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Abstract—We present ferromagnetic resonance (FMR) mea-

surements on Fe thin films where the resonance condition is ful-

filled in meta-stable magnetic states in saturation. By comparison

to spin wave theory calculations, we show that a small deviation in

the shape of the free energy surfaces between the point at which

the metastable state is expected to disappear and the one at which

it actually decays in the measurement is accounted for by the

thermal energy of the magnonic and lattice system, namely the

thermal fluctuation field. By comparison to the expected magnon

heat capacity, we show that this finding offers the possibility to

measure the magnonic contribution to the heat capacity by FMR

independent of other contributions.

I. INTRODUCTION

Knowledge of the magnetic contribution to the thermal

properties of physical systems is essential for the understand-

ing of magnetocalorics and spintronics such as the spin See-

beck effect. Also for hyperthermia applications it is important

to asses the coupling between the thermal properties of the

magnetic contributions and the crystal system. Measuring the

contribution of magnons to the heat capacity of magnetic

materials at temperatures of technical interest however proves

to be a difficult problem. It was shown in [1] that by using

fields of at least 30T the magnon contribution in YIG can

be supressed in a temperature regime up to 20K in order to

separate it from other contributions. At higher temperatures the

thermal properties are dominated by phonons. A supressing

field would need to be orders of magnitude higher then could

be achieved technically, such that it becomes a challenging

task to separate the magnon contribution. Here we propose a

new method for determining the magnonic heat capacity using

ferromagnetic resonance (FMR). The concept of our method is

based on accurate angular dependent measurements around the

magnetocrystalline hard axis of Fe films at a fixed microwave

frequency. Using this unconvetional FMR we have evaluated

the Zeeman energy in critical configurations of metastable

states. We show that in the temperature regime between 70K

and 280K the temperature derivative of the critical Zeeman

energy is proportional to the magonic heat capacity.

II. EXPERIMENTAL PROCEDURE

In this study we perform ferromagnetic

resonance measurements on an epitaxial

3 nmPt/2 nmAg/10 nmFe/10 nmAg/GaAs(001) thin film
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Figure 1. A plot of the energy landscape at different applied field angles for
a fixed field strenght. The black points illustrate the position of the minimum
that determines the orientation of the magnetization. The unstable, metastable
and stable regions for that state are separated by black lines. The unstable
region can be regared as non existant in this example, as the formal minimum
transitions into a saddle point rather than a maximum.

in which the (001)-direction of the Fe layer points out of the

sample plane. For such systems the Helmhotz free energy

density is known to have the form

F
(
~B, ~M

)
= − ~M (θ, φ) · ~B (θB , φB) +

1

2
µ0M

2 cos2 (θ)

+2K⊥
2 sin2 (θ) +

1

4
K4

(
sin2 (2θ) + sin4 (θ) sin2 (2φ)

)
(1)

including the Zeeman contribution as discussed in [2]. The

angles are given in spherical coordinates, where θ is the polar

out-of-plane and φthe azimuthal in-plane angle.

In order for the magnetization to be resonantly excited it

is necessary for ~M (θ, φ) to be a minimizer of this energy

landscape. According to ref. this holds true, even if it is a local

minimum. Thus the appearence of ferromagnetic resonant

absorption is expected to occur in metastable states. In order

to create such metastable states in the experiment, we sweep

the angle of the apllied field at fixed field strengths. The effect

of such an angle sweep on the energy landscape at sufficiently

low fields is shown in fig. 1. The metastable regime starts at

an apllied field angle of π/4 which corresponds to the hard

direction of the energy landscape.

The experimental procedure for such an angle sweep is

schematically shown in fig. 2. A sufficiently large field of

300mT is applied along the magnetocrystalline easy axis of

Figure 2. a) Schematic representation of the measurement procedure. b) Low
field section of the measured FMR signal of a 10 nm Fe(100) film measured
at 9.535GHz at room temperature. The straight line at 45° indicates the
magnetocrystalline hard direction, the curved line shows the critical angles at
which the metastable regime ends and the dashed curved line indicates the
boundary of the metastable regime as predicted using the theoretical model
in ref. The differentce between the black curve and the dashed curve along
the horizontal axis corresponds to the thermal fluctuation field[3].

the sample to fully align the magnetization. Then the field is

reduced to the desired field value for the angle sweep and

the angle is swept from the easy axis across the hard axis in

steps of 0.1°. One angle step takes about 0.3 s. During that

sweep the FMR signal is recorded. The sharp discontinuity

in the FMR signal that is indicated as a black line in fig. 2

pinpoints field-angle configurations at which the magnetization

transitions from a metastable to a stable eqilibrium. For the

applied field magnitudes in this measurement we find, that

his transition happens within a few degrees off the hard axis.

These measurements where performed at various temperatures
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Figure 3. The boundary of the metastable regime for the sample measured
in plane from the hard axis of the magnetocrystalline anisotropy. Points with
error bars represent measured values, solid lines are lienar interpolations used
later to determine the temperature derivative at different fields.

and the curves that follow the measured of discontinuities at

each temperature are depicted in fig. 3.

III. RESULTS AND DISCUSSION

We find, that as we decrease the temperature the critical an-

gle offset from the hard axis at which the magnetization tran-

sitions from its metastable into a stable equilibrium increases

and approaches the angle predicted for zero temperature as

shown in fig. 3. The field regime from 20mT to 43mT was

chosen because here the angles could be well distinguished

and the sample is expected to be saturated.

For all temperatures the resonance field was extracted from

the FMR spectra and fitted solving the commonly used eq. 2

[2], [4], [5], [6] to determine the anisotropy parameters.(
ω

γ

)2

=
1

M2 sin2 (θ)

(
d2

dθ2
F

d2

dφ2
F −

(
d2

dθdφ
F

)2
)

(2)

For the fits, the experimental resonance field was used in

the calculation to determine the orientation of the magne-

tization vector that minimizes the free energy density. This

magnetization vector was then used in equation 2 to calculate

the resonance field position for the respective frequency at a

given set of anisotropy parameters. The so determined cubic

anisotropy shown in fig. 4 is in agreement with literature

data [2]. The out of plane uniaxial anisotropy K⊥
2 and the

magnetization did not change significantly in the given tem-

Figure 4. Cubic crystal anisotropy K4 as a function of temperature. Blue
points with error bars are the values obtained through fitting, the red curve is
a third order polynomial interpolation to serve as a guide to the eye.

perature regime. We obtain M = (1.71± 0.01) · 106 A/m and

K⊥
2 = (16± 0.6) · 103 J/m3, using a g factor of 2.09[7].

With these values we then evaluated the Zeeman contribu-

tion FZeeman = − ~M · ~B to the free energy density in eq.1

for all temperatures using the critical angles φB from fig.

3 as the in plane applied field angle. In this calculation θB

and θ are fixed to 90° due to the shape anisotropy of the

sample. The magnetization angle φ is determined numerically

by minimization eq. 1 within the metastable regime. This

critical Zeeman energy density is the energy density that is

provided to the system in order to perform the transition.

Therfore we analyze its change as a function of temperature.

Cosidering that the magnetization has some amount of heat

available to it in the form of magnons we would expect, that

as we decrease the temperature Zeeman energy is required to

make the transition. Moreover since the Zeeman contribution

is defined negative we expect that its change is proportional

to the change of the magnon heat in the system. Therefore we

calculated the change of the thermal energy of the magnons

that is the heat capacity. To calculate the magnonic heat

capacity we proceed as described in [8]. As of [9], [10] the

magnon dispersion can be approximated as

ω (k) = γB + ωZB(1− cos

(
π

2

k

km

)
) (3)
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Figure 5. The red points show the central numerical derivative of the Zeeman
contribution to the free energy including error bars. The black dashed curve
is the result of numerically evaluating the magnon specific heat eq. 4. The
parameters we used for Fe are a = 286.65 pm [12] ωZB = 18THz [8]
γ = 2.92 · 1010 1/T·s [7] and αD = 0.87[11].

where γ is the magnetogyric ratio, B is the magnetic flux,

km = αD
3√
6π2

a is the radius of the Debye-Sphere with

the lattice constant a and the scaling factor αD [11] that

approximates the Brillouin zone and ωZB is the magnon

frequency at the zone boundary. According to [8], the magnon

specific heat can then be written as

cmagnon
V =

1

(2π)
3

kmˆ

0

d3k
(~ω (k))

2

kbT 2

exp
(

~ω(k)
kBT

)
(
exp

(
~ω(k)
kBT

)
− 1
)2

(4)

by calculating the temperature derivative of the inner energy of

the magnons. A comparison between the temperature deriva-

tive of the Zeeman contribution and the numerically calculated

magnon heat capacity of Fe is shown in fig. 5. We find, that for

each applied field the curves are proportional which leads us

to the conclusion, that this experiment offers a way to measure

the heat capacity of magnons at elevated temperatures.

IV. SUMMARY

We have shown that non collinear FMR modes exist in

metastable magnetic states as predicted in ref. . We also find

that the magnonic heat capacity of iron is proportional to the

temperature derivative of the Zeeman energy at the critical

points in the unconventional FMR angular dependence by

comparison to spin-wave theory calculations. We find a good

agreement between the measured data and the calculation.

Further investigations will be conducted on different materials

as well as microwave power dependent measurements.
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