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An all-electrical method is presented to determine the exchange constant of magnetic thin films

using ferromagnetic resonance. For films of 20 nm thickness and below, the determination of the

exchange constant A, a fundamental magnetic quantity, is anything but straightforward. Among

others, the most common methods are based on the characterization of perpendicular standing

spin-waves. These approaches are however challenging, due to (i) very high energies and (ii) rather

small intensities in this thickness regime. In the presented approach, surface patterning is applied to

a permalloy (Ni80Fe20) film and a Co2Fe0.4Mn0.6Si Heusler compound. Acting as a magnonic

crystal, such structures enable the coupling of backward volume spin-waves to the uniform mode.

Subsequent ferromagnetic resonance measurements give access to the spin-wave spectra free of

unquantifiable parameters and, thus, to the exchange constant A with high accuracy. VC 2016
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4943228]

For investigations as well as applications in the fields of

spintronics and magnonics, the exact knowledge of either the

exchange constant A or the corresponding exchange stiffness

D ¼ 2A=MS (with MS the saturation magnetization) is essen-

tial. The reason is that most of today’s applications are based

on the dynamics of the magnetization built up by the micro-

scopic spin system. Regarding the technical need to reduce

the size of functional entities, exchange forces become domi-

nant. Thus, the necessity for precise methods to determine

the exchange constant becomes immediately evident.

There are several approaches1,2 to determine the

exchange constant of thin films with the most prevalent ones

being (i) the magnetometric determination of the temperature-

dependent decrease3,4 of MS and (ii) the investigation of

spin-wave modes across the film thickness, referred to as

perpendicular standing spin-waves (PSSWs) by either ferro-

magnetic resonance (FMR)5,6 or Brillouin light scattering

(BLS).7–9 Approach (i) relies on thermal spin-wave excitation

described by the Bloch-law, which becomes more complex

and error-prone, if magnon-magnon processes are of rele-

vance. In contrast, approach (ii) is based on the investigation

of PSSW modes, which are shifted up to high energies and

lowered in their intensities if the film thickness is very small.

A possible solution is presented based on frequency-

dependent FMR measurements. After the characterization of

the as-deposited film, a magnonic crystal is created by a peri-

odical modulation of the surface. As shown for a variety of

non-perturbative systems,10–12 such structures enable a cou-

pling of in-plane spin-wave modes to the uniform mode.

Here, stripe-like perturbations are created on the film surface

to couple spin-waves in backward volume (BV) geometry

via two-magnon scattering (TMS)13–15 to the uniform mode.

In turn, such BV-modes allow for a straightforward calcula-

tion of A. This method is suited for many thin film systems

and, additionally, yields most of the relevant magnetic prop-

erties. Advantages are the low energy of the BV modes as

well as their high intensity due to the coupling to the uniform

mode facilitated by FMR.

Altering the demagnetizing field, the perturbations act

as scattering centers for the uniform mode with

x
c

� �2

¼ l0H0 � l0H0 þ l0Meffð Þ; (1)

where f ¼ x=ð2pÞ is the FMR frequency, l0Meff ¼ l0MS

� 2K2?=MS is the effective magnetization with K2? the uni-

axial perpendicular anisotropy constant, and c ¼ glB=�h is

the gyromagnetic ratio (g is the g-factor). Being an elastic

scattering process, TMS couples the uniform ~k ¼ 0 mode to

higher ~k 6¼ 0 modes. This requires for an energy- and mo-

mentum conservation. In fact, spin-wave modes degenerate

with the uniform mode can be found for BV geometry with
~kkk~M and ~kk the in-plane wave vector due to their parabolic

dispersion16 given by

x
c

� �2

¼ l0H0 þ Dk2
� �

� l0H0 þ Dk2 þ l0MeffFpp kkd
� �h i

(2)

with d the film thickness, ~k ¼ ~kk þ ~k? ¼ ~kk þ pp=d � ê?
(p¼ 1, 2, 3,…) the spin-wave propagation vector and

FppðkkdÞ ¼ ½1� expð�kkdÞ�=ðkkdÞ the matrix element of the

dipolar interaction. Momentum transfer is provided by the

perturbations acting as scattering centers and TMS occurs if
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the scattering condition kk ¼ n� 2p=a0 (n¼ 1, 2, 3,…) is

satisfied with a0 the modulation periodicity. In this case, the

uniform mode probed by FMR couples to the crossing BV

modes and splits up in two branches referred to as optical

(acoustical) mode for the high (low) frequency branch. For

the crossing points (CPs), xðk ¼ 0Þ ¼ xðk 6¼ 0Þ applies,

leading to the expression

D Hnð Þ ¼ a0

2pn

� �2

� l0Hnð Þ2 þ
1

4
l2

0M2
effF

2
pp kkd
� ���

þl2
0MeffHn

�1
2

� l0Hn �
1

2
l0MeffFpp kkd

� �)
(3)

for the exchange stiffness D depending on the field value Hn

of the nth CP (a derivation is provided in Ref. 17). Note that

Eq. (3) represents the simple case of materials with negligi-

ble intrinsic anisotropy. In case of pronounced grooves, a

uniaxial shape anisotropy K2k needs to be taken into account

and l0Hn must be replaced by the term l0Hn þ 2K2k=MS.

In the following, the method is tested on two materials:

(i) a 25.5 nm thick permalloy (Ni80Fe20) film and (ii) an

18.4 nm thick Heusler-compound Co2Fe0.4Mn0.6Si (CFMS).

The former was chosen as a well-known system to prove the

accuracy of the method. The latter was selected to show the

applicability to technically relevant materials.18–21

The permalloy film was deposited on surface-oxidized

Si(100) substrate by electron beam physical vapor deposition

(EBPVD) carried out at a pressure of 2:6� 10�6 mbar.

Details of the epitaxial growth and magnetic properties of

CFMS can be found in Refs. 22–24. The stack consists of a

20 nm Cr layer and a 40 nm Ag film acting as a buffer

between the MgO(100) substrate and the L21 ordered CFMS.

Besides, a 3 nm Ta cap layer was put on top of the stack. The

surfaces of both films were stripe-patterned using e-beam

lithography (EBL) and ma-N 2401 negative resist. The stripes

have a nominal width of bPy¼ 120 nm and bCFMS¼ 140 nm,

respectively, and a periodicity of a0¼ 300 nm [see Figs. 1(a)

and 1(d)]. The structures were etched using 200 eV reactive

(Ar) ion beam etching (RIBE) introducing surface

perturbations as shown in Figs. 1(b) and 1(c). The etching

depth of both magnetic films was below 1 nm. For a sub-

nanometer etching underneath the Ta-cap (in case of CFMS),

multiple 10 s etching steps were carried out with subsequent

FMR measurements until mode-splitting was observed. A

detailed thickness- and perturbation height analysis (values

given in Table I) is provided in Ref. 17. The magnetic charac-

terization was carried out using a 0.1–50 GHz vector network

analyzer - ferromagnetic resonance (VNA-FMR) setup as

described in Ref. 25. The sample was mounted flip-chip on a

coplanar waveguide (width 80mm), and the complex trans-

mission parameter S21 was measured by the VNA as the

FMR signal. The f ðH0Þ-dependencies were obtained by fit-

ting multiple field-swept measurements.

In order to determine all magnetic parameters in Eq. (3),

except from n and Hn, an FMR pre-characterization was

carried out. Fitting the data of in-plane and out-of-plane f ðH0Þ
measurements,17 g-factors and Meff of both materials were

determined and are shown in Table I. To exclude the presence

of out-of-plane anisotropies, vibrating sample magnetometry

(VSM) was employed to determine MS (see Table I).

Moreover, the films were checked for in-plane anisotropies

revealing a weak uniaxial anisotropy K2k=MS ¼ 0:12 mT of

the permalloy sample (subsequently neglected) and a fourfold

anisotropy of K4k=MS ¼ 0:95 mT in case of CFMS.

As shown in Fig. 2(a), the f ðH0Þ of the patterned permal-

loy film was measured with an in-plane field orientation along

the modulation direction. Four resonance branches are visible

separated by three CPs of the n¼ 1, 2, and 3 BV modes with

the uniform mode, respectively. In principle, two effects can

be observed: (i) A clear mode-splitting with an optical and

acoustical branch close to the CP if the mode-separation is

large compared to the linewidth. In the measurement, this is

the case for the 1st and 3rd CPs. (ii) An effective line-

broadening is observed14,25,26 if mode-splitting is small com-

pared to the linewidth. This was found for the 2nd and 4th CPs

[see Figs. 2(b) and 2(c)]. The results regarding the CP locations

in the f ðH0Þ measurement as well as the corresponding values

of the exchange stiffness constant are provided in Table II.

In case (i), the field Hn of the nth CP is assumed to be

located at the field value with minimal mode separation.

Whereas in case (ii), the frequency fn of the nth CP can be

estimated by fitting the peak of the linewidth DH using a fit

function based on a superposition of Gilbert damping and a

Gaussian peak DHðf Þ ¼ DHinh þ 4paf=ð
ffiffiffi
3
p

cÞ þ C=
ffiffiffiffiffiffiffiffiffiffi
2pr2
p

� exp ½�ðf � fnÞ2=ð2r2Þ� with C the Gaussian amplitude and

r the standard deviation. Here, the center of the Gaussian

indicates the frequency fn and with Kittel’s law [Eq. (1)], the

respective field value Hn is found. Note that for a reduction of

the fitting parameters, the Gilbert parameter a ¼ 7:4� 10�3

and the inhomogeneous line broadening l0DHinh ¼ 0:13 mT

of the uniform mode were used with field perpendicular to

the modulation [gray asterisks in Figs. 2(b) and 2(c)].

FIG. 1. (a) Sketch of a surface-modulated permalloy film. (b) Cross-

sectional TEM image. The height modulation of the film is hardly visible on

this scale. (c) A detailed TEM-study, as described in Ref. 17, proves a height

modulation of Dd ¼ 0:9 nm. (d) Top-view of the resist mask by scanning

electron microscopy.

TABLE I. Properties of the permalloy and the CFMS film.

Material g? gk l0Meff (mT) l0MS (mT) A (pJ/m) d (nm) Dd (nm)

Py 2.106 2.112 924 925 8.7(4) 25.5(5) 0.9

CFMS 2.036 2.054 1387 1368 17.5(1.4) 18.4(5) <0.5

102402-2 Langer et al. Appl. Phys. Lett. 108, 102402 (2016)



Clearly, the strong mode splitting at the 1st CP makes

the determination of A more error-prone. Here, mode split-

ting is so pronounced, that mode 2 [blue triangles in Fig.

2(a)] is shifted causing a significant deviation of the value

of D when the 2nd CP is used (23.8 T nm2). However,

the 3rd and 4th CPs allow for a precise determination of

the exchange [stiffness] constant and coherently reveal

A¼ 8.7(4) pJ m–1 [D¼ 23.6(1.2) T nm2]. This value is con-

sistent with available literature.1,27,28 Note that the result

was obtained taking into account an additional out-of-plane

anisotropy of K2?=MS ¼ 5:3 mT (see Ref. 17), which is very

small compared to MS. Since the method is sensitive to the

film thickness d as well as the exchange stiffness D, both pa-

rameters can also be fitted. Here, the best fit was achieved

for D¼ 24.4 T nm2 and d¼ 26.6 nm, which is in very good

agreement with the value found in the thickness analysis in

Ref. 17.

A similar procedure was carried out for the CFMS film.

The properties according to the pre-characterization are

given in Table I. The f ðH0Þ measurement of the patterned

film [depicted in Fig. 3(a)] shows two modes [quasi-BV

mode (quasi-uniform mode)—blue circles (black squares)]

in the frequency ranges of 6.0–8.6 GHz and 11.3–13.3 GHz.

Here, the splitting between optical and acoustical branch is

very small, and thus, both modes could not be distinguished

close to the CP. In Fig. 3(a), the part of the optical (acousti-

cal) mode with energy below (above) the CP is referred to as

quasi-BV mode. In-turn, the quasi-uniform mode denotes the

optical (acoustical) mode with energy above (below) the CP.

To determine A, Eq. (2) was used to fit the 1st quasi-BV-mode

using the material parameters gained in the pre-characterization

(see Table I). The result is given by the red line in Fig. 3(a)

revealing an exchange [stiffness] constant of A¼ 17.5(1.4)

pJ m–1 [D¼ 32.2(2.6) T nm2] and is consistent with the value

[18(1) pJ m–1] obtained by Sebastian et al. for 200 nm thick

CFMS.29

In addition, numerical calculations (details provided in

Ref. 17) of the FMR-response of a 5 nm CFMS film with

0.5 nm surface-modulation [shown in Fig. 3(b)] were carried

out in order to test the applicability of the method to even

thinner films. The mode-splitting at the 1st CP is depicted

by the sequence of field-sweeps shown in Fig. 3(b). The

corresponding amplitudes obtained by fitting are given in Fig.

3(c). In this thickness regime, an analysis of the mode ampli-

tudes was found to be more appropriate compared to a line-

wdith- or resonance field analysis. Showing an intersection at

the CP, the amplitudes reveal a CP-frequency of 28.23 GHz,

and thus, an exchange stiffness of 32.9 T nm2 with only 2%

deviation from the actual value (32.2 T nm2) used as input.17

It is concluded that the presented approach allows for an

exact determination of the exchange constant A in thin films

using magnonic patterning. Consistently with the literature,

FMR measurements yield values of the exchange [stiffness]

constant of 8.7(4) pJ m–1 [23.6(1.2) T nm2] for permalloy

and 17.5(1.4) pJ m–1 [32.2(2.6) T nm2] for CFMS. Moreover,

numerical calculations indicate the principle applicability of

the method to 5 nm films. Thus, the method is capable of

studying film properties in a thickness regime, where

FIG. 2. (a) Frequency dependence of a surface-modulated permalloy sample

with properties according to Table I. Orange lines indicate modes calculated

using Eqs. (2) and (1), where n¼ 0 indicates the uniform mode. (b) and (c)

Plots of the linewidth at the second and fourth CP, respectively. The dashed

lines indicate the center frequency of the Gaussian fit. Note that both peaks

of the linewidth occur due to the presence of two very closely lying reso-

nance peaks.

TABLE II. Crossing points fnðHnÞ and the corresponding spin-wave number

n gained from an f ðH0Þ measurement of surface modulated permalloy [see

Fig. 2(a)]. Column 5 indicates whether the exchange stiffness in column 4

was determined using (i) the f ðH0Þ mode-distance or (ii) the linewidth.

n fn (GHz) l0Hn (mT) D (T nm2) Approach

1 (6.07) (44.4) (25.3) (i)

2 9.26 96.1 23.8 (i) and (ii)

3 13.78 194.0 23.6 (i)

4 23.48 457.1 23.6 (ii)

FIG. 3. (a) f ðH0Þ dependence of an 18 nm surface modulated CFMS film

with fits. (b) Numerically obtained field-sweeps of a 5 nm thick CMFS film

with 0.5 nm surface modulation close to the 1st CP. (c) Resulting amplitudes

for optical and acoustical mode obtained by fitting of each field-sweep

shown in (b).

102402-3 Langer et al. Appl. Phys. Lett. 108, 102402 (2016)



interfacial effects become relevant. As an all-electrical

approach, this method is a sophisticated tool for the material

characterization of a huge variety of structures, e.g., based

on spin Hall effect (SHE)30 or spin-transfer torque

(STT).31,32 It has been demonstrated that coupling phenom-

ena, such as two-magnon scattering, can be employed to

study spin-waves (such as backward volume modes), which

in regular thin films cannot be detected by FMR.
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