on the lattice through the

dynamicst* Assuming small precessional angles and ne-damping mechanisms, and the average power absorbed by

glecting eddy current effects, the spin system is transferred to the lattice as heat. We mea-

sure both the absorbed energy and torque in the same

apparatus:'*!® The detection is based on the mechanical

response of a micromachined Si cantilever, 4bth in

length, 50um wide, and 2.5um thick. A magnetic thin film

= —ono 5) is deposited onto one side of the cantilever by thermal
wxwy—w2+iaw(wx+ wy)’ evaporation. The cantilever is mounted approximately 50

. I . um above the center of a 5Qdm wide microstrip resonator

where o is the Landau-Lifshitz damping parameter. Thedriven at 9.15 GHz. The current in the stripline produces an

sample shape is accounted for by the demagnetizing faCto[)Sscillating magnetic field transverse to the cantilever, and in

op(oytiao)

- : 4
Xxx wxwy— 0 Fiaw(wxtwy)’ @

Nz USIng the plane of the film. The bias field is oriented parallel to
om=YMs, (6) the cantilever, so that the FMR precession and resultant
torque act about the axis of the cantilever. Note that the
wyy=Y[HotMs(Nyy—Nz)]. (7)  source of this torque and the direction with respect to the

Here, M. is the saturation magnetization ands the gyro- fields is different from that measured in Ref. 15.

magnetic constant. Effects of bulk and surface anisotropies Dirl’:we :\O t::s dlﬁ;etirle :‘/t trh?;mal ?:Eiin?ilorr: C?eﬁéc'r?rltisr?f the
may be incorporated in a similar fashithFor a sample specimen and cantiiever, the co ation aiso functions as a

driven at resonancew(zzwxwy) by an oscillating magnetic ]E)lima}terial calorimgter. The absorbed power.results in a de-
field in thex direction, Eqs(2)—(5) reduce to ection of t'he cantilever tip. Both the deflection and torsion
of the cantilever are measured using a laser beam reflected
Ko Onoy 5 from the surface of the cantilever onto a four-quadrant pho-
Pres=7 mth, (®  todiode detector. The microwave source is amplitude modu-
lated to obtain an oscillating mechanical response of the can-
tilever. The response is detected by means of a lock-in
amplifier synchronized with the modulating signal.

) ) ) ) ~ For calorimetric detection, the microwave source was
Thus, when shape anisotropy is considered, the relatlonshtmse modulated at 1 kHz. The thermal response time of the

Mo Om

Tres= 2 a(wgt o)

h2v. 9

between the absorbed power and torque becomes cantilever is about 1 ms. At higher modulation frequencies,
5 the calorimetry signal is strongly attenuated. For torque mea-
Pres= wyTres: Wreg wy/wareSa (10 Y sig gy d

surements, the modulation frequency is matched to the tor-
rather thanP .= wsl1es, @s indicated for gyrotropic«f,  sional resonant frequency of the cantileye250 kHz. The
=wy) media. The excess factqQiw,/w, is the ellipticity of  quality factor of the torsional resonance mode is approxi-
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_ 044 are insignificant. The linear behavior indicates that, as re-
£ 0.24 quired by the model assumptions, only small precessional
% ' angles are excited by the microwave field. The departure
e 0.0 - from linear behavior for the torque at high power is due to a
S 021 heat-induced change in the mechanical resonance of the can-
st tilever, rather than a nonlinear magnetic effect. This error is
~0.43 100 50 o 50 100 not seen in the power measurements because they are not
0.5- H (KA/m) performed at the mechanical resonance frequency.
—_ For the thin-film geometry, Eq11) can be written as
g gi Pres/ Tres= wrzes/'yHO- (14)
3 02l This measure is independent Bfg as well as sample vol-
% ume, strength of the microwave field, aad With w427
o 00 . —9.15 GHz,Hy=82.1 kA/m, andy=2.31x 10° m/kAs, Eq.
02 T a—— 5 %0 100 (14) predictsP/T=1.74x 10**Hz at resonance, compared to
H (KA/m) the experimentally determined value of 8:280'Hz. In the

current experiment, the power and torque were derived from
FIG. 3. Torque and absorbed power as a function of bias field at a fixedhe estimated mechanical response of the cantilever based on
microwave frequency of 9.15 GHz. The top plot is the signal measured froms dimensions and material properties. Uncertainty in these
the torsion of the cantilever. The sign of the torque reverses for opposite .
directions of the bias field. The bottom plot is the signal measured from th(ﬂ_parame‘[(:"rS accounts for the deviation from the expected
deflection of the cantilever. value. Additional structures patterned onto the cantiféver

would allow for calibration of theP/T response.

mately 250, giving rise to a substantial gain in torque sensi- We have derived an expression for the energy and angu-

tivity. Experiments were performed in air at room tempera-/2f momentum absorbed from the photons stimulating spin
ture. resonance in ferromagnetic samples. The transfer of this en-

Figure 3 shows the FMR resonance spectra as a functicff9¥ and angular momentum to the lattice results in the gen-
of the bias field for a 30-nm-thick WiFe,, film. For this eration (_)f heat and torque, YVhICh we_have det(_acted using the
sample, we expect surface and bulk anisotropies to be insidpechan!cal response of micromachined cantilevers. M|.cro—
nificant compared to the shape anisotropy. The upper grapWechanlcal detection allows FMR spectra to .be obt_e}lned
shows the torque on the sample as determined from the caffo™ samples much smaller than those used in traditional
tilever torsion. Note that when the bias field is reversed, thdNicrowave cavity experiments. We 7hl"’1we shown measure-
torque acts in the opposite direction. The clockwisecoun- ments on samples as smal! as >2,m e, an.d expegt .
terclockwise precession of the spins in the presence of glat séveral orders of magnitude improvement in sensitivity
positive (or negative bias field produces a clockwiser &€ still possiblé” The torque is independent of resonant
counterclockwisg torque along the cantilever axis. The TeduencyEq.(9)] whereas the absorbed power measured in

lower graph shows the absorbed power as determined frofffaditional experiments decreases with frequency.
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