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Probing antiferromagnetic coupling between nanomagnets
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We have performed an experimental study into magnetostatic coupling between Permalloy nanomagnets
arranged in linear chains. By engineering the anisotropy of each nanomagnet, the nanomagnets can be forced
to couple in an antiferromagnetic arrangement. Using an experimental method, we show that the antiferromag-
netic coupling is perfect for the first four nanomagnets in the chain, but thereafter phase defects arise. Differ-
ences between the information transmission capability of ferromagnetic coupling and antiferromagnetic cou-
pling are discussed.
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The study of nanometer-sized magnetic particles made bgnd Zeeman energy from the applied field. It is simple to
modern nanoscience techniques is a rich and rapidly advanshow that the energy of each configurations is
ing area within condensed matter physics. Interest in this
area comes partly from data storage technol@gyg., hard
disk drive¢ and magnetic memory chif)sand partly be-
cause nanomagnets provide a highly controlled experimental
system for studying fundamental phenomena in
micromagnetisni, transport*® and statistical physicsPar- AFT: U=-J-K,, @
ticularly interesting physics occurs when nanomagnets argnere] is the dipolar coupling energy between two antipar-
grouped closely enough to allow strong interactions. Thesgjg| planar nanomagnets) is the moment on each nano-
interactions, which are usually either magnetostatic OfnagnetH is the applied field strength, amd, is the uniaxial
RKKY in origin, lead to collective behavior, which can 4nisotropy strength. A simple schematic phase diagram can
dominate over the individual particle properties. Because of, ;s be constructed from EqL), showing the ground-state
the large number of degrees of freedom, interacting enggniguration as a function afFandH. This is shown in Fig.
sembles can produce very rich and interesting behavior, SUCN The most interesting scenario is when the coupling is

aSI't magnetically  driven self-assemblyor long-range  \yeaker than the uniaxial anisotropy and the applied field is
solitons®

Most studies of magnetostatic interactions have been lim-

ited to theferromagneticcoupling between particles: i.e., the FL @ @ @ @ @ @
average magnetization vector of a given nanomagnet is par-

allel in direction to that of its neighb8rt® In this paper, we

present an experimental study which succeeds in probing the FT @ @ @ @ @ @
antiferromagnetianagnetostatic coupling between nanomag-

nets arranged in a linear chain. We show that, despite there

being no net moment on the system, we are nevertheless able AFT @ @ @ @ @ @
to make local measurements of the antiferromagnetic order

parameter and show how it decays as phase defects arise in T ’ J

FL: U=-2J,

FT: U=J-MH-K,,

the chain.

We consider in Figl a number of thin, circular nanomag-
nets arranged in a linear chain. If the lateral size of the na-
nomagnets is sufficiently smah-100 nm or lesk then each
nanomagnet will be in the single-domain state and can, to AFT
first order, be treated as a point dipole which is confined to ';“stasy FT
lie in the plane’ Suppose, in addition, that each nanomagnet
has a uniaxial anisotropy, the easy axis of which lies trans-
verse to the chain, and that an applied magnetic field also lies
in this direction. We consider the three simplest configura- i 1. pefinitions of the ferromagnetic longitudingiL), fer-
tions for the chain of moments, which we call ferromagneticy,omagnetic transver<€T), and antiferromagnetic transver@e=T)
longitudinal(FL), ferromagnetic transversgT), and antifer-  configurations in a planar chain of coupled momeMtand a sche-
romagnetic transvers@AFT). These configurations are de- matic phase diagram giving the expected ground state as a function
fined in Fig. 1. In determining which configuration will be of applied field strengtliH) and dipolar coupling strengttd). The
the system ground state, there are three energy terms to coatched phase boundaries indicate gradual transitions involving
sider: uniaxial anisotropy, dipolar coupling interactions, continuous rotation of the moments.

FL

J=K,

H=2K,/M

0163-1829/2002/69)/0924094)/$20.00 65 092409-1 ©2002 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B 65 092409

very weak. In this case, energy is minimized by adopting the
unusual AFT configuration. Unfortunately, this state is ex-
tremely difficult to probe experimentally because it carries
no net moment.

We have designed an experimental procedure that allows
us to use a high-sensitivity magneto-optical method, based
on the longitudinal magnetooptical Kerr effect, to probe the
AFT configuration. A full description of the magneto-optical
apparatus has been presented elsewhdreorder to probe
the AFT configuration in chains of, say, eight nanomagnets,
we make eight different samples. In the first, only a single
nanomagnet is present in each chain. In the second, two na-
nomagnets are present in each chain, and so on, until the
entire chain is complete. We then demagnetize each sample FIG. 2. Scanning electron micrographs of @ n=2, (b) n
in an oscillating magnetic field of decaying amplitude and=3, (c) n=6, and(d) n=8 samples, whera is the number of
look for a magneto-optical signal coming from uncompen-nanomagnets per chain.
sated chains with an odd number of nanomagnets and a zero
signal coming from fully compensated chains with an eveneasy-axis loops were very square and the hard-axis loops
number of nanomagnets. We can thus watch the antiferrashowed linear slopes with sharp saturation and zero rema-
magnetic coupling being built up nanomagnet by nanomagnence.
net as the chain length is increased. The apparatus must haveWe now turn to the actual study of the AFT configuration.
sufficient sensitivity to detect the moment of a single nano+igure 3a) shows, as a function of time, the applied field
magnet. In order to achieve this and in order to check thestrength at theend of the demagnetization process=0 is
repeatability of any result, we measure arrays of chainsthe point at which the next demagnetization cycle begins,
where the spacing between chains is large enough to avo@nd so one sees an abrupt jump in field strength. The maxi-
interchain dipolar coupling. Further improvements in sensimum field strength during demagnetization is seen to be 290
tivity are achieved by dynamically repeating the demagnetizOe, which is weaker than the field of 340 Oe required to
ing experiment once every second for several minutes angWitch the highly anisotropic first nanomagnet. Figurés-3
averaging the Kerr signal. 3(d) show _the response to the demagnetization process of

We engineer the required uniaxial anisotropy by makingS@mples with, respectivelg,=2, n=3, andn=4 (the highly

each nanomagnet slightly elliptical in shald&his generates gnisotropic first nanomagnet in gach chain being .mag_netized
a small uniaxial shape anisotropy with the easy axis Iyingm the negatweK_e_rr S|'gnal.d|rect|om Both the applied f|eId.
and Kerr sensitivity directions were transverse to the chains.

along the long axis of the ellipse. It is only possible to probe . . :
an array of chains if the phase of the AFT configuration is theKerr measurements yield an arbitrary offset to the signal, and

same in each chain. We do this by making the first nanomag-

net in each chain strongly elliptical and, hence, strongly an- 300 (a) ‘ ’ 6 ( o T T
isotropic. We then apply a single strong field pulse to the 2*[ T T W ]
entire sample, which magnetizes the first nanomagnet. Itsg '®[ 12 °r ]
high anisotropy causes that magnetization state to be retainez  °f" 18 °r i
throughout the rest of the experiment and thus sets the phas™ ' 18 2 1
of the AFM configuration. 200 \- 1 Ar ]

The samples are made using a high-resolution electron 3% L 1 ’} " : S
beam lithography process with pétgethylmethacrylatere- ) ‘ N si(d) ﬁ‘ h‘ '
sist, post-development metallization, and liftoff. Full details g .l 7 | g - 4
of the process have been presented elsewtierbe nano- 5 T 5r 7
magnets are made from 10-nm-thick Supermalloy § OF i IR °r il
(NiggFe/Mos), are 100 nnx 120 nm in lateral size, and & °r 1 & ol 1
have a center-to-center spacing of 135 nm within a chain. or 1 A5 1
Figure 2 shows scanning electron micrographs of some of '1‘730 .;0 _1'0 o 15 20 30 2 2 .1'0 6 110 20 30
the samples. One can also see in this figure how the chainc Time (ms) Time (ms)

themselves are formed into a noninteracting array. FIG. 3. A time-domain view of the end of the demagnetization

Measuremen_t O_f conventional hysteresis loops shows thfi)trocess. The decaying envelope finishes=a0, and the field am-
the weakly elliptical nanomagnets used throughout theyitude is abruptly increased, ready to start another déaaghows
chains have a uniaxial anisotropy fiele-2K /M) of 285  the oscillating applied magnetic field. The other panels show the
Oe and an interaction field<2J/M) of 75 Oe. The highly  Kerr signal for samplegb) n=2, (c) n=3, and(d) n=4, where the
anisotropic first nanomagnets had a uniaxial anisotropy fielthighly anisotropic first nanomagnet of each chain had been premag-
of 580 Oe and a coercive field of 340 Oe. In both cases, thaetized in the negative Kerr direction.
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FIG. 4. The Kerr signal at the end of the demagnetizing process FIG. 5. The experimentglly determined antiferromagne_tic_ order
for samples with different numbers of nanomagnets per chain, parameter measured for different nanomagnet numbesthin

The highly anisotropic first nanomagnet of each chain was premag'cfalCh chain.

netized in the negativésolid circleg and positive(open circleg ] o ]
Kerr direction. configuration is perfect for the first four nanomagnets, but

thereafter phase defects arise on a statistical basis.

The data of Fig. 4 can be used to calculate a local antifer-

so we use the plus and minus Kerr saturation levels visible ir?omagnetic order parameter as a function of nanomagnet
the t>0 part of the curves to remove the offset. Note that,,mper. We define the order parameteras

these saturation levels only refer to the switching of the
weakly anisotropic hanomagnets. Consequently, there is no AVF  AVS AV, AV,
n n n— n—
( Vo Vi ) ( H

direct contribution to these curves of the highly anisotropic ~ \,=(—1)"
first nanomagnet itself, which makes interpretation of the
results much simpler.

One sees that at the end of the demagnetization procesgneren is the nanomagnet number being consideted; is
then=2 chains .h.ave a net Fransverse magnetlzatlon _alm.og;]e demagnetized Kerr signal of a sample withanomag-
equal to the positive saturation level. This shows that in Vir-qets and with the first nanomagnet positively or negatively
tually all of the chains, the second nanomagnet is magnetize,%agnetized, an¥? is the difference between plus and mi-
in the positive Kerr signal direction, i.e., antiparallel to the 5 saturation Kerr signals for a particular measurement of
highly anisotropic first nanomagnet. This is conclusive eVi'AV,? , i.e., it simply renormalizedV:* to the range+0.5.
dence that antiparallel coupling is occurring. When a thirdrhe most inner parentheses average results from the two dif-
nanomagnet is added to make the 3 sample[Fig. 3(C)],  ferent phases of the AFT configuration. The equation then
the demagnetized signal falls to slightly below the zero leveliakes the difference between this value and that obtained
This shows that it is coupling antiparallel to the second nawith one fewer nanomagnet in the chain, to find the contri-
nomagnet, as would be expected for the AFT configurationpution made by nanomagnet The renormalization ok, is
Then=4 samplgFig. 3(d)] has a demagnetized signal level such that it should lie in the range 1 tol and is the corre-
equal again to that of the=2 samplgFig. 3(b)], showing lation function between the average demagnetized state of
that the fourth nanomagnet has coupled antiparallel to theanomagnet number and the state expected for a perfect
third. AFT configuration building out from the premagnetized first

When we initially magnetize the highly anisotropic first dot.
nanomagnet in theositive Kerr signal direction, instead of Figure 5 shows the measured local antiferromagnetic or-
in the negative direction, the sign of the demagnetized levelder parameter as a function of position in the chain of nano-
is found to be reversed, as would be expected if the phase ofiagnets. As discussed above, the AFT configuration is al-
the antiferromagnetic coupling is being determined by themost perfec{to within experimental measurement ejréor
first nanomagnet. the first four nanomagnets. It then decays to a value of 0.2 by

Figure 4 shows the results of all of the samples, with the end of an eight-nanomagnet-long chain.
ranging from 2 to 8, for the two directions of magnetization The fall in antiferromagnetic order parameter as one
of the highly anisotropic first nanomagnet. In this figure, wemoves along the chain is due to the failure to remove all
plot the absolute level of the demagnetised Kerr signal. If thephase defects, i.e., frustrations, during the demagnetizing
AFT configuration were perfect, then one would expect toprocess. Figure (8 shows schematically one such frustra-
see the curve oscillate at constant amplitude as each nantien. The two nanomagnets on either side of the frustration,
magnet is added. Within experimental error, this is seen to b® andR, experience less net interaction field than do nano-
so for the first four nanomagnets. Thereafter, the oscillationsnagnets far away from a frustration and so can switch at a
are still clear, and a sign change is still evident when thdower applied field. Consequently, as the oscillating applied
initial magnetization direction is reversed, but the magnitudemagnetic field decays, there will be a time when only nano-
of the oscillations decays strongly. This shows that the AFTmagnets next to a frustration can be switched and no others.

V;lll anl
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(a) Q i R nanomagnets as a communication channel. In a separate ex-
perimental study of the FL configuration in chains of isotro-
@ @ @ @@ @ @ pic nanomagnet$jt was found that 90% reliable communi-
cation of the state of a highly anisotropic first nanomagnet
(b) R i S could be achieve@ven down a chain as long as 69 nano-
magnets Why is it that the AFT configuration only allows
@ @ @ @ @@@ communication through four or five nanomagnets? The dif-
ference comes from the way in which the communication
' vehicle, or frustration, is propagated. In the AFT case, the
FIG. 6. Schematic representations of a frustration in antiferro-applied field direction does not encourage a particular propa-
magnetic coupling. gation direction for the frustration and so the applied field

can never force a frustration out of a material defect trap.

This is the time during which the frustrations are _mo_b"e-Conversely, in the FL case, the frustration propagation direc-
Even though bottQ and R have equally reduced switching +iop js given by the applied field direction, and so the infor-

fields, it is highly improbable that they will both switch at a4on vehicle can be forced out of local traps. Frustration

exactly the same time. Suppose, say, tRaswitches first. annealing is thus much more efficient.

Figure @b) shows that this causes the frustration to move |, conclusion, we have investigated antiferromagnetic

one step, to lie betweeR and S One of these will then 54netostatic coupling between planar nanomagnets. We
switch on the next half cycle of the oscillating applied field yemonstrate that the antiferromagnetic coupling exists

and the frustration will move again. Unfortunately, the direc-|5gely without defects for the first four nanomagnets of a

tion of motion is not well defined. If the competition t0 cpain’of coupled nanomagnets. Thereafter, frustrations arise
switch depends only on thermal fluctuations, then the frusyhich rapidly reduce the order parameter as one moves
tration would perform a one-dimensional random walk. If 51ong the chain. Nevertheless, we have shown that even a
other systematic influences are addltlonal_ly present, such a$,ain eight nanomagnets long exhibits some average infor-
material defects, then the random walk will be perturbed byyation transfer from one end to the other, mediated by the
traps and barriers. If the frustrations are able to move 10 thgntiferromagnetic coupling. These results could find techno-

end of the chain or to meet other frustrations, then an”'h”arogical application in the biasing of magnetic sensors and

tion occurs and, hence, frustration annealing. However, ithemory cells, in ultrahigh-density data storage where inter-
systematic material defects exist which can trap the frustragiement interactions must be understood. or in magnetic
tion, then complete annealing will not occur. We believe thatlogic devices. ’

this is why longer chains are seen not to anneal fully. Other

studies in micron-sized systems have found similar incom- This work was supported by St John's College, Cam-

plete annealing? bridge and the Royal Society. The author is grateful to Pro-
It is interesting to think of the antiferromagnetic order fessor M.E. Welland for use of the lithography facilities in

parameter as representing the fidelity of the coupled chain ahe Cambridge University Engineering Department.
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