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Dipolar interactions in arrays of nickel nanowires studied by ferromagnetic resonance
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Using a planar microstrip transmission line, the dipolar interactions in electrodeposited Ni nanowires arrays
are characterized as a function of the membrane por¢&ityto 38% and the wire diametg56 to 250 nm.
The dipolar interactions between the wires can be modeled in a mean-field approach as an effective uniaxial
anisotropy field oriented perpendicular to the wire axis and proportional to the membrane porosity. The dipolar
interaction field opposes the self-demagnetization field of an isolated single wire which keeps the magnetiza-
tion parallel to the wire axis. An increase in the porosity therefore induces a switching of the effective
anisotropy easy axis from parallel to perpendicular to the wire axis above a critical porosity of 35-38%
independent of the wire diameter.
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[. INTRODUCTION a magnetically-filled porous membrane, see Fi@).1The
small pore diametefcompared to the skin depththe insu-

In recent years the static and dynamic properties of sublating nature of the polycarbonate membrane, as well as its
micron scale magnetic elements have attracted much attegeometry make these systems particularly well adapted for a
tion motivated by potential applications in the area of ultra-Simple fabrication of the microstrip transmission line and the
high density magnetic recording and by promising magnetoinvestigation of the ferromagnetic resonance properties at
transport properties. An attractive and direct method td>HZ frequencies. Using track-etched polymer membranes,
prepare large-area 2D arrays of parallel magnetic nanowird$€ interwire spacing can be controlled over a range of 0.1 to
consists in electrodepositing into nanometer-wide cylindricaft0 4Mm corftzespondlng to areal densities varying betweén 10
pores of a porous material, such as track-etched polymdP 10°° cm™2. This allows one to explore the properties and
membranes and anodic alumina filters. Both templates erflipolar interactions between the wires from the limit of iso-
able to fabricate magnetic nanowires of uniform diametef@ted towards the limit of almost touching wires. Here, the
and extremely large aspect ratios controlled to a higmlpolar interaction between wires grown in membranes of
degreet~3

Besides the static and magneto-transport properties of
magnetic nanowire arrays which have been investigated in-
tensively in recent years™!! the dynamic properties of
magnetic nanostructures are also of considerable interest in
both fundamental as well as applied research. For example
recent experiments on I|thograph|ca_1lly. defined arrays of -2l
magnetic wires and dots using Brillouin light scattering have s
shown the effect of the lateral confinement on the dynamic
mode spectrum as well as the effect of dipolar
interactions>~4Similarly, a study of the microwave perme-
ability of composite materials containing submicronic ferro-
magnetic particles in a dielectric matrix revealed the excita-
tion of spin wave mode¥

In this paper, the dipolar interaction fields are character-
ized for high porosity electrodeposited nanowire arrays using
high frequency ferromagnetic resonan&®IR) techniques.

In a recent work, we have shown the possibility to excite the |G 1. (a) Schematic description of the strip line transmission
uniform mode resonance in arrays of magnetic nanowires afe consisting of a metallic ground plagiend cathodg an insulat-
microwave frequencies using a microstrip transmissionng nanoporous substrate filled with magnetic nanowires and the
line.!® The experimental method consists in measuring th&oo xm wide metallic strip line and(b) coordinate system used
transmission of an incident microwave signal propagatinghroughout this article in which the wire axis is parallel to the
along a microstrip transmission line deposited on one face adxis.
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TABLE I. Wire diameter and membrane porosity of the samples
used throughout this study.

Sample Diamete(nm) Porosity (%)
1 56 4-5
2 95 25-30
3 105 10-12
4 115 12-15
5 180 4-5
6 250 35-38

porosity ranging from 4—-5% and up to 35—-38% were quan-
tified by studying the angular dependence of the frequency- 0 10 20 30 40
field dispersion of the uniform mode. It is found that the Frequency(GHz)
dipolar interaction field can be described in a mean-field ap- G. 2. Mi b . functi f th
proach by a uniaxial anisotropy field which is proportional to . ';' o l\:hcro_yave a sog)t'c?tnh stge?rzladas argctmnuol t 33‘)'
the porosity and which favors an alignment of the magneti"'c¢ "e'd Intensity measured with the Tie'd applied paratlel and.

. . - (Q perpendicular to the wires for an array of Ni nanowires of di-
zation perpendicular to the wires. As a consequence, above

critical value of the porosity a switching of the effectiv ameter 105 nm and membrane porosity of 12—15%. Measurements
R P y a switching of the efieclive easy, .o qone by decreasing field steps of 500 Oe from 8 kOe down to
axis is induced from parallel to perpendicular to the wire

X zero. Continuous lines correspond to integer multiples of the ap-
axis. ind fi
plied field.

II. EXPERIMENTAL TECHNIQUE I . . .
equilibrium position. At ferromagnetic resonance power is

The arrays of nickel nanowires are synthesized by elecabsorbed from the incident microwave signal and the corre-
trodeposition into track-etched polymer membranes prosponding minimum in the transmitted power is recorded by a
duced at the lab scafeHere, 22 um thick polycarbonate network analyzer which can perform frequency sweeps from
membranes were used with diameters ranging from 56 nm t400 MHz up to 40 GHZ®
250 nm. The experimental setup has been designed to enable fre-

Prior to deposition, a metallic layer of 20 nm Cr and quency sweeps at applied bias field valtits varying be-
0.3-1 um Au serving as the cathode is deposited by evapotween=8 kOe and for bias field angles, varying between
ration on one face of the template. Electrodeposition of thé and 180° with respect to the wire axis. For any orientation
magnetic nanowires was made at room temperature from af the applied bias field, the microwave pumping field and
single Ni sulfamate bath in the chronoamperometry modéhe bias field are kept perpendicular to each other such that
with the potential fixed at -1.1 V over a surface of 2.5the perpendicular FMR pumping configuration is always
X 0.5 cnf. Deposition is monitored in real time in terms of conserved.
the deposited charge which allows a precise control of the Complementary hysteresis loop measurements have been
quantity of the deposited material. Owing to the improvedperformed on all samples at room temperature with the field
properties the membrane, the electrodeposited nanowires aapplied parallel and perpendicular to the wires using a
almost perfectly cylindrical, paralleldeviation is less than SQUID magnetometer.
+5°) and present a very low surface roughness.

Besides Ni arrays inside polymer templates, additional Ni
arrays were prepared using as template commercial alumina Ill. EXPERIMENTAL RESULTS
filters (anodisg.}’” These 60um thick filters have a pore
diameter of 250 nm and a porosity 6f35—38% which is
well above the values obtained currently in polycarbonate The microwave transmission line measurements were per-
membranes. formed at room temperature for all wire arrays by sweeping

Table | presents a summary of all the samples usethe frequency through the resonance peak for fixed applied
throughout this study, listing the pore diameter and the nomifield direction and strength. This was repeated at constant
nal porosityP, taken as the product of the pore density andangle for different field intensities starting from saturation
the pore surface. down to zero field. Changing finally the field angle, the full

A schematic representation of the microstrip transmissiormngular dependent frequency-field dispersion was obtained.
line using magnetically filled nanoporous membranes as a Figures 2a) and 2b) show typical microwave absorption
substrate is shown in Fig.(d). Details of the arrangement curves measured on Ni wire arrays as a function of frequency
can be found in Ref. 16. The microwave signal propagatiorfor different values of the static field €H,p<8 kOe) ap-
along the microstip transmission line produces a microwavelied (a) parallel =0° and(b) perpendicula®=90° to the
pumping field which is perpendicular to the nanowires andwire axis. In this case, the wire diameter is 105 nm and the
induces a precession of the magnetization around the statporosity is 12—15%.

A. General presentation and features
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FIG. 3. Measurements performed on an array of Ni nanowires g1 4. Resonance frequencies measured in arrays of Ni nano-

with diameter of 105 nm and membrane porosity of 12—1886. \yires with the field applied paralléfilled symbol perpendicular
The measured Resonance frequencies as a function of the |ntens@{pen symbolsto the wires.(a) two samples having a porosity of
of the field applied at several directions from the parallel to thep_4_504 and diameters of 56 nieircles and 180 nm(dia-

wires (0°), the theoretical resonance-field dispersion of isolated monds, (b) diameter 95 nm and membrane porosity of 25— 296
wires with the field applied paralldl/) and perpendicular 901)  giameter is 250 nm and the porosity of the membrane is 35-38%.

to the wires(continuous linesas well as 89 and 85(dashed and g niinuous lines correspond to the theoretical resonance-field dis-
dashed-dotted lines, respectivend, (b) correspondingnormal-  yorqion of isolated wires with the field applied parali#) and
ized hysteresis loops measured at room temperature with the fm'BerpendicularL) to the wires.
applied parallelopen circley and perpendiculaffilled circles to
the wires, lines are just a guide to the eyes. inside the wires can be considered as single domain and ori-
ented parallel to the applied field direction.

In order to investigate the effects of the dipolar coupling

ratio, the original data were numerically smoothened, allow2EWEEN Wires, a set of samples has been prepared with vary-
ing a clear determination of the absorption minimum andn9 membrane porosity. Figure 4 presents the frequency-field

; ispersion relation measured with the applied field parallel
hence of the resonance frequency. As it can be observed, tﬁﬁ: 9—-0°) (filed symboly and perpendicular i(=

resonance frequency increases with increasing field but deX  * b he wires f . |
creases upon rotating the field from the easy to the hard axis. 20°) (0pen symbolsto the wires for(a) two Ni samples
ving low porosity P=4-5%) and respective wire diam-

Furthermore, the absorption is observed to be weaker wh . ; S
the field is applied along the hard axis. eter_of 56 nm(circles and 180 nn"(dlamon(ﬁ (b) Ni wires
From these type of measurements, the angular depe f diameter 95 nm and membrane porosity .Of 25-30% and
dence of the frequency-field dispersion has been extracted @ an array Of_ NI nanowires prepared using an alumln_a
membrane having a pore diameter of 250 nm and a porosity

shown in Fig. 8a) for the same Ni wire array presented in . : . X
Fig. 2. It can be noticed that the frequency field dispersiorf0S€ t0 35-38%. It is seen that upon increasing porosity the

presentsfor all angles a high field regime and a low field parallel frequency-field dispersion branch and the perpen-

regime. Upon coming from high fields, the resonance fre_dicular frequency-field dispersion branch approach each

quencyf decreases first linearly with the applied field but other. In particular, for the case 9f high porosity, Figc)4 .
remains almost constant below a certain value. The transitioﬁ1e resonance frgquenmes are independent of the ap_plled
field from the high-field regime to the low-field-regime is ield direction. It is noted furthermore, that the dispersion

observed to increase with the angle and can be related to tf€PeNds only on the respective porosity and not on the di-
hysteresis loops as shown in Fig. 3 tb= 105 nm wires of ameter as seen in Fig(a}, where the same dispersion curves
medium porosityP = 12—15%. By comparing the frequency- &€ obtained for different wire diameters but same membrane

field dispersion for the parallel and perpendicular case, Figporosity.

3(a), with the corresponding part of the magnetization Consider first the Iowlporosity case, the wires are indej
curves, Fig. &), it is seen that the deviations from the linear pendent and the absorption p_eak W'”. correspond to the uni-
' ' form mode resonance of a single wire. The corresponding

regime appear when the sample leaves its saturation sta " .
The same behavior has been observed for all the nanowif&senance condition can be derived from the total free energy
: ensity of an infinite cylinder having an effective uniaxial
arrays considered. . . . S
anisotropy fieldH g with a uniaxial symmetry parallel to the
wire axis:

It is noted that in order to enhance the signal-to-nois

B. Analysis of the absorption properties in the saturation state i
_ _ o o _ ~ E=MHggsif0—MHap
First, the linear high field regime is analyzed. This regime

corresponds to the saturated state, where the magnetization X[siné sin @y cos ¢— ¢y)+cose cosby] D)
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with (6, ¢) and (8, ¢y) the polar and azimuthal angles of 1 (a') LI s

the magnetizatioM and the applied stati@r biag field Hap [ / ]

respectively, see Fig.(t). i ]

Hee is the effective anisotropy field which contains, in its § oF -

most general form, contributions from the shape, magneto- I / ]

crystalline and/or a magneto-elastic anisotropy. Previous in- 05 ]

vestigations have shown that at room temperature, the domi- 9 _ L

nant contribution is the shape anisotrop§for low porosity T ' g '

Ni nanowire arrays. Therefore, the effective anisotropy field 05 - ]

is given by the shape demagnetization fielde=27Mg. s° .

For the geometry used in the experiment, with the applied s of .

field varying in a plane ofp=0 from 6,=0° to 6,=90° 05k i

to the wire axis, the resonance frequency is obtained from L -

the second derivative of the energy density EL. by the S —er P R B

formalism of Smit and Beljers & -10 -5 0 5 10

H (kOe)
w FIG. 5. Normalized Hysteresis loops measured at room tempera-
—=[(Hggcos 20,+Hppcog 6,— 6y)) ture with the field applied paralléfilled circles and perpendicular
Y to the wires(open circleg for Ni nanowires arrays with a diameter
><(HE,:CO§00+HAPCOS( 0,— GH))]l/z_ 2) of 56 nm (a) and 250 nm(b) and porosity of 4% and 35-38%,

respectively. Lines are just guides to the eye.

The equilibrium position of the magnetizati@y is deter-

mined from the first derivative of the energy density with ; : L o . '
respect o8 for eachH .p, 8. The gyromagnetic ratiey, count by including an additional uniaxial anisotropy fiéld

taken as positive. is aiven by— 1h (up is the Bohr which favors an easy axis perpendicular to the wires. The
S P 1S gl Y= kb My 1S . effective anisotropy field is thegr=27Mg—Hy (Hy
magnetic moment Using g=2.21 for NF° yields y . . P L
— /(27)=3.09 MHz/Oe. >_0). Byl|ntroducmg this field in Eq9.1) and (2). it is pos-
In Figs. 3a) and 4, the calculated frequency-field disper-s,'ble to _f|t the meas_ured resonance.frequenme.s in the high
sion of isolated wires is shown for all arrays by the continu-f'GId regime Wh'Ch_ yle[ds the dispersion curves |nd|cat§d by
ous lines for the case df| and HL using the saturation the dashed lines in Figs( and 4c). The corresponding
magnetization value NiNl;=485 emu/cri). As it can be Vvalues of the dipolar fielH, are plotted in Fig. &) as a
seen for the case of low porositP & 4%), Fig. 4(a), the function of the porosity for all the samples considered in this
parallel and perpendicular dispersion is well reproduced bytudy It is seen thal, increases almost linearly with in-
the isolated wire case in the high field linear regime. creasingP.
Upon increasing the membrane porosity, the measured
frequencies deviate strongly from those calculated for iso-
lated wires. The decrease of the resonance frequency in the
parallel caseH|, Figs. 4b) and 4c) and the corresponding
increase in the perpendicular cade indicate that the ef-
fective uniaxial anisotropy fieltH ¢ is reduced as the wires
are brought closer to each other. This reduction of the effec-
tive anisotropy results from the dipolar coupling between the
wires?122 To further confirm this behavior, hysteresis loops
have been measuredFig. 5 on the (a) low porosity (P
=4%) and(b) high porosity P=33%) Ni wire arrays with
the magnetic field applied paralléilled symbols and per-
pendicular(open symbolsto the wires.
The magnetization measurements show that for low po-
rosity the hysteresis loops correspond well to those of a
highly anisotropic system. Thd (H) loop obtained with the 00 e
field applied parallel to the wires shows a low saturation field ' Porosity
and high remanence. Whereas when the field is applied per-
pendicular to the wires, the hysteresis loop presents a high FIG. 6. Dipolar interaction field as a function of the nominal
saturation field and very low remanence. In the case of a highorosityP. In (a) the experimental valuggloty compared with the
porosity[Fig. 5(b)] we observe the behavior of an isotropic mean field modeH=67MgP (dashed ling The error bars corre-
system in which both cycles are identical and in good agreespond to+3% of the nominal porosity an¢b) calculated total

ment with the corresponding frequency-field dispersieig. dipolar interaction for an array of square wiréasse), shown as
4(0)]. open circles, compared to the mean field expres@iashed ling

The effects of the dipolar coupling can be taken into ac-

H (kOe)
N W B [4)]

u
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This linear dependence of the dipolar couplingPran  see Figs. &) and §b), at which the microwave absorption as
be derived using a phenomenological mean field appréach.well as the hysteresis loops are independent of the applied
Upon decreasing the wire separatiamcreasingP) the wires  field direction.
start to interact via their dipolar stray fields which add to the
restoring torque of the individual wires and change the reso-
nance frequency. Besides the self-demagnetizing field
2mMg, there will be two additional contributions to the re-  In the following, the observed deviations from the calcu-
storing torque which are taken proportionalR3® First, the  lated frequency-field dispersions curves which occur below
charges on the cylindrical wire surfaces produce a dipolathe saturation field will be briefly addressed.
field which opposes the self demagnetization field and can be (i) For fields applied perpendicular to the wire axis, a well
written in the form of —27Mg- P. Second, the charges at defined minimum(zero frequencyis expected when the ap-
the top and bottom extremities give rise to an interactiorplied field is equal to the effective anisotropy field, see the
field of —47Mg- P. Combining the two contributions with full lines Figs. 3a) and 4. This minimum is not observed in
the wire shape anisotropy, the net magnetostatic field yieldthe experiment and can be accounted for, at least partially, to

a small inherent misalignment between the applied field and
the wire axis. This misalignment is introduced by the experi-
Hep=27Ms—27MsP—47MsP mental setup as well as by a small angular dispersion
—27Mg(1-3P). 3) (=5°) of the wire orientation within the porous membrane.
In Fig. 3(@), the calculated frequency-field dispersion is
From this equation, the limit of isolated wires is obtained forshown for6,,=85° and 89°, dashed-dotted line and dashed
P—0, whereas the continuous film limit is given by line, respectively. Notice that even for a misalignment of one
1. degree, the minimum of the resonance frequency around the

In Fig. 6(a) the experimental fit value@lots for H, as a  Saturation field value is substantially suppressed.
function of P are compared to the dipolar interaction field of (i) As stated previously, independently of the applied
Eq. (3) given byH,=67MsP (dashed ling A good agree- field direction, below the saturation field the resonance fre-
ment is found. The deviations are within the error bars wheriuency shows a field dependence which differs from the one
considering that the real porosity of the system is expected t6f the uniform mode precession frequency. These differences
be slightly lower than the nominal membrane porosity. result from the fact that below the saturation field, the system

The scaling with the porosity of the two contributions to is no longer single domain. Experimentally, this is supported
the mean-field dipolar interaction field given in E§) was by the hysteresis loops measured with the field applied par-
verified by calculating numerically the exact static dipolarallel to the wires[see Fig. )], for which the remanent
interaction fields. For this the dipolar stray fields arisingmagnetization is lower than the saturation magnetization.
from the charges on the cylindrical wire surfaces and fromiNevertheless, the resonance frequency measured at zero field
the flat ends of the wire extremities was determined for thds found to be almost the same, and very close to 10 GHz,
two cases thata) all wires are magnetized perpendicular to independently of the wire diameter, array porosity or the
the wire axis Hyyi) and(b) all wires magnetized parallel to applied field directior(see Figs. 3 and)4Furthermore, this
the wire axis Hz). For simplicity a square array of infi- frequency is close to the one expected for isolated Ni wires
nitely long square wires was chosen as indicated in the insé@t remanence, which is,727Ms=9.42 GHz, suggesting
of Fig. 6b). The porosity in this case is given bp  thatin t_he remanent state the dipolar cou.pllng is “swnphed
=a?/(a+s)% whereais the side length of a single square Off.” This can be explained by the formation of a multido-
wire ands the distance between the wires which was varieghain state below the saturation field, which tends to mini-
from 0 to 50 timesa. The stray field components,, andH, ~ Mize the zero field stray field energy. Consequently, the dy-
are obtained from the integral expressions F100 and F118amic dipolar interaction fields between the wires are
given in Ref. 24 for homogeneously charged surface sheef&duced and the resonance frequency will converge to that of
of the y-z and x-z side faces and the top and bottory ~ the isolated wires. However, additional studies are necessary
surfaces, respectively. The dipolar fields are then summel establish the detailed low-field magnetization distribution
over all charged surfaces of the whole array using a maxilnside the wires.
mum number of£5000 neighbor cells, which guarantees
convergence of the dipolar field sum.

In Fig. 6(b) the exact calculated interaction field;,
=H it Hxvior (OpenN circlegis compared to the expression In conclusion, the ferromagnetic resonance properties of
of Eq. (3) Hy=67MgP. For the considered porosity range arrays of nickel nanowires have been studied using a micro-
both expressions yield the same field values, confirming thastrip transmission line configuration in the frequency range
in the mean-field approach, Fig(eh, the dipolar interaction of 100 MHz up to 40 GHz. By tuning the porosity of the
field varies linearly with the porosity. It is furthermore noted, membrane, it is possible to explore the transition from the
that the second form of Eq3) shows that forP=1/3 the limit of isolated wires to that of interacting wires. Experi-
total effective field is zero, which implies an isotropic behav-mentally, it is shown that the effects of the dipolar coupling
ior. This critical value corresponds very well to the onecan be characterized using this FMR technique. The effective
found from the magnetization and resonance experimenténteraction field has been modeled within a mean field ap-

C. Low field behavior

IV. CONCLUSION
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proach with the interaction field expressed as a linear funcsimply by varying either the membrane porosity or the ma-
tion of the porosity as was verified by exact numerical cal-terial (Mg).

culations. The model predicts that, independent of the wire
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