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We have investigated the composition and frequency dependence of the permeability tensor in heterostruc-
tures composed of metal oxides nanoparticulate powders. Samples consist of grains of the magnetic phase
(y-F&03) homogeneously dispersed in a nonmagnetic insulating backgi@m). A measurement capabil-
ity has been used to investigate the permeability tensor components of the ferrimagnetic samples under an
externaly magnetic field, as a function of composition. The samples exhibit a previously unobserved field-
dependent anisotropic contribution to the permeability tensor. The gyromagnetic resonance frequency de-
creases with FE€®, content and increases with applied magnetic field. The frequency-dependent response in the
microwave frequency range can be fit reasonably well using a single parameter whose value is consistent with
the determination from a ferromagnetic resonance experiment and can be rationalized by means of a recently
developed coarse-grained multiscale model. The model is based on multiscale averaging techniques and takes
into account magnetostatic intergranular interactions via a mean-field approximation. These observations are
aimed at developing a more realistic description of magnetic nanophases that takes into account details of the
microstructure and provide salient input to micromagnetic simulations.
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[. INTRODUCTION study the propagation of electromagnetic waves in nano-

structures usingab initio methods, such as the density-

Current research indicates that the electromagnetism dfinctional theory. Although computation simulations of the
nanostructures is a challenging field for experimentalists agnderlying physics have generated a substantial amount of
well as for theoreticians. Understanding the complexities ofvork over the yeargsee, e.g., Refs. 4 and 5, and references
electronic and magnetic properties at low dimensions constitherein, the experimental work is only recent, and to date

tutes one of the central focuses of condensed matter physicdNly & limited number of measurements have focused on this

During the last decade an enormous amount of effort hagroblem§'7 The important questions about the electromagne-

gone into studying the effects of size and shape ofism at these length scales can best be resolved by direct
nanophases and nanometer-scale structures on permittivi perimental observation in real space and eventually yield

and permeability. Along with generic features reported for" ngsegggmilvg?emhr;o :ﬁj?ﬁhrpheglijgsggr';aeln?g?az netic
these compounds such as the fact that the electromagnetic Step regarding P 9

. . A nanostructures is the detailed understanding of the nature and
properties of nanostructures often deviate significantly fromsource of magnetic anisotropy. However, despite its crucial
those of their coarser-grained counterparts, some display ex ! ’

i i 2 The ch in the elect . ole, there has been little work dealing explicitly with the
otic properties as well.” 1he changes in the elecromagneliC o meapility of anisotropic and spatially inhomogeneous
properties due to reduction in grain sizes are due to the fa

, - A At agnetic materials and its calculation from first principles is
that a high fraction of the overall material is in the vicinity of long-standing problem. Attempts to do this have been de-
an interface and to the confinement of electrons and excito%|oped including theoretical approximations assuming in
in small volumes. In addition, the propel’ties will be affected most cases a quasistatic hypothesis W|th0ut t|me reséé"ng
by the presence of defects such as impurities and graignd numerical methods using a variety of techniques, such as
boundaries that result from synthesis and processing. Fromionte Carlo simulations, a finite-element scheme, or alge-
an engineering perspective the source of this abundant intebraic formulationg:® Early pioneering work by Pold&r
est lies in the potentially very large area of applications rangyielded an expression for the permeability of a uniformly
ing from sensors to high-density magnetic recording and mimagnetized single-domain anisotropic magnetic particle
crowave circuits. Advances in the compositional which is described by a second-rank Hermitian tensor
development and processing science of granular nanophases

suggest them to be promising candidates for costly effective, w jk O
magnetically tunable microwave device applications such as - .

circulators and isolators, compatible with integrated-circuit p=| ~lk p O
and solid-state technology. More specifically, the study of 0 0 1

nonreciprocical components which are made possible by se-

lecting the appropriate gyrotropic materials has been the subin the coordinate system such that the external field is ap-
ject of extensive experimental and theoretical work in recenplied in the positivez direction, whereu=pu'—ju” is the
years. From a fundamental standpoint, it is a challenge teffective permeability and=«'—j«” is the effective non-
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diagonal term, where single prime and double prime denote,
respectively, real and imaginary parts. Here the magnetiza-

m
tion vector is M=Mg, where zis the unit vector in the A —
equilibrium direction. To complicate the situation further, y =
several authors have considered the case of partially magne-
tized material$='? Moreover, a comprehensive multilength-
scale description of submicron magnetic particles which can Port 1 @ Port2
provide detailed information concerning structure and collec-
tive magnetic behavior has not been achieved yet and is still
a subject of profound discussions in the recent literattité.
The dynamics of magnetization reversal and coercive field in
magnetic materials is governed by several interacting pro-
cesses taking place simultaneously at different length scales.
The complexity may be structural in origin, or it may be
rooted in the magnetic and electronic interactions having
various origins and different energy scales, e.g., spin-
exchange interactions and dipole-dipole interactions. For dy-
namic simulations, the relevant length scales should be
coupled. Despite its obvious relevance to our fundamental
understanding of magnetism, experimental progress on mag-
netic anisotropy in nanostructures is constrained by the limi-
tations of available diagnostic techniques.

Over the past decade or so, metal oxides nanopowders
have been recognized as model systems for investigating FIG. 1. Schematic diagram of the experimental setup used for
nanostructure® Dense packings of particles are frequently permeability tensor measurement. The corresponding experiments
used in these investigations not only because they are ecbave been performed using an HP 8720A network analyzer and a
nomical but also because they are easily processable aifidll two-port S parameter test s¢f). Cell and sample geometry
allow for unique control over composition and architecture(B)- We use the notatio; , i,j=1,2, to represent the reflection
on the nanoscale. Observe that the wide variety of behavidt"d transmission scattering parameters from p¢) 1o port 2(1).
is further complicated by interparticle interactions arising )
from the difficulty of controlling particle dispersal. In a set of "écently developed approach based on a multilength-scale
early experiment® we showed that the overall features of description of the problem, respectively. Finally, the paper
the zero-field(isotropid electromagnetic properties of di- concludes with a summary in Sec. V.
luted magnetic §-Fe,O3)-semiconductor(ZnO) granular
heterostructures exhibit a strong dependence on the powder Il. EXPERIMENT
size of the starting materials. Furthermore, the analysis of the
hysteresis response indicates that the coercivity and the satu-
ration magnetization normalized to the content of@&gin In the present work we use a recently developed nonitera-
the sample remain nearly constant over the entigOFeol-  tive experimental characterization method to determine the
ume fraction range investigaté® Over the last few years, permeability tensor of magnetic nanocomposftest the
we have developed an effective technifjwedth which to  heart of the experiment, our approach involvese Fig. 1a
achieve accurately measuring both the diagonal and nondironreciprocal strip transmission line measurement cell which
agonal components of the permeability tensor. This techhas been partially filled with a$5x 1.8 mn? rectangular
nique offers many superior features over other methods fonanocomposite sample. The cell is connected to an HP
(isotropig electromagnetic characterization of particulate8720A automatic network analyzer allowing us to measure
materials and deserves further exploration. the scattering parameter§ parameters) which represent

With the above as motivation, we report in this article onthe reflection and transmission coefficients from pof2)lto
the field and composition dependences of thrisotropi¢  port 2 (1) of the network analyzer. To accurately obtain its
electromagnetic transport properties of ZnO apde,0;  electromagnetic characteristics, the test sample is placed in
granular nanostructures. The key objectives of this work ar¢he space between the conducting strip and lower ground
(i) to present the results of our first systematic study of theplane of the cell. The microwave energy, indeed, is chiefly
anisotropic component of the permeability of multicompo-located in this region of the cell. The main advantage of
nent magnetic nanostructures &figl to support the implica- employing a nonreciprocal cell is that it allows one to mea-
tions of our previously mentioned wofR. sure separately th& parameters in order to derive both

This paper is organized as follows. In Sec. Il we describeand « in the operating frequency range by a single experi-
the experimental details. In Secs. Il and IV, we present thenent. To ensure nonreciprocity, the transverse field displace-
results of an investigation of the gyromagnetic resonancenent effects in the propagation structure are explditétvo
mode at different compositions and magnetic fields, and weteps are necessary. In the first step,>55< 1.8 mn? rect-
show that the permeability data can be rationalized within angular piece of dense TjQrutile) of relative permittivity

A. Electromagnetic measurements
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eq=15.5 is placed on one side of the test sample, whereas, 5

on the other side, air ensures that the cell cross section is ()
asymmetrically defined. In the second step, the cell is placed 4
between the pole faces of an electromagnet to transversely
and uniformly magnetize the sample to be characterized. 3
The effective permeability tensor componept&nd « of v
the magnetic sample can be presentéd as 2
2ay"y” 1
M(w): 2 o _ _ + .=
Mogow[(b—a)(1+eqg)+2ac]-2(b-a)y"y
(1) 0
[(b-a)u(w)+al(y* —y") ¢
k(w)= , 2 (b)

wogw (1—gg)a(b—a)

whereu ande, denote the permeability and permittivity of
free spacew is the wave angular frequendy,is the cell’s

conducting strip half-widtha is the test sample half-widtls, B2
is the effective permittivity, andg/* andy~ are the propaga- \

tion coefficients for the forward and backward directions of 1 "'\‘ —
propagation, respectively. They are analytically related to the /
S parameters of the cell containing the dielectric and mag- 0

netic sample§.Observe that Eqs(1) and (2) are valid as
long as we consider a situation in which the quasitransverse
electromagnetic approximation, to obtainand k, is valid. ()
One should bear in mind that the quantitative accuracy of
this approach is limited: e.g., for the sample corresponding to
a volume fraction of FgD5; equal to 0.55, we estimate the
absolute uncertainties to 0.008 faf' and 0.0006 fo” at 1 k' 0 —
GHz, respectively, where the errors are statistical and sys-
tematic. All experiments were carried out at room tempera-

-2
ture.
B. Materials -4
Commercially available ZnO angl-Fe,O5 powders were 4
used as basic components of the samples studied here anc (d)
were supplied from Nanophase Technologies Corp., Burr 2

Ridge, IL. Control over the average grain size and shape was
achieved by scanning electron microsc¢fgM). X-ray dif- " 0 F‘yw«..,‘_ p—
fraction (XRD) confirmed the single-phase nature of the ba- T

sic powders, and both XRD and SERRef. 16 revealed

random grain orientation and an average particle size of 23 -2
nm for F&Oz; and 49 nm for ZnO. The size of the particles is

below skin depth up to optical frequencies. Epoxy resin 4
(Scotchcast 265at a volume fraction of 12% was used as 0 1 2 3 4
organic binder. The details of the fabrication procedure of

these composite materials have been described previtfusly.

As a result of this procedure, plaguettes of 1.8 mm thickness Frequency (GHz)
and about 5 mm long on each side were used for electromag- .
netic spectroscopy experiments' Throughout the tbxde- FIG. 2. The frequency dependence of the zero-field components

notes the volume fraction of F@;. The dispersibility of 4 and « of the permeability tensor for a ZnO/f@; composite
ferrimagnetic particles within the ZnO host matrix particles S2mple containing a volume fraction of #&&, f=0.55.(a) Real

is of importance since grain boundaries contribute in a crupam‘”l’ (b) imaginary part.”, (c) real part«’, and(d) imaginary
cial way to the electrical and magnetic properties of granuIaPartK . Room temperat_ure. '_I'he thin curve is a fit of the data to the
materials. Even if there is no definitive method for evaluat->CMM model as described in the text.

ing dispersibility—and ultimately control over—of nanopar-
ticles, SEM experiments provide support for a homogeneous
dispersion during the mixing process and the interpretation In Fig. 2 we present the real and imaginary parts of the
of the results here and elsewhéfe. permeability tensor components versus the frequency at zero

Ill. RESULTS
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field for the sample containing a volume fraction of,Be 4 (@)

=0.55, corresponding to an internal porosit§.33. The first 3

thing to note, in the zero-field spectra, is that the sample is

macroscopically isotropic, i.ex’=0 and«”"=0. These re- 2 k'& /

sults are consistent with those observed in a previous Work. u Mg \
The gyromagnetic resonance at 1 GHz is accompanied by a 1

second peak at 3 GHz. Such a peak is not instrumental and Lf
was ascribed to the polydispersityf the nanophases since 0 \
it follows the same composition end external magnetic field ]

dependence as the main line. Figure 3 shows the same quan-

tities measured in a field of 3 kOe and demonstrates the 4 (b) T

transport anisotropy found in this sample. A closer look at 3 | .
Fig. 3 reveals that the maximum @f’ is coincident with the ! I\
corresponding maximum ok”. The position of the gyro- 2

magnetic peak is composition and field dependent. To obtain ~ y~ 4 \
further insight into the magnetic properties of these materi- 1 e -““'/

als, Fig. 4 summarizes the variation of the resonance fre- } \
quency, determined either from the peak valueutfor «”, 0 1

as a function of the volume fraction of j&;. Comparing " ;

the results foH=0 and 3 kOe, one sees that in both cases

the peak position shifts to lower frequency as the content of 4 © ) ‘ 1

the magnetic phase is increased. Figure 5 shows the effect of

varying the applied magnetic field on the resonance fre- 2 % |
quency, determined from” and x”, while keeping the vol-

ume fraction of FgO5; constant &0.55). The resonance fre- '0 -~

quency is shown in Fig. 5 to increase more than sixfold on ' {
going fromH=0 to 3 kOe. We interpret these results below 2 :

in the context of a detailed investigation of the gyromagnetic i 1

resonance mode. “ \ |

IV. DISCUSSION AND COMPARISON WITH THE MODEL 4 (d) '

In this section, we will discuss the comparison between ) A
the experimental results and calculation based on a early /
work!* As far as we are concerned with very-long- K" J \r\
wavelength physics—i.e., when the wavelength is much 0 JP’-\ ~
larger than the relevant length scale of inhomogeneifies
(particle size, interparticles distaneeit is a good approxi- |
mation to consider the effective medium assumptigiA) 2
made for describing the propagation of a well-defined coher- 0 1 2 3 4 5 6 7 8
ent monochromatic electromagnetic properties in a random
medium*1419-22The predictive power of the EMA has in Frequency (GHz)

the past been known to be an appropriate means of estimat-

ing the permeability of heterostructures in which one of the F|G. 3. The frequency dependence of the diagonal teremd
components forms separate inclusions distributed randomlyondiagonal termk of the permeability tensor for a ZnO/f@,

but uniformly in a matrix formed by the others. As one of us composite sample containing a volume fraction of,&g f

has shown in a previous wofk the magnetization dynamics =0.55. The applied magnetic field is 3 kQ@) Real partu’, (b)
problem in a composite structure of magnetic media could bémaginary partu”, (c) real part«’, and(d) imaginary part«”.
understood by a self-consistent multiscale mett®@MM), Room temperature. The thin curve is a fit of the data to the SCMM
in which microscopic information is combined with con- model as described in the text.

tinuum description to obtain the required coarse graining. In

a nutshell, this was done by deriving analytically the effec-(3) the permeability tensor of each inclusion is assumed to be
tive complex permeability from an effective theory consist-of the Polder type with an effective anisotropy fiettly

ing of the following ingredients(1) the equivalent material which is deduced frontH and the anisotropy fieltl , via an

is represented by a uniformly dispersed assembly of ellipsoiinternal energy minimization principle, an@) then the

dal inclusions randomly oriented in a dielectric host matrix,EMA is used to determine the effective permeability tensor
(2) each inclusion is assumed to have uniaxial anisotropy ang@ of the heterogeneous material. In addition, demagnetizing
is characterized by the orientation of its magnetization vectoeffects are taken into account by considering a demagnetiz-
(easy axip with respect to the external dc magnetic field  ing tensor related to the shape anisotropy of the particles. In
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1.75 - . the gyromagnetic resonance are reproduced. The fit gives a
(a) :Efn‘iﬁ.';ﬁ?ﬁta'(“) value of the Gilbert damping parameter=0.125+0.01,
which is consistent with recent theoretical models of the
damping mechanism of ferrimagnetic particfé$* As can
125 be seen in Fig. 4, we achieve good quantitative agreement
between the composition dependence of the resonance fre-
quency and our data, although the error bars of the experi-
mental data are too large for a precise comparison. These
0.75 : ) observations are also consistent with the field dependence, in
03 04 0.5 06 the range of applied magnetic field explored, of the reso-
nance mode predicted by the SCMM as shown in Fig. 5.
This result shows that the SCMM provides a reasonable
®) a Exporimonal o) descriptiqn of the diagonal and ljondiagonal terms of }he
o Experimental (k") permeability tensor. Let us examine a number of possible
— Simulation sources of the observed discrepancies. One possible concern
with the present approach is that the standard effe¢tioe-
tinuous medium approximation underlying the present cal-
L culations was done under the simplifying assumption of
spherical particles, even if there is a significant departure

-
o0
T

Frequency (GHz)

-
T

~
D N

~ G o»
T

Frequency (GHz)
N
o
g O

6.25 1 from perfect sphericity for the ZnO particles. However, the
6 : : use of demagnetizing factors to account for the shape anisot-
0.3 0.4 ] 0.5 0.6 ropy of the ZnO particles leads to a small deviation between

the mean-field theory and experiment. It should be borne in

FIG. 4. The resonance frequency as a function of the voluménind also that the model used here has randomly positioned
fraction of FeO;. (a) Solid squares indicate data fropf andH  grains, and as a result, even at low volume fractions of
=0. (b) Solid squaregopen diamondsindicate data fromu” (") Fe,O; there exists the possibility of statistical clustering,
andH =3 kOe. The solid line indicates the values predicted by thewhich gives rise to some degree of exchange coupling be-
SCMM model. tween the magnetic particles. It was reported previously that

the magnetic properties of-Fe,O; nanoparticles cannot be

all results presented here, the only adjustable parameter is tieatirely described by a single-domain picture where all spins
Gilbert damping parameter describing the dynamic behav- point in the same direction. This was attributed to surface
ior of the magnetization. For more detail on the method, seeffects? In addition, the SCMM does not include informa-
the previous work? The expression for the permeability ten- tion about the surface of the nanograins and clusters. Another
sor was obtained under the assumption that the effect of inpossible source of discrepancy is the assumption of isotropic
terparticle interactions are included as a mean-field approxiphenomenological damping which is taken to solve the dy-
mation. Both these assumptions are valid for the nanophas@amic equations for the anisotropic magnetic system consid-
we are investigating here in the entire range of frequencyred here.
explored.

With the SCMM thus parametrized to fit electromagnetic
data, we have performed simulations of the frequency depen-
dence ofu(w) and x(w)—i.e., thin curves in Figs. 2 and 3. |n summary, the results presented here are the first direct
Interestingly, the fit curves follow the frequency dependencéneasurements of the microwave permeability tensor of
of our data fairly well and all of the qualitative features of granular nanostructures under a static magnetic field excita-
tion. From our findings, two key results emerge. First, we

V. CONCLUSIONS

mental observations with present calculations is supportive
evidence that the SCMM has merit in order to characterize
3 the mechanisms of the field-induced anisotropy of

nanophases although a comprehensive micromagnetic de-

FIG. 5. The resonance frequency as a function of the appliegcription of the entire process, documenting the precise role
magnetic field. The volume fraction of @, is =0.55. The data  Of the different length scales, is not available. An important
are obtained fromu” (solid squargsand«” (open diamonds The ~ question raised by our data is how characteristic length

solid triangles indicate the values predicted by the SCMM model. scales describing the electromagnetism of nanostructures

n ; = Experimental () i % were ab!e to p,)fpb”e the non(_iiagonal terms of the permeability
N o Experimental (") 9 tensor, i.e.,«'-j«”, which is a prominent feature of the

5 5 | aSimulation magnetic-field-induced anisotropy in our granular hetero-
%’. 4t structures, as a function of frequency and composition. We
S3l 8 observed how the resonance mode is altered by the content
ES 2 | of the magnetic phase in these heterostructures and by the
&’ 1 applied magnetic field. Second, the comparison of experi-

0

o —=

2
H (kOe)
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may emerge from a multiscale model and how these lengtin advanced magnetoelectronic microwave devitasd in
scales would vary with the type of granular heterostructures;haracterizing transport characteristics in artificial three-
the nature of the intergranular exchange and magnetostatdimensional periodic materials with negative effective per-
interactions, and the magnetic fiéfiThe results of this pa- mittivities and permeabilities—i.e., left-handed metfi&®

per also provide experimental input to help guide any future
refinements of theories of the magnetic anisotropy in ul-
trafine magnetic particle systems that is capable of providing
a consistent description that ultimately leads to a full under- We wish to thank the M.E.N.S.R. for financial support to
standing of its gyromagnetic behavior—e.g., the tensor strucS.M. Technical assistance from D. Rozuel is gratefully ap-
ture of the phenomenological damping instead of Gee-  preciated. The Laboratoire d’Electronique et Sgsts de
tropic) damping parametéf. Finally, these magnetic Té&écommunications is UnitMixte de Recherche C.N.R.S.
anisotropy effects may have profound practical application$165.
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