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We examine the melting of commensurate and incommensurate vortex lattices interacting with square
pinning arrays through the use of numerical simulations. For weak pinning strength in the commensurate case
we observe an order-order transition from a commensurate square vortex lattice to a triangular floating solid
phase as a function of temperature. This floating solid phase melts into a liquid at still higher temperature. For
strong pinning there is only a single transition from the square pinned lattice to the liquid state. For strong
pinning in the incommensurate case, we observe a multistage melting in which the interstitial vortices become
mobile first, followed by the melting of the entire lattice, consistent with recent imaging experiments. The
initial motion of vortices in the incommensurate phase occurs by an exchange process of interstitial vortices
with vortices located at the pinning sites. We have also examined the vortex melting behavior for higher
matching fields and find that a coexistence of a commensurate pinned vortex solid with an interstitial vortex
liquid occurs while at higher temperatures the entire vortex lattice melts. For triangular arrays at incommen-
surate fields higher than the first matching field we observe that the initial vortex motion can occur through a
correlated ring excitation where a number of vortices can rotate around a pinned vortex. We also discuss the
relevance of our results to recent experiments of colloidal particles interacting with periodic trap arrays.
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[. INTRODUCTION an elastic lattice interacting with a periodic substrate which
can be generalized to a wide variety of condensed matter
\ortices interacting with periodic pinning arrays have at-systems including atoms adsorbed on a surtaaalloidal
tracted growing interest with the advances of nanolithocrystals interacting with interfering laser beatfignd vorti-
graphic techniques in which the size and shape of individuates in Josephson-junction arrdys® A very similar system
pinning sites, as well as the geometry of the pinning arrayto vortices in periodic arrays that has recently been experi-
can be carefully controlled. These pinning arrays can benentally realized is colloidal particles interacting with opti-
composed of 1D periodic modulatiohsmicrohole$™® or  cal trap arrays’-2°Recent experiments in these systems for
magnetic dot§™in which the holes or dots have a diameter colloids interacting with a square array observed an interest-
d significantly less than the dot spaciagThe holes and dots ing transition from a commensurate square colloidal crystal
suppress the order parameter, allowing the flux lines in theéo a triangular colloidal crystal for increasing colloidal den-
mixed state to lower their energy, and thereby pinning thesities when the colloidal interactions began to dominate over
vortices. Strong commensurability effects in these systemthe substraté’
are observed at the matching fields, when the number of Although studies of the effects of temperature have been
particles equals an integer multiple of the number ofconducted on the dynamics of vortices interacting with peri-
divots?~*9?Transport measurements ndarabove the first odic pinning array$} the static melting has not been inves-
matching field indicate that some of the vortices are onlytigated. Here one could expect that vortex lattice melting
weakly pinned in the interstitial regions. These vortices bebehavior may be significantly different at commensurate vs
come mobile at a lower applied current than the vortices aincommensurate fields. Melting of vortices in wire networks
the pinning site$. Direct evidence for commensurate stateshas been studiéd for systems for filling fractions far less
and interstitial vortices has been obtained using Lorentzhan one with Monte Carlo simulations. The Monte Carlo
force microscopy and scanning Hall probe microscop¥. simulations of vortices in wire networks at low filling factors
Magnetization measurements by Baerl® interpreted the by Franz and Teité? have shown a transition from a pinned
loss of pinning above the first matching field ndaras due solid to a floating solid phase, both of which have the same
to a coexistence of an interstitial vortex liquid with a pinned symmetry as the underlying pinning lattice. For higher tem-
vortex solid at the pinning sites. peratures this floating solid phase was found to melt into a
In addition to the technological applications of supercon-liquid. In the wire network case there are no interstitial re-
ductors which require strong pinning, vortices interactinggions, and at the matching field the floating solid phase is
with periodic pinning arrays are also an ideal realization ofabsent® The wire network system has several differences
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from vortices in periodic arrays in that in the former the solid at low temperatures. For higher temperatures we ob-
vortices can be considered to move in an egg-carton poterserve a coexistence of an interstitial vortex liquid with a
tial. For vortices in periodic arrays the vortices would movepinned vortex solid in agreement with the experiments of
in a muffin-tin substrate in which there are flat potential re-Baertet al. At high incommensurate fields the extra vortices
gions between the minima. In this system at low tempera0r vacancies in the interstitial vortex liquid become mobile.
tures at commensurate matching, particles in the overlyinVe observe the same general behaviors for triangular pin-
lattice will sit in the divots or energy minima, while at the Ning arrays; however, at the incommensurate fields the mo-
incommensurate matching, some particles will sit in ithe t!on o_f extra yor_tlces or vacancies can occur by novel collec-
terstitial regions between the divot&:*2Even at the match- (Ve ring excitations where a group of vortices rotate around
ing field it can be possible for vortices to move into the @ vortex In a pinning site. Thesg excitations occur when an
interstitial regions when the vortex-vortex interactions be-Ncommensurate number of vortices cage a vortex located at
come dominant or thermal fluctuations are strong enough. & PInNNIng site. _
Another difference between vortices in wire networks OUr System should not only be of relevance for vortices
compared to vortices in periodic pinning arrays appears fopnd colloids interacting with perlod_lg substrates but_ also fo_r
fields greater than the first matching field. The additionaithe Square to hexatic vortex transitions observed in certain
vortices in the imaging experiments by Haraeleal® and §uperconduct0r_§’, where little is known about the dynam-
simulations by Reichhardgt al? indicate that in periodic €S at the transitions.
pinning arrays a wide variety of interstitial vortex crystals
can be stabilized at different matching fields. Il. SIMULATION
The vortices located in the interstitial regions can have ) o .
significantly different static, dynamic and thermal properties. V& model a 2D system with periodic boundary conditions
than the commensurate particles, and the coupling betwedR X @ndy with N, vortices interacting with a square array of
the two different species can give rise to interesting behaviofp PINNINg sites. We use a Langevin simulation for vortices
Recent imaging experiments by Grigorenkbal’ using at finite temperature using the model of Brass and
high resolution scanning Hall probe microscopy near the)ensert’**We consider the vortex motion to be overdamped
matching fieldB,, indicate that, for fields slightly below and and integrate the following equation of motion:
above the first matching field, over time the vacancies and 00 L copo T
interstitials appear to show site to site hopping. The nature of fi=nvi=fi"+H7+ 1. @
the hopping dynamics is however not known, such asHere f; is the total force acting on vortek and » is the

whether the interstitial vortices jump from one interstitial site amoing coefficient. The repulsive interaction of vortex
to another or if the interstitials undergo an exchange proces% pIng : P

with the vortices at the pinning sites. These experimentdVith the other vortices ig"==;_,"foKy(|ri—rj|/\)r;;.
were done for square arrays and it is not known how thélere,\ is the penetration depth and(r/\) is a modified
vortex hopping might occur in different geometries such adessel function which falls off exponentially for>\, al-
triangular pinning arrays. lowing us to place a cutoff in the interactionsrat 6\ for

The melting of interstitial vortices which coexist with computational efficiency. The pinning is modeled g
strongly pinned vortices has also been proposed byarabolic traps withf!P= —EE‘gl(fp/rp)dri—rf(p)|)®(rp
Radzihovsky? for vortices interacting with rar_1d0m|y pla(_:ed_ _|ri_r(kp)|)fi(5). Here,® is the Heaviside step function,,
g_(:(lausmnar defects where there are more vortices than pinning o range of the pinning potential, is the maximum

ites. o - A

In this work we report the study of two-dimensional melt- pmnmg(;?rce of(;)he wells fij = (ri—r))/|ri—r;| and r{p .
ing of vortices interacting with a square muffin tin pinning :gi_rk )/|ri_rkT|' T?e thermal force has the properties
potential with the use of molecular dynamics simulations (i ())=0 and (f/(t)f;(t'))=27kgT 5 5(t—t'). In this
For the commensurate case at low substrate strengths Wéork we setn=kg=1. All lengths, fields and forces are
observe a different order-order transition from a squarddiven in units ofk, ®,/\* andfo, respectively. For most of
pinned vortex lattice with long-range order to a triangularthe results shown here the density of vortices is ®©.26.°.
ordered floating solid phase with quasi-long-range order. Oufhe initial ground state of the system is found using simu-
simulations also allow us to examine the vortex dynamics atted annealing. We then slowly increabeand analyze the
the transition into the floating solid where the vortices showcoordination number,, (from the Voronoi or Wigner Seitz
a collective 1D avalanche motion along the pinning rows.cell construction, and the structure factor,
For increased substrate strength the floating solid phase is
lost and the pinned solid melts directly to a liquid. In the
incommensurate case for vortex densities slightly above the
first matching field for strong substrates we observe a multi-
stage melting in which the initial vortex motion occurs by anwherelL is the system size length.
exchange process of interstitial and pinned vortices. Another measure we employ to characterize the thermally

We have also examined the effects of temperature foinduced transition is the sum of the displacements of the
higher matching and nonmatching fields greater than one. Atortices from their initial positions &= 0 to their positions
the higher matching fields we find that the vortices form aat a higherT:

S(k)=(11L?) 2, ekl
]
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confined to a distance,. NearT=0.0012 there is a struc-
tural transition in the vortex lattice from square lattice to
triangular, indicated by the sudden dropHp to ~0 and the
large increase iPg to 0.98. In Fig. 1b) we plot the average
(S(k)) of the appropriate secondary peaksStk). For T
- A <0.0012 we observe only four secondary peak$(k) as

10° ¢ , S indicated in the left inset in Fig. (4. At the square-
Sk, triangular transition there is initially a large drop {S(k))
0 from 0.95 to 0.2 and then a recovery to 0.55. The position of
the secondary peaks shifts at the transition from fourfold to
sixfold order. During the transition a mixture obth four
and sixfold peaks appear, reducing the overall power at each
peak. In the triangular phase there is almost no power for the
fourfold order. The square to triangular transition can also be
observed as a jump id,, [Fig. 1(c)], coinciding with the
drops inP, and({S(k)), which is due to the shifting of the
vortex positions during the transition. In the triangular lattice
0 21002 0004 006 0008 phased,, remains roughly constant, indicating that diffusion

T is not occurring and that the vortex lattice is still a solid.

FIG. 1. (a) The fraction of fourfoldP, (thick line) and sixfold NearT=0.0049 the triangular vortex lattice melts into a lig-

P¢ coordinatedthin line) vortices versug. (b) The average power UId,klndlcaC;[ed by the mcrﬁase m’_"”as ngl as the drc:cps In
of the secondary peakéS(k))/N, versusT. The position of the <,S(_)> an PG_' We note thate will not r(_)p to _zer_o qr a
peaks shifts from fourfold to sixfold nedr=0.001. The peaks are liquid state since even for random particle distributions a

lost atT=0.005. The inset ofb) shows the scaling of the secondary Portion of the vortices will always have sixfold coordination

peaks for different system sizes whele~L2 For the pinned ~Numbers. We have also conducted simulations where we cool
phase(circles, T=0.0005 andS(k)~L?; for the triangular lattice ~down in temperature starting &t=0.008. In this case we do
(triangles, T=0.003 andS(k)~L %33 and for the liquid phase Nnot observe any hysteresis in the liquid to triangular phase;

(squarey T=0.007 and S(k)~L~*% (c) The displacements however, hysteresis is present in the triangular to square tran-

dy/N,=(|r(T)—r(0)|?) of the vortices versus. sition, suggesting that the transition is first order in nature.
We have also examined the response of the phase to an ap-
N, plied drive and find that only the square pinned phase has a
dy(T)= 2 |ri(T)_ri(0)|2- finite critical depinning force.
=1

The finite size scaling behavior of the structure factor

If the vortex lattice configuration is the same as the initial S(k)/L2~L"°,

state thard,,=0. If a portion of the vortices move but then o . ] )

become frozen agaid,, will jump up. If the vortex lattice WhICh is described more fully in Ref. 15 gives us further

becomes molted,, will increase to a saturation value bf2. ~ information about the nature of the phases. For long range
To visualize vortex motion we plot the trajectories that the©rder, #=0, for floating solids or hexatic phases-@<2.0,

vortices follow for a period of time. To examine the dynamic @nd for the liquid phase=2.0. For different system sizes

response in the phases we can add a driving fghmepre- W€ average the power of the secondary peakisSiik) ) fozr

senting a Lorentz force from an applied current to By, 90 frames. n the inset of Fig.(t) we plot (S(k))/L

and sum over the net vortex velocitigg =3 _,Mv- . To (whereN,~L?) versusN, for the three different phases. In

j=1 °Vi-X.

analyze finite size scaling i8(k) we conduct simulations the commensurate phasé=0.0005) we findj=~0.0 corre-

with the same vortex and pin densities for system sizes Witr?pondlng to the pinned lattice. Fr=0.003, in the triangu-

X o . : lar phase #=0.33+0.04 which is consistent with a floating
ijle_nfﬂLtfolilszs;grgs ranging frorh =24\ to L =60 with solid phase. In the floating solid phase we find a small varia-
v ON,= ’ tion of # with T which we will address elsewhere. In the
liquid phase T=0.007) we findg=1.98+0.04.

I1l. COMMENSURATE MELTING

In Fig. 1 we present the evolution of the coordination A. Dynamics of the order-order transition

numbersPg and P,4, the average power of the secondary In order to gain insight into the dynamics of the square to
peaks in the structure fact¢s(k)), and the vortex displace- triangular transition, in Fig. 2 we show the real space images
mentsd,, for increasingT for a system at the matching field as well as the individual vortex trajectories in the pinned
with L=48\. Here f,=0.03%,, r,=0.17\, anda=2.0n.  solid, the pinned-solid to floating solid transition, and the
For 0<T<0.0012 the pinned vortex lattice has the samdiquid phase for the system in Fig. 1. In the pinned solid
square symmetry as the pinning lattice, as indicated®’py phase shown in Fig.(3) (T=0.0005) we find a square vor-
~1.0. The initial increase id,, for T<<0.0012 is due to the tex lattice with little or no detectable vortex motion. Figure
vortices moving randomly within pinning sites but remaining 2(b) (T=0.00135) shows thelynamicsat the beginning of
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FIG. 3. The phase diagram df, versusT. The open circles
cegoosotecns represent the pinned solid to floating solid transition. The filled
(C) circles represent the transition into the liquid phase. The inset shows

the behavior of(S(k))/N, versusT for f,=0.125, where the

FIG. 2. The vortex positions and trajectories for av@4y  Pinned solid melts directly to a liquid.
section of a 48X48\ system for (@) the pinned solid T

=0.0005),(b) the beginning of the pinned solid to floating solid ?f:gg dri?-filgirc])% tg;n dpest[?ljlé:g’r’g?g&?gf%gggfg;g%n?gr\évelth
transition (T=0.00135),(c) the floating solid phaseT(=0.0015), . . .
and (d) the liquid phase T=0.0065). In(b) alternate rows of vor- phase boundarlgs can.be urllde.rstt_)od.fr(_)m simple consider-
tices shift positions. For slightly higher temperatures the other vor&tions. The floating solid to liquid line is independentfgf
tices also shift in position. This shifting is reflected in the jump in P€CaUSe it is determined by the vortex-vortex interactions
d,, at T=0.0012 in Fig. 1c). and not the pinning force. Fdr,=0.125, the commensu-
rate solid melts directly into a liquid an¢S(k)) has the

the pinned to floating solid transition. Here alternate rows Otbehawor shov_vn n _the inset of Fig. 3. The ”_‘e'“”g transition
is seen to shift tchigher temperatures with increasing pin-

vortices move in a sudden 1D avalanche where the vortice

in one row move in a collective manner while the other rowsgl)nngs Zt;gngglé ta: ;Cgrg;?nltén?hgﬁcnzré;;?nen ti?]iri?als?rtgug;
remain static. All the vortices in a given row shift together as 9P 9 gth.

the vortices jump out of the pinning sites and move to theFInally the commensurate-to-floating solid followy~T

interstitial regions. The motionless rows shown in Fi¢)2 W'th thg low T, being washed out before the vortex-vortex
also begin to move at a slightly later time. This shifting of mtgraqhons are washed out. The nature .Of the'floatmg .SOI'd
the vortex positions produces the jumpdp at T=0.0012 to liquid transition, such as whether a dislocation-mediated
seen in Fig. {c) at the square to floating solid transition. In melting transition occurS}is beyond the scope of this work,

. . . . To further compare our results with those of vortices in
Fig. 2(c) (T=0.0015), in the floating solid phase, the vortex . 5. . . . .
lattice has triangular order and shows increased thermal waﬂéﬁen:tvr;?;ﬁl'r 'gsvmé(:higzg;bﬁggg izocljlgsgrvaesjav:g]fmection
dering around the equilibrium positions as can be seen in the y y P P

vortex trajectories. This increased thermal wandering aIS(?f commensurability, in our case the pinned to floating solid

smears the secondary peaksS(k), reducing the maximum ransition is seen as a function of substrate strength. Further,
value to 0.55. as in Fié (pm) In Fig ,Z(d) (T=% 0065), in the we observe a square to triangular transition due to the fact

molten state the vortices are disordered and diffuse in a rar;[hat a portion of the vortices shift into pin free regions,

dom manner corresponding to the large valuelgfin Fi which is not possible in wire networks,
1(0) P 9 9 § 9 We note that in our simulation we imposed nearly square

boundary conditions which can create defects or stress in the

triangular lattice. We do not find any defects in our triangular
B. Phase diagram for the commensurate case Ia.ttice and our f|n|te Size Scaling iS Consistent W|th that in
Ref. 15. It is also possible that the square pinned solid phase

t Bty c?nduc;tr:ng adserlgs oIhS|mu.Itat|.on? W|thFQ|ﬁelr(atntjutb'may be enhanced for a higher temperature range by the
strate strengins and using the critéria from Fig. ~ to de er'square boundary conditions; however, the general trends of
mine the onset of the different phases, we construct the pha

tfie phase di hould still hold.
diagram in Fig. 3. The range of temperatures over which the € phase diagram should stift ho

commensuraye SO|Id. appears increases linearly for increasing \, |NCOMMENSURATE MELTING NEAR THE FIRST

f,. The floating solid phase only appears fgr<0.125 .

p . . . ) L . MATCHING FIELD

The line separating the floating solid to liquid phase is

roughly constant with temperature for lower substrate We now consider the vortex behavior above the first
strengths at a value that corresponds to roughly the zero pimatching field when there are more vortices than pins. We
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FIG. 4. (a) A snapshot of a 20X 10\ region of the sample with
B/B,=1.06. The vortex positions and trajectories fbe=0.0005
show that some vortices are pinned at interstitial positidmsAt
T=0.0036 the motion of incommensurations can be seen while the

background lattice remains pinned. The vortex trajectoriegbjn 0 s

show that vortex motion occurs by the interstitial vortices pushing 0 ;@

other vortices off the pinning sites which in turn move into intersti-

tial regions and repeat the process. FIG. 6. The behavior o¥/, as a function ofT.

find that for large substrate strengths>0.25f,, a commen-  of the pinning force the melting temperature will be reduced.
surate sublattice forms, with the additional vortices sitting in  |n Fig. 5a) the onset of the incommensuration motion is
the interstitial regions. In Fig. 4 we show the melting behav-also marked by a drop ifS(k)) from 0.96 to approximately

ior for a system withN,=1.063N, and f9=0-6fo- In the  0.7. In contrast to the sharp drop(B(k)) seen in the com-
imaging experiments of Grigorenket al,” the interstitial mensurate case, he¢§(k)) still retains strong fourfold or-
motion was observed for a field @&/B,=1.04. Here, for  der due to the presence of the background lattice of pinned
T<0.0016 both the commensurate vortices and the interstiyortices as seen in Fig(d). For higher temperaturd$S(k))

tial vortices remain pinned as seen in Figa)4At these Iow  gradually decreases with most order being lost for
temperatures, the interstitial vortices are pinned by the po=0.0175, corresponding to the melting temperature for the
tential cage created by vortices at the pinning sitesTAt commensurate case with the same substrate strength. For
>0.0016 vortex diffusion begins to occur as indicated by thesimulations where we cool down frofi>0.0175 we do not
increase ird,, in Fig. Sb). This is due to the onset of motion ohserve any hysteresis. We have also conducted simulations
of the incommensurations as seen in the vortex trajectories iy which we apply a constant drive ¢f=0.012, gradually

Flg 4(b). The motion isnot restricted to interstitial vortices. increasel and measure the average vortex Ve|o¢w>_ For
Instead, interstitial and pinned vorticegchange placesind  T<0.0016, in the pinned interstitial phag¥,)=0. At the

over a periOd of timall the vortices take part in the motion. interstitial transition there is a Jump IWX> indicating the

The exchange process can be understood by considering thset of vortex motion. Finally at the overall vortex melting

the interstitial vortex will produce a forck, on the nearby transition,(V,) jumps to a value corresponding to the entire
commensurate vortices which effectively reduces the pinningattice flowing. This behavior irV, as a function ofT is

force to|f [ —[fis|. Since the melting transition is a function shown in Fig. 6.

1 T T T T

V. MELTING FOR HIGHER COMMENSURATE AND
INCOMMENSURATE FIELDS

A. Commensurate melting

S(k/N,

We have also investigated the melting in square and tri-
angular pinning arrays for the higher matching fieRi® ,
=2, 3,4,5, and 8. At these fields ordered vortex crystals are
formed>!? In Fig. 7 we show the vortex positions and tra-
jectories for the square pinning array wiB/B,=4.0 for
increasing temperatures. F&r<0.004 the vortex lattice is

f; 1o° ordered as seen in experiments and simulations. For
>0.004[Fig. 7(b)] the interstitial vortex lattice melts; how-
ever, the vortices at the pinning sites remain immobile so that

02 , , , , a coexistence of a solid and a liquid phase occurs. The inter-
0.000 0.005 0.010 T 0.015 0.020 stitial vortices are constrained to move in a square grid and

there is a region around the pinning sites which the intersti-

FIG. 5. The behavior ofS(k))/N, andd,, /N, versusT for a tial vortices do not enter due to the repulsion of the vortices
system withf,=0.6f, and N,=1.063,. Motion in the vortex located at the pinning sites. Under an applied drive the de-
lattice starts a'=0.0016 as indicated in the increasedib). pinning force is finite for low temperatures but goes to zero

144509-5



REICHHARDT, OLSON, SCALETTAR, AND ZIMANYI PHYSICAL REVIEW B 64 144509

® &2 & a4 @ 00 00 0 5 e e s S owow o W Sage Ty
(030104001050 ]010j0} 0"
:k«vwwmymﬂvxgﬂ ™ hée@&%
JNONROR OB JOFXOR p@3I0O}
HOREOK XORECFYOR $oF YoR Yoy 10N JoR §oX!
R N o W Y,
O RO RO RCERORERORRORIOREOR) XOR NCRAOR JOF NOR NOX JOR RON SOR FCN YO
o 5 0 s 0 0 0 0 0 0 0o *ﬁ&#&*?‘ki&*ﬁiyﬂﬂ*ﬁ‘&#i
{ (= ROREOENOR NOR NOR ROR NOR RO JOF RCRIOR:
TR R T LR LS T T W Wy PV e
IOR 208 FOR SORACR NOR JOR NOREAK JORNOK
Wy b o N 0 e P ) ol M et
:@t@!@s@‘aﬂmﬁ@*®?@ O} XX

EREE NN L T SN NG o e
toreolo?ofeoto! 5% RCR RO
Qﬂ[)‘n %t&*w?ﬁ?
rolotojolelor
**ﬁff,yfsfgfy
O OlO 0,0, O
R A i Sl Sl I
'O itl:;& L4040 40,

FIG. 8. The vortex positiongblack circles and pinning sites
(open circleg for a system with the same pinning parameters as in
Fig. 6 for B/B,=4.1. HereT=0.001 and the vortex trajectories
show a portion of the interstitial vortices are mobile.

for fields at which vortices are only located at the pinning
sites. For increased, as in Fig. Tc), the vortices at the
pinning sites become depinned as well and the entire lattice
is in the molten state. The general behavior of the melting
from Fig. 7 is also seen at the other matching fields we have
investigated with transitions from the solid, to solid-liquid
coexistence, to the liquid state.

B. Incommensurate melting

In Fig. 8 we show the melting behavior for the incom-
mensurate field/B,=4.1. Here the onset of vortex diffu-
sion occurs for a much lower temperature than BIB,
=4.0. The vortex motion occurs at defect sites where addi-
tional interstitial vortices are present in the ordem@B ,
=4.0 interstitial vortex crystal. These extra interstitial vorti-
ces are less strongly pinned than the other interstitial vorti-
ces. The vortex motion can occur by the continuous motion
of a single vortex over a certain distance, or by a pulse-like
motion in which a series of individual vortices move by one
lattice constant as the pulse moves through. If the trajectories
are drawn for a longer time period the interstitial vortex dif-
fusion can be seen to occur through the entire lattice. As the
temperature is increased the vortices at the pinning sites will
become depinned.

(©)
FIG. 7. (a) The vortex positionsgblack circleg and pinning sites C. Collective ring excitations for incommensurate fields
(open circle} for B/B,=4.0 for a system with a square pinning with triangular pinning

array atT=0.001. Here the vort_ex sy_stem isina crystal_line st_a_te. We have found that the melting behavior for square and
(b) I_:orT:O._OO4 _the_ vortex traj_ectorles sk_low that the_ mt_erstlt_lal triangular pinning arrays is similar at the matching fields:
vortlc.es‘ are in a liquid state while the vort!ces at the pinning s'tesnowever, at the incommensurate fields we observe clear dif-
remain immobile(c) At T=0.01 all the vortices are mobile. ferences between the two pinning geometries. In Fig. 9 we
at the onset of the interstitial vortex liquid transition. This show the melting behavior for a system with triangular pin-
result is in agreement with the interpretations of the experining for B/B,=3.08. At low temperatures the system is fro-
ments by Baerét al. in which the pinning force goes to zero zen but asT is increased motion begins to occur in the form
nearT. when interstitial vortices are present, but is still finite of ring excitations. Here a portion of the vortices rotate
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of vortices shifting from the pinning sites into the interstitial

-

AT _m e e ks _ _ _
"‘) ‘o i”/ % ® ¥ @}? @‘%{’@ ‘ot % regions. For strong substrates the floating solid phase is lost
- * . \;{? . E‘W’i ‘/ £ " ; ~ o and the vortex lattice melts directly into a liquid. For fields
S SCING . G\)M (ORINO] e © ©_ 0 slightly above the first matching field for strong disorder we
R +* -~ . . . e .
~vy Lty L 1 observe a multistage melting where the interstitial vortices
S LR MOF L UR IO are highly mobile consistent with recent imaging experi-
PR TR S oy ging exp
SIECIo! *toVoe "o e e T e ments. The motion of the interstitial vortices occurs by the
T L I L « exchange of interstitial with pinned vortices rather than with
@O0, 09 040, 0 0., 0 8 the interstitials hopping from one interstitial site to another.
T T T PN # pp. ! b
' oot Yok Yo" ®’ As the temperature increases more vortices become mobile.
. P T Y U SR e We have also examined the melting behavior for matching
e LDV i * i . . o
® 0.0 0 0 o 0 0y fields greater than one. At low temperature the interstitial
M ‘ . i ¢ " . :f‘“ * > vortices form a crystalline state. At higher temperatures we
AP P observe a coexistence of an interstitial vortex liquid with a
‘@) o ot 6 Yo~ (5’* o oY o commensurate pinned vortex lattice. The interstitial vortices
% P IS S g”"% R can diffuse in the regions between the pinned vortices. We

also observe a depletetion zone around the pinned vortices
FIG. 9. The vortex positiongblack circles and pinning sites which inter_stitial vortices do not enter due to the repulsit_)n
(open circleg for a system with the same parameters as in Fig. 6fr0m the plnned vortex._ Al h!gher temperature_s the entire
with a triangular pinning array wittB/B,=3.08 andT=0.001. vortex lattice melts, A.t hlghgr_ Incommensurate f|eld§ the ad-
Here the vortex motion can be seen to occur in a ring excitationd',t'_Onal defects(extra interstitials (_)r vacanq}am the mtey-
where vortices can rotate around pinned vortices. The ring excitast!t!al vorte).( crystal t?ecomg mobile a”‘?' d!ffuse in the inter-
tions occur where there are seven vortices around a pinned vorteglitial  regions. With  triangular  pinning arrays  at
A second type of excitation can be seen in the trianglular trajectolNCOMmensurate fields the initial vortex motion occurs
ries where three vortices can rotate. through a different collective ring excitation where intersti-
tial vortices can rotate around a pinned vortex. These rota-

around a vortex at a pinning site; however, no net diffusionfions occur when an _incommensurate number of interstitial
of interstitial vortices is occurring. Fd/B,,=3.0 each vor-  Vvortices surround a pinned vortex. S
tex at a pinning site is surrounded by six interstitial vortices. We briefly discuss some experimental systems in which
For fields above or beloB/B ,=3.0 a portion of the pinned these effects could be observed. For vortex lattices in peri-
vortices will be surrounded by 5 or 7 vortices, and it is at0dic pinning arrays, vortex lattice melting is most relevant to
these sites where the ring excitations occur. Due to the synfigh-T. superconductors. Our results are only for a 2D sys-
metry of the pinning array the vortices at the pinning sitestem whereas 3D effects can be relevant to melting. Our
create a potential around each pinning site which has signodel would thus best describe high-temperature supercon-
minima, so that aB/B,=3.0 the vortex configuration is ductors with periodic columnar defects where the vortices
particularly stable. When there are seven or five vorticeyvould have line-like behavior. However, several of the re-
around a pinning site, they are incommensurate with the sigults here should still be relevant for low temperature super-
mimima, and therefore the thermal kicks can cause the inte€onductors. For the low temperature superconductors melt-
stitial vortices to slowly rotate. ing would only occur very nedf.. For strong pinning such

As the applied field is moved further away from the @s arrays of holes, a floating solid phase at the first matching
matching field, the number of incommensurations increasefield would not be observable and the system should go di-
and the number of ring excitations increases as well. Sucfectly from the pinned solid to the normal phase with a very
ring excitations are observed in triangular pinning arrays fosmall region of a disordered vortex lattice. For weak pinning
most incommensurate fields but with different numbers ofsuch as small magnetic dots or weak defect arrays the pinned
vortices forming the ring. As the temperature increases, th&olid to floating solid transition should occur well beldw
initial diffusion of the vortices occurs via a hopping mecha-and should be observable for the low temperature supercon-
nism in which the extra vortex in the rotating ring hops outductors. For a low temperature superconductor the phase dia-
of the ring and starts the rotation of a different ring. The rategram in Fig. 3 would be modified, with the floating solid to

of this hopping increases with the temperature. liquid transition replaced by the floating solid to normal tran-
sition, although again a small vortex liquid state may occur
VI. SUMMARY just belowT,. Also the pinned solid to vortex liquid transi-

tion would remain flat rather than increasing with. The
In summary, we have investigated the melting of vortexsolid to floating solid transition could be imaged with scan-

lattices interacting with periodic pinning arrays for both thening Hall probe measurements, neutron scattering, or Lor-
commensurate and incommensurate case. For the first matobintz microscopy. In addition transport measurements would
ing field with weak substrates we have observed a transitioalso be able to reveal the loss of pinning at the transition.
in the vortex lattice from a square commensurate solid to a The vortex behavior at the incommensurate fields should
triangular floating solid which melts into a liquid at higher also be visible in the low-temperature superconductors. The
temperatures. This transition occurs by 1D collective motiorrecent imaging experiments of Grigorenkdal.” have al-
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ready found evidence for the motion of the highly mobile video microscopy to determine if the interstitials hop directly
interstitial vortices in these types of systems. These samiom one interstitial site to another, or if they move through
imaging techniques should be able to image the pinned voran exchange process with a pinned colloid. In addition it
tex lattice coexisting with the interstitial vortex liquid. In should also be possible to observe the melting behavior for
triangular pinning arrays collective ring excitations would higher matching colloidal densities and the collective ring

appear as a smeared ring around pinning sites with the Hadlxcitations for colloids interacting with triangular optical
probe arrays and the dynamics could be directly imaged withrap arrays.

Lorentz microscopy.

Our work is also directly relevant to colloidal particles
interacting with periodic pinning. A particularly promising
realization of this system is optical trap arrays in which the
pinning strength can be easily tuned. In such a system our We thank S. Bending, L. DelLong, S. Field, D. Grier,
phase diagram can be directly tested. Recent experimenks. Gronbech-Jensen, P. Korda, V. Moshchalkov, and G.
have already seen evidence for a square to triangular transspalding for useful discussions. Funding was provided by
tion as the colloid density is increas&tin addition the dy- NSF-DMR-9985978, CLC, CULAR, and DOE Grant No.
namics of the interstitial colloids can be directly imaged with W-7405-EBG-36.
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