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lattice of nanoscale ferromagnetic islands
R. F. Wang', C. Nisoli’, R. 5, Freitas', J, Li', W. McConuille’, B. J. Cooley', M. 5. Lund”, N. Samarth’, C. Leighton”,
. H. Crespl’ & . Schiffer’
Frustration, defined as a ilinn betwesn i jons such  application of 2 megnetic Geld at low temperatures™" & moch
that not all of them mn be stishal, is imporiant in sydens closer analogy bo the frstrated magnetic materials an be provaded,
ranging from neural networks to srcteral glases. Geometrical — however, by armys of interncting single-domain ferromagnetic
frustration, which arises from the wpology of a well-ordered  slands in which the moments are intnnage (that =, they do oo
struciure rather than from disonder, has recently become a topic  require the application of an external field). Advanes in lithegaphy
ol considerahle interest'. In particular, geometrical frostration allow great Tesibility o the deestgn of ferromagnetse isdand amays, 2and
among spins in magnetic materials can lead woexotic bow-  such amays have the added advantage of being accessable a1 room
temperature states”, inchuding ‘spin ice’, in which the local  tempermture. Studies of lines and rectangular arrs of sach feno-
moments mimic the frsmtion of hydrogen jon positions in magnetic isdands shovw that pairwise dipolar mteractions between
fren water™®. Here we report an artificial geometrically fris-  them can be agrificant™ ™, Thea remlts suggest that frustration
trated magnet based on an army of lithographiadly Ghricited  effects should be important i 2 lattice of such idands can be
s:g:-dnmﬂm femnmﬂg'u!nc islands. The islands are arranged  fabricated with 2 frustrated geometn:
that the cﬁpde interactions create & two-dimensional ana- W studied frustrased amays consisting of two-dimensional hrnm
logue o spin ice. Images of the magnetic moments of individual — |attices of clongated |1rrrr|:|||e£' i.:l.m}; |showm schematically in
elements in this correlated system allow us to study the local  Fig, 12) with the bong axes of the islands alternating in orientation
accommadation of frustration. We see hoth icelike shortorange  along the two 'pril'-ri|u| directions of the array lattice (fabrication
correlations and an ahsence of long-range correlations, behviour  details are given i the Methods section). We studicd arrays with
whiich is striki similar to the ture state-of spinice.  |attice parameters ranging from %30 b B0 i, veith 2 fizeed island
These results trate that artificial frostrated magnets can sive (S0mm % 220 nm laterally and 25 nm thick]. This size is sufh
provide an uncharted arena inwhich the physics of frustrationcan— ciently small that the atomic spins were fe rrr|r||.1gr\r||f1||? aligned ina
e directly visuslized. single domain {25 demanstrated below), but large enough that the
I ome of the most commion frustrated systems, ordinary vaterice,  moment configuration was stahle ar 50E. The moment of cach
Inyedmogen inne followe the so-called ‘ice rules”, These rules require that ixland was approzimatehy 3 % 107 Bolir ma e (estimated from
thie four lwdrogens surmounding each nq-ﬂatnm he placed ina the knovn magnetization of pe |rm|lrw,u,1m magrctic field from
tetrahedral conrdination such that twe are chose to the contral oxygen. an island was of the arder af 190 at the centre of nearest neighbour
arem, wihiile the ather wo are closer to neighbouring ceygen atome’,  islands—leading o an interaction energy of the arder of 107 "],
The spin ice materials have the pyrochlore structure in which  equivalent s 10K, between nearst neighboars (the cwct value
magnetic rare-carth ions form a lattce of comer-sharing tetrahedra, — naturally depends on the lattice spacingl, The magretoorystalline
T these materials, the ice rules are manifested by @ minimization of — anisotropy of permalloy is effectively sero, 5o that the dape aniso-
e spirespin interaction enngy when twneping point inward and o tropyrafeach island (the self-enengy of the island's rmagnetic moment,
spins point outward on ezch tetrihedron, At low temperatures, the  which is controlled by its shape) forced its magnetic moment to align
sping freeve into an exotic disordered state that has many of  along the long adis, thus making the &lands effecively Tsing-like,
e hallmarks of glassiness" ", This ice-like state is different friom the  Finite clement modelling of the islands using the QOMMF code™
disorder-hased spin glasses, in that it is associated with avery ooy indicated thar the magnetic fields originating frorm other islands did
range oof spin relaxation times dus to the wellordened lartice™, and itis not substantially aleer this Tsing-like behaviour,
also quite different from spin liquid states seen in other geometrically The intrinsic frustration an this lattice is similar to that in the
frustratod rave-carth magnets™ ', in thar the spins do give cvidence of — “square ice’ moded (see ref. 21 and references tharein, znd can best be
frecring into & siatic configuration ar the bowst femperaturs. soet by considering o verten at which four idands meet, Nearest-
One of the most fascinating aspects of geometrically frustrated  neighbour islands on such a vertex are perpendicular to ezch other,
meagnets is howe the spins locally sccommndare the frstration of the while the second neancst neighbour islands ane collinear and divecely
spin—spin interactions, As o practical mateer, howvever, individual — across the verter from each other (see Fig, thi, A pair of morments on
sping within a material ave difficult to probe cxperimentally without o vertes can be aligned either boomaximize or toominimize the dipole
altering the state of the system. One wiy around this problem st interaction energy of the pain As show in the figare, it i ener-
ereate a frustrated system in which the individual elements can be getically fvourable when the rmoments of the pair of islands are
directly probed. Toward this end, previous vaorkers have fabricated  aligned sothat one is pointing into the centre of the verter and the
arrava of superconducting rings or Tosephison junctions, inowhich  other is peinting out, while it s eoergetically anfavourable when both
e interacting morments are trapped flug gquants oreated by the  moments ane pointing imvard or both are pointing outward. For
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the vertex s & whole, there are four disting topalogies for the
comifigurations of the four momenits with a total multiplicityof 16, o
sherm in Fig. 1e. We label the configurations IV in the order of
increasing magnetistatic cnengy; hat no configaration can mindmiz:
all aof the dipeole—dipele interactions (even type [ only minimize the
energy for four of the =i pairs in o vertex], and this the system s
frustrated.

Tl loswest energy vertex configurations ([ and 1T} lase owo of the
moments pointing in toward the centre of the verter, and two
pointing out. Although the iteaactions beween all pais of spins
o the vertes are not equivalent, thess energetics are analogous to the
Tw-indTwr-ct ice rales for the atormic roments on 2 tetrzhedion in
apin e, For areays with 2 lamtice constant of 3200m, the aergy
difference between vertices of types T and [T is more than twice as
Large as the energy difference between vertices of types [ and 11, and
the enirgy difference between types Tand TV is more than six tirmes as
large (based on OOMME caloulations of rdaved magretostaric
energies), The two-in/too-out motifs (rype 1 oand 1) therefore
dominzte within a large manifold of dosey spaced low-energy
magnetic states. Topological mumda:rztu:ms further favour the
creatiom af states that are o 1 by frisstrated mixtures
o types Land L For example, a domein beundary between regons of
types Land 1115 exsentially searmbe, requining no vertices of types 111
or IV The situatson contrasts sharpdy with that of a tradstional Tsng
fermmagnet or antiferromagnet, wheren magnetic domain walls
comtain lughly unfvourable anti-aligned spin pairs.

Magnetic foree micrscopy (MEM) allowed us o image the
orientatiors of all of the moments in a lage area { 10pm 2 10 m),
far froom the edges af the amays To enabibe the sptem to settle into 2
o energy conlfiguration, we Rllowad a2 protecol developed by
previous authors™" and rotated the samples 02 magnetic field
which decrensed stepwise from above to below the coercive field.
MEM images of the system after such field reatment revealed o
measurzhle readial magnetc moment for the anay, and a ten-fold
variation of the sep dwedl times did l.'ll'.ll. -upnr:lmnﬂ:, alter the
distribution of vertex types described b

w
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Figurs 1 | Miastration of frustration on the sguans Littics used in thass
wxparimants. Fach isband in the laitics i single-domain ferromagnet with
s moment poinding along the bang axis, as indicaied by the arrme 2, The
geametry of the lattice studied. The arrows indicate the directions of
mnments somespondmg o the MEM image of Fig. Th. b, Vertices of the
Rattice with pabrs of msoments indicaved, Blusraning ener gedcally faveurahle
and wnfavourable dipole interacimns hepween the pairs. €. The 16 possible
wnnmEnt configurations on & vertes of feur blands, separated mis four
inpulegical types. The percentages indlcare the sxpecied [raction of each.
type i the imdividuwal sioment orlentations &6 an ey were oompletely
randsm,
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TIn Fig. 2 we sheaw an atormic fomee miarosope (AFM) image and an
MEM image of a portion of a typical armay. The black and white spots.
inn tlee MEM image, which indicate the north and south poles of the
ferromagnetic islands, confim the single-demain nature of the
islands and dermonstrate the dormirance of the shape anisntoopy in
aligning the magnetization of cach island along its long ads, From
‘the MIFRA dlana, wee can easily determine the moment configuration of
the arvay (a8 indicated by the arrows in Fig. 1a) These data
ermosteate that the manmy vertex types anticipated in Fig. 1o can
T dlivictly osbwerved in the scmsl systern. Tn erder to probe e natune
of frustration in this system, we studiod how the properties varied
with the spacing berween the isknds, counting Between 1,000 2
3,000 isdands in rrsarerments of 28 diferent arraps forcach lattios
apacing. This allinved s divect conitrol over the frustrated fter-
actions, something whidh s et caily amaireble in geometrically
frusteared magnets materials

An irmrnediate gquestion is whether owr anays obeped the o
rules—that i, did a preponderance of the vertices fall into 2 two-
in'two-out configusation (ype Dor I By simple counting angu-
ments {see Fig, o) we can prediot the expected distibuarion of
dafferent vertex types of the moments were non-interacting and
randimly oriented. One wiould expect only 37.5% of the verbce 1o
have a two-indtwo-out configuration if the coetations were man-
o an excesss of such vertices would mdicate tat interactions are
determimang the moment configuration. We compule the ewes
percentage lor each type of vertex, defined as the difference between
the percentage ohsearved and that expected for a random distribution.
Wi plot this excess versus latioe spacing inFag, 3a for each of the four
verlex types, 25 well 2 for types 1 and [0 combaned. The exasms

 af vertices with a two-intwo-out configuration {types 1
and ) wees well over 3076 for the smallet lattice spacing m other
words, over T of all vertices had a span-ice-like comfiguration, This
evcess peroentage decresed monotonically with increasing latee
spacing {decreasing interactions}, approeching sere for our langet
lattice spacing, as would be expected for non-miteracting {randomly
oniented | moments. In fact, the exaess for all vertes types approached
oo 25 the lattice spacing mcreased, lending credence both to our
understanding of the systern and to the effectiveness of the rotating:
faeld methiod in enabling facile Incal re-orientation of the moments,

To furiher understard the nature of frustration in this spstem, we
also studied the paineise comrelations between the Tsing-like
minrenis of the slands. Defning 2 comelation function is somewhat

icated by the anisotropic nature of our lattice and that of the
dipole interaction. We thus define a set of comelation funcions
between distinet types of nejghbouring pairs. The closest pairing is

Figuee 2 | AFMA mnd BAFA images of & frustrated lattice. a, An AFM imags
il eypical permalloy array with litfice spacing of 480 nm. 5, An MFM image
daken from the sanse array. Wote the single-domaim character of the islands,
as indicaied by the divisin of each island inte black and white habees. The
mament configuration of the MPM insage i illustraced in Fig. 1 The
goloured oudines indicare examples af vertices of iypes 1, 1 and [T in pink,
Blue and green respeciively.
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Labelled ‘NN for the nearest neighbeur; *T denetes the next nenest
meighbour pairing, which is in the longitading] direction of the
islarnd; and T denotes the nent neares neighbour in the transvers:
divection from the igand (see Fig, Shinset). We define a conrelation,
o, suchs thar © e 41 0F two merments ane aligned 0 minimize the
dipoleinteraction erengy, and C = — 1 iftwo moments are aligned to
masimize the dipole energy. In this ey, i the momnts fior a
particular type of neighbouring paie were uncorrdated on the kattice,
e average value of Cwenld be o,

W firnd that thie Bland paivs whicl were farther separated than the
Land T neighbours had wieak e zero corvelations ([C] < 0.1 for 201
Lattices, We do see correlations for the NN and T neighteors as
sl in Fig, 3, bur soomewhar saprisingly, the correations for the
L rwighiboners weere relatively amall. W can anderstand this as a divect
i erce of tlae Frusteatson in the system. Interaction benwoen the
NN neighbears is the strongest, and therefors it i predominant. A
i of mlarwds of rypee L lsas 2 divect interaction (el is somewhar
witker than that of the NN pair), bur ala an indirect interaction,
since L two sdands i an L pairing share twe WM neghbours, 152l
of the NN pair energies are minimized, then the L pair energy is
masirmazed, and we believe that thas frustration leads 1o the sarprs-
angly sk correlation between the L neighboure. By the same logic,
the relatively stromg comrelations between the T neighbour pais alio
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Figure 3 | Statistics of moment ne. These satatlsnics were
abiained from berween |0 and 3000 (slands in cembined measuremenes
of 24 different arvays Far cach lawiee spacing. a, The escess percentages of
diflerent vertex Uypes, plodted s a funciion of the luice spacing of the
wndedying square srray lillice. Note that the excess percentages appraach
zeru fur the largest latice spucing, B, The carrclaions berwesn difierent
paies of the islands as & lenction of the Ballice spacing of the undedying
square lattice, The inset shows nur defimitinns of the near nrighbeur pairs
fram the grey ceniral island Lser et far defadsp. Far both the correlations
and the vertes statistice, the gypical variation betweren images for nominally
identically prepared samples was <= 1% for the closehy spaced laitices m
which we had moore than 1000 isdands in o single image. bat up to %60 For
the more widely spaced lattices in which we had emly a few hundred islands
per image.
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arise from indirect interactions via NN intermediaries, Tn the case of
the T neighbour pairs, if the NN neighbowr pair interaction enengy is
minimized, the indivect interaction energy will also be mirimized,
and thus the combined effect is o inanease comrelations as we ohaserve,
For all of the neighbour types, we And that the corelations
approached mero for the lagest lattice parameters, as eopectad
since the interactions should strangly devrease as the islands are
separated

The existene of only short-range ovder and joe-like corrd ations
o the lartice is precisdy ter e bedvavienar of e spin e
materials, i wlicl theere is abio no experimental evidence for long-
vargge ordes, anly jce-like short-range corrdations, While there are
theoretical long-range cvdered low-erengy sates for spins on either
or latrice o the pyvochlone spin ice lartice™, the complex energy
Landscapee asseciated with the frusteation lead o a disosdered atate
when thermal or magnetic-fdd-induced exdtations aee remeed,
Tlis 18 in sharp contrass with unfrusrated lines of ferromagnetic
lands, in which longer-range comelations ane obaerved™", It o
irteresting that the selarive populations of different types of vertices
ek the randormly oviented lirat rapadhy a8 the lartice oonstane
wwcrenses, ared that even within the regame of closeh-spaced and
therefire stromgly inberacting slands, the sptem can acies o very
widhe range of nearly degenerate states. This wide mnge of acaesble
slates has the potential for importance o applications, smee, i
mformation were ence within a bow energy comfiguration of
the moments, the energetic doving foree fior Jocal mognetration
reverials could be suppressed by this near-degeneraey, even for lighly
derme arrays

Char demomstration of an artificial frustrated magnet opers the
door o a v mode of research wherein 2 frustraited sstem can be
diesigned rather than diseovensd. Futune studies could examane a wide
range of accessable lattice geometries, ratonally dedgned defect
structures, and the offects of dynamic and datic appliod magnetic
field®™. In additton, the cpatality 0 locally probe the magnetic
micarkents, the acassbility 2t room temperature, and the amilanty
0 patterned magnetic recording media all combine to suggest
the potential for novel 1 applications that explon the
fundamental nature of frustration,

We fabricaed the amays on 51 subsirabes with a matve oxide layer, using filins of
permm by | Wig s P ot with grais sree of about 3 ne. We o
techmique using a polymethylglumarimide [PMGD and polymethyl meihacrdas
CEWBLAG double layer resis™ . afier electrom beam ecposune, we usad methyl
byl keronesmoprmpyl aloohel i ke ravio of 1:3) 10 remove expossd FhIMA
wesis, Follonwed by removal of thar PYGE resie which s sor coverad by Prida,
Thewwe used o ecdecalar beam epamy sysam o prow - shick pensalloy
ki cus 1 prallcns 42 & depaitian sate al 0.1 As ent empezatine. The
(renemlboy was cappred with 2nm ol Al o prevent exidation of the negne
wilefml Afler @ lil-off procsis s acetone, The PMG] and PRMA fedis wers
metre-guale islasls s.l.:m.l m ||r5| sl rane The el

1 for lesa densa armays thars
s e a Veewo Mulissesds MER o dete i

i fiedd. Repeatod s desscaateatad tat o
|.i||.|..l|:l=n||=||l$ Befoue imeasarement, e sample
-pibane magnetac fiakd, with the magnatic fiskl
¢ eosree Bkl of e islands) aed gradualy
stappring down in magnituds o naro.
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Dynamical fracture instabilities due to local
hyperelasticity at crack tips

Markus ). Buchler'* & Huajian Gao™

As the spead of a crack throwgh a brirle amtertal
increases, a dynamical instability beads toan increased rougheniig
af the Fracture surface, Cracks maving at low speeds creste atom-
ically flat mirroe-like surfaces; at higher speeds, rongher, less
reflective {'mist’] and fmally very rough, irregularly faceted
{hackle’) surfaces™ are formed. The behaviowr is abserved in
many different brittle materials, but the underlying physical
principles, though extensively debated, renmin wnresolved .
Mo exiding theories of fracure™ ascume a linear elastic
strexs-strain law. However, the relation between stress and strain
in read sabids is strongly nonlinexr due to large deformations near
a moving crack tip, a phenomenon referred o as hyperelasti-
cily'™"". Here we use massively parallel large-scale atomistic
simulations—employing a simple atomistic material mode that
allvws a systematic transition from linear elastic o drongly
nanlinear behavior—to show that hyperelasticity plays a govern-
ing role in the oneet of the indability. We report a generalized
el that describes the ontet of instability as a competition
hetween dilferent mechanisms controlled by the local stres
leld™* anal local energy Now'™*'? near the crack tip. Our resulis
indicate that such instabilities are intringc 0 dymamical fracture
and they help toexplain a of contrawversial rimental'~*'*
ki ks e i i

Yoffe's modd™* of 2 moving arack predicts the cocurrmee of two
symmetric peaks of normal dress on inclined deavage planes at
around 73 of the Rayleigh-wave speed. Gao'® showed that Yoffe's
miode!™® is consistent with a eriterion of crack kinking, intn the
direction of maximum energy release rate. Eshelby' and Freund'
argued that the dynamic energy redease mte of a rapidly moving crack
mizkes it possible for the aads to split into mu|]l:’;p||' branches at a
critical speed of shout 5084 of the Raleigh-wave speed. Marder and
Grrss Llnmhdm analysis including the discreteness of the atomic
lattice®, and found instability at a speed similar to other
mindels™ 1, Abraham e al, " sugpested that the onset of instzhil
ity can he understood from the point of view of reduced local lattice
vibrmtio frequencies due in softening at the cack tip, and also
discussed the nnset of the instahility in termsof the secant modulus™,
Heizler o ™ imestigated the crack tip instability with lattice
midels” using, linear stability analysss of the equations of motion,
induding dissipation, They observed a strong, dependence of the
irstahility spead as a function of smoothness of the atomic inter-
actiom, and pointed out defidencies in Yoffe's picture™*, Gan'™'
attempted to explain the reduced instability spead hesed on the
comcept of hyperdasticity within the framewrrk of nonlinear con-
tinuum mechanics” (see Supplementary Notes for hackground
information], Supplementary Fig. 1a visualizes the mirror—mist—
hackle transition, and Supplementary Fig. 1b depicts o schernatic
dermonstrating tlu:mnﬂptﬂf hyperedasticity,

Foor thie atermistic rrodedling, using large-scale modecular dyvamics
sirmulations™ (see Methods and Supplementary Methods), v mesdel
a sirghe crystal under mode 1 nading with an initial crack & depicted
in T:g. La, Figure 1h and ¢ depicts foroe vemus atomic separation of
the interatomic potental Gambols s E, défdr and ryog, are defined
1 the Methods section “Interatomic protental' . Fgure T shews the
foree versus separation carvie with repect o changes: of ry,., 2nd
Fig. 1 shoiws the variation m shape when 2 s vaned. For small values
af £ = 50 the sofierang effect i quite lage. For large values of
E = L, the amount af softening close 10 bond braking becomes.

1_,,

arieniation {1y and [, denodr the slah sizes in the 2 and p di
imitial crack |.—n,ﬁ.| Thw imtrabomis potential shawing lorcs versms atnmic
separation used for the calculations is depicted in b and & 122 ahos equation
(%10 The plois show the dhange of the dhape of the potential depending an
5 (WO PAFAMELETS, F e Jim bl and E (in @), The parameter rjggy denotes
the critical separation For hreaking of the aiomic bonds and is wsed bo adjus
the enhesive stress o g, The parameter I corresponds ts the amount of
smannthing i che breaking. This simplistic model posenilal leads ts geners
conchasions ahout the fracture hehaylour of selids.
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