
Observation of magnons in Mn2Au films by inelastic Brillouin and Raman light
scattering
M. Arana, F. Estrada, D. S. Maior, J. B. S. Mendes, L. E. Fernandez-Outon, W. A. A. Macedo, V. M. T. S.
Barthem, D. Givord, A. Azevedo, and S. M. Rezende

Citation: Appl. Phys. Lett. 111, 192409 (2017);
View online: https://doi.org/10.1063/1.5001705
View Table of Contents: http://aip.scitation.org/toc/apl/111/19
Published by the American Institute of Physics

Articles you may be interested in
 Spin Seebeck effect in the antiferromagnet nickel oxide at room temperature
Applied Physics Letters 111, 172405 (2017); 10.1063/1.5001694

 Ultra-low damping in lift-off structured yttrium iron garnet thin films
Applied Physics Letters 111, 192404 (2017); 10.1063/1.5002004

 Mapping the magnetization fine structure of a lattice of Bloch-type skyrmions in an FeGe thin film
Applied Physics Letters 111, 192410 (2017); 10.1063/1.5004394

 Skyrmion-based multi-channel racetrack
Applied Physics Letters 111, 192413 (2017); 10.1063/1.4994093

 Micromagnetic simulations of magnetoelastic spin wave excitation in scaled magnetic waveguides
Applied Physics Letters 111, 192411 (2017); 10.1063/1.5001077

 Spin wave modes of width modulated Ni80Fe20/Pt nanostrip detected by spin-orbit torque induced
ferromagnetic resonance
Applied Physics Letters 111, 172407 (2017); 10.1063/1.4999818

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1923910458/x01/AIP-PT/APL_ArticleDL_1217/scilight717-1640x440.gif/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Arana%2C+M
http://aip.scitation.org/author/Estrada%2C+F
http://aip.scitation.org/author/Maior%2C+D+S
http://aip.scitation.org/author/Mendes%2C+J+B+S
http://aip.scitation.org/author/Fernandez-Outon%2C+L+E
http://aip.scitation.org/author/Macedo%2C+W+A+A
http://aip.scitation.org/author/Barthem%2C+V+M+T+S
http://aip.scitation.org/author/Barthem%2C+V+M+T+S
http://aip.scitation.org/author/Givord%2C+D
http://aip.scitation.org/author/Azevedo%2C+A
http://aip.scitation.org/author/Rezende%2C+S+M
/loi/apl
https://doi.org/10.1063/1.5001705
http://aip.scitation.org/toc/apl/111/19
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.5001694
http://aip.scitation.org/doi/abs/10.1063/1.5002004
http://aip.scitation.org/doi/abs/10.1063/1.5004394
http://aip.scitation.org/doi/abs/10.1063/1.4994093
http://aip.scitation.org/doi/abs/10.1063/1.5001077
http://aip.scitation.org/doi/abs/10.1063/1.4999818
http://aip.scitation.org/doi/abs/10.1063/1.4999818


Observation of magnons in Mn2Au films by inelastic Brillouin and Raman
light scattering

M. Arana,1,2 F. Estrada,1,3 D. S. Maior,1 J. B. S. Mendes,4 L. E. Fernandez-Outon,5,6

W. A. A. Macedo,6 V. M. T. S. Barthem,2 D. Givord,2,7 A. Azevedo,1 and S. M. Rezende1

1Departamento de F�ısica, Universidade Federal de Pernambuco, 50670-901 Recife, PE, Brazil
2Instituto de F�ısica, Universidade Federal do Rio de Janeiro, 21941-909 Rio de Janeiro, RJ, Brazil
3Facultad de Biolog�ıa, Universidad Michoacana de San Nicol�as de Hidalgo, Av. F. J. M�ujica s/n,
58030 Morelia, Michoac�an, Mexico
4Departamento de F�ısica, Universidade Federal de Viçosa, 36570-900 Viçosa, MG, Brazil
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The intermetallic antiferromagnetic compound Mn2Au has been attracting considerable interest for

antiferromagnetic spintronics due to its high N�eel temperature and strong spin–orbit coupling. We

report on the experimental investigation of the zero-wave number magnon frequencies in Mn2Au

films using Brillouin and Raman inelastic light scattering techniques. The derived effective anisot-

ropy field values are in close agreement with theoretical calculations. With the values of the anisot-

ropy and exchange fields, the full magnon dispersion curves in Mn2Au were calculated. Due to the

weak in-plane anisotropy, the k� 0 frequency of the lower magnon branch, 121 GHz, is among

the lowest for 3D antiferromagnets, suggesting that Mn2Au is a good candidate for realizing the

generation of spin currents by antiferromagnetic resonance driven spin-pumping, as proposed theo-

retically. Published by AIP Publishing. https://doi.org/10.1063/1.5001705

Since the discovery of giant magnetoresistance (GMR)

in 1988, spintronics, the field of electronics that incorporates

the electron spin, has almost uniquely exploited the properties

of ferromagnetic materials.1 In spintronic devices, antiferro-

magnetic materials (AFMs) play only the passive role of

freezing the orientation of the ferromagnetic moments in the

pinned layer of GMR or TMR (tunnel magnetoresistance)

spin-valve trilayers. Despite a number of attractive properties

(AFMs do not generate stray magnetic fields and are not

affected by the presence of other AFM elements in their sur-

rounding), the incorporation of AFM materials in spintronic

devices raises specific difficulties. In particular, the lack of

stray field implies that reading information written in an

AFM element requires specific probes. Additionally, the

magnetic state of AFM materials cannot be controlled via

magnetic fields. Until now, this property was thought to pre-

clude the use of AFM materials as active elements of any

spintronic devices. However, recent theoretical studies dem-

onstrated that the orientation of AFM moments should be

controllable via spin-orbit torque (SOT).2 This result has

attracted considerable interest towards AFM materials for

AFM spintronics.3 Note also that (i) AFMs have ultrafast

dynamical response with frequencies on the order of THz,4,5

higher than those of FM (GHz)6,7 because the AFM moments

of one sublattice precess about the exchange field due to

exchange interactions with the moments on the other sublat-

tice and that (ii) AFM materials with strong spin-orbit cou-

pling (SOC) are potential candidates for converting spin

currents into charge currents by the inverse spin Hall effect

(ISHE).8,9

The progressive understanding that AFM materials may

have high potential for spintronic applications has stimulated

the search for new materials with high SOC and therefore

potentially large spin Hall effect and the exhaustive charac-

terization of the associated spin configuration and spin

dynamics (CuMnAs, IrMn).2,8 In this category of AFM

materials, Mn2Au has been predicted theoretically10,11 and

experimentally confirmed to exhibit very attractive proper-

ties.12 The magnetic structure of Mn2Au is formed of ferro-

magnetic sheets, stacked along the c-axis of the tetragonal

structure, with the orientation of the moments alternating

from one sheet to the next. The N�eel temperature of Mn2Au

is very high, TN� 1350 K. The Mn moments are confined to

the (001) plane by large second order anisotropy,13 and the

in-plane easy direction of the moment is [110] as defined by

the 4-fold anisotropy.13 This suggests the possible occur-

rence of large tunnel anisotropic magnetoresistance (TAMR)

effects.

One of the methods proposed to generate spin currents

in AFM materials is spin-pumping driven by antiferromag-

netic resonance,14 which corresponds to the generation of

zero wave number magnons. In this study, we report the

observation of magnons in Mn2Au films (100 nm-thick) by

inelastic Brillouin and Raman light scattering, and we calcu-

late the full dispersion relation using the anisotropy field val-

ues obtained from the measured magnon frequencies.

Mn2Au is the Mn richest of all Mn-Au compounds. It

forms by peritectic reaction at 660 �C and decomposes above

680 �C into pure Mn and equiatomic MnAu. In bulk, the

compound may be obtained by mixing the proper amount of

Mn and Au and annealing at a temperature close to but

below 680 �C. Epitaxial (101) films were obtained by growth

on (001) MgO,15 whereas epitaxial (001) films were obtained

by Jourdan et al.16 on (1-102) Al2O3. Polycrystalline films of
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Mn2Au, of typical thickness 10–25 nm, have been obtained as

well as textured (110) Mn2Au films on (111) Pt (in

preparation).

In the present study, we have used two procedures to

prepare films of Mn2Au. In the first, a PVD magnetron sput-

tering tool was used for the growth of the (001) Mn2Au film.

For this purpose, Mn and Au were co-deposited at 600 �C
directly onto the Al2O3(1-102) substrate. After deposition, a

3 nm Ta capping layer was used to prevent oxidation and

deterioration, resulting in a sample structured as follows:

Al2O3/Mn2Au/Ta. As seen in Fig. 1(a), XRD peaks appear at

2h¼ 20.89�, 42.30�, and 65.54� corresponding to the (002),

(004), and (006) Mn2Au Bragg reflections. The derived pref-

erential orientation with the [001] direction perpendicular to

the film surfaces is in accordance with Ref. 16. In the second

procedure, a 100 nm-thick (110)-textured Mn2Au film was

prepared by combining sputtering from a Mn2Au target and

evaporation from a Mn Knudsen cell. The substrate was

surface-oxidized (100) Si onto which a 3 nm-thick Ta seed

layer and a 24 nm-thick (111) Pt layer were deposited prior

to Mn/Au deposition. Films obtained by sputtering from the

Mn2Au target only were found to exhibit the equiatomic

MnAu phase. An additional Mn layer was required to obtain

the desired Mn2Au phase. This was evaporated from the

Knudsen cell. A 4 nm-thick Ta layer was deposited on top of

the whole stack to avoid oxidation. The sample was annealed

at 350 �C for 1 h followed by 480 �C for 5 h. The structural

characterization was done with the aid of a D2 PHASER 2nd

generation benchtop X-Ray diffractometer using the Cu K-a
radiation (k¼ 1.5418 Å). Figure 1(b) shows the theta/2theta

X-Ray diffraction (XRD) peak of the Mn2Au (110) plane at

38.29� and Pt(111) at 39.65�. No peaks corresponding to

MnO or MnAu were detected by XRD. Both samples were

used for the analysis of the magnon behavior.

We performed inelastic Brillouin (BLS) and Raman

light scattering experiments to study the zone-center mag-

nons in Mn2Au. Both BLS and Raman light scattering are

versatile techniques, and it has been widely demonstrated

that these provide information on the dispersion relation of

materials in a very broad range of magnon frequencies.17–21

The BLS measurements were carried out on the Mn2Au

films of both orientations at room temperature using the

backscattering geometry. The samples having a 5 � 5 mm2

surface area were mounted between the poles of an electro-

magnet with a magnetic field, l0H0, of 0.1 T in the film

plane. In the equipment used, the light source is a single-

mode-stabilized Spectra Physics diode laser operating at

532 nm, with a power of 300 mW. This power is attenuated

by filters, and the power impinging on the sample is reduced

to 33 mW. The laser beam is focused on the film surface by

an f/1.7 camera lens, with the plane of incidence normal to

both the film plane and the field. For both films during the

BLS experiments, the samples were positioned at different

incidence angles (35� and 65� for 110 and 001 films, respec-

tively). The scattered radiation collected and collimated by

the same lens passes through an analyzer with the axis at 90�

to the laser polarization, and it is then directed and focused

to the entrance pinhole of a Fabry-Perot interferometer to be

frequency analyzed. The interferometer is a Sandercock

TFP-1 tandem system operating in a (2� 3)-pass configura-

tion, with automatic control and data acquisition made with

a TFPDAS4 interface board and software package. The inter-

face is connected directly to the low-noise solid-state

Hamamatsu photodetector. Figure 2 shows a spectrum of the

Mn2Au (110) film collected by averaging over 15 000 scans,

using a free spectral range of 250 GHz, with noise reduction

made by numerically averaging over 5 points and division

by a function proportional to the fit to the Rayleigh light sig-

nal. The bumpy background is due to the averaging of the

noise arising in the 5 h accumulation necessary to reveal the

weak magnon peaks. These are identified by the Stokes and

anti-Stokes lines with a frequency shift of 121 GHz, clearly

seen in the spectrum of Fig. 2, which are attributed to the

k� 0 low energy magnon in Mn2Au. The applied field value

0.1 T in our work was enough to hopefully orient possible

spin domains along a common direction and achieve the

desired ordering and at the same time without much change

in the magnon frequencies. Similar results were obtained in

the Mn2Au (001) film.

FIG. 1. XRD patterns of 100 nm

thick (001) and (110) Mn2Au films:

(a) Al2O3/Mn2Au(100 nm)/Ta(3 nm);

(b)Si/SiO2/Pt(24 nm)/Mn2Au(100 nm)/

Ta(3 nm).

FIG. 2. BLS spectrum of the Mn2Au (110) film in a field of l0H0¼ 0.1 T

showing the k�0 thermal magnon Stokes (S) and anti-Stokes (AS) lines

with a frequency shift of 121 GHz.
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The Raman spectra of the Mn2Au films were collected

with a Renishaw In Via micro-Raman system equipped with

a 514.5 nm argon laser line and with a 785 nm diode laser.

The measurements were performed with all available laser

lines at different points of the sample surface using a long

distance 50� objective lens, resulting in a laser spot having

a diameter around 1 lm in the focal plane. The laser excita-

tion powers in the sample surface were 150 and 0.9 mW

when using the diode or the argon laser, respectively. High

pass filters were used to attenuate the elastically scattered

light along the laser line direction. The spectra obtained

under various conditions exhibit several lines in the range

of 3–9 THz arising from magnons in the Mn2Au film and

phonons generated within all layers of the sample and in the

substrate. When the crossed polarizer and analyzer are intro-

duced intercepting either the laser path or the scattered light

beam, two Raman shifted lines are consistently less attenu-

ated than the others, the one at 3.24 THz and the other at

4.2 THz. These lines are attributed to magnons in Mn2Au.

This is so because the light scattered by magnons is circu-

larly polarized17 while the light originating from phonons is

linearly polarized. Figure 3 shows a spectrum of the Mn2Au

(001) film obtained with the 785 nm (infrared) diode laser

line, with a noise reduction scheme made by numerically

averaging over 5 points and subtraction by a function propor-

tional to the background scattered light. Similar results were

obtained in the Mn2Au (110) film as expected.

As discussed above, Mn2Au is a two-sublattice antifer-

romagnet with N�eel temperature TN� 1350 K. The Mn spins

are confined in the (001) plane of the tetragonal structure by

a large magnetocrystalline anisotropy; within this plane, they

lie along the easy [110] direction.13 Here, we will ignore the

existence of a small orthorhombic distortion occurring below

TN (see below) and consider the spins in neighboring (001)

planes oppositely aligned forming a two sublattice AFM

arrangement. The spin Hamiltonian with Zeeman energy,

exchange interaction, and out-of-plane (x) and in-plane (y,z)

anisotropy energies can be written as

H ¼ �c �h
X

i;j

H0 Sz
i;j þ

X

i;j

2Jij
~Si � ~Sj þ

X

i

D1ðSx
1Þ

2

þ D2

S2
ðSy

i Þ
2ðSz

i Þ
2; (1)

where ~Si and ~Sj are the spins (in units of �h) at sites i and j
of sublattices 1 and 2, respectively, H0 is the applied static

magnetic field, Jij is the exchange constant representing the

interaction between spins ~Si and ~Sj, l0 is the vacuum perme-

ability, c ¼ glB=�h is the gyromagnetic ratio, g is the spectro-

scopic splitting factor, lB is the Bohr magneton, �h is the

reduced Planck constant, D1 > 0 is the anisotropy constant

along the [001] hard direction, x, and D2 > 0 is the anisotropy

constant along both easy directions, y and z, the h110i per-

pendicular axes, with D1 and D2 in Joules. The Hamiltonian

in Eq. (1) has a similar form to the one for the hard-axis room

temperature NiO7,22 except for the last term expressing the in-

plane anisotropy in Mn2Au. The energy operator of Eq. (1)

was treated with a second quantization formalism by which

the spin operators for the two sublattices are first transformed

into collective boson operators and then into magnon creation

and annihilation operators a†
k ; ak; b

†
k ; bk. Neglecting magnon

interactions, the quadratic Hamiltonian in Eq. (1) is cast in the

diagonal form

H ¼
X

k

�h ðxak aþk ak þ xbk bþk bkÞ; (2)

where xak and xbk are the frequencies of the two magnon

modes. Following Ref. 7, one can show that the unrenormal-

ized magnon frequencies for H0 ¼ 0 are

x2
ak ¼ A2

k � ðBk � CkÞ2; (3)

x2
bk ¼ A2

k � ðBk þ CkÞ2; (4)

where

Ak ¼ l0c HE þ ðHA1 þ HA2Þ=2½ �; (5)

Bk ¼ l0cckHE; (6)

Ck ¼ l0c HA1 � HA2ð Þ; (7)

where HE, HA1, and HA2 are the effective exchange and

anisotropy fields defined by

HE ¼ 2 SzJ=gl0lB; HA1 ¼ 2S D1=gl0lB;

HA2 ¼ 2S D2=gl0lB; (8)

where, in accordance with the theoretical calculations,9 we

have considered only intersublattice exchange interaction

between the z nearest neighbors with parameter J and rela-

tive position vectors~d, such that

ck ¼ 1=zð Þ
X

exp i~k:~dð Þ (9)

is a geometrical factor. As shown in Ref. 7, the magnon fre-

quencies vary with the square of the magnetic field, so that at

low fields one can neglect the effect of the field. Using the

relations (5)–(8) in Eqs. (3) and (4), one can write the fre-

quencies of the two magnon modes in terms of the effective

fields

x2
ak ¼ l0cð Þ2 HE HA1 þ HA2ð Þ þ HA1HA2½
þckHE HA1 � HA2ð Þ þ H2

E 1� c2
k

� ��
; (10)

FIG. 3. Raman shift spectrum of the Mn2Au (001) film showing two k � 0

thermal magnon lines at 3.24 and 4.2 THz.
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x2
bk ¼ l0cð Þ2 HE HA1 þ HA2ð Þ þ HA1HA2½
�ckHE HA1 � HA2ð Þ þ H2

E 1� c2
k

� ��
: (11)

The frequencies of the zone-center k � 0 modes, corre-

sponding to the magnons probed by one-magnon light scat-

tering, with ck ¼ 1 and with HE 	 HA1 	 HA2, Eqs. (10)

and (11), give

xa0 � l0cð Þ 2HA1HEð Þ1=2; (12)

xb0 � l0cð Þ 2HA2HEð Þ1=2: (13)

The exchange field for Mn2Au, derived from susceptibility

measurements, is around l0HE ¼ 1300 T,12 and considering

the g-factor for the Mn moments g¼ 2.0, the gyromagnetic

ratio is c ¼ 28 GHz/T. Using these numbers and the fre-

quency of the lower branch k � 0 magnon mode, measured

by BLS, fb0 ¼ xb0=2p ¼ 121 GHz, we obtain with Eq. (13)

for the in-plane anisotropy field l0HA2 ¼ 0:007 T which is

comparable to the theoretical estimate.11 In regard to the

magnons in the upper energy branch, the fact that we have

observed two lines in the Raman spectrum indicates the pres-

ence of a small orthorhombic distortion in the AFM phase of

Mn2Au, which can be attributed to magnetostriction. The

distortion lifts the equivalence of some spin sites ensuring

that there are actually four spin sublattices and correspond-

ingly four magnon modes, similar to NiO.17,20 Since we are

using a two spin-sublattice approximation, we assumed in

the analysis of the Raman data that the frequency of the

upper branch k � 0 magnon mode is the average of the two

measured values, 3.72 THz. Using this value in Eq. (11) and

the same exchange field and g-factor, we obtain for the hard

axis anisotropy field l0HA1 ¼ 5:3 T, which is also compara-

ble to the theoretical estimate.11 The full magnon dispersion

relations, calculated using the obtained anisotropies field val-

ues, are shown in Fig. 4. Figure 4(a) shows the full magnon

dispersion relations for Mn2Au calculated with Eqs. (9) and

(10), using the values for the effective fields l0HE ¼ 1300 T

and l0HA2 ¼ 0:0072 T assuming a spherical Brillouin zone

and using for the structure factor ck ¼ cos pk=2kmð Þ, where

km ¼ p=al, with al being the lattice parameter.

In conclusion, the magnon frequencies corresponding to

the k � 0 wave vector were measured by Brillouin light scat-

tering at 121 GHz and by Raman spectroscopy at around

3.72 THz in films of antiferromagnetic Mn2Au with (110)

and (001) orientations. The full dispersion relation was cal-

culated using a spin Hamiltonian considering the Zeeman

energy, the exchange interaction, and the out-of-plane and

in-plane anisotropy energies. The resulting calculated hard

anisotropy field amounts to 5.3 T and that of the in-plane

anisotropy to 0.007 T. Knowledge of the lowest magnon fre-

quency in Mn2Au, 121 GHz at low fields, suggests that this

compound is a more convenient candidate to achieve spin

current generation by spin pumping through antiferromag-

netic resonance (AFMR) than the AFMs considered in Ref.

4. MnF2 and FeF2 have the lowest magnon frequencies at,

respectively, 260 GHz14,23 and 1.56 THz.24 The observation

of such high frequency magnons involves difficult AFMR

techniques. It also requires working at low temperatures,

since MnF2 and FeF2 order below room temperature, as well

as the application of high magnetic fields to separate the

magnon branches.14,23,24 In contrast, Mn2Au is AFM ordered

at room temperature and the magnon branches are separated

even at low fields.
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