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The room-temperature magnetic properties of large area arrays<&5®nnt nanoelements made

from a NiFe 6 nm/ Cu 3 nm/ Co 4 nm multilayer stack have been investigated using magnetic force
microscopy(MFM), alternating gradient magnetomei¥%GM ), and scattering experiments using
synchrotron radiation. MFM measurements on individual elements show square major and minor
loops, while the collective magnetization reversal, measured from both AGM and elementally
specific hysteresis loops obtained from synchrotron scattering experiments, show a wide distribution
of switching fields and interaction fields, due to the variability between the element2008
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I. INTRODUCTION cover areas of a few hundred square microns. This does not
allow for simultaneous probing of both local and wide-area
The magnetic properties of lithographically defined mul-magnetic properties. With this in mind, we have produced
tilayerEd magnetic solids with three dimensions in the na-large_area(square Cm arrays of NiFe/Cu/Co pseudo_spin_
nometer range have recently drawn significant atterftfon. valve (PSV) elongated elements with aspect ratios up to 20
Issues such as how the magnetization reversal is affected kyd widths ranging between 65 nm and 100 . These
the shape and reduced dimensions of these nanomagnets gfi¢iple PSV elements can be used as models to investigate
of considerable interest for the development of high-densityhe hehavior of sub-100 nm magnetic multilayer elements. In
magnetoresistive  random access memoiVIRAM)  the present article, we present a detailed study of a sample
devices!™® Nanomagnets being explored as memory cells argomposed of 78550 nn? NiFe/Cu/Co PSV nanomagnets,
composed of at least two magnetic layers sandwiching a northaracterized using magnetic force microscépyEM), al-
magnetic insulating or metallic spacer. Future high-densityternating gradient magnetomettGM), and scattering ex-
MRAM devices will require |ayered magnetic elements with periments using Synchrotron radiation.
thicknesses below a few tens of nanometers and in-plane
dimensions in the sub-lloo nm regime. II. EXPERIMENT
The overall magnetic behavior of these nanomagnets is
governed by shape anisotropy, resulting in an easy magneti- The nanomagnet array was patterned from a sputtered
zation axis parallel to the longer in-plane dimension of theNiFe (6 nm)/ Cu (3 nm)/ Co (4 nm)/ Cu (4 nm) thin film,
structure. For reduced aspect ratios, as a result of magnetosing a combination of interference lithography, reactive ion
static coupling, the magnetization of the magnetic layers hastching, and ion milling(for processing details see Ref. 9
been shown to align antiparallel at remanehé&rom a de- Room-temperature hysteresis loops and minor loops were
vice point of view, high-density arrays composed of single-measured in a piece of the array containing®® nanomag-
domain, magnetically identical elements displaying abrupnets using AGM. Minor loops were obtained by saturating
magnetization reversal are desirable. the sample in an applied field and then measuring the mag-
Many nanomagnet arrays produced to dAteave been netic moment on increasing the field from different reversing
made using serial lithography processes such as electrofields (Hg), which were applied in the opposite direction to
beam lithography, and thus the arrays fabricated typicalljthat of the saturating field. The MFM measurements were
performed over a 3dmx3 um area using a high-resolution
| o . custom-built vacuum MFM systeft, using as tips silicon
ectronic mail: fer@mit.edu . . .
bAuthor to whom correspondence should be addressed; electronic maif@ntilevers coated with a 25 nm thick sputtered CoPtCr alloy.
caross@mit.edu Images presented in this work were taken at remanence, to
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FIG. 1. Room-temperature hysteresis loop and minor loop measurements

corresponding to a 70550 nnf NiFe/Cu/Co PSV nanomagnet array. The

reversing fields of the minor loops are200 Oe(filled triangleg and —550 ) ) ) o

Oe (filled squares The inset shows a scanning electron micrograph of partFIG. 2. Sequential MFM images mapping the magnetization reversal over a

of the sample. A schematic representation of the four possible orientations 6 «Mx 3 um area of the sample investigated. MFM images taken at rema-

the magnetization of an element is also depicted. nence:(a) after saturating in 800 Oe and after subsequently appling
—65 Oeg;(c) —97 Oe;(d) —405 Oe;(e) —550 Oe; andf) —650 Oe.

reduce the perturbing effects resulting from the interaction
between the tip and the external applied field. hard (Co) and soft(NiFe) magnetic layers. Due to the rela-
Using circularly polarized light from the X-13A beam- tively large spacing between the elements in the arrays, mag-
line at the National Synchrotron Light Source, both reflec-netostatic interactions between the PSV elements may be ne-
tivity and magnetic circular dichroism patterns were mea-glected, and the hysteresis loops can be simulated by treating
sured for these arrays. An elliptically polarizing wiggler €ach PSV element as a coupled pair of rectangular magnetic
provided linear or modulated elliptically polarized light films (Co and NiFe, interacting through exchange and mag-
switching with 22 Hz between the left- and right-hand polar-netostatic coupling Within each PSV element, the Co exerts
ization of the x-ray beam. The beamline, with two sphericala field on the NiFeKi,) and vice versaifs).° The coercive
gratings of 800 and 1600 grooves/mm, works in an energyield of the NiFe layersH¢ yire can be measured from the
range between 250 eV and 1.8 keV, which coversliteb- ~ minor loop, and the coupling field,s can be obtained as the
sorption edges corresponding to transition metal elementffset from zero-applied field of the NiFe minor loop. For the
An electromagnet mounted on the sample holder supplies @xperimental data shown in Fig. B¢ nire andHps are 125
magnetic field up to 1.0 kOe, along the sample surface. UnOe and 60 Oe, respectively.
der these conditions, the beamline setup allows both detector Figure 2 shows a sequence of MFM images taken on
and sample scans together with energy and magnetic fielPplying a saturating fieldFig. 2(@)] and after subsequent
dependence measurements. Here, we discuss the magne&plication of an opposite reversing fielfligs. 2b)—2(f)].
parameters deduced from elementally specific hysteresishe MFM images show bright and dark contrast close to the
loops, obtained from the signal difference close to the L3patterned ends of the elements, suggesting single domain
absorption edge of the Co, Ni, and Fe present in the samplétates for each of the magnetic layers. In the saturated state

and measured as a function of the applied magnetic field. [Fig. 2a)], all elements are in the A state and, on increasing
the reverse fieldFigs. 2b)—2(f)], B states are initially

formed eventually becoming D states for higher reverse
fields. The B states have very weak MFM contrast. Rema-

AGM hysteresis measurements reveal the distinchence hysteresis loops were calculated based on the MFM
switching of each of the magnetic layeidiFe and Co in data from an area containing 4600 patterned elements,
the patterned elements at different applied figkie Fig. L and compared to the remanence loops measured using AGM
The four possible different magnetic statés B, C, and D in arrays containing-10° patterned element$.Experimen-
of the patterned elements are also schematically depicted tally deduced averaged parameters from the MFM rema-
Fig. 1. The NiFe soft layers reverse over a range of appliethence measuremengswitching fields, interaction field, and
fields centered at 115 Oe, while the Co hard layers reverseoercive field for the NiFe layerare in excellent agreement
over a range of fields centered at 410 Oe. with those deduced from AGM measurements.

The hysteresis loop shape can be understood as a super- Furthermore, single element hysteresis and minor loops
position of the hysteresis of a large number of patterned elwere measured using MFM, by positioning the tip at one end
ements with a distribution of switching fields for both the of the patterned element and monitoring the cantilever fre-

IIl. RESULTS AND DISCUSSION
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as expected, while the Co reverses at a higher field. The Ni
and Fe loops are both offset from zero, by 40 Oe, as a result
of the interaction fieldHs. All three elements show a dis-
tribution of switching fields consistent with AGM data. The
average coercive field for the Ni was 120 Oe and for the Co
was 410 Oe, which is similar to the results obtained from
AGM.
Overall, the experimental values deducedHigy yjre and
Hys from wide-area AGM and x-ray measurements are in
good agreement, and show a distribution of switching fields,
. , . i ‘ . . while MFM measurements on individual nanomagnets show
-600 -400 -200 0 200 400 600 square loops with a range of switching fields, particularly for
Field (Oe) Hys. This fact reinforces a picture in which wide-area mag-
netic properties of the array can be interpreted as a superpo-
FIG. 3. Hygteresis loop and minor loop .corrgsponding to a 'single 7_Osition of the magnetic behavior of a large number of indi-
% 550 nn? NiFe/Cu/Co element. The reversing field used to obtain the mi-_ . ..
nor loop is—300 Oe. vidual nanomagnets. Individual patterned elements show
well-defined switching and interacting fields, while the en-
semble displays distributions for the switching fields for both

quency shift while sweeping the external field. The cantile-layers, as well as for the interaction field between layers. The
ver frequency shift is proportional to the force gradient be-switching field distributions can be ascribed to irregularities
tween the tip and the sample, thus providing a measure of the element edge shape, resulting from the lithographic pro-
magnetic moment. Such measureme(stise Fig. 3 reveal cessing; to microstructural variations between the polycrys-
square hysteresis loops for individual patterned elementtalline elements; or to the effect of ion-milling which leads to
with abrupt switching at well-defined field values. The coer-a disordered region at the edges of the elem&ht&To con-
cive field He nire @and the interaction fieléH,s deduced from  trol the variability, careful control of both the magnetic ma-
the individual element shown in Fig. 3 are 137 Oe and 4Qerial (e.g., the choice of lower anisotropy or cubic matejials
Oe, respectively. Measurements on different patterned eleand the lithographic and patterning processes are required.
ments show the same overall shapes of the hysteresis IOOpﬁCKNOWLEDGMENTS

but a distribution of switching fields consistent with AGM .
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