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Ferromagnetic resonance studies of Ni nanowire arrays
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Using ferromagnetic resonance, the angular dependence of the uniform precession mode of infinite cylinders
is investigated at room temperature for low density Ni nanowire arrays, embedded in a polycarbonate mem-
brane, with wire diameters ranging from 35 nm to 500 nm. All wires reveal a very similar behavior of the
resonance field vs angle, independent of the wire diameter and wire density, corresponding to the uniform
precession mode of an infinite cylinder including the shape demagnetization anisotropy and a small uniaxial
anisotropy contribution. From the analysis of the angular dependence of the linewidth, the distribution of the
wire orientation and the effective anisotropy field can be estimated. The latter is broadened due to the presence
of a sub-structure in the absorption spectra.
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[. INTRODUCTION analysis of the angular dependence of the resonance fields
and lineshapes can be obtained. Such a quantitative analysis
In light of the increasing interest in using magnetic nano-is presented here for the linewidth taking into account the
structured materials for device applications, a complete undistribution of the wire orientation inside the membrane and
derstanding of their static and dynamic magnetic propertiethe distribution of the effective magnetic anisotropy by cal-
is required. Recently, much effort has been expended in angulating the field dependence of the susceptibiliy con-
lyzing the magnetization reversal process and the magnet@ant frequency from the Landau-Lifschitz-Gilbert
microstructure of Ni and Co nanowires grown by elec-equatior’
trodeposition in track-etched polycarbonate membranis.
Nanowires of this type provide a versatile and reproducible
system, suitable for studies of magnetization procésées
well as transport phenomehia high aspect ratio cylindrical The Ni-wire arrays were prepared by the method of elec-
magnets(length 22 um, diameters down to 30 nmFor  trodeposition inside the pores of a polycarbonate membrane
such nanostructured materials it is possible to study both, produced at the lab scale as described in Refs. 8,9. The in-
large ensemble of wiregnore than 10) as well as isolated dividual Ni wires inside the array are randomly distributed
single wires. Although studies on single wires are crucial toand are aligned parallel to each otljeithin a deviation of
understand the mechanism by which, e.g., the magnetizatiomp to =5°). They have a length of 22«m and are charac-
of a single wire reverses, it is also of importance for possibleerized by a cylindrical shape with a variation in diameter of
device applications to quantify the distribution of the internalless than 5% and with a low-surface roughness. Only wire
fields for wire arrays containing a large number of wires. arrays as a whole with several times of® Mires inside a
The internal fields include the domain-wall nucleation membrane were investigated. In Table | are summarized the
field and the depinning field describing the reversal by wallcorresponding wire diameters, wire densities, and average
propagation as well as the anisotropy fi¢ld. While it is  wire separationgas calculated from the densities assuming a
possible to estimate the distribution of the nucleation andtlosed-packed lattigelt is noted that for the densities cho-
depinning fields from macroscopic hysteresis loops in comsen, the dipolar interaction between the wires are negligible.
bination with magnetic-force microscopy imagifigynamic ~ Such interactions have to be taken into account once the
techniques such as ferromagnetic resonance are conventicaverage distance approaches the wire diant&ter.
ally used to characterize the distribution of the anisotropy Previous experiments on the magnetization reversal using
field strength and its angular spréa&ecently, microwave alternating gradient-force magnetometry and superconduct-
stripline experiments on membranes containing Co, NiFeing quantum interference device magnetometry reveal that at
and Ni nanowires with diameters of 120 nm revealed theoom temperature the magnetic anisotropy is dominated by
possibility of observing the uniform resonance mode in these¢he shape anisotropy.Thus the individual Ni wires can be
nanowire array$.Here, these measurements are extended toonsidered as a model system for an infinite long cylinder.
characterize the effective anisotropy fiéld;; for ensembles The saturation field values are typically below 2 kOe for
of Ni nanowires with diameters ranging from 35 nm to 500 cycling the applied field parallel to the wire axis and below 6
nm using conventional angular-dependent ferromagneti&Oe for cycling the applied field perpendicular to the wire
resonancéFMR) at Q band(34.4 GH2 and atk band(23.6  axis®
GHz). Conventional FMR currently has still the advantage of In the room-temperature FMR experiments presented in
yielding well-defined spectra from which a quantitative the following, the microwave pumping field,; had a fre-

Il. EXPERIMENT
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TABLE I. The g value, the effective anisotropy field.;;=H,+ 27 Mg and the uniaxial anisotropy field
H,=2K,/Mg as deduced from a fit of the experimental data to EZ). using a value ofMg
=485 emu/cm. ¢ denotes the wire diameter asdienotes the average separation between wires calculated
from the pore density for a closed-packed wire arrangemkHt, denotes the distribution of the uniaxial
anisotropy field over the wire array anilé,, the distribution of the orientation of the wires inside the
membrane.

H eff H u H eff H U
17 density S f g fit fit f g fit fit
(nm  L(c?) (nm) (GHz fit (kOg (kOe (GHz fit (kOe (kOe AH, A®

35 1.5<10° 287 344 216 355 050 236 217 345 040 1200 3°
70 2.4x10° 697 236 215 355 0.50

80 1.5<10° 287 344 215 330 025 236 213 335 0.30

270 6.%10° 4090 344 218 335 030 236 219 335 0.30 1500 3°
500 6.9x10° 4090 34.4 236 219 320 0.15 1100 5°

quency of eithef=34.4 GHz Q band or f=23.6 GHz of the resonance fielt,.s vs 6} is shown in Fig. 3 for the
(K band and was always oriented perpendicular to the apdiameters of 35 nm, 80 nm, and 270 iifull dots, open dots,
plied bias fieldH, and to the wire axes, see Fig. 1. Before and square points, the curves are offset vertically by 1 kOe
each field sweep, the Ni wires were first saturated parallel tavith respect to each otheiThe error bars for the determina-
the wire axis and the field was subsequently reduced to zer¢ion of the resonance field is equivalent to the size of the
The angled,, of the applied bias fieltH, was then changed PoInts.
in zero field such thaitl , varied between parallel to the wire ~ This angular dependence &f ¢ is fit to the uniform
axis (fy=0°) and perpendicular to the wire axigg( Mmode of aninfinite cylinder with an effective uniaxial anisot-
=90°), as indicated in Fig. 1. The spectra were subsequentKPy (parallel to the wire axisgiven by the shape demagne-
taken upon sweeping, . tization energwa§ and a small second-order uniaxial an-
isotropy contribution K,. The corresponding energy
expression is

Ill. RESULTS
A. Resonance Field E=(Ky+ 7M2)sir?6— MgH[sin 6 sin 6,,c08 ¢— )
A typical sequence of FMR derivative spectra ft + cos6 cosby ] 1)
Hl»

=34.4 GHz as a function of is shown in Fig. 2a) for an
egsem?le of lewlres with atdllamelzlter of 27tg nm. One bro:_l ith (6,¢) and (6, ,by) the polar and azimuthal angles of
avbsorption peax 15 apparent. In all cases e resonance Ny magnetizatioM and the applied bias fieltl, respec-

of the absorption peak increases upon changing the ang _ . . .
from parallel (0°) to perpendicular (90°) to the wire axis ,i?gb:-or ¢=¢n=0 this leads to the frequency-field dis

that is in accordance with the wire axis being the effective
magnetic easy axis. This sequence of FMR derivative spectra

is similar for all wire diameters measured, with almost the '
same minimum and maximum resonance-field values, indi- -
cating very similar internal effective fields. The dependence - w /
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FIG. 1. A schematic, showing the random arrangement of the Ni  FIG. 2. A sequence of FMR derivative spectra for a 270-nm
wires inside the polycarbonate membrane and the orientation of thNi-wire array at 34.4 GHz. The bias field varies between parallel
saturation fieltdH.,,, the applied bias fieltH,, and the microwave H| to perpendiculaHL to the wire axis. The linewidthAH
pumping fieldh,; . is indicated.
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FIG. 3. The experimentally determined angular variation of the g
resonance fielth, . at f =34.4 GHz, for three different wire arrays =
having diameters of 35 niffull square$, 80 nm(open squargsand :§
270 nm(full circles). The different data set are offset vertically by
1 kOe with respect to each other, with the horizontal bar denoting
7.5 kOe for each spectrum. The full lines are fits of the data to Eq. +
(2) and the fit parameters are summarized in Table I. (C) 1
wl 1h 48, =0
w ~
_:[{Heffcoszgodl'HoCOiao_GH)} é 0,
Y = 08t
0
X {HerCoS o+ Ho00% = 0112 (2 S R s
with Heii=H,+27Mg, H,=2K,/Mg the anisotropy field intrinsc
and y the gyromagnetic ratio y=gup/fi  (mp 00 5 60 90 1
=Bohr magnetic moment). The anglg corresponds to the Field Angle 8,, (%)

equilibrium angle of the magnetization, determined from the
conditiondE/dé = 0 for each field angl#y at the corre-
sponding resonance field, .

The best fit of the data to E@2) upon variation ofH ¢
and theg factor is shown in Fig. 3 by the solid lines for the
different wire diameters. They describe well the measureq;]e g value is g=2.19, the uniaxial anisotropy field i1,

angular dependence &f;es of the Ni-wire ensembles. ItiS _q 3 y0e and the uniaxial anisotropy field distributiarH,,
noted, that fits including a fourth-order uniaxial anlsotropy.: 1.5 kOe. The(almos} horizontal line is the calculated intrinsic
are less good and such terms have therefore not been consiglhoyidth. (b) The calculated angular variation of the resonance
ered further. The fit values are summarized in Table |. Thgjeiq 4, for three different uniaxial anisotropy values: 0 k@et-
fitted g value is slightly smaller than the value gF=2.19  teqd), 0.3 kOe(dashed, and 0.6 kOg(full line). (c) The calculated
listed in Ref. 11 for bulk Ni. The fitted effective fieldqts  angular dependence dfH, . for different distributions of the an-
has an average value of 3.4 kOe that is slightly larger thafsotropyAH,=0.2 kOe to 1.5 kOe and fok 6,,=0.

the demagnetization fieltly=27M =3.05 kOe when us-

ing the bulk value of the saturation magnetizatibhs  magneto-elastic effects induced by the membrane, similar to
=485 emu/cr. This deviation is found for all wire- those found in earlier studies at low temperatr&or ex-
ensembles measured, with no systematic dependence on thgple, the value dfi,=400 Oe would correspond to a con-
wire diameter and is larger than can be explained by errofraction of the lattice constant of 0.1% with respect to the
bars. It would correspond to a 10% enhancement of the satyyylk lattice value. This is at the limit of the accuracy with
ration magnetization, which is not considered as very likelywhich a shift in the lattice constant can be determined from
Therefore the deviation is attributed to a small additionalx_ray diffraction spectra for such p0|ycrysta||ine nanowire
second-order uniaxial anisotropy contributid whose ori-  arrays, compare Ref. 12.

gin remains to be elucidated. However, it can be noted that
from previous measuremeftsa slight texture of the poly-
crystalline Ni was found with the crystallinfl10] axis
aligned parallel to the wire axis. Considering the projection
of the bulk-cubic anisotropywith its easy axes alonfl11l]  ration of the maximum and minimum in the derivative ab-
and having a value off,=200 Oe}* onto the[110] axis,  sorption spectra, as indicated in Fig. 2. Its angular variation
may yield some contributions, but cannot explain the fullAH,.(68y) is shown in Fig. 4a) by the square dots for the
amount of H,. Other contributions may arise through 270-nm wire-ensemble measured at 34.4 GHz. It shows an

FIG. 4. (a) The experimentally determined angular variation of
the resonance-field linewidthH,.¢(8y) for the 270-nm wire array
(full square$ as well as the calculated linewidtidsH .4(6y) (full
lines) for different values of the wire orientation distributidné,,
0° to 10° (in steps ofl1°). Here thefrequency isf =34.4 GHz,

B. Linewidth
The linewidthAH,.s was determined from the field sepa-
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oscillatory behavior with a maximum at 0° and 90° and alinewidth is then obtained from the calculated absorption-

minimum between 60° and 70°. derivative field sweep in analogy to the experiment, Fig. 2.
From theory, there are two important contributions to theTypical results of the angular dependence of the linewidth
linewidth AH g. 11410 AH, . for several values ahH, and forA 6,=0 (zero wire

misorientation are shown in Fig. &) (g=2.18,f
=34.4 GHz, andH,=0.3 kOe) revealing a minimum at
65° with a corresponding minimum value given by the in-
trinsic linewidth.

Aby. 3 Since the effective anisotropy of an individual wire has
axial symmetry, the misorientation of the wires inside the
membrane from the 0° position corresponds to an effective

The first term of Eq(3) is the intrinsic contributiol\H,, misorientation of the applied field anglg, , compare Fig. 1.
due to a viscous damping of the magnetization precessiommo take this misorientation into account, the absorbed power-
while the second termhH;,, is due to inhomogeneities in field sweeps are once more integrated ofgrusing a top-

the internal fieldsAH ¢ and the wire orientation 6, . hat distribution function f4*=A6,,). A result is shown in

The intrinsic contribution can be estimated using the bulkFig. 4(a) for A 6,, varying between 0° and 10° in steps of 1°

values for: the Gilbert damping parametes (2.45 for AH,=1.5 kOe (and f=34.4 GHz, g=2.19, H,

x10® s 1)," the g value (2.19," and the saturation mag- =0.3 kOe).

netizationM¢ (485 emu/cm). This yields for the Ni wires From this calculated evolution, two interesting points are

an average value afH,=0.36 kOe(0.26 kO¢@ at Q band  noted. First, the intermediate minimum at 65° develops into

(K bangd that varies only by a few tens of Oersteds as aa maximum for increasing 6,,. Accordingly, the presence

function of the field angle. This value is indicated in Figg4  of a minimum in the angular dependence of the linewidth

by the (almos) horizontal line. Although the intrinsic damp- indicates that the distribution of tHeffective magnetic an-

ing is non-negligible, it is too low to explain the measuredisotropy field dominates whereas the presence of a maximum

values and the angular dependenceAdfl,.s. Therefore indicates that a distribution of the wire misorientation domi-

sample inhomogeneities corresponding to the second anthtes. Second, the linewidth values at 0° and 90° are unaf-
third term of Eq.(3) must have a dominant contribution. fected by the distribution of the wire anghed,, allowing for

The wires are to a good approximation magnetically in-an independent determination of both distributions. Hence,
dependentlow-wire density and in consequence the mea- using the calculation described above, the distributidth,
sured resonance absorption is the integral of the absorptiagan be fit to the values at 0° and 90° and the angle spread
peaks of all individual wires. The linewidth then reflects theA g, can be fit to the region around the minimum angle,
distribution of the parameters of the individual wires thatsince hereAH,, is negligible.

vary in their exact orientation inside the membrane as well as  Using this procedure, see Fig(a# the values for the

in their value of the effective anisotropy field . 270-nm Ni-wire array are obtained adH,=1.5 kOe

Distribution of Hg¢¢. Assuming that the saturation mag- +0.1 kOe andA#,=3.5°+0.5°. The parameters deter-

netization and hence the demagnetization field is constaninined for other samples are given in Table I.

the variation of the effective anisotropy field is given by the

distribution of the magnetic anisotropy fieldH;;=AH,, .

In Fig. 4(b) the angular variation of the resonance fielg.¢

is shown for three different values of the magnetic anisot- While the value ofA#, is in accordance with those

ropy field (34.4 GHz andy=2.18). It can be seen that upon determined from structural characterizathime distribution

increasingH,,, the resonance field at 0° decreases, but inof the magnetic anisotropyH, appears to be rather large in
creases at 90°. Hence, thk.(0y) curves all cross at some comparison to the average valuettf (0.3 kOe for 270 nm
intermediate angle resulting in a minimum ®H,.4(6y) as  This will be discussed in the following. A closer look at the
also observed in Fig.(@ for the 270-nm wire ensembfe. spectra reveals a substructure in the absorption derivative

AHres:AH0+AHinh

dH

aHres
= —+ —_—
AH, 70

IHety

IV. DISCUSSION

SinceAH,, vanishes at the minimum, batH ¢ itself is still ~ scans with a shoulder on either the low- or the high-field side
by 0.36 kOe larger than the intrinsic linewidth, there will be of the main peak. In Fig. 5Q band spectra are shown for
a contribution from the wire misorientation as well. Ni nanowire arrays of different diameter at parallel reso-

Distribution of Hes; and of 6. In order to evaluate more nance(0°), where the peak positions are indicated by the
quantitatively the angular variation of the linewidth, the arrows. From the angular dependence of the resonance fields
Landau-Lifshitz-Gilbert equatidhwas first solved in the and the corresponding linewidths, two kinds of angular-
small-angle approximation for an individual wire. From this dependent evolutions of the substructure can be distin-
the susceptibility and the absorbed power are calculated asguished for the different wire arrays: Type | corresponding to
function of the bias fieldH, for different field anglesd,,, the behavior of the 270-nm wire array and Type Il corre-
yielding a theoretical absorption-derivative field sweep, simi-sponding to the behavior of the 80-nm wire array described
lar to those shown in Fig. 2. The total absorbed power ielow.
given by the weighted integral over all wires, using a Gauss- For the 270-nm wire array, the substructure is not strongly
ian distribution for the magnetic anisotropy fieldtandard pronounced a® band, see Figs. 2 and 5. HoweveKaband,
deviation Zr=AH ) around the average value bff,. The a weak high-field peak is visible, as shown in Figg)6with
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FIG. 5. Q band(34.4 GH2 absorption derivative spectra at 0°
for Ni nanowire arrays of different diameter as indicated in the
Figure. The arrows indicate the approximate position of the reso-
nance fields for the different absorption peaks.

Absorption Derivative (arb. units)

14

the estimated angular dependence of the peak positions given g, 7. The absorption derivative spectra for a 80-nm Ni array
in Fig. 6b). The field separation diminishes from 0.6 kOe at 4tk band(23.6 GH3 as a function of the applied field orientation
0° and both peaks merge above 40°. Both peaks can be fit g, . inset(a) shows the corresponding resonance field®ysand
the uniform mode described by Ed4) and(2) by a reason- inset (b) the corresponding measured linewidth 8. The open
able set of ¢,H,) values. symbols in(a) correspond to the low-field mode and the closed

While this behavior is quite similar for the small€85  symbols to the high-field mode.
nm) and larger diameter®70 nm and 500 nimthe behavior
seems to be somewhat different for intermediate diameters df is noted that(1) an inhomogeneity of the pumping field is
80 nm. Here a clear double-peak structure is visible. In Figexcluded, since the spectra are the same for the same sample
7 the corresponding angular dependence of the absorptioneasured akK band and atQ band. While the (3 mnf)
derivative spectra is shown for the 80 nm diameter Ni-wiresamples used are about the size of @wand cavity, they
array atf =23.6 GHz, together with the angular dependenceare much smaller with respect to the lar¢feband cavity(2)
of the peak-positiom . [inset(a)] and the linewidtlAH,., A misalignment or bending of part of the sample is excluded.
[inset (b)]. The low-field peak appears to stay on the low-Such a misalignment would produce a larger resonance field
field side and cannot be fit by a reasonable setgyH(,) at 0° and a smalleH,. at 90°. For the high-field peak of
values, while the high-field peak is fit by the values given inFig. &), the 0° value would then correspond to a misorien-
Table I. It is also noted that the high-field peak is of strongertation of 30°. Such a strong bending of parts of the sample
intensity than the low-field peak, although from the spectrahas not been observed and is also not consistent with the
in Fig. 7 it may appear to be the reverse. A deconvolution ofspread of the wire orientation inside the membrane.
both peaks using the derivative of two Lorentzian-lineshapes In conclusion it can be said that for the Type | spectra
confirms that the high-field peak is 1.9 times stronger. AFigs. 2 and 6, the existence of the substructure explains the
similar behavior was found for arrays with wire diameters ofbroad combined linewidth given in Fig(a). Both peaks are
70 nm and 120 nm. in agreement with the uniform FMR mode of an infinite

The origin of these substructures needs further investigasylinder containing a uniaxial anisotropy parallel to the wire
tions. However, in order to exclude experimental ambiguitiesaxis and will therefore give rise to a minimum around

60-70° of the angular dependence of the combined line-
10 width.

In contrast, for the double-peak structure of the Ni-wire
arrays of 80 nm diameter, only the high-field mode is con-
sistent with the uniform mode of an infinite cylinder. The
evolution of the linewidth and the line intensity of the ab-
sorption derivative of this high-field mode as a function of
23.6 GHz 1 0\ is characteristic for a wire ensemble with a distribution in
0 2 u 130 6 8 0 20 40 go 80 100 the effective anisotropy field. This is evident from the nega-

(kOe) H tive part of the absorption derivative of the high-field peak
FIG. 6. (a) The H|| (0°) absorption derivative spectrum atig ~ SNOWN in Fig. 7, where the lines become narrow and intense

the angular dependence of the resonance fields for the 270-nm Nyith @ maximum around 60°. From this negative part, the
array atk band(23.6 GH2. The arrows ina) indicate the approxi- linewidth is estimated and shown in the top-rlght inset. The
mate position of the resonance fields for the two absorption peakyalue at 0° is lower than the corresponding one of the 270
The open symbols ir(b) correspond to thgweakej high-field ~ nm array and a weak minimum around 60° is present. Re-
mode and the closed symbols to ttstrongey low-field mode. garding the low-field peak, further investigations are needed

(a) 270 nm

e

H,, (kOe)
[=)}

Abs. Deriv. (arb. units)
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to elucidate its origin. It is mentioned though, that recentrately to the experimental data. For the wires investigated,
calculations by Arias and Mill§ have shown the possibility this yields a maximum distribution of the wire orientation of
of exciting exchange/dipole spin-wave modes in these type-3.5° in agreement with structural investigations. In con-
of nanowires in the intermediate diameter range around 10frast the estimated distribution of the anisotropy fieldéf,
nm for the case that a surface anisotropy is present. This rather large in comparison to the average valuel gfand
corresponds to the diameter range where in the experimentesults from the presence of a substructure in the absorption
here a pronounced double-peak structure has been observerivative spectra. This substructure makes the system very
This makes the system very exciting for future investiga-exciting from a fundamental point of view. Its understanding
tions. will also be of importance for possible applications of such
nanowire arrays as microwave devices.
V. SUMMARY
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