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Measurement of the ferromagnetic relaxation in a micron-size sample
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~Received 14 March 2003; published 27 June 2003!

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.

DOI: 10.1103/PhysRevB.67.220407 PACS number~s!: 76.50.1g, 07.79.Pk, 07.55.2w
nc
rs
h

an
t

lt
te
-

be
n

t

s

ac

ra
gi
ed
at

ur

f
o

he
u

at
ni

n
-
In
ds

s in

the
-
ron

nce

neti-

tup
o-
lly

ured
ro-

s
ith

-
a-
er
is

ain-
ally

ing
the
n,
ci-

he
.

ex-
One of the main applications of ferromagnetic resona
spectroscopy is to measure the dissipative term that ente
the equation of motion for the magnetization vector. T
processes, whereby the total magnetizationM approaches
equilibrium, reveal the coupling between the spin system
the other degrees of freedom. In a spin ordered state,
spatial fluctuations of the motion~spin waves!, rather than
the thermal fluctuations, are the disturbances that may a
the experimentally determined value of the relaxation ra
At the microscopic scale~dimensions smaller than the ex
change length!, the norm ofuMu is a constant of the motion
and the dissipative term takes the phenomenological Gil
form.1,2 At the macroscopic scale, however, the conditio

that determine the decay of the spatially averagedM̄ may be
less strict. Spatial decoherence of the motion may lead to
apparent faster decay rate of the transverse componen
pending on the structural inhomogeneities~defects, surface
roughness, etc!, while the longitudinal componentMz ~the z
axis is defined along the precession axis! always approache
equilibrium at the intrinsic spin thermalization rate 1/T1.
Different transverse and longitudinal relaxation times are
counted by the Bloembergen’s equations of motion,3 a form
which is reminiscent of the Bloch’s equations used in pa
magnetic resonance. In contrast to paramagnets, the lon
dinal relaxation timeT1 of ferromagnets cannot be measur
by either a standard pulsed decay scheme or a satur
experiment~a measurement ofhsat

2 51/$g2T1T2%), because a
premature ‘‘sticking’’ of the transverse magnetization occ
beyond the so-called Suhl threshold.4 A direct determination
of T1 requires an accurate measurement of the change oMz
in the small motion limit.5 This was achieved 50 years ag
by Bloembergen and Wang6 and later by Flechteret al.7 us-
ing a z-direct pickup coil. The approach, however, lacks t
sensitivity of a standard susceptibility measurement beca
Mz}cosu is a second order effect in the canting angleu.
Therefore, it cannot be applied onto lithographically p
terned thin films that compose modern spin electro
devices.

In this paper, we propose to use ferromagnetic resona
force microscopy~fMRFM! to measure the intrinsic ferro
magnetic relaxation rates inside a micron-size sample.
recent paper,8 it was shown that mechanical detection affor
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a very sensitive means of measuring quantitative change

M̄z , produced when the sample absorbs energy from
high-frequency~hf! field. We will present our results ob
tained at room temperature on a test sample of yttrium i
garnet ~YIG!. The sample is a disk9 of diameter D
5160 mm and thicknessS54.75mm perpendicularly mag-
netized in a static fieldHext of a few kilooersted and excited
by microwave fields between 5 and 13.5 GHz. The dista
between the sample and the probe is fixed at,5100 mm so
that their coupling is in the weak-interaction regime.10 The
spatial average of the transverse component of the mag

zation M̄ t is measured independently by a standard se
~see Fig. 1!. The power reflected off a half-wavelength res
nator is detected by a microwave crystal diode, carefu
calibrated so that the signal is square law over the meas
range. The diode signal is then proportional to the mic
wave power absorbed,Pabs}x9, the imaginary part of the
microwave susceptibility. For a magnetization that follow
the Bloch’s equation of movement, this quantity varies w
Hext in the same manner asM̄ t

2 .
In ferromagnetic resonance~FMR! studies, the conven

tional way of evaluating the damping coefficient is to me
sure the width of the absorption line at low incident pow
(Pin55 mW in our case!. The shape of the resonance
obtained by scanning the magnetic fieldHext through the
region of resonance when the microwave frequency is m
tained constant at the eigenfrequency of an almost critic
coupled microstrip resonator (f 0510.47 GHz). ForM̄ z , a
substantial gain in sensitivity can be achieved by modulat
the magnetization at the fundamental flexure mode of
cantilever,vc . In this section, we use source modulatio
which corresponds to a modulation in amplitude of the in
dent microwave,H1$11(e/2)cos(vst)2(e/2)%x̂, with vs the
modulation frequency,H1 thecircularly polarized amplitude
of the microwave field, ande the fraction of modulation.
This approach is best suited for low-power studies~much
below the Suhl threshold!, as one can take advantage of t
full amplitude (e51) without inducing line-shape distortion
Figure 2~a! displays the measurement of bothMs2M̄ z (Ms
is the saturation magnetization at the temperature of the
periment! andM̄ t

2 as a function ofHext on a semilogarithmic
©2003 The American Physical Society07-1
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scale. We observe an intense resonance peak at 5324.
the fundamental mode, and all the higher harmonics9 are
outside the figure range. It can be seen in Fig. 2~a! that the
main resonance is followed by a series of two weaker pe
located on its low-field wing and'3 Oe apart. These
weaker modes get stronger as, decreases and we tentative
ascribe them to resonances located at the interfaces air
and YIG/substrate~other possibilities are flaws in the samp
disk symmetry11!. At this power, the shape of the main res
nance is identical for both the transverse and the longitud

FIG. 1. Block diagram of the experimental apparatus, wh

measures bothMs2M̄ z andM̄ t
2 simultaneously.

FIG. 2. ~a! Line shape of the main resonance absorption l
observed simultaneously along the longitudinal and transverse
rections at the eigenfrequency of the microstrip resonator, 10
GHz. The solid line is a fit with a Lorentzian of width 1.57 Oe.~b!
Frequency dependence of the linewidth measured mechanic
Contributions to the linewidth are separated between linear (DH lin)
and frequency-independent (DHcst) relaxation channels. Homoge
neous broadening (DHh) and radiation damping effects (DH rd) are
indicated by arrows.
22040
Oe,

ks

IG

al

signals, and the main peaks can be fit with the same Lor
zian function of widthDH51.57 Oe.

For Lorentzian shape, the phenomenological equation
motion of the magnetic moment is the Bloch-Bloemberg
form:6

d

dt
M̄ t

252
MsPabs

H14p~nt2nz!Ms1Hanis
22

M̄ t
2

T2
, ~1a!

d

dt
~Ms2Mz̄!5

Pabs

H14p~nt2nz!Ms1Hanis
2

Ms2Mz̄

T1
,

~1b!

where T2 and T1 denote, respectively, the transverse a
longitudinal relaxation times of the magnetization.H5Hext
1H tip is the applied magnetic field~not including that of the
sample!, defined as the superposition of the uniform exter
field and stray field of the tip alongz, Hanis is the magneto-
crystalline anisotropy field, (nt ,nz) are the depolarization
factors, respectively, transverse and longitudinal, andPabs
5v0*Vs

dVMy(r )H1 expresses the power absorbed ins

the sample volumeVs . In the following, the transverse com
ponent ofHtip ~nul at the center! is neglected. Although this
formalism gives a simple relationship between the transve
relaxation rate and the homogeneous linewidthDHh
52/(gT2), it does not include inhomogeneous broaden
nor does it distinguish between the different relaxation ch
nels. Other experiments are then necessary to separate
contributions.

Further information can be obtained by performing t
same measurement at different frequencies@Fig. 2~b!#. For
such a small sample, the transverse signal cannot be dete
if the microwave resonant circuit is detuned, hereof we ha
used the mechanical signal to measure the linewidth betw
5 and 13.5 GHz. Three separate contributions are extra
from the data shown in Fig. 2~b!. First, there is an additiona
broadeningDH rd50.62 Oe at 10.47 GHz, the eigenfre
quency of the microstrip resonator. It is assigned to radiat
damping. In narrow linewidth materials, one should consi
the feedback of the sample susceptibility on the characte
tics of the microstrip resonator. It results in a diminution
the microwave amplitudeH1 around the Larmor resonance
The coupling depends on both the quality factorQL'150
and the filling factorh5O(1026) of the microwave circuit.
The effect is thus negligible for all, but the measureme
made with a tuned circuit. The second salient contribution
the linear frequency dependence of the linewidth, with
slope DH lin / f 50.043 Oe/GHz. In single-crystals of YIG
DH lin can be fairly well understood12 as the sum of Kasuya
LeCraw mechanism13 ~which accounts for'0.02 Oe/GHz)
and scattering on trace amounts of rare-earth impurities.
slope is ‘‘loosely’’ referred to as the Gilbert coefficient, b
cause of its viscous character (}]M /]t). This method of
evaluatingT1 over a broad frequency range is limited
cases where the Gilbert coefficient is independent of the
crowave frequency12 and the orientation ofM is parallel to
Hext.

14 Finally, the third feature is a frequency-independe
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termDHcst50.50 Oe which might be due to inhomogeneo
broadening~like distortion in the disk shape symmetry! or
scattering inside the magnon manifold~spin-spin processes!.
The later channel is usually associated with surface rou
ness or pits that couple the uniform precession to ot
degenerate spin waves.

Separation between homogeneous and inhomogen
broadenings can be obtained by performing new experim
in which the amplitudes of the longitudinal and transve
components of the magnetization are independently obse
for various modulation frequencies around 1/T2 @see Fig.
3~b!#. In this fashion, Flechteret al.7 could extract the relax-
ation time of all processes other than via the degenerate m
non manifold. Our longitudinal probe uses a narrow ba
detector limited to the audio frequency range (vc/2p
'3 kHz). We propose to use a scheme inspired by an
monic modulation experiments.15 The hf amplitude is fully
modulated at an arbitrary frequencyvs , while the synthe-
sizer is frequency modulated atv f5vs1vc . It should be
noted that the later approach is equivalent to a modulatio
the polarization field. It provides, however, a broader f
quency bandwidth compared to a coil technique.

Figure 3~c! shows the result for both the transverse a
the longitudinal signals. The decrease ofM̄ z and M̄ t with
increasing modulation frequencyvs determines the homoge
neous part of the broadeningDHh . Concentrating first on the
measurements obtained with a detuned circuit~without radia-
tion damping!, a fit of 9.8 GHz data givesDHh50.7
60.05 Oe. The same model will yield a width of 1.1 O
with the f 510.47 GHz data~with radiation damping!. Re-
porting these numbers on Fig. 2~b!, the individual contribu-
tions of the 1.57 Oe linewidth observed at 10.47 GHz in F
2~a! can now be detailed. First, the extrinsic contributions
the broadening contain 0.3 Oe~Ref. 16! from inhomoge-
neous broadening and 0.62 Oe from radiation damping.

FIG. 3. Theoretical~a! and experimental~b! distortions of the
anharmonic absorption line~longitudinal and transverse! for differ-
ent modulation frequencies between 0.1 and 10 MHz in steps
MHz. The amplitude of the frequency modulation corresponds
10% of the linewidth.~c! Diminution of the absorption amplitude
with increasing modulation frequency. The width of the 9.8 G
bell curve gives the transverse relaxation time,T25162 ns. The
10.47 GHz data are normalized to the width to illustrate the effe
of radiation damping.
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amplitude of the radiation damping is of the same magnitu
as DHh , which suggests that 4pQLhx9'1.17 The surface
pits scattering accounts for 0.2 Oe, which corresponds
spin-spin relaxation time ofTs5570 ns. The result is in
agreement with Hurben and Patton14 calculation of the two-
magnons contribution for a normally magnetized disk of
nite aspect ratio. The contribution is small because the re
nance frequency of the main mode lies at the lowest poin
the spin-wave spectrum so that the degenerate man
has shrunk to almost a point.12 Finally, the intrinsic contri-
bution, inferred from the frequency-dependence data,
DH linu10.47 GHz50.45 Oe (1/gDH lin5126 ns), which con-
sists of Kasuya-LeCraw mechanism and relaxation fr
impurities.

To assessT1 directly, we propose to use our quantitativ
measurements ofMz̄ , the spatial average of the longitudin
magnetization. At resonance,

T1Pabs5E
Vs

dV$Ms2Mz~r !%$H~r !24pnz~r !Ms%, ~2!

which can be interpreted by saying that the energy, whic
transferred to the lattice in the timeT1, is equal to the dimi-
nution of magnetic energy stored in the sample. The imp
tant point is that it affords a direct method of measuring
spin-lattice relaxation rate at a fixed frequency. For a sm
precession angle,u!1, the above formula can be rewritte
in the more readily formT1'(Ms2M̄ z)/(g

2H1
2T2Ms). The

transverse relaxation rate can be inferred from the homo
neous broadeningDHh50.7 Oe measured at 9.8 GHz.
yields a T252/(gDHh)5162610 ns. We have plotted in
Fig. 4 the measurements of the longitudinal magnetization
a function of the hf power. Using a linear fit through the da
we calculateT15106610 ns,8 in agreement with our forme
evaluation ofDH lin . The value is approximately equal t
T2/2 which confirms that, for our geometry, the energy flo
directly into lattice motions and the decay into nonunifor
magnetic modes is small. Taking into account the freque

FIG. 4. Power dependence of the longitudinal component of
magnetization. The solid line is a linear fit through the data poi

with the slope (Ms2M̄ z)/H1
2'740 Oe21.1
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dependence ofT1, the obtained result compares well wi
the T15137 ns measured by Flechteret al.7 at 6.2 GHz, but
part of this agreement is somewhat coincidental since it
pends on the sample quality.

In conclusion, this paper describes how magnetic re
nance force microscopy can be applied to the measurem
of T1 andT2 in ferromagnetic thin films. Another importan
test is the detection of the Suhl second-order instability,4 but
we find that the premature saturation of the transverse m
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