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Ferromagnetic resonance study of diluted Fe nanogranular films
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Ferromagnetic resonan€¢EMR) in diluted Fe nanogranular films with low volume fractions of Fe

(v) has been studied. Films prepared by a co-sputtering technique are composed of amorphous Fe
nanoparticles embedded in Si@lass matrices. The resonance of the FMR uniform mode is found

to be strongly affected by the, the temperature, and the angle between the film plane and the
applied magnetic field. The present study suggests that the values of these parameters should be
carefully selected in order to realize left-handed materials using diluted ferromagnetic-metal
nanogranular films. €004 American Institute of Physic§DOI: 10.1063/1.1739526

I. INTRODUCTION Fe volume fraction ¢). The experimental procedures are
_ o ) ~ briefly summarized in the following sectid8ec. I). Section
Films consisting of ferromagnetic-metal nanoparticlesyj| js devoted to the characterization of film composition and
embedded in nonmagnetic matrices are known astrycture, and to FMR studies as a function of thethe
ferromagnetic-metal nanogranular films. The structure of tthmperature, and the angle between an applied magnetic field

nanogranular films can be specified by the volume fraction ofnq the film plane. Finally, in Sec. IV we conclude the paper.
the magnetic granules/{. In the range ot =50-60% the

nanometer-size granules are in close contact with each other
(structural percolation thresholdl,), forming infinite net- !l EXPERIMENTAL

works  of “wormy” textureg? Just below the v, Nanogranular Fe-SiQfilms were prepared by a co-
ferromagnetic-metal nanoparticles in the films are Closelysputtering technique. Fe chips were placed on a $i@yet.
packed and separated by very thin nonmagnetic layers. Sugt ey were simultaneously sputtered in 2.7 Pa Ar gas using a
films have been intensively studied as promising materialgt magnetron sputtering apparatus. This technique enables a
for use in magnetic data storage media with ultra-high regma)| yolume fraction of Fe in the films to be controlled by
cording density. i the areal ratio of Fe and Sjn the sputtering target. Films

In contrast to the “dense” ferromagnetic-metal nan- 564t 10um in thickness were deposited onto quartz sub-
ogranular films, ‘.‘dlluted" films with very lowo, in Wh_'Ch strates for FMR studies. The substrates were not heated dur-
the ferromagnetic-metal granules are completely isolateghy he geposition. The as-deposited films were studied.
by matrices, have received little attention. Diluted = tpe yolume fraction in the films was estimated by using
ferromagnetic-metal nanogranular films are, however, of ingjactron probe microanalysé€SPMA). The EPMA were car-
terest for realizing left-handed materidlsHMs)° having si-  tieq out on films 1um in thickness deposited on Al plates. A
multaneously negative electrical permittivity) and nega-  ¢rogs section of the samples was observed using a transmis-
tive magnetic permeabilityu) in the microwave regioh.  gjon electron microscopéTEM) operated at 800 kV. The
This is based on the fact that of ferromagnetic materials specimens for the TEM observations were prepared accord-

for electromagnetic waves can be negative in the vicinity of,y o standard procedures including mechanical and Ar-ion
the ferromagnetic resonan@eMR) frequency, which is usu- thinning techniques.

ally in the microwave regioft? In order to realize LHMs by FMR studies were performed using a conventional
this approach, 'detailed knowledge of FMR conditions in they_pnq (*=9.1 GHz) ESR spectrometer equipped with a cy-
nanogranular films is necessary. lindrical TEy;; cavity. The samplegabout 3 mmx3 mm)

In this paper, we have reported the results of FMR studyere placed onto a quartz sample holder, put into the cavity,

ies of diluted Fe nanogranular films with small values for they g he|d in either parallel or perpendicular orientation to the
sample plane of the applied magnetic field. FMR spectra
dElectronic mail: s-tomita@riken.go.jp were obtained by sweeping the magnetic field from 0 to 10
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kOe. The magnetic field was calibrated using &
a-diphenylB-picryl hydrazyl (DPPH sample =2.0036).
A standard field modulation technique was used so that the
detected signal corresponded to the first field derivative of
the absorbed microwave power. A He gas-flow cryostat com-§
bined with a temperature controller allowed us to vary the (&8s
sample temperature continuously in the range of 3—300 K. In
addition to FMR studies, the magnetization of the samples &
on various temperatures and magnetic fields was investigate
using a superconducting quantum interference device
(SQUID) magnetometer.

Ill. RESULTS AND DISCUSSION
A. Film composition and structure

In this study, EPMA was used to determine the ratio of §
the atomic concentrations of Fe to H(./Xg;). The volume

fraction of Fe[v (%)] was then calculated from the atomic a ooy ke
Fe:Si ratio using/(100-v)=0.260(Xre/Xs).2° This rela- 3 %°[ozt.42 nm

tion assumes that the material is completely phase—separate§ - T
into Si0, and crystallinex-Fe. On the other hand, Fe nano- 5 30~ -
particles have amorphous structures in the present sampleé 20 -
as will become obvious later. Thereforecalculated in this 3 10 =
manner does not give a strictly correct volume fraction of Fe o L=l Ll
in the films. Since this slight difference was not thought to 012345
seriously affect the conclusions, the calculatedas used to Diameter (nm)

keep our notation consistent with that used by Others|':IG 1. A cross-sectional TEM image of a film with=15%. The inset
Though Fe nanogranular films have been prepared with shows the size distribution of the pagmcles. '

=1, 5, 15, 20, and 24%, the=5% and 15% films are the

focus of this study.

Figure 1 shows a cross-sectional TEM image of a film
with v =15%. Spherical dark patches about 2 nm in diamete
can be seen. These patches correspond to Fe nanopatrticles in Figures 2a) and Zb) show the FMR spectra obtained at
amorphous Si@ matrices. The micrograph shows no obvi- room temperature for films with=5 and 15%, respectively.
ous evidence of physically connected particles. As shown iMNote that the spectra correspond to the field derivative of the
the inset, the size distribution of the particles is narrow. Theabsorbed microwave power. The inset of Figg)dllustrates
average diameterd(,) and standard deviatiofr) are 2.01  the configuration of a sample in an applied magnetic field
nm and 0.42 nm, respectively. Debye—Scherrer rings in §H). The # was defined as the angle betwdérand the film
selected-area electron diffractidSAED) pattern are quite plane;§=0° and §=90° correspond td1 in the directions
broad (not shown here Almost all of the rings were as- parallel and perpendicular to the film plane, respectively.
signed to amorphous & although a few dim rings could In Fig. 2(@), a broad resonance at about 3000 Oe could
not be identified. Based on these findings, #he15% film  be clearly observed. Thg value of this resonance is about
was characterized by isolated, roughly spherical, and amof.20. This resonance signal is referred to as the main reso-
phous Fe nanoparticles witl,,=2.01 nm embedded in nance signal in the following. In addition to the main reso-
SiO, glass matrices. TEM observation of another film with nance signal, a weak signal around 500 Oe was observed.
v=>5% also revealed that amorphous Fe nanoparticles abotihe origin of this weak signal has yet to be elucidated. Fig-
1 nm in diameter were dispersed in the Siglass matrices. ure Aa) shows that the position and width of the main reso-

TEM studies have indicated that Fe nanoparticles in thenance signal for the=5% film are independent @ On the
films possess amorphous rather than crystalline structuresther hand, the resonance signal for the film with 15%

The formation of amorphous Fe nanoparticles in aswas influenced byd [Fig. 2(b)]. At §=0°, the signal ap-
deposited Fe—Sigfilms prepared by a co-sputtering method peared around 2900 Osolid line), whereas the signal ap-
was previously reported by Holet al*® They reported that peared upfield at 3500 Oe f@r=90° (dashed ling

sputtered films had an excess of silicon; the O:Si atomic ratio  More detailed FMR studies were carried out by changing
was less than 2.0. The excess silicon atoms incorporated inthe temperature in the range of 4—300 K. It should be first
the Fe particles were considered responsible for the amonoted that the position of the signal in the film with
phous phase of Fe. It was also reported that post-deposition 5% was almost entirely independent of the temperature.
annealing between 480—-700 °C under vacuum converts thehus, only the results for the film with=15% are shown in
particles from amorphous to crystalline. Fig. 3. Figure 8a) shows the temperature dependence of the

IB. Ferromagnetic resonance studies

Downloaded 18 Nov 2004 to 133.30.106.15. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



8196 J. Appl. Phys., Vol. 95, No. 12, 15 June 2004 Tomita et al.

| | | | 5500+||||||||||||||||||||||||+
— (a) —
: 4H v=15%
: 5000 O 6=0°, W 6=90° _|]
2z - ) = — = v=5%
5 O 6=0°, @ p=90°
g 4500 |~ - —
© ° n
) S 4000 |- - -
w = -
ST - m
" v=5% at R.T. 3500 |~ -
— — 0=0"° —
----- 6=90 °

3000;5,3.3
© O

2500QIIIIIIIIIIIIIIIIIIIIIIII+

50 100 150 200 250 300
Temperature (K)

FIG. 4. The resonance field of the main-resonandg) (in films with v
=5% (O,®) and inv =15% (C1,M) are plotted as a function of temperature
down to 50 K. The open and solid marks correspond tdthén the parallel
and perpendicular configurations, respectively.

FMR signal (arb. units)

served to broaden and shift to a lower magnetic field. Figure
3(b) shows the temperature variation of the spectradat
=90°. The main resonance signal shifted towards a higher
O 2000 4000 6000 8000 10000 field and broadened with decreasing temperature.
Magnetic field (Oe) In addition to the main resonance signal in Figa)3
FIG. 2. Room temperature FMR spectra of films with v —5% and(b) below 150 K, another signal was observed at a lower field,
v=15%. The inset illustrates the configuration of a sample and an applied't"round 1000 Oe, and was remarkable at around 30 K. Also at
magnetic field. 6=90° [Fig. 3(b)], a broad signal around 2000 Oe was ob-
served at low temperatures. The position of the signal in both

_ ) . . configurations shifted to a slightly lower field as the tempera-
FMR spectrum ap=0°. Suppression of the signal intensity e decreased. A similar feature was observed by Sharma
in the vicinity of the zero field at low temperatures is an and Baikel? in FMR spectra for a silica-supported Ni cata-
artifact caused by a magnet power supply. The main resquq; (Nj content 8%. One of the possible origins of this
nance signal appeared around 2900 Oe at room temperatui®psidiary feature is unsaturation of the magnetization of the
As the temperature decreased, the resonance signal was Qfg;,5 13 The deformation of the main resonance signal due to
the appearance of this subsidiary feature is thus believed to
be prevented in a high field, in other words, in a high fre-
quency FMR study.

T T I I T T 1
(@) v=15%, 6=0° (b) v=15%, 6= 90 °

300K 300K

150k C. Main resonance signal in FMR spectra

150K
In Fig. 4, the resonance field for the main resonance

100K ] (Hp) in the film with v=15% is plotted as a function of
temperature. The open and solid squares correspoHq &

100K

)

FMR signal (arb. units)

50K

FMR signal (arb. units)

oK = 50K 0=0° and 6=90°, respectively. In an effort to derivd,
30K data analyses were conducted. The derivative FMR spectrum
20K 5 was integrated to obtain a spectrum of absorbed microwave
- 10K ]| power, and the spectrum was then decomposed into two sig-
10K . . . .
4K nals with Lorentzian lineshapes. Tl was derived from

<

the decomposed signal at a higher field. It was very difficult
I [ 11 ™ to decompose the spectra well at low temperatures due to the
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000 broadness and deformation, thus only the data from room
Magnetic field (Oe) Magnetic field (Oe) temperature to 50 K were presented.
FIG. 3. The temperature dependence of FMR spectra for a film with _TheHO of t_he s_lgnal for the =15% film at6=90" (the
—15% at(a) 6=0° (the parallel configurationand (b) 6=90° (the perpen- solid squares in Fig. appeared at about 3700 Oe at room
dicular configuration temperature and shifted upfield upon cooling. It finally
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reached about 5000 Oe at 50 K. On the other handHthat RN LR LN RRRLR LR
0=0° (open squargsshifted from about 3000 Oe to the B
downfield as the temperature decreased. The results for the 8x10° v=15% -
v=5% film at #=0° (open circley and at #=90° (solid a==93%000 00
circles are also shown in the same figure for comparison. | \ ... ZEC

The Hg of thev =5% film was observed to be independent — FC

of both the angle and the temperature.

It should be mentioned here that both the5% and
15% films showed spontaneous magnetization in the M—H
curves obtained by the SQUID magnetometer, although the
data is not shown here. The spontaneous magnetization is
believed to originate from ferromagnetic amorphous Fe
nanoparticles in the film¥. It is thus reasonable to interpret
the main resonance signals as due to a FMR uniform mode
(the Kittel modé&), which corresponds to a uniform preces-
sion of all of the magnetic moments coupled in the Fe nano-
particles with the angular frequenay. The FMR condition
for an ellipsoidal ferromagnet, to which the external field is Temperature (K)
applied along the axis, is given by the Kittel equatich,

Magnetization (emu)

2 - —
IFEEREREENE IRERANREN] RRRRA AR

0 100 200 300

FIG. 5. Magnetization inv=15% film at #=90° during the zero-field-
cooled(dashed lingand field-cooledsolid line) procedures under 3000 Oe.

w3=yHo+(N,—=N)MJ[Ho+(N,—N)M,], (1)

whereH, is the applied magnetic field for the uniform mode _ HoHoT 42V e

resonanceM, is the magnetization in the direction; andy wo/|7|=VHo(Ho+4mM,), 6=0°, (3a)

is the gyromagnetic ratio, which is related to theralue by wol|y|=Ho—47M,, 6=90°, (3b)
y=—gug/h. The Bohr magneton is represented hy, L

and# is the Planck constant divided byr2The Ny, N, , where the term 4M, represents the demagnetization effect.

andN, are the demagnetization factors along the, andz | N€S€ equations suggest that tg in the parallel(perpen-
directions, respectively, which vary with the shape of thediculan configuration appears at a loweighen magnetic
ferromagnet and satisfy the relatibij+ Ny + N,= 4. For a field than the resonance field without the demagnetization

noninteracting uniform sphere, the shape effect can be né&fféct: The predicted angular dependence of the uniform
glected becaush,=N,=N,, and mode signal is in good agreement with the present FMR

results foro =15% at room temperature; as shown in Fig. 4,

wo!|y|=Hp. 2) H, appeared around 3000 Oe@t 0° and around 3700 Oe

at #=90°. These results clearly indicate that a film with

Equation(2) indicates that théd, for magnetically isolated =15% is beyond the magnetic percolation thresholg,
spherical magnets is independent of the magnetic field dire@and the amorphous Fe nanopatrticles in the film are magneti-
tion and temperatures below the Curie temperature. Thisally coupled despite the fact thatis low compared to that
clearly explains the angular and temperature dependence of the structural percolation threshold (= 50-60%). It is
the main resonance signal for=5%. Furthermore, theg thus concluded that a slight differencednaffects the FMR
factor of the signal §=2.20) is close to that of a uniform conditions of diluted ferromagnetic-metal nanogranular
mode in bulk ferromagnetic Fe material, the value of which.films, and the permeability. of a film with v>v,, would
obtained from the literature, ig=2.14+0.081° The main  exhibit anisotropy under a given magnetic field and micro-
resonance iv=5% film can thus be assigned to a FMR wave frequency.
uniform precession mode in the individual spherical Fe  Equations(3a) and(3b) also point out that the tempera-
nanoparticle about 1 nm in diameter. This indicates that, in @aure dependence &1, in a film with v =15% is attributed to
film with v =5%, the very small Fe nanoparticles are mag-that of the 4rM,. The temperature dependencedf, for
netically isolated and show superparamagnetism, in whiclkh=15% was investigated using a SQUID magnetometer.
the magnetic moment of each single domain nanomagnet Bigure 5 showsM, versus temperature during zero-field-
randomly oriented by thermal fluctuations. cooled(ZFC) and field-cooledFC) procedures under a mag-

An increase inv is followed by an increase in the size netic field of 3000 Oe. The dashed and solid lines correspond
and density of Fe nanoparticles, as shown by the TEM obto ZFC and FC curves, respectively. The magnetic field was
servation. Superparamagnetic spherical Fe nanoparticles thapplied in the direction perpendicular to the film plang (
begin to magnetically couple with each other at the magnetie=90°). The ZFC curve indicates that the, has a peak at 6
percolation thresholdu(,), resulting in the formation of K. This is attributed to the blocking phenomena of super-
magnetic networks in the films. Given that the ensemble oparamagnetic particlésAs the temperature decreases, super-
the coupled superparamagnetic moments ahqQyéehaves paramagnetic particles of smaller and smaller size become
macroscopically as a thin magnetic film, a shape effect mustuccessively blocked until the blocking temperatlipeof 6
be considered for FMR conditions. The Kittel equatj@y. K, where the ZFC curve shows a maximum. This blocking
(1)] for ferromagnetic disks is expressed as process leads to an increase in tile as the temperature
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\RRAL RRARN LLRA) LAALS LEAL) RARL signal of thev =15% film was found to strongly depend on

1400 |- v=15%, 6=90° —0.10 the both these parameters. Even thoughuhel5% is far
W H,-3726 by FMR below thev value of the structural percolation threshold
1200~ \W — 4aM, by SQUID (vp,=50-60%), this dependence can be explained by the

- 0.08 Kittel equations for ferromagnetic disks, indicating that a
film with v = 15% is beyond the magnetic percolation thresh-
old v, and the ferromagnetic Fe nanoparticles in the film are
magnetically coupled. The results suggest that a difference in
v, the angle, and the temperature strongly affect the FMR
conditions of diluted ferromagnetic-metal nanogranular
0.04 films, i.e., these factors affect the permeabilityof films
under a given magnetic field and microwave frequency. In
addition, the lower field side of the resonance signal with

0.06

H, - 3726 (Oe)
4aM, (emu)

0.02 =15% film was deformed probably due to unsaturation of
0 50 100 150 200 250 300 the magnetization of the film. The unsaturation of the mag-
Temperature (K) netization can be prevented by using a high magnetic field, in

other words, in a high frequency FMR study above 10 GHz.
FIG. 6. TheH0—3726 forv =15% film at#=90° derived from Fig. 4 and The present Study enables us to Suggest thabthangle’
the 4mM under 3000 Oe af=90° derived from the FC curve in Fig. 5 are oy neratyre, and operation frequency should be carefully se-
simultaneously plotted as a function of temperature. . . . B .
lected in order to realize LHMs using diluted ferromagnetic-
metal nanogranular films.
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IV. CONCLUSIONS
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