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Ferromagnetic resonance in Ni–Mn–Ga films
S. I. Patil,a) Deng Tan,b) S. E. Lofland,c) and S. M. Bhagat
Ferromagnetic Resonance Group, Department of Physics, University of Maryland,
College Park, Maryland 20742

I. Takeuchi,d) O. Famodu, J. C. Read, K.-S. Chang, C. Craciunescu, and M. Wuttig
Department of Materials Science and Engineering, University of Maryland, College Park, Maryland 20742

~Received 3 May 2002; accepted for publication 25 June 2002!

Textured thin films of nominal composition Ni0.50(MnGa)0.50were sputter deposited on Si substrates
and studied by x-ray diffraction, micromechanical displacement, dc magnetization, and
ferromagnetic resonance~FMR!. We report the observation of spin wave resonances in this alloy,
yielding a spin wave stiffness ofD5200 meV Å2 at 300 K. A marked thermal hysteresis is observed
in the temperature-dependent FMR data arising from the reversible martensitic transition. ©2002
American Institute of Physics.@DOI: 10.1063/1.1501161#
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Ni2MnGa and related alloys are magnetic shape mem
alloys ~MSMAs! which exhibit extremely large magnetic
field induced strains.1 Ferromagnetic domains in these ma
rials are identical with the tetragonal variants in the mart
sitic state, and the field-induced twin boundary motion in
martensite can give rise to strains as large as 6% in app
fields of ;5 kOe.1 One important direction of research
MSMAs is the fabrication of thin films, which hold potentia
for sensor and actuator devices with applications in mic
electromechanical systems. In general, these thin films
play properties which are rather different from those of b
because their mechanical properties are greatly affecte
their geometry, microstructure, and the constraint from
substrate.2 There is a subtle interplay between the magne
and structural properties that dictates their overall mech
cal behavior, and understanding these relationships is
paramount importance in realizing the potential of these m
terials.

Ferromagnetic resonance~FMR! is one of the most pow-
erful methods for probing the magnetic quality of thin film
In particular, narrow FMR lines and the observation of w
resolved spin wave resonances~SWR! imply a high degree
of magnetic homogeneity. In this letter, we present a FM
study of Ni–Mn–Ga alloy films grown by magnetron spu
tering on Si substrates. In the perpendicular geometry~mag-
netic fieldH'film plane!, we have observed FMR linewidth
~full width at half maximum! as narrow as 70 Oe, about a
order of magnitude smaller than those reported for bulk po
crystalline samples of Ni–Mn–Ga.3 In addition, in the films
with thickness'200 nm, we have observed up to eight SW
modes and made the first determination of the tempera
dependence of the spin wave stiffness. In thicker fil
~.500 nm!, the temperature dependent FMR displays p
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nounced thermal hysteresis associated with the revers
martensitic transition.

Ni–Mn–Ga films were deposited by rf magnetron sp
tering on Si~100! substrates in a high-vacuum chamber w
a base pressure of;531029 Torr.4 During the deposition,
Ar gas at;531023 Torr was introduced in the chamber an
controlled via throttling. The nominal starting composition
the target was Ni2MnGa. Stoichiometric deviation from the
target composition is expected in the deposited films, a
wavelength dispersive spectroscopy was performed on i
vidual films to obtain the exact composition. Measur
chemical compositions are given in Table I. The films we
either deposited at elevated temperature up to 500 °C or
were deposited at room temperature followed by anin situ
annealing in the chamber at temperatures up to 500 °C.
film thickness ranged from;150 to ;1000 nm. We also
deposited relatively thick films~;1 mm! on micromachined
Si cantilevers for detection of martensitic transitions. X-r
diffraction of the films at room temperature indicated that t
films were textured with the peak from the~110! orientation
of the austenite phase being the predominant feature.4 The
ferromagnetic transition temperature was determined to
near 370 K for all the films; which is the Curie temperatu
for bulk Ni2MnGa.3

FMR was measured using a conventional homody
spectrometer operating at 9.87 GHz, in the temperature ra
of 77–400 K. The applied fieldH was rotated in the plane
perpendicular to the film.

We first discuss the room temperature data. Referring
Table I, films A and B are comparatively thin,,200 nm, and

ry

,

TABLE I. Room temperature characteristics of thin films (g52), Eqs.~1!
and ~2!.

Sample
ID

H i

~kOe!
H'

~kOe!
Han

~kOe!
4pMeff

~kOe!
DH'

~Oe! Composition

A 1.64 8.70 0.10 5.40 100 —
B 1.28 9.58 0.27 6.35 70 Ni0.50Mn0.33Ga0.17

C 1.68 7.04 0.40 3.90 600 Ni0.54Mn0.31Ga0.15

D 1.85 7.17 0.20 3.90 300 Ni0.50Mn0.30Ga0.20

E 1.27 9.82 0.24 6.60 300 Ni0.49Mn0.36Ga0.15
9 © 2002 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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show a narrow FMR line withDH',100 Oe in the perpen
dicular geometry (H'film plane!. The other three films are
;1 mm thick andDH';300– 600 Oe. All the films studied
were found to show significantly wider resonance lin
~.700 Oe! for Hi to the film plane. Next, the angular de
pendence of the resonance field (Hr) was used to establis
that the magnetization was uniform and that the stra
induced anisotropy field had a symmetry axis along the fi
normal. Namely,Hr is given by the equation

S v
g D 2

5~Hr cosa24pMeff cosu!21Hr sina~Hr sina

14pMeff sinu! ~1!

combined with the equilibrium condition

sin~u2a!

sinu cosu
5

4pMeff

Hr
, ~2!

where v52p f , f is the frequency,g is the gyromagnetic
ratio, andu ~a! measures the angle between theM (Hr) and
the film normal.

In order to understand the data for all the films using
single value ofg ~2.00!, it was necessary to introduce a sm
anisotropy fieldHan to augmentHr . As before,5 this is a
field-induced anisotropy with the easy axis aligned para
to H. As seen in Fig. 1, Eqs.~1! and~2! provide an excellent
fit to the data, showing that the film is a fairly homogeneo
ferromagnet. The room temperature parameter values for
ferent films are listed in Table I, and it is notable that t
lines are among the narrowest observed in Ni2MnGa, again
attesting to the high ‘‘magnetic quality’’ of the film. While
vibrating sample magnetometer measurements y
4pM (300 K)>860.5 kOe, the values for 4pMeff54pM
12Ku /M are significantly lower, thereby indicating that th
strain-induced anisotropy field 2Ku /M is negative and 1–2
kOe in magnitude, i.e., the ‘‘easy’’ axis is out of plane.

Note thatHan is necessary to keepg52 for every film.
Otherwise, the calculatedg values show unphysically larg

FIG. 1. Angular dependence of resonance field atT5300 K in film A. The
full line was obtained using Eqs.~1! and~2! with the parameter values give
in Table I.
Downloaded 11 Mar 2007 to 128.8.94.150. Redistribution subject to AIP
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changes from film to film. As usual, 2Ku /M is needed to
account for the difference between 4pMeff and the dc mag-
netization (4pM ).

In the thinner films~films A and B!, several spin wave
resonances were observed~inset of Fig. 2!. The resonance
fields follow then2 dependence expected for Kittel mod
~albeit with both even and oddn! in a homogeneous ferro
magnetic film, namely

v

g
5H1

D

g\ S np

L D 2

24pMeff1Han, ~3!

yielding a spin wave stiffness ofD(300 K)5200 meV Å2

~full line in Fig. 2! for L51800 Å. Although the temperatur
interval is rather narrow~250–350 K! it is notable that the
temperature dependence ofD follows D5D0 (12CT5/2),
with D05300 meV Å2 andC5331027 K25/2, as shown in
Fig. 3. Thus we have demonstrated that the low-lying exci
states are spin waves and that the stiffness renormalizes
temperature in accord with the simple spin wave theo
There are no neutron scattering data available for the pre
alloys. In the Heusler alloysD0 values of 100–200 meV Å2

have been reported and the temperature dependence fo

FIG. 3. Normalized spin wave stiffness constant as a function ofT5/2.

FIG. 2. Spin wave resonance fields for film B atT5300 K vsn2. The inset
shows the SWR pattern for the same film.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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the spin wave theory.6 However, the presentD values are
exceptionally large for a material withTC;370 K.

Figures 4~a!–4~c! show the temperature dependence
the micromechanical displacement and the FMR characte
tics. Figure 4~a! represents the result of a thermomechani
measurement of a;1 mm film ~film E! deposited on a mi-
cromachined Si cantilever. Thermally activated displacem
of the cantilever is monitored using a capacitance form
between the cantilever and a separate electrode.7 A clear ther-
mal hysteresis loop is observed indicating the occurrenc
a reversible martensitic transformation in the film. Marte
site start and end and austenite start and end temperature
marked in the figure asMs , Me , As , andAe , respectively.
The observed transition behavior is very similar to that
previously reported Ni–Mn–Ga films.8 Figures 4~b! and 4~c!

FIG. 4. The dependence of~a! micromechanical displacement,~b! effective
magnetization, and~c! FMR linewidth on temperature for film E.
Downloaded 11 Mar 2007 to 128.8.94.150. Redistribution subject to AIP
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show the temperature dependence of the resonance pa
eters 4pMeff ~derived fromH' usingg52! andDH' for the
same sample. The hysteresis is also very apparent in
FMR data, and the hysteresis end points agree with
points of the multiphase region@Me and Ae in Fig. 4~a!#
quite well. In addition, when the martensite phase is do
nant, the linewidth is much larger; as would be expec
from a state with many martensitic variants. Indeed, forT
,130 K the FMR line becomes severely distorted@hence,
the arrows in Fig. 4~c!#. Also, during warming, 4pMeff is
significantly lower, indicating that the~negative! strain-
induced field (2Ku /M ) is enhanced by several hundred oe
sted. However, the onsets atAs , Ms are not too obvious in
the FMR data except that, on cooling, 4pMeff begins to drop
rapidly for T<Ms .

To conclude, using FMR we have demonstrated that
can grow thin films of Ni12x2yMnxGay that are magnetically
very homogeneous. We have determined the spin wave s
ness (D05300meV Å2) and shown that it renormalizes a
T5/2. The martensite transition is well delineated by the re
nance data in agreement with micromechanical experime
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