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It is shown that magnetic-resonance force microscopy can provide direct measurements of both the longi-
tudinal and the transverse relaxation rates in a micron-size ferromagnetic sample. As a demonstration, we have
applied the technique to a single crystal disk of yttrium iron garnet. Separation between the individual relax-
ation channels is achieved through a comparison of the results obtained by three different experiments: reso-
nance linewidth measurements, source and frequency modulation, and quantitative measurement of the longi-
tudinal magnetization.
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One of the main applications of ferromagnetic resonanca very sensitive means of measuring quantitative changes in

spectroscopy is to measure the dissipative term that enters pﬁz, produced when the sample absorbs energy from the
the equation of motion for the magnetization vector. Thehigh_frequency(hf) field. We will present our results ob-
processes, whereby the total magnetizatidnapproaches tained at room temperature on a test sample of yttrium iron
equilibrium, reveal the coupling between the spin system a”@arnet (YIG). The sample is a diSkof diameter D

the other degrees of freedom. In a spin ordered state, the 160 ,xm and thicknes$=4.75 um perpendicularly mag-
spatial fluctuations of the motiofspin waveg rather than petized in a static fieltH ., of a few kilooersted and excited
the thermal fluctuations, are the disturbances that may altgjy microwave fields between 5 and 13.5 GHz. The distance
the experimentally determined value of the relaxation ratepetween the sample and the probe is fixed atL00 xm so

At the microscopic scaledimensions smaller than the ex- that their coupling is in the weak-interaction regifieThe

change length the norm of| M| is a constant of the motion  gpatial average of the transverse component of the magneti-

and the dissipative term takes the phenomenological G'Ibegation Mt is measured independently by a standard setup

12 : .

form.™* At the macroscopic scale, hpwever, th_e c:Ond'tmns(see Fig. 1L The power reflected off a half-wavelength reso-
that determine the decay of the spatially averalfethay be  pator is detected by a microwave crystal diode, carefully
less strict. Spatial decoherence of the motion may lead to agalibrated so that the signal is square law over the measured
apparent faster decay rate of the transverse component demnge. The diode signal is then proportional to the micro-
pending on the structural inhomogeneitigefects, surface wave power absorbed® o< x”, the imaginary part of the
roughness, ejcwhile the longitudinal componel, (thez ~ microwave susceptibility. For a magnetization that follows
axis is defined along the precession gébvays approaches the Bloch’s equation of movement, this quantity varies with
equilibrium at the intrinsic spin thermalization rateT1/ H ey in the same manner a@?

Different transverse and longitudinal relaxation times are ac- |n ferromagnetic resonand&MR) studies, the conven-
counted by the Bloembergen's equations of mofi@form  tional way of evaluating the damping coefficient is to mea-
which is reminiscent of the Bloch’s equations used in parasyre the width of the absorption line at low incident power
magnetic resonance. In contrast to paramagnets, the Iongitppm:5 uW in our casg The shape of the resonance is
dinal relaxation timeT, of ferromagnets cannot be measuredgptained by scanning the magnetic fiettl,, through the

by either a standard pulsed decay scheme or a saturatigggion of resonance when the microwave frequency is main-
experiment(a measurement ¢f2,= 1{y*T,T,}), because a tained constant at the eigenfrequency of an almost critically
premature “sticking” of the transverse magnetization OCCUIS;oupled microstrip resonatorf d=10.47 GHz). ForM,, a
beyond the so-called Suhl thresh6lA.direct determination g\ pctantial gain in sensitivity can be achieved by modulating
of T, requires an accurate measurement of the chand,of {he magnetization at the fundamental flexure mode of the
in the small motion limit: This was achieved 50 years ago cantilever, .. In this section, we use source modulation,
by Bloembergen and Wafignd later by Flechteetal. us- \ypicy corresponds to a modulation in amplitude of the inci-

ing a z-direct pickup coil. The approach, however, lacks the . _ A
sensitivity of a standard susceptibility measurement becaustet microwaveH {1+ (e/2)costod) —(2)}x, with ws the

M ,cosf is a second order effect in the canting angle modulation frequency; the circularly polarized amplitude

: : : . of the microwave field, and& the fraction of modulation.
Therefore, it cannot be applied onto lithographically pat This approach is best suited for low-power studiesich

terned thin films that compose modern spin electroni
devices P P cbelow the Suhl thresholdas one can take advantage of the

In this paper, we propose to use ferromagnetic resonandi!l @mplitude (6= 1) without inducing line-shape distortion.
force microscopy(fMRFM) to measure the intrinsic ferro- Figure 2a) displays the measurement of bdth,— M, (M
magnetic relaxation rates inside a micron-size sample. In i the saturation magnetization at the temperature of the ex-
recent papet,it was shown that mechanical detection affordsperiment andM? as a function oH,,; on a semilogarithmic
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FIG. 1. Block diagram of the experimental apparatus
measures botM,— M, andM? simultaneously.

scale. We observe an intense resonance peak at 5324.5
the fundamental mode, and all the higher harmchae
outside the figure range. It can be seen in Fig) Zhat the
main resonance is followed by a series of two weaker peaks
located on its low-field wing and~3 Oe apart. These
weaker modes get stronger @slecreases and we tentatively
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signals, and the main peaks can be fit with the same Lorent-
zian function of widthAH=1.57 Oe.

For Lorentzian shape, the phenomenological equation of
moti06n of the magnetic moment is the Bloch-Bloembergen
form:

d_ M P M2
M= 2be —2-', (14
m(Ng—N)Ms+Hanis T,
E(M ™ ): Pabs . Ms_Mz
dt* s z H+4m(ni—n,)Mg+H s T,
(1b)

where T, and T, denote, respectively, the transverse and
longitudinal relaxation times of the magnetizatidth=H .,
+Hyp, is the applied magnetic fielghot including that of the
ample, defined as the superposition of the uniform external
i8fd and stray field of the tip along H,,;sis the magneto-
crystalline anisotropy field, n;,n,) are the depolarization
factors, respectively, transverse and longitudinal, &qg;
wOfVSdVMy(r)Hl expresses the power absorbed inside

the sample volum¥. In the following, the transverse com-

ascribe them to resonances located at the interfaces air/y1@onent ofHg, (nul at the centeris neglected. Although this
and YIG/substratéother possibilities are flaws in the sample formalism gives a simple relationship between the transverse
disk symmetr}?). At this power, the shape of the main reso- '€laxation rate and the homogeneous linewidiH,
nance is identical for both the transverse and the longitudinaf 2/(¥T2), it does not include inhomogeneous broadening

2z a ; Y3Fe5012
= T ,#‘ T = 285K
e J fo =10.47GHz
g o

< i &

k /&

=

= g

o

2

o H

.Ms

— Mz
Hexs, (5 Oe/div)

2
s S
~ <? { AHyg
= o
z ° % Amy, [ AHjin
= . S [
- l AHcst

0 L L

0 5 10 15

frequency (GHz)

FIG. 2. (a) Line shape of the main resonance absorption line
observed simultaneously along the longitudinal and transverse d

nor does it distinguish between the different relaxation chan-
nels. Other experiments are then necessary to separate these
contributions.

Further information can be obtained by performing the
same measurement at different frequengigg. 2(b)]. For
such a small sample, the transverse signal cannot be detected
if the microwave resonant circuit is detuned, hereof we have
used the mechanical signal to measure the linewidth between
5 and 13.5 GHz. Three separate contributions are extracted
from the data shown in Fig.(B). First, there is an additional
broadeningAH,;=0.62 Oe at 10.47 GHz, the eigenfre-
quency of the microstrip resonator. It is assigned to radiation
damping. In narrow linewidth materials, one should consider
the feedback of the sample susceptibility on the characteris-
tics of the microstrip resonator. It results in a diminution of
the microwave amplitudél, around the Larmor resonance.
The coupling depends on both the quality fac@r~ 150
and the filling factorp=0(10~%) of the microwave circuit.
The effect is thus negligible for all, but the measurements
made with a tuned circuit. The second salient contribution is
the linear frequency dependence of the linewidth, with a
slope AH,,/f=0.043 Oe/GHz. In single-crystals of YIG,
AH;, can be fairly well understod@as the sum of Kasuya-
LeCraw mechanisf (which accounts for=0.02 Oe/GHz)

rections at the eigenfrequency of the microstrip resonator, 10.4?md scattering on trace amounts of rare-earth impurities. The

GHz. The solid line is a fit with a Lorentzian of width 1.57 Gb)

slope is “loosely” referred to as the Gilbert coefficient, be-

Frequency dependence of the linewidth measured mechanicallg@use of its viscous character {M/dt). This method of

Contributions to the linewidth are separated between link&t()

evaluatingT, over a broad frequency range is limited to

and frequency-independenAH.) relaxation channels. Homoge- cases where the Gilbert coefficient is independent of the mi-

neous broadeningH,) and radiation damping effectaH,y) are

indicated by arrows.

crowave frequency and the orientation oi is parallel to
Hex. 24 Finally, the third feature is a frequency-independent
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FIG. 4. Power dependence of the longitudinal component of the

FIG. 3. Theoreticala) and experimentalb) distortions of the o o . . .
@ P alb) magnetization. The solid line is a linear fit through the data points

anharmonic absorption lingongitudinal and transvergéor differ- >
ent modulation frequencies between 0.1 and 10 MHz in steps of With the slope ¥s—M,)/H{~740 Oe *.

MHz. The amplitude of the frequency modulation corresponds to

10% of the linewidth.(c) Diminution of the absorption amplitude amplitude of the radiation damping is of the same magnitude
with increasing modulation frequency. The width of the 9.8 GHzas AH,,, which suggests thatﬂqQL’lX””l-ﬂ The surface

bell curve gives the transverse relaxation tifig=162 ns. The pits scattering accounts for 0.2 Oe, which corresponds to a
10.47 GHz data are normalized to the width to illustrate the effectgpin-spin relaxation time off¢=570 ns. The result is in

of radiation damping. agreement with Hurben and Pattbealculation of the two-
magnons contribution for a normally magnetized disk of fi-
nite aspect ratio. The contribution is small because the reso-

broadening(like distortion in the disk shape symmekrgr f fth . de I he | int of
scattering inside the magnon manif@&pin-spin processgs nance frequency of the main mode lies at the lowest point o
the spin-wave spectrum so that the degenerate manifold

The later channel is usually associated with surface roug 1as shrunk to almost a poitk.Finally, the intrinsic contri-

ggsznzrra?(latss tir;]a\t,v;\?ggle the uniform  precession to Othef)ution, inferred from the frequency-dependence data, is
9 P : 035H|m|10_47 cu~0.45 Oe (14AH;,=126 ns), which con-

Separation between homogeneous and inhomogene ists of Kasuya-LeCraw mechanism and relaxation from
broadenings can be obtained by performing new experiment%npurities y

in which the amplitudes of the longitudinal and transverse T . directl ¢ titati
components of the magnetization are independently observed 0 assesd, directly, we pr.opose 0 use our quar] ! a. ve
for various modulation frequencies aroundri/[see Fig. Measurements d¥l,, the spatial average of the longitudinal
3(b)]. In this fashion, Flechteet al” could extract the relax- Magnetization. At resonance,
ation time of all processes other than via the degenerate mag-
non manifold. Our longitudinal probe uses a narrow band
detector limited to the audio frequency range 2
~3 kHz). We propose to use a scheme inspired by anhar-
monic modulation experiments.The hf amplitude is fully
modulated at an arbitrary frequenay, while the synthe-
sizer is frequency modulated at;=w¢+ w.. It should be which can be interpreted by saying that the energy, which is
noted that the later approach is equivalent to a modulation diransferred to the lattice in the tinlg, is equal to the dimi-
the polarization field. It provides, however, a broader fre-nution of magnetic energy stored in the sample. The impor-
quency bandwidth compared to a coil technique. tant point is that it affords a direct method of measuring the
Figure 3c) shows the result for both the transverse andspin-lattice relaxation rate at a fixed frequency. For a small
the longitudinal signals. The decreaseMf and M, with ~ Precession anglef<1, the above formula can be rewritten
increasing modulation frequeney, determines the homoge- in the more readily fornT;~(Ms— MZ)/(yZHiTzMS). The
neous part of the broadenidgH,,. Concentrating first on the transverse relaxation rate can be inferred from the homoge-
measurements obtained with a detuned cirguithout radia- neous broadenind\H,=0.7 Oe measured at 9.8 GHz. It
tion damping, a fit of 9.8 GHz data givesAH,=0.7 vyields aT,=2/(yAH,)=162+10 ns. We have plotted in
+0.05 Oe. The same model will yield a width of 1.1 Oe Fig. 4 the measurements of the longitudinal magnetization as
with the f=10.47 GHz datgwith radiation damping Re-  a function of the hf power. Using a linear fit through the data,
porting these numbers on Fig(k}, the individual contribu-  we calculatel ;= 106+ 10 ns? in agreement with our former
tions of the 1.57 Oe linewidth observed at 10.47 GHz in Fig.evaluation ofAH,,,. The value is approximately equal to
2(a) can now be detailed. First, the extrinsic contributions toT,/2 which confirms that, for our geometry, the energy flows
the broadening contain 0.3 Q&ef. 16 from inhomoge- directly into lattice motions and the decay into nonuniform
neous broadening and 0.62 Oe from radiation damping. Thenagnetic modes is small. Taking into account the frequency

termAH = 0.50 Oe which might be due to inhomogeneous

T1Paps fv dV{MS—MZ(I’)}{H(I’)—47THZ(I’)MS}, (2
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dependence oT,, the obtained result compares well with netization occurs at a lower microwave power than the pre-
the T;=137 ns measured by Flechteral at 6.2 GHz, but dicted threshold. These results will be discussed in an
part of this agreement is somewhat coincidental since it deapcoming paper.

pends on the sample quality.

In conclusion, this paper describes how magnetic reso- We are greatly indebted to O. Acher, J. Ben Youssef, M.
nance force microscopy can be applied to the measuremefgoldman, and H. Le Gall for their help and support. This
of T, and T, in ferromagnetic thin films. Another important research was partially supported by the E.U. projeBEMS
test is the detection of the Suhl second-order instalfilityt ~ (Project No. IST-2001-34594and the Action Concerée
we find that the premature saturation of the transverse magNanoscience NN085.
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