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Ferromagnetic resonance in Ni-Mn—-Ga films
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Textured thin films of nominal composition fNj MnGa), 5o were sputter deposited on Si substrates
and studied by x-ray diffraction, micromechanical displacement, dc magnetization, and
ferromagnetic resonand€MR). We report the observation of spin wave resonances in this alloy,
yielding a spin wave stiffness @ =200 meV A2 at 300 K. A marked thermal hysteresis is observed

in the temperature-dependent FMR data arising from the reversible martensitic transiti@®020
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Ni,MnGa and related alloys are magnetic shape memorpounced thermal hysteresis associated with the reversible
alloys (MSMAs) which exhibit extremely large magnetic- martensitic transition.
field induced strains.Ferromagnetic domains in these mate- Ni—-Mn-Ga films were deposited by rf magnetron sput-
rials are identical with the tetragonal variants in the martentering on Si(100) substrates in a high-vacuum chamber with
sitic state, and the field-induced twin boundary motion in thea base pressure ef5Xx 10~° Torr.* During the deposition,
martensite can give rise to strains as large as 6% in appliefir gas at~5x 10" Torr was introduced in the chamber and
fields of ~5 kOe! One important direction of research in controlled via throttling. The nominal starting composition of
MSMAs is the fabrication of thin films, which hold potential the target was NMnGa. Stoichiometric deviation from the
for sensor and actuator devices with applications in microtarget composition is expected in the deposited films, and
electromechanical systems. In general, these thin films digvavelength dispersive spectroscopy was performed on indi-
play properties which are rather different from those of bulkvidual fims to obtain the exact composition. Measured
because their mechanical properties are greatly affected ggemical compositions are given in Table I. The films were
their geometry, microstructure, and the constraint from theeither deposited at elevated temperature up to 500 °C or they
substraté. There is a subtle interplay between the magneticvere deposited at room temperature followed byirassitu
and structural properties that dictates their overall mechan@nnealing in the chamber at temperatures up to 500 °C. The
cal behavior, and understanding these relationships is dfim thickness ranged from~150 to ~1000 nm. We also

paramount importance in realizing the potential of these madeposited relatively thick filmg~1 um) on micromachined
terials. Si cantilevers for detection of martensitic transitions. X-ray

Ferromagnetic resonan@eMR) is one of the most pow- diffraction of the films at room temperature indicated that the
erful methods for probing the magnetic quality of thin films, films were textured with the peak from ti&10 0r|er1£tat|on
In particular, narrow FMR lines and the observation of WeIIOf the auste.mte phf_;l_se being the predominant fe_ At
resolved spin wave resonanc@WR) imply a high degree ferromagnetic transition temperature was determined to be
of magnetic homogeneity. In this letter, we present a FM ear 370 K for all the films; which is the Curie temperature

. f : 3

study of Ni-Mn—-Ga alloy films grown by magnetron sput- or k'):ul\l/lkRvavanGn?. red usin nventional homodvn
tering on Si substrates. In the perpendicular geomeiyg- as measured using a conventional homodyne
netic fieldH_L film plang, we have observed FMR linewidths spectrometer operating at 9.87 GHz, in the temperature range

(full width at half maximum as narrow as 70 Oe, about an of 77_490 K. The apphed fielth was rotated in the plane
perpendicular to the film.

order of magnitude smaller than those reported for bulk poly- We first discuss the room temperature data. Referring to

crystalline samples of Ni-Mn—Galn addition, in the films Table I, films A and B are comparatively thir:200 nm, and
with thickness~=200 nm, we have observed up to eight SWR ’ '

modes and made the first determination of the temperature
dependence of the spin wave stiffness. In thicker filmsTABLE |. Room temperature characteristics of thin filng<(2), Egs.(1)
(>500 nm), the temperature dependent FMR displays pro2"9?:

Sample H, H, H,, 47Mg AH,
ID (kOe) (kOe (kOe  (kOe (Oe) Composition

dAlso at: Dept. of Physics, University of Pune 411007, India; electronic

mail: patil@glue.umd.edu A 1.64 870 0.10 5.40 100 —
YIntern from: Eleanor Roosevelt High School, Greenbelt, MD 20770. B 1.28 9.58 0.27 6.35 70 MigMno 5:Ga
9Also at: Center for Materials Research and Education, Dept. of Chemistry C 1.68 7'04 0'40 3'90 600 B\B |\/|no'3 Ga)ﬂ
and Physics, Rowan University, Glassboro, NJ 08028. D 185 717 020 3.00 300 Nggwno'ﬁ(;ao'ls
YAlso at: Center for Superconductivity Research, University of Maryland, E 1'27 9.82 0'24 6‘60 300 denmeea)zo
. . . . \ 0.369&.15

College Park, MD 20742; electronic mail: takeuchi@squid.umd.edu

0003-6951/2002/81(7)/1279/3/$19.00 1279 © 2002 American Institute of Physics
Downloaded 11 Mar 2007 to 128.8.94.150. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



1280 Appl. Phys. Lett., Vol. 81, No. 7, 12 August 2002 Patil et al.

9000 ————+—F————————————— 10000 ~————————————— .

o T T
T=300K 5wl
8000 ] 9500 g 14 4
A-Data 1 <
o —- Equations (1) and (2) with 9000 - ‘§ .
5 "0 4xM,, = 5.4 kOe T . 2
) ] g=2 1 . 8500 2 T
T~ 6000 (@f2n) = 9.87 GHz 4 3 | 2
o H, =0.1kOe 5 8000 g 4
[ ©
= - 4
© 5000 2
Q 7500 7 8 9 10 A
s g J Magnetic Field ( kOe)
S 4
2 4000 ® 000
4 J
3000 - 6500
2000 6090 Film-B
T T L T 1 T T 1] 0 j |0 2‘0 i y j y y j
— . - . ———r T A 4
0 10 20 30 40 50 60 70 80 90 % ) 0 %0 g0 70
Field Angle (o) n

FIG. 1. Angular dependence of resonance field at300 K in film A. The FIG. 2. Spin wave resonance fields for_film BTat 300 K vsn?. The inset
full line was obtained using Egél) and(2) with the parameter values given shows the SWR pattern for the same film.
in Table I.

changes from film to film. As usual,K,/M is needed to

show a narrow FMR line witlAH , <100 Oe in the perpen- account for the difference betweenr# ¢ and the dc mag-
dicular geometry KlL film plane. The other three films are Netization (47M).

~1 um thick andAH, ~300—600 Oe. All the films studied In the thinner films(films A and B, several spin wave
were found to show significantly wider resonance linesf€sonances were observédset of Fig. 2. The resonance
(>700 Os for HIl to the film plane. Next, the angular de- fields follow then? dependence expected for Kittel modes
pendence of the resonance field, | was used to establish (albeit with both even and odu) in a homogeneous ferro-
that the magnetization was uniform and that the straininagnetic film, namely

induced anisotropy field had a symmetry axis along the film D 2

normal. NamelyH, is given by the equation 5" H+ v —4mMg+ Han, (©)]

L
yielding a spin wave stiffness db (300 K)=200 meV A?

2
w . .
( 7) =(H, cosa—4mMcosh)?+H, sina(H, sina (full line in Fig. 2) for L=1800 A. Although the temperature
interval is rather narrow250—350 K it is notable that the

+47M g Sin 6) (1) temperature dependence bffollows D=D, (1—CT>?),
with Dy=300 meV A andC=3x10 ' K~ %2 as shown in
combined with the equilibrium condition Fig. 3. Thus we have demonstrated that the low-lying excited
states are spin waves and that the stiffness renormalizes with
sin(0—a) 47M g temperature in accord with the simple spin wave theory.
singcosd H, (2)  There are no neutron scattering data available for the present

alloys. In the Heusler alloy®, values of 100-200 meVA

where w=2f, f is the frequencyy is the gyromagnetic have been reported and the temperature dependence follows

ratio, andé (o) measures the angle between Mg H,) and
the film normal.

In order to understand the data for all the films using a
single value ofy (2.00), it was necessary to introduce a small
anisotropy fieldH,, to augmentH, . As before® this is a
field-induced anisotropy with the easy axis aligned parallel
to H. As seen in Fig. 1, Eq¢1) and(2) provide an excellent g s
fit to the data, showing that the film is a fairly homogeneous 2
ferromagnet. The room temperature parameter values for dif=
ferent films are listed in Table I, and it is notable that the © o4
lines are among the narrowest observed ipMNiGa, again
attesting to the high “magnetic quality” of the film. While
vibrating sample magnetometer measurements yield %31
47M (300 K)=8+0.5 kOe, the values for AM z=47M
+2K,/M are significantly lower, thereby indicating that the
strain-induced anisotropy fieldk2,/M is negative and 1-2 T 12 4w 4s 18 20 22 24 y
kOe in magnitude, i.e., the “easy” axis is out of plane. (10°) T

Note thatH ,, is necessary to keep=2 for every film.

Otherwise, the calculateg values show unEhysicaIIy large  FIG. 3. Normalized spin wave stiffness constant as a function®8f
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S5 s : show the temperature dependence of the resonance param-
< a eters 4rM ¢ (derived fromH, usingg=2) andAH, for the

g % ] same sample. The hysteresis is also very apparent in the
5 87 4 FMR data, and the hysteresis end points agree with the
% o6 ] points of the multiphase regiofM. and A, in Fig. 4(a)]

a — quite well. In addition, when the martensite phase is domi-
Y 7600 e ] nant, the linewidth is much larger; as would be expected
§ ; y 4 . /A/;X A;’L\\“:;\ b ] from a state with many martensitic variants. Indeed, Tor

= 72009 QL'/A/}‘MA/A \’\\ ] <130K the FMR line becomes severely distortfgance,

<+ sa00. \\k ] the arrows in Fig. @;)]._Als_o, during warming, &Meﬁ_ls

_ ) significantly lower, indicating that th€negative strain-

8 ro I induced field (X,/M) is enhanced by several hundred oer-
:5: 900-: \\ ¢ - sted. However, the onsets Af, M are not too obvious in

£ 600 \”\v\vﬁ__:? e ] the.FMR data except that, on coolingg ¥« begins to drop

% %04 Film - £ \V\VA:,,‘»:@%N=NM; raplfjrly for T<Mg. .

2 —_— 0 conclude, using FMR we have demonstrated that one
- 80 120 160 200 240 280

can grow thin films of Nj_,_,Mn,Ga, that are magnetically
very homogeneous. We have determined the spin wave stiff-
FIG. 4. The dependence ¢d) micromechanical displacemerib) effective I’lggs DO_3oome_VA) an_d_ Sh_OWﬂ that _'t renormalizes as
magnetization, an¢c) FMR linewidth on temperature for film E. T>'“. The martensite transition is well delineated by the reso-
nance data in agreement with micromechanical experiments.

Temperature (K)
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