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Described are ferromagnetic resonance (FMR) studies of the long wavelength magnetostatic wave modes of a single crystal yttrium
iron garnet (YIG) slab magnetized by an in-plane field. A resonant circuit comprising a coil, 50 m in diameter, is used to excite and
detect the YIG microwave absorption spectrum. By changing its orientation and position over the sample surface it is possible to excite
selectively different series of magnetostatic modes. The observed resonance fields are in good agreement with those calculated numeri-
cally from the Damon-Eshbach dispersion relation. The effect of heat currents on the magnetization dynamics in insulating magnets is
explored. For a YIG crystal 10 mm in length, 2 mm in width and 25 micrometers in thickness, a temperature gradient of about 20 K/cm
is sufficient to suppress the high-order longitudinal magnetostatic modes.

Index Terms—Ferromagnetic resonance (FMR), magnetostatic modes, spin caloritronics, yttrium iron garnet (YIG).

I. INTRODUCTION

T HE microwave absorption spectrum of a yttrium iron
garnet (YIG) Y Fe FeO slab has been extensively

studied over the past decades. A variety of measuring tech-
niques has been used. Experiments are often performed with
a standard cavity, thereby irradiating the entire YIG sample
by a uniform RF field. However, with the increasing interest
in spatially resolved imaging and the local characterization of
the magnetic excitations, local ferromagnetic resonance (FMR)
measurement techniques have been quickly developed. Found
in the literature [1]–[3] are many local FMR investigations
performed by means of wire couplers or other local RF probes.
Imaging of spin waves by Brillouin light scattering (BLS)
spectroscopy has also been demonstrated [4]–[6] as well as
a phase-sensitive BLS technique which further enables the
detection of the phase structure of magnetostatic waves [7].
Other methods for local measurements of the dynamics of
magnetization such as scanning Kerr imaging can also be found
in the literature [8]. These observations can be accounted for
with the theory of magnetostatic modes. The first theoretical
analysis of magnetostatic waves in rectangular ferromagnetic
films of infinite extent was presented by Damon and Eshbach in
1961 [9]. Refined models on the theory of magnetostatic wave
modes were developed later in [10]–[12].
YIG has always attracted a lot of attention because of its low

loss, making it a good model system [13], [14]. Several reports
describing the temperature dependence of YIG magnetostatic
modes can also be found [15]–[17]. However, to date, there is
very little experimental work on the effect of temperature gradi-
ents on the microwave absorption spectrum of YIG slabs. Very
recently, using a uniform RF field, Azevedo et al. [18] have
studied the FMR of a YIG thin film subjected to a temperature
gradient. Understanding the interplay between heat currents and
the dynamics of magnetization is one of the main motivations
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for the new branch of spintronics coined “spin caloritronics”.
This novel domain of research was triggered by the observation
of the spin Seebeck effect in 2008 [19].
In the work described here, the long wavelength magneto-

static modes of a YIG slab are investigated by means of a local
probe. It is shown that, depending on the position and orienta-
tion of the loop probe, different modes can be preferentially ex-
cited. These measurements are performed isothermally at room
temperature. It is found that imposing a temperature gradient of
the order of 20 K/cm changes the spectrum drastically.

II. EXPERIMENT

Local ferromagnetic resonance measurements are car-
ried out at 4 GHz on a polished single crystal YIG slab
2 mm 10 mm 25 m glued on a glass substrate 0.75
mm thick (provided by Ferrisphere). The field is applied in
plane, parallel to the long side of the sample. A conventional
field-modulation technique with a lock-in amplifier detection
is employed. The measured absorption derivatives are then
integrated to give the FMR spectra. Both the local excitation
and detection are provided by a small probe (ordered from
“ez SQUID”, Sinn, Germany) consisting of a microstrip line
short-circuited at one end by a copper coil and capacitively cou-
pled to an SMA connector at the other end. The diameter of the
coil, about 50 m, determines the length scale of the exciting
RF field . The distance between the coil and the sample
surface is approximately 500 m, in order to ensure good signal
detection, but at the same time prevent large coupling. While
the microwave probe resonates at around 7.25 GHz, in order
to avoid an excessive coupling to the more intense modes, the
FMR measurement is performed well off resonance at 4 GHz.
The RF signal from a microwave source is sent to the local
probe via the input port of a circulator. Changes in the amount
of reflected power, probed by a crystal detector at the output
port of the circulator, are measured while the applied magnetic
dc field is scanned across the resonance.
By changing the position and the orientation of the probe rel-

ative to the sample, the coupling to the various FMR modes can
be modified. Reports of similar studies can be found in the liter-
ature [20], but using a wire long compared to the sample. Fig. 1
shows the four different measurement configurations used in
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Fig. 1. Four different probe configurations used to locally measure FMR in a
single crystal YIG slab mm mm m. In (a) and (b) the probe
is positioned near one end of the sample with the plane of the coil parallel and
perpendicular to , respectively. In (c) and (d) the probe is in the middle
of the sample with the plane of the coil perpendicular and parallel to ,
respectively. The external dc field is applied in plane in the z direction.

this work. In all four cases the loop probe is carefully centered
with respect to the width of the sample. In configurations (a)
and (b) the coil is positioned at about 1/4 of the sample length
with its plane parallel to the applied magnetic field in (a)
and perpendicular to in (b). Therefore, in probe orientation
(a), both RF field components ( and ) perpendicular to

can excite the magnetization, whereas in probe orienta-
tion (b) only the RF field component in the x direction is
perpendicular to . In configurations (c) and (d) the probe is
oriented as in (b) and (a) respectively, but it is positioned at the
center of sample.

III. RESULTS AND DISCUSSION

Figs. 2 and 3 show the absorption spectra measured with the
previous four probe configurations by sweeping the applied field
from saturation. The spectra are plotted for decreasing magnetic
field going from left to right.
The FMR spectrum obtained with probe (a), in particular,

presents a fine structure with a ratio of line spacing of the
fine structure to that of the main structure equal to the ratio
of sample length to width, suggesting excitation of long
wavelength magnetostatic wave modes. Indeed, following
the modeling described in the next section, the modes can be
identified by the indices , which denote the number
of half wavelengths in the y (width) and z (length) directions,
respectively.
Both of the spectra in Fig. 2 are measured with the probe

located near one end of the sample. Odd and even modes are

Fig. 2. Room temperature FMR absorption measured at 4 GHz with probe con-
figuration (a) for the top spectrum and probe configuration (b) for the bottom
spectrum (see Fig. 1 for details of probe orientation and position). Spectra are
plotted for decreasing field going from left to right. Dotted lines represent the
resonance fields of the modes calculated from (1) in the text. Some of
the identified resonance peaks are labelled by the associated indices .

Fig. 3. Room temperature FMR absorption measured at 4 GHz with probe con-
figuration (c) for the top spectrum and probe configuration (d) for the bottom
spectrum (see Fig. 1 for details of probe orientation and position). Spectra are
plotted for decreasing field going from left to right. Dotted lines represent the
resonance fields of the modes calculated from (1) in the text. Some of
the identified resonance peaks are labelled by the associated indices .

selected. In the top spectrum, taken with probe configuration
(a), is fully perpendicular to . The RF field component

has the right symmetry to excite even modes, while
excites odd modes. Here, since the location of the coil

is off the symmetry plane of the sample, the RF field can couple
to modes with any .
The bottom spectrum (Fig. 2) is instead collected with probe

configuration (b). In this case, only the component excites
modes. It has the wrong symmetry to couple to transverse modes
(in the y direction). Presumably, the is excited nonethe-
less because of the imperfect position and orientation of the
probe. In this configuration, higher order modes
are clearly seen, since the favored modes must have a node of

underneath the probe.
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Both spectra in Fig. 3 are taken with the probe positioned
in the middle of the sample and configuration (c) excites even
modes, whereas configuration (d) excites odd modes. In

configuration (c), has, in fact, a node at the position of the
coil. Therefore, in this case magnetostatic wave modes with a
node in the middle of the sample, i.e., with even values are
favored. The resonance peaks of modes (1,2), (1,4), (1,6), (1,8),
(1,10), (1,12), (1,14) with decreasing amplitude for increasing
order are indeed easily identified. In this configuration, only the

modes are well excited as in case (b).
With the probe in configuration (d), the RF field is again per-

pendicular to as in configuration (a), so it can fully con-
tribute to exciting the magnetization. Since the RF field is max-
imum at the middle of the sample it couples strongly to magne-
tostatic modes with odd values. Thus, at the bottom of Fig. 3,
the modes (1,1), (1,3), (1,5), (1,7) and (1,9) can be recognized.
Since both and contribute to the excitation along the
y direction, can take both even and odd values.
From all the recorded spectra it can be observed that the

modes of the lowest indices are favored. This is due to the length
scale of the RF field inhomogeneity that is determined by the
gap of about 500 m between the probe and the sample. Finally,
it should be noted that the magnetostatic wave modes excited in
the z direction for tend to get closer to each other and
the peaks are hardly resolved.

IV. THEORY

Magnetostatic wave modes are magnetic excitations which
arise from the classical dipole–dipole interaction (exchange is
negligible). They can be interpreted as the normal modes of vi-
bration of the magnetization vector which is a function of posi-
tion within the sample and time. The length scale of this class
of magnetic excitation is of the same order of magnitude as
the linear dimensions of the sample under study. Therefore, the
characteristic wavelengths of these wave-like modes are small
enough to satisfy the magnetostatic approximation and suffi-
ciently large, in most cases, to neglect exchange [11].
The dispersion relation for these resonant magnetostatic wave

modes propagating in a rectangular thin slab of infinite dimen-
sions was calculated for the first time by Damon and Eshbach
[9]. By simultaneously solvingMaxwell’s equations in the mag-
netostatic limit and the equation of motion of the magnetiza-
tion (neglecting losses), the following characteristic equation
for magnetostatic wave modes was derived:

(1)

where

Fig. 4. Resonance fields of the magnetostatic wave modes excited
with four different probe configurations as indicated in the plots (see Fig. 1
for details of probe orientation and position in each configuration). Curves are
calculated from (1) and the points are taken from the resonance field values in
the measured spectra.

Here is the saturation magnetization, is the FMR an-
gular frequency, is the internal magnetic field, is the gyro-
magnetic ratio, and are the width and length of the sample,
is the thickness and and are the mode orders. The values
of and are assumed to be quantized due to the boundary
condition of zero RFmagnetization at the sample edges. The ob-
served modes are then stationary waves that result in resonances
at discrete field values. Since , this implicit equation of

for a given can be used to determine the resonance
fields of the magnetostatic modes in a film of finite dimensions.
Fig. 4 shows the calculated and measured resonance fields of

the excited magnetostatic modes as a function of mode number.
In order to attain good agreement between measured and com-
puted resonance fields, the parameters ,

and are used in the cal-
culation. This value of gives the best fit, but it is sub-
stantially larger than the bulk value around 1780 G. This ac-
counts for other anisotropy fields not reflected by other terms in
(1). Hence the value of used here can be taken as the value
of an effective magnetization that includes the total of the
anisotropy effects [21].

V. FMR WITH TEMPERATURE GRADIENT

The effect of a temperature gradient on the magnetostatic
mode spectrum of YIG has been investigated. The specimen is
fixed over two Peltier elements as shown in Fig. 5 by using a
thermal sticker in order to optimize the thermal contact. A tem-
perature gradient of about 22 K/cm is applied to the sample by
heating one end to 313 K and cooling down the other to
291 K . FMR measurements are performed at the cold end
of the sample with the coil oriented and positioned as in configu-
ration (a) illustrated in Fig. 1. The temperature gradient changes
the microwave absorption spectrum as shown in Fig. 5. There is
in fact a clear and distinct simplification of the spectrum as com-
pared to the room temperature FMR spectra reported in Figs. 2
and 3. The high order longitudinal modes that appear at room
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Fig. 5. FMR spectra of a single crystal YIG slab mm mm m
measured at room temperature (top spectrum) and in presence of a K
between the sample ends in the z direction (bottom spectrum).

temperature are suppressed in presence of the temperature bias
and only the transverse modes of low order are effectively ex-
cited. However, it is difficult to assess the exact index value
of these peaks due to the small spacing ( 2 G) between the

and modes, especially for . More work
has to be carried out on samples of smaller dimensions. Greater
spacing between the different modes can facilitate the assign-
ment of the resonance peaks and can therefore help determine
whether certainmodes are enhanced by the temperature gradient
or whether the pinning of the higher order modes disappears.
No such change in spectrum is detected when the measure-

ment is performed at the hot end of the sample. In this case, the
fine structure of the spectrum, associated to longitudinal modes,
remains. Moreover, for a set temperature gradient, the observed
peaks appear at different resonance fields as the probe is scanned
over the sample surface.
The simplification of the spectrum in presence of temperature

gradient measured at the cold end of the sample is in contrast
with the result reported by Rezende and Azevedo in 1992 which
shows that the number of excited modes in a YIG film increases
when the sample is subjected to a field gradient [22].
Further analysis is still required to understand whether the

temperature gradient is more than just a perturbation to the
system. If so, the excited modes and their associated wave
vector component may become fundamentally different.

VI. CONCLUSION

The magnetostatic modes of a single crystal of YIG are ex-
cited with a small coil of 50 m located 500 m above the
sample surface. Mode quantization is clearly exhibited demon-
strating these are extended throughout the sample. The orien-
tation and location of the coil relative to the sample, i.e., in

the middle or near the ends, lead to the preferential excitation
of the various modes. The observations agree well with the
Damon-Eshbach model.
AYIG slab of 10mm in length is mounted on Peltier elements

to create a temperature gradient along the length of the sample.
A mere 20 K temperature difference is sufficient to cause a sig-
nificant simplification of the excitation spectrum with the sup-
pression of the high order longitudinal modes.
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