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Misfit-energy-increasing dislocations in vapor-deposited CoFéliFe multilayers
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Recent molecular dynamics simulations of the growth NfygFe,,/Au] multilayers have revealed the
formation of misfit-strain-reducing dislocation structures very similar to those observed experimentally. Here
we report similar simulations showing the formation of edge dislocations near the interfaces of vapor-deposited
(111 [NiFe/CoFe/CUmultilayers. Unlike misfit dislocations that accommodate lattice mismatch, the disloca-
tion structures observed here increase the mismatch strain energy. Stop-action observations of the dynamically
evolving atomic structures indicate that during deposition on(1id) surface of a fcc lattice, adatoms may
occupy either fcc sites or hcp sites. This results in the random formation of fcc and hcp domains, with
dislocations at the domain boundaries. These dislocations enable atoms to undergo a shift from fcc to hcp sites,
or vice versa. These shifts lead to missing atoms, and therefore a later deposited layer can have missing planes
compared to a previously deposited layer. This dislocation formation mechanism can create tensile stress in fcc
films. The probability that such dislocations are formed was found to quickly diminish under energetic depo-
sition conditions.
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[. INTRODUCTION though their existence may have significant consequences for
magnetotransport. First, stresses and dislocations are interre-
Multilayer structures composed of thir-30-50 A fer- lated and often interact to affect the growth mode. Examples
romagnetic metal layer@ickel, iron, cobalt, or their alloys include the spiral growth along a screw-type dislocation nor-
separated by thifi~20 A) conductive spacer layefsopper mal to the growth surfade and stress-driven surface
or copper alloys exhibit giant magnetoresistan¢&MR).>  roughening!® Because dislocations can pin the motion of
Due to an oscillatory exchange interaction that propagatemagnetic domain wall§ they can directly affect GMR ef-
through the nonmagnetic spacer layer, antiparallel alignmerfects. Magnetoelastic effects can also be important if large
of the magnetic moments of the layers on both sides of thetresses exist in the layers. It should be realized that the
spacer layer occurs at certain discrete spacer layenotion of a dislocation across an interface can cause an
thicknesse$.At these discrete spacer layer thicknesses, thatomic step to form on the interface. This is equivalent to an
antiferromagnetically aligned multilayers exhibit a relatively increase in atomic roughness.
high electrical resistance because electrons with any spin The formation of misfit dislocations during the epitaxial
scatter off one or other of the spacer/magnetic layer intergrowth of flms has been extensively investigated using a
faces. When an external magnetic field brings the magneticontinuum mechanics approatt?!®* When a crystalline
moments of the ferromagnetic layers into parallel alignmentfilm is epitaxially deposited on a crystalline substrate, differ-
less scattering will occur for at least half of the electréiis ences in the lattice parameters of the deposited film and the
the spin directions of electrons are equally dividéhe ma-  substrate can be accommodated by an elastic strain. For sig-
terial then has a relatively low electrical resistance. nificant lattice mismatches, this elastic strain results in a
GMR multilayers of this type must have a uniform spacerlarge biaxial stress in the deposited film. As the film thick-
thickness to result in ideal magnetic couplihterdiffusion  ness increases, the elastic strain energy becomes larger, and
between adjacent layers needs to be avoided. For example,af a critical film thickness the system energy can be reduced
nickel atoms diffuse into the copper spacer layer vice by introducing misfit(edge dislocation€ These misfit dis-
versg, the magnetic moment alignment of the nickel is lo- locations, when aligned along the substrate/deposit interface,
cally lost, creating a magnetic dead zdnEhese mixed at- create extra planes and increase the lateral dimension of the
oms also become centers for spin-independent scattering thiatyer with the smaller lattice parameter. This provides a
reduces the GMR ratid.Iron or cobalt atoms that diffuse mechanism to accommodate the misfit strain and reduce the
into copper can have an even worse effect because they withisfit stress. Misfit dislocations can form immediately upon
maintain their moments and cause spin-flip scattetiig.  vapor deposition, or they can be introduced by plastic flow
achieve the full potential of these structures, the multilayersfter a certain thickness of the layer has been deposited. An
must have atomically smooth chemically separated interequilibrium theory of misfit dislocations in thin films was
faces. They also need to contain a minimum of other electrofirst proposed by van der Merwe in the 1960sand has
scattering structural defects’ since been significantly embellish&?’ These theories es-
The growth of nanoscale multilayers often introduces sigtablished both the equilibrium configurations of misfit dislo-
nificant stresses and dislocation densities due to the latticeations and their formation mechanisms. However, they do
mismatch between the different layérkittle attention has not address the nonequilibrium dislocations that can be in-
been paid to these dislocations in GMR multilayers, evercorporated during film growth because of kinetic constraints
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upon the atomic assembly processes. atoms to jump while located on the surface. Because many
In a continuum mechanics, a crystal lattice is coarsesurface jump paths with different activation barriers are en-
grained into an equivalent continuum medium. Such an apeountered, and the population of such paths depends upon
proach is unable to address the complex atomic assembijie local atomic configuration, the atomic assembly during
processes during deposition of a thin film. Densities of dedeposition is a very complicated process to understand.
fects such as vacancies, stacking faults, and dislocations can pefects can be easily formed during deposition. For in-
be significantly different from those predicted by equilibrium stance, a surface asperity can create incident atom flux
theories when insufficient time is available to “equilibrate” shaqow on the surface, promoting the formation of surface
the local structure as deposition progres$éS:**The defect roughness and voids when other surface atoms are not mo-
density is highly sensitive 540 the precise details of the varioug,;je enough to migrate to the shadowed regi#hi. atoms
atomic assembly ev_en?g. For GMR systems of interest hat are initially deposited into the defective sites are buried
here, it is now possible to realistically simulate the disloca-ithin the bulk before they can hop out of these sites, vari-
tion formation mechanisms during kinetically constrained,s gefects can form, including twins, dislocations, and grain
crystal growth using atomistic simulation approaches. A moy,yndaries. The energy carried by the incident adatoms can
lecular dynamics simulation has re_cently32een used to SimUsgsist structure modification of the deposited films. For in-
late the growth of Au/NjgF& » multilayers:™ The approach  giance, the latent heat release during an atom’s condensation
predicted the formation of misfit dislocations on both theiogether with dissipation of the remote kinetic energy of the
Au-on-Nig F&, and the NjgFe -on-Au interfaces. The sgatom can both contribute to a local thermal spike on the
dislocation type and spacing were found to be in good agreesrface during adatom impattThis local thermal spike can
ment with experimental Obsefvatlc_’?&jrhe_ study also pro-  jnduce “extra” local surface reconstruction, above that ex-
V|ded_ more |nS|_ghts into _the atom|s_,t|c origins of misfit dis- pected by purely thermal activation, and it can result in sur-
location nucleation. Au/NjigFe, » multilayers are an example face flattening and mixing of atoms across interfaces during
of a system with a very large lattice mismaté15%),  {he growth of multilayerg? High-energy adatoms impacting
which promotes the direct formation of misfit dislocations aty smooth surface at an oblique angle can also skip on the
interfaces during vapor deposition. For systems with a loweg,iface for a long distance before come to #&®epending
lattice mismatch grown under kinetically constrained condi-gn the incident angle, hyperthermal energy adatoms can be
tions, misfit dislocations are less likely to form. Here we rgfiected or cause resputterifigA molecular dynamics
report a dislocation fo_rmatlon mechanlsm that yvould be UN{MD) simulation approach can realistically capture all the
expected from a continuum mechanics analysis. It was obaiomistic assembly processes described above and to provide
served in molecular dynamics simulations of the vapor deposccyrate mechanisms for dislocation formation.
sition of a lower-lattice-mismatch [NiFe/CoFe/Cl In MD, a real crystal is simulated. By defining the forces
multilayer system. between atoms using an interatomic potential, and by assign-
ing an initial velocity distribution to all the atoms based on
the simulated temperature, Newton’s equations of motion are
then used to obtain positions of all atoms as a function of
Unlike the continuum assumption, a real crystal is com-time. The results provide information about the atom vibra-
posed of discrete atoms located at certain lattice sites. The¢®n and atom jumping. For vapor deposition, the initial crys-
atoms are held together by their interatomic interactions tdal is used as a substrate. Periodic boundary conditions are
form a solid crystal. If an adatom is deposited on a surface, itypically used for the two in-planégrowth surfacg coordi-
interacts with other atoms in the crystal. This interaction thermate directions to minimize the effect of small length scales
defines an array of sites on the surface that gives either gldn these two directions. To simulate the frigeowth) surface,
bal or local minimum for the total energy of the system.a free boundary condition is used for the third coordinate
These sites define new lattice sites. During vapor depositiordirection. Vapor deposition can be simply simulated by con-
however, some of the local-energy-minimizing sites may notinuously injecting adatoms toward one of the free surfaces
belong to the perfect lattice and are defective sites. Upowf the crystal at a frequency determined by the deposition
deposition, adatoms can occupy either lattice or defectiveate. Because MD simulations solve for atom vibrations, the
sites, although defective sites usually become energeticalliyme step must be less than the shortest lattice vibration pe-
unfavorable as additional atoms are deposited. Atom vibrariod (typically around 101° s). Consequently, an accelerated
tion allows atoms to jump from one site to another throughrate of deposition is normally used in order to deposit
thermal activation. The jump frequency depends on temperanough atoms in the available computational time to reveal
ture and the energy barrier along the jump path. Typicallystructural features. To prevent the simulated crystal from
the energy barriers along the jump paths on the surface ashifting due to the momentum transfer during adatom im-
smaller than those in the bulk. As a result, surface atoms angact, several monolayers of atoms at the other free surface
much more mobile than bulk atoms. The atomic structureare fixed.
obtained during deposition is then a result of a combination Newton’s equation of motion preserves the total energy.
of which sites the adatoms initially land on and how surfaceThe initial kinetic energy of hot adatoms together with their
atoms jump before they are buried into the bulk by laterlatent heat release during condensation then causes a con-
deposited atoms. The deposition rate contributes to the strutinuous increase of temperature in the simulated crystal. To
ture evolution because it determines the time available fosimulate an isothermal deposition like that encountered in

Il. SIMULATION METHODOLOGY
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experiments, damping forces can be applied to atoms in atilized in GMR structure$? The initial Cu substrate had 68
selected “isothermal” region below the surfateThe sign (220) planes in thex direction, three(111) planes in they

of the damping force is chosen to increase the atom Veloc'ﬁprowth) direction, and 24(—24) planes in the direction.

ties when the run time temperature is lower than the desire o simplify observation of possible edge-type misfit disloca-
temperature. Otherwise it is chosen to reduce the atom ve: P P ge-lyp

locities. This approach ensures that the atomistic events Jens, thex dlrectlon was chosen to b,e n line \.N'th, the Bur-
the surface are purely determined by Newton’s equation of€'S vector of a typicdl(a/2)(110 ] unit dislocation in a fec
motion, and the energy created at the free surface due gjructure. A MD algorithm that allows the periodic lengths to
adatom impact is naturally conducted to the isothermal rechange was used.
gion, where it is dissipated. To provide a stable heat sink The simulations were performed at a substrate tempera-
during accelerated rate deposition, the isothermal region calitre of 300 K. The vapor atoms were injected perpendicular
be propagated during simulation to keep pace with the moveto the growth surface. The frequency of vapor atom addition
ment of the surfacégrowth) front. corresponded to a growth rate of 10 nm/ns. Due to the com-
The accuracy of MD simulations critically depends on theputational expense of MD simulations, the simulated deposi-
interatomic potential. For studying dislocation formation intion time was limited to 500 ps. It should be noted that,
lattice-mismatched systems, the potentials must accuratebithough the resulting accelerated deposition rate reduces the
predict lattice constants, elastic constants, cohesive energiafine for defects to anneal out, the high flux of adatoms ex-
and the vacancy formation energies. One such potential igggerates the energtemperaturgaccumulation at the free
based upon the embedded atom metliBAM) originally  surface region. Recent analysis of this phenomenon indicated
developed by Daw and Baské&sIn addition to a pairwise that the vibrationally excited surface is able to activate
energy term, the EAM efficiently incorporates the many-atomic jumps that would not have occurred in a purely iso-
body dependence of the potentials by an embedding energiiermal environment: and so the high deposition rate sig-
term. As a result, EAM potentials well describe the proper-nificantly accelerates the annealing of defects. This effect has
ties such as lattice and elastic constants, cohesive energiegso been utilized to develop accelerated molecular dynamics
and the vacancy formation energies of close-packed transmethods'®#® Exaggerated deposition rate and surface tem-
tion metals. perature to some degree compensate, and hence the MD al-
The EAM potential for a monatomic element is invariant gorithm used may be a reasonable approximation to lower-
to a transformation in which a term linear in the electrongrowth-rate conditions.
density is added or subtracted from the embedding energy Various incident atom energies were explored. Figure 1
function as long as an appropriate adjustment is made to thgas obtained using a lothermalized adatom energy of 0.2
pairwise ternt® Thus, the many monatomic EAM functions eV. In the figure, the blue, gray, pink, and orange balls rep-
developed by different authors may appear different, but argesent Ni, Fe, Co, and Cu atoms, respectively. Dislocations
in fact similar upon transformation. This additional freedomare present in the structure, but they can be difficult to iden-
of elemental potentials, however, affects the predicted alloyify. To more clearly reveal these dislocations, two-
properties when they are combined to study alf§yShis  dimensional atomic arrays were examined. Two regions
means that the monatomic potentials cannot be simply useséarked “1” and “2” in Fig. 1 were selected for this analysis.
to model alloys unless they are normalized to a unique statell the x-y atomic planes in these two regions were projected
By specifically fitting the parameters of the EAM potentials into two-dimensional figures shown, respectively, in Figs.
to alloy properties(such as the heat of solutipn“alloy”  2(a) and 3. Note that the colors are now used to distinguish
EAM potentials have been devised for some all8y$!  different monolayers instead of different atom species. Fig-
However, most of these alloy potentials are of restricted utilures Za) and 3 show the extensive ed@extra half plang
ity and cannot be simply combined with other publisheddislocations aligned parallel to the interface. Two disloca-
EAM potentials to study other alloys. A recently developedtions are found near the CoFe-on-Cu interfdoegion 1.
alloy EAM potential database of sufficient generality has en-Two others are found five monolayers above the CoFe-on-Cu
abled alloy potentials from as many as 16 metés, Ag, interface(region 2.
Au, Ni, Pd, Pt, Al, Pb, Fe, Mo, Ta, W, Mg, Co, Ti, and)Zp The nature of the dislocations observed in region 1 of Fig.
be created from normalized elemental potentta. This 1 was further analyzed. Three adjacéht1) monolayersA,
potential database was recently modified and is described iB, andC, colored with purple, red, and yellow, respectively,
Appendix A. It has been successfully applied to simulate thén Fig. 2(a), were viewed from the (growth) direction. The
deposition of a number of metal multilayer systeth&**  (111) plan view of these three monolayers is presented in
The MD simulations reported here utilized this set of alloy Fig. 2(b). By tracing purple atoms from left to right, it can be
EAM potentials. seen from Fig. @) that they first undergo a shift from fcc to
hcp sites at the location of the left dislocation shown in Fig.
2(a). They then undergo a shift from hcp to fcc sites at the
position of the right dislocation in Fig.(8). This creates a
The MD simulation approach described above was usegtacking-faulted region bounded by fcc lattices at the left and
to investigate the growth of (10A)Ggre,/  fight. The vectors for the two lattice shifts are identified as
(20 A)Nig,Fe /(20 A)CaoygFe, on a (111) Cu substrate, (a/6)[121] and @/6)[211] as shown in Fig. Aa is the
Fig. 1. This multilayer structure is similar to the ones widely lattice constant in this regignThese two shifts result in two

IIl. OBSERVATIONS OF DISLOCATION FORMATION
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T=300K Front view of the framed region "2" in Fig. 1
E= 0.20 eV
T y [11 1] Vertical incidence
R 2
Ni q
Fe —
] [110]
Co. ¢ Tt oTT TI1111 -
&g llllll ' 11 "
Cu [1\. § @ FIG. 3. (Color) A front view (z projection of region 2 of the
S ) . I crystal shown in Fig. 1.
A , y 1 3 3 —_—
pm_ LA o
‘/z (112] R’ x [ overlayer thickness increases, the dislocation line energy in-
1

creases and quickly approaches a saturation value. The line
FIG. 1. (Color) Molecular dynamics simulated atomic configu- rennoer:(g)?;;/z?k;)(()aﬁjév?/.%r?ee\s/{jéfe\l,\(l:zer;g:je ri';::%ceagl(;%ésu?téozte(ue'&
ti f 10 A)CggFeo/ (20 A)NigFeg/ (20 A)CayF . o ’ :
ration of a (10A)Cafe/(20 A)Nigsheis/ (20 A) CodFero when the dislocation is about 10 monolayévii.) below the
surface.
To explore the effects of the incident atom energy upon

missin half(Z_Z’)) lanes in the crvstal above the red atoms the formation and retention of the dislocations shown in
g P y 'Figs. 2 and 3, the growth of the same multilayers was simu-

giving rise to a net Burgers vector oif2)[ 110]. Hence, the  |ated using remote adatom kinetic energies from 0.1 to 5.0
two dislocations observed are partialsa/@[121] and eV. The results indicated that formation of these dislocations
(a/6)[211]. These two partials can be viewed as dissociatedvas sensitive to the adatom’s kinetic energy. Dislocations
from a unit dislocation 4/2)[ 110]. were readily formed a_lnd retained for energies below_2.(_) eV.

Using atomistic simulation, Appendix B calculates the However, no d|slogat|ons were observed when thg incident
line energy of the 4/6)(112) dislocation in nickel as a func- 0M energy was increased above 2.0 eV. Real fims have

tion of the depth of dislocation below the surface. The resultd?Uch larger length scales than the simulated system. As a

are shown in Fig. 5 below. Figure 5 indicates that, as thdesult, dislocations might still form at relatively high ener-
’ gies. Nevertheless, these results suggest that the density of

such dislocations will be much lower under the high-energy
deposition conditions encountered during, say, low-pressure
magnetron or ion beam deposition.

multilayer deposited on a Cu substrate at a temperature of 300 K,
deposition energy of 0.20 eV, and a normal adatom incidence angl

(a) Frontview of the framed region "1" in Fig. 1

IV. MISMATCH STRAIN ACCOMMODATION

Figures 2 and 3 indicate that during high-growth-rate,
low-temperature deposition, edge-type dislocations with Bur-
_ gers vector parallel to the interfaces are formed. At first sight,
[110]  these dislocations appear similar to the misfit dislocations
that accommodate lattice mismatch. However, further analy-
sis indicated otherwise. The edge dislocations in Figs. 2 and

3 are marked by missing (23 planes in the CgFey layer

with respect to the copper substrate. This is interesting be-
cause copper atoms are bigger than the cobalt, nickel, or iron
atoms that are in the layer deposited on the copper. As a

result, the oppositgextra (22) plane$ would have been
expected from misfit dislocation considerations. We are un-
aware of previous reports of this kind of dislocation structure
in this system. We have analyzed this dislocation structure
further to better understand why it is formed.

Ideal bulk crystals were created for fcc copper, cobalt, and
nickel (pure iron is not considered here since its bcc structure
FIG. 2. (Color) Front and top views of region 1 of the crystal would complicate the analysiby imposing periodic bound-
shown in Fig. 1.(a) The front view(z projection, and(b) the top  ary conditions in all coordinate directions. A conjugate gra-
view (y projection. Different colors refer to different planes. dient method was then utilized to relax the periodic lengths

2123599959099
59 8;‘;‘:5::3;3;:;3:33:3 _
8,0 99%9993%3%3% o°3:%°

9%9%%3%3%2% %%

dislocation line dislocation line
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TABLE |. Relaxation of Cu crystal due to surface effects.

) Interplane spacing Percentage change
Lattice constant R) (%)
(A)
a d(2 24) d(220) d(119) €(2 24) £€(220) £(119
Bulk values 3.615 0.738 1.278 2.087
3 ML Cu substrate 0.732 1.269 2.096 -0.81 —-0.70 0.43

and find the equilibrium positions of all the atoms. From calculations are compared in Table Il. They indicate that the
these calculations, we obtain the lattice constants for coppedeposited multilayer must undergo overall positive strains
cobalt, and nickel crystals as 3.615, 3.549, and 3.520 Aof 0.09% in thex direction and 0.67% in the direction to
respectively. The percentage size differentials of cobalt angorm the joined structure shown in Fig. 1. They also show
nickel with respect to copper are1.826% and—2.628%,  that the free-standing copper substrate must undergo a nega-
respectively. These negative size differentials cause tensil@e strain of—5.01% in thex direction and—1.54% in thez
stress in epitaxially deposited cobalt or nickel layers andyjrection to form the joined structure.

compressive stress in the copper substrate. Any missing one can also look at the mismatch between an ideally flat
planes in either the cobalt- or nickel-rich layers with respeci,qpait jayer deposited on an ideally flat copper substrate with
to the copper layer increase this stress. similar interfacial dislocations. We can assume that cobalt is

faclé Isavr\:etl)takgrfrzglrl]etrhte;]tz;r??hlgnttlocfetr?:rt)aul?ke:jireotfoatrrgegflescl:rc-)Eelatively thicker than copper to mimic the simulated case.

; o ecause the cobalt layer is thick, it should have a negligible
surface tension. One possibility for the appearance of th%han e in size when it is ioined with the thin cooper laver
dislocation in Figs. 2 and 3 is that the surface lattice param: 9 ] bp yer.

eter of copper becomes smaller than that of the ferromagTh'S means that the cobalt layer retains the equilibrium size

netic layer deposited on to it. To explore this possibility, aC! the fcc bulk cobalt after it is joined with the copper layer.
conjugate gradient method was used to calculate the equili?Sing this as an approximation, the epitaxial strain of copper
rium lattice constant of a thre@-11)-monolayer copper crys- d_eflned with respect tq the equilibrium fcc bulk copper lat-
tal. The plane spacing in the three coordinate directions foC€ constant can be directly calculated from the lattice con-
both the 3 ML copper crystal and bulk copper, together withstants. For the same two partial dislocations distributed over
the percentage changes of plane spacing of the 3 ML crystalle same length scale in txedirection as shown in Fig. 1,
with respect to those of the bulk crystal, are listed in Table Ithere are 68 (2@) planes in the copper substrate and 66

Table | indicates that because of free surfai effects th(ezfo) planes in the cobalt layer. The copper strain inhe
copper lattice shrinks in the in-plaj@ 10] and[112] di-  direction is then (68c,/ac,— 68)/68~ —4.7%. This is close
rections. These shrinkages cause a slight expansion in ttie the strain in the< direction listed in Table II.
third [111] direction. Even using the plane spacidg;,, The analyses discussed above verify that the internal
which shrinks the most, the reduced lattice constant of 3.58trains between the substrate and the deposited layers are
A remains greater than the bulk lattice constants of botressentially correctly represented in the simulations. The ob-
cobalt and nickel. It must be concluded that free surfaceserved dislocations therefore do increase the mismatch strain
effects alone cannot account for the observed dislocation foiduring the deposition of the smaller-lattice-parameter cobalt
mation. or nickel layers on a copper substrate. Unlike the misfit dis-

To further explore the mismatch between the copper sublocations discussed in continuum theofi&sor in the atom-
strate and the deposited multilayer, we separated the depastic simulation of a larger-lattice-mismatch system such as
ited multilayer from the substrate. A conjugate gradientAu/Ni,gFe,,,* the dislocations observed here are not equi-
method was used to calculate the equilibrium crystal size ofibrium configurations. This is consistent with the finding
the stand-alone multilayer Ggre,o/NigFe g/ CoggFeg, the  that the dislocation density decreases at high deposition en-
stand-alone copper substrate, and the joined system consist-gies which promote equilibrium.
ing of both the substrate and the multilayer If missing planes are formed during deposition of smaller
CoggFe; o/ NigFe g/ CoggFe o/ Cu. The straingas described atoms on a surface composed of larger atoms, then they
in Appendix Q were then calculated. The results of theseshould more easily form during deposition of bigger atoms

TABLE Il. Crystal size calculations.

Length inx Length inz
Crystal direction(A) direction(A) vy (%) v, (%)
CoggFero/NigFe s/ CopFers 81.880 17.185 0.09 0.67
Cu 86.272 17.570 —-5.01 —-1.54
CoggFeyo/ NigoFeys/ CoggFere/Cu 81.953 17.300
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on a surface composed of smaller atoms. Numerous simul;(a) t =46 ps
tions were carried out to deposit Cu or{ld.1) Co substrate

under similar kinetic conditions. As anticipated, a higher y[111]
density of dislocations was observed. In this case, the disic

. . . . . . Nl ° 2 90° 3%
cations were the conventional “misfit” dislocations. mteesn | o seessecmasemieess emiveme  wessdhoss o o seses -
333332090922323229939393 ¥135:3535322333223923237392332323339393393990 X [110]
Cu substrate -
V. DISLOCATION FORMATION MECHANISMS 120112) e j ntiled hep.
. . ®.0.0% .09, ., , , 200 'e%02020%0 % Yo% e K
To explore how the observed dislocations are created, w o2 5.‘?*2,'.;,,;,;,}.;;'\,, 5% s v.i.iz';:;f.".'w.f.::":".:,’,’t,",,’s,':
) . ) > 3 993000 ' e 92 > 2040 3g bl > 0 3¢
have analyzed the atomic scale structures intermittently dur  » >.).'l.'v'..’.ﬁ::::..."og&}“.g:,.":,":}ﬁo"g?,' 022280 %075 505
. 3 R . 2 9 9,9 3 3 3 252920% >0 > 9 > .
ing the growth process, Figs(@-4(d). Figure 4 shows side sy’ - "‘g":“)",”,:’:.{.:’,.',:ﬂﬁ;ﬁ)' Ry ,.)::.35:} X [110]
. . . 268 4 34 4 2070 %
(27 and top (y) projection views of a (10 A)CgFeo/ R O LSRRI L AR Lt el

(20 A)Nig,Fe g/ (20 A)CaoyFeo multilayer deposited with

an adatom energy of 0.2 eV. Theprojected image in Fig. (b) t=286 ps

4(d) reveals a dislocatiofan extra half plane Three differ- y[111]

ent colors are used to mark three adjad@ntl) planes. The !

plane above the dislocation is colored purple, the plane be =, i 0inies | . cosstomtees 2405 e sorensi

ad 9o
low the dislocation is colored yellow, and the plane throUGh  ‘wessseiasscsossreessnhasaesstosessescssmsssssssassesosassesss

048 26 O\ ¢ rY =

the dislocation is colored red. Theprojected image can
then be used to show the in-plane configurations of thes
three planes. Similar observations are illustrated in Figs
4(a)—4(c) where the planes are shown at earlier stages of th
deposition.

If the film had grown as a perfect fcc structure with an
ABCABC.. (111) stacking sequence, the atoms of any three
adjacent planes should all be visible when viewed from the
[111] (y) direction. At deposition timé=46 ps, Fig. 4a), it  (€) t=111ps

can be seen from thgprojected image that thd11) planes y [111]

have evolved to consist of three distinct regions. In the firs 1 .

region, all three different color atoms can be observed, Con  Semsteessiiillliitnteu. sososspvasns ..:'.::::!::53‘.::::':‘::’:
sistent with a local fcd ABCABC..) stacking sequence. In (=) s t0es00ee -
the second region, only purple and red atoms can be ot eeeitetecosessesases v

served, indicative of local hcpABAR..) stacking. In the
third region, no purple or red atoms can be observed, simpl
revealing that these domains have not yet been complete
filled with atoms. Att=86 ps, Fig. 4b), all the three planes
have been almost filled. This leaves t{ie1) planes occu-
pied by either fcc or hcp domains. With the further elapse of
time tot=111 ps, Fig. 4c), the boundaries between the fcc

and the hcp domains appear to nucleate a missing)22 (d) t=186ps
plane. Finally, att=186 ps in Fig. 4d), the missing plane y [111]
representing a dislocation becomes clear in 2fpojected !

image, and its horizontal location coincides exactly with the ez . .
boundary between the fcc and the hcp domains. Comparin = == sessasrsces ceaiess NP FAY
Figs. 4c) and 4d) indicates that such dislocations are highly "-'"4"4-'-4"'""5"3"‘""4-'5"544°'{
mobile on the(11)) slip plane, as a significant lateral shift of
dislocation location occurred within a very short period of
time (75 ps9.

The nucleation of the observed dislocations that are pai
allel to the surface would increase the mismatch energy be
tween the layers of GgFeo and copper. It is interesting to
understand why this occurred. It is noted that individual de-
positing atoms suffered only a small energy penalty when
they occupied the wrong sitése., hep instead of fcc, orvice G, 4. (Color) Front and top views of the time-evolving atomic
versa. For example, the binding energies of a single coppegonfiguration of a (10 A) CgFe /(20 A)NigFe /(20 A) CaFer,
atom on the fcc and hep sites of HL1) copper surface differ  multilayer deposited on a Cu substrate at a temperature of 300 K, a
only by 0.002 e\#” As a result, there is a high probability of deposition energy of 0.20 eV, and a normal adatom incidence. Time
forming different stacking-fault domains during the growth (a) 46, (b) 86, (c) 111, and(d) 186 ps.

45090039000000000a80000
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of a CoFe(or NiFe) layer on thg111) surface of a fcc lattice.  surface of a fcc lattice, adatoms may either occupy fcc or hep
When the lateral boundariésormal to the surfageof these  sites. This results in the formation of fcc and hcp domains on
fault domains meet, dislocations can be nucleated on the susurface. The dislocations are a natural product of the joining
face. While these dislocations may have high energies andf these domain boundaries. The missing planes in the later
are likely to be unstable, it requires the overcoming of adeposited layer simply resulted from the incomplete filling of
relatively higher energy barrier for them to anneal out. As athese domain boundary regions under kinetically limited
result, kinetically constrained atomic assembly can result irgrowth conditions.
the direct nucleation of dislocations on the growth surface. (c) The use of conditions that promote atom diffusion,
Unlike the threading dislocation modethese dislocations such as an increase of the deposition energy, greatly reduces
may form without preexisting threading dislocations. the probability of forming the mismatdereasingdisloca-

The observations above explain why missing planes tentons.
to occur in later deposited layers even though their lattice
parameters are slightly smaller. Dislocations are nucleated by ACKNOWLEDGMENT
the contact of stacking fault/unfaulted domain boundaries.
These domain boundaries have either extra planes or missing We are grateful to the Defense Advanced Research
planes. However, since these boundaries are filled last duririrf;roJECtS AgencyD. Healy and S. Wolf, Program Managgrs
each layer growth, it is likely that they cannot be completelyfor support of this work.
filled, resulting in missing planes, at least at the initial con-
tact of domain boundaries. If the growth rate is low so that APPENDIX A: METAL ALLOY EMBEDDED ATOM
these boundaries are at the surface, the filling of the missing METHOD POTENTIAL DATABASE
planes would require squeezing of extra rows of atoms into
these locations in the top surface monolayer. This is energeti-
cally unfavorable, at least locally, because the local compre§1
sive strain energy caused by the discrete lattice will then b
significantly larger than the global misfit strain energy, which
is very small for a thin film thickness. If the growth rate is
high enough so that the junctions of these domain boundaries 1
are buried below the surface, then the filling of these places E= > Z . ¢ij(rij)+z Fi(pi), (A1)
would require atoms to diffuse into these regions. These Li# i
events are associated with significant activation energy ba(g/

An integrated EAM potential database applicable to a
umber of metals and their alloys has been prop8s@tiis
atabase has been modified and is briefly described here. In
e EAM, the total energ¥ of the crystal can be expressed

i dql ‘ " der Kineticall rai here ¢;; represents the pair energy between atoraad]
fers and [ess frequently occur under kinetically constraine eparated by a distancg, andF; is the embedding energy
growth conditions. As a result, edge dislocations with miss-

h : . . .associated with embedding an atomto a local site with an
ing planes in the later deposited layers with respect to previ

ously deposited layers are a natural product of the atomiglseiﬁgon density; . The electron density can be calculated
assembly process during epitaxial deposition of ¢h#&l)
surface of fcc multilayer lattices.
Under conditions that promote equilibrium, such as in- piZ_Z_ fi(rij) (A2)
creasing deposition energy or substrate temperature, or re- L7
ducing deposition rate, the combination of impact-energyyyith f,(r,;) the electron density at the site of atorarising
induced and thermally activated diffusion events can proceegsm atom j at a distance ; away.
sufflqlently to anneal out_deflec.ts. Thls explams why no dis-  Eq 5 pure elemers, the EAM potential is composed of
!ocatlons were ot_)served in similar simulations performed USgyee functions: the pair energy, the electron density, and
ing adatom kinetic energies above 2.0 eV. the embedding energl. For an alloy, the EAM potential
contains not only the three functions p, andF for each of
the constituent elements, but also the pair enefgy be-
tween different elementa and b (a#Db). In general, the
Molecular dynamics simulations of vapor deposition published EAM potentials for atoms of a single element are
of a CoFe/NiFe/CoFe/Cu multilayer system revealed théased upon different reference states and inconsistent inter-
following. action cutoff distances. As a result, the functiafs, andF
(a) Edge dislocations can form along the interfaces undefitted for elemental metals cannot be directly applied to alloy
kinetically constrained growth conditions. These dislocationor multilayer systems. However, by normalizing the EAM
tend to have missing planes in the later deposited layer witpotentials and introducing an EAM alloy modé&la proce-
respect to the earlier deposited layer. Therefore, they cadure to generalize the EAM potentials and their cutoff dis-
either relieve or increase the misfit strain energy. The dislotance has been recently propoééd@his enables alloy EAM
cations in the latter case differ from traditional “misfit” dis- potentials to be constructed from elemental EAM potentials.
locations and are a manifestation of the highly nonequilib-Such alloy potentials have been used in MD simulations to
rium growth environment. produce results that are encouragingly seen in expeririénts.
(b) The misfit-energyincreasingdislocations are found to In this EAM alloy potential model, the generalized elemental
form directly on the surface. During the growth on {141 pair potentials are written

VI. CONCLUSIONS
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TABLE lll. EAM parameters.

Cu Ag Au Ni Pd Pt Al Pb
le 2.556 162 2.891814 2.885034 2.488 746 2.750 897 2.771916 2.863924 3.499 723
feo 1.554 485 1.106 232 1.529021 2.007018 1.595417 2.336 509 1.403 115 0.647 872
Pe 21.175871 14.604 100 19.991 632 27.562 015 21.335 246 33.367 564 20.418 205 8.450 154
Ps 21.175 395 14.604 144 19.991 509 27.930410 21.940073 35.205 357 23.195 740 8.450 063
a 8.127 620 9.132010 9.516 052 8.383453 8.697 397 7.105782 6.613 165 9.121 799
B 4.334731 4.870405 5.075228 4471175 4.638612 3.789 750 3.527021 5.212 457
A 0.396 620 0.277 758 0.229 762 0.429 046 0.406 763 0.556 398 0.134873 0.161219
B 0.548 085 0.419611 0.356 666 0.633531 0.598 880 0.696 037 0.365551 0.236 884
K 0.308 782 0.339710 0.356 570 0.443599 0.397 263 0.385 255 0.379 846 0.250 805
N 0.756 515 0.750 758 0.748 798 0.820658 0.754 799 0.770510 0.759 692 0.764 955
Fno —2.170 269 —1.729 364 —2.937772 —2.693513 —2.321 006 —1.455568 —2.807 602 —1.422 370
Fn1 —0.263 788 —0.255 882 —0.500 288 —0.076 445 —0.473983 —2.149 952 —0.301435 —0.210107
Fho 1.088 878 0.912 050 1.601 954 0.241 442 1.615 343 0.528 491 1.258 562 0.682 886
Fos -0.817603 —-0.561432 —-0.835530 —2.375626 —0.231681 1.222875 —1.247604 —0.529378
Fo -2.19 -1.75 -2.98 -2.70 -2.36 -4.17 -2.83 -1.44
Fq 0 0 0 0 0 0 0 0
F, 0.561 830 0.744 561 1.706 587 0.265 390 1.481742 3.010561 0.622 245 0.702 726
Fs —2.100595 —1.150 650 —1.134778 —0.152 856 —-1.675615 —2.420128 —2.488 244 —0.538 766
7 0.310490 0.783924 1.021 095 0.469 000 1.130000 1.450 000 0.785902 0.935 380
Fe —2.186 568 —1.748423 —2.978815 —2.699 486 —2.352 753 —4.145 597 —2.824 528 —1.439 436

Fe Mo Ta w Mg Co Ti Zr
e 2.481987 2.728 100 2.860 082 2.740 840 3.196 291 2.505 979 2.933872 3.199978
fe 1.885957 2.723710 3.086 341 3.487 340 0.544 323 1.975299 1.863 200 2.230909
Pe 20.041 463 29.354 065 33.787 168 37.234 847 7.132600 27.206 789 25.565 138 30.879991
Ps 20.041 463 29.354 065 33.787 168 37.234 847 7.132600 27.206 789 25.565 138 30.879991
a 9.818 270 8.393531 8.489 528 8.900 114 10.228 708 8.679 625 8.775431 8.559 190
B 5.236411 4.476 550 4527748 4.746 728 5.455311 4.629134 4.680 230 4.564 902
A 0.392811 0.708 787 0.611679 0.882 435 0.137518 0.421378 0.373601 0.424 667
B 0.646 243 1.120373 1.032101 1.394 592 0.225930 0.640 107 0.570968 0.640 054
K 0.170 306 0.137 640 0.176 977 0.139 209 0.5 0.5 0.5 0.5
A 0.340613 0.275 280 0.353954 0.278 417 1.0 1.0 1.0 1.0
Fno —2.534 992 —3.692913 —5.103 845 —4.946 281 —0.896 473 —2.541799 —3.203773 —4.485793
Fr1 -0.059605 —0.178812 —0.405524 —0.148818 —0.044291 -0.219415 —-0.198262 —0.293129
Fro 0.193 065 0.380450 1.112 997 0.365 057 0.162 232 0.733 381 0.683779 0.990148
Fhos —2.282322 —3.133650 —3.585325 —4.432406 —0.689950 —1.589003 —2.321732 —3.202516
Fo —2.54 —-3.71 —-5.14 —4.96 —0.90 —2.56 —-3.22 —-451
Fq 0 0 0 0 0 0 0 0
F, 0.200 269 0.875874 1.640098 0.661 935 0.122 838 0.705 845 0.608 587 0.928 602
Fs —0.148770 0.776 222 0.221 375 0.348147 —-0.226010 —0.687 140 —0.750 710 —0.981870
n 0.391 750 0.790879 0.848843 —-0.582714 0.431425 0.694 608 0.558 572 0.597 133
Fe —2.539945 —3.712093 —5.141 526 —4.961 306 —0.899 702 —2.559 307 —3.219176 —4.509 025

¢(r)=Aeﬁ a(r_/rezol)]_BeXri B(r_/rezol)]’ f(r):feexr[ ﬁ(r_/rezol)] (Ad)
(rire—«) 1+(rlreg—N\) 1+(rlre—N\)
(A3)

The pair potential between different specgéeandb is then

. I . . constructed as
wherer, is the equilibrium spacing between nearest neigh-

bors, A, B, a, and B8 are four adjustable parameters, and 1[5(r) f3(r)
and\ are two additional parameters for the cutoff. The elec- *°(r)= 2|7 $*(r)+ ) $(r)|.  (A5)

tron density function is taken with the same form as the
attractive term in the pair potential with the same valueg of Embedding energy functions that work well over a wide
and\, i.e., range of electron density require that three equations be used
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to separately fit three different electron density ranges. For e 05
smooth variation of the embedding energy, these equation: o
are required to match values and slopes at their junctionsz *
. L 04 O
These equations are 2
3 p ! 2 0.3
5 0
F(P):E Fhi __1) v P<pn, pn=0.8%, &
i=0 Pn 2
(AB) g 02
3 i §
p S
F(P):,ZO Fi(p__j-) v Pa=p<pg, po=1.1%,, g 01 ¢ : MD simulation
= € (A7) : Continuum prediction
0.0 ——
e\ p\” o 1 2 3 4 5 6 7 8 9 10 11 12
F(p)=F¢ 1-In p_ p_ y POSP. (A8) Number of Ni overlayers
S S

This genera"zed EAM potentia| has been extended to in- FIG. 5. Dislocation line energies as a function of number of
clude 16 metals and their solutions. The parameters needéigposited layers.
to define the EAM model for these metals are listed in Table
lIl. These potentials are well fitted to basic material properwhen the distance from the dislocation core is large. To re-
ties such as lattice constants, elastic constants, bulk modufolve this problem, we used an alternative approach to create
vacancy formation energiesl and sublimation energiesl an@jge dislocations that allows accurate determination of dis-
they predict reasonably well the heats of solution. The recerlcation energies>
development of this potential database has enabled the use of Assume that the energy of the relaxed crystals with-
molecular dynamics for the simulation of a variety of out dislocations and with a pair of partial dislocations are
multilayer assembly from alloy vapors such as the one reEo andEy, respectively, the dislocation line energy for one
ported here. Provided one is not dealing with metal com{(a/6){112) partial dislocation is
pound formation, the potential provides a reasonable ap-

Eq—Eo— oy

proximation to the interactions between different metal r=— — > ¢ (B1)
elements in metallic solutions. 2N\g
where o4 is the stacking-fault energy is the separation
APPENDIX B: ENERGETICS OF DISLOCATIONS between the two dislocations, ang is the periodic length

. . . e . ... _along the dislocation direction. A slab crystal with periodic
The simulations identified the existence of nonequ'“b”umboundary conditions in the in-plane directions and free sur-
edge dl_slocatl_ons. It Is Important to quant_lfy the energy 0f]‘ace boundary conditions in the thickness direction was used
these dislocations to better understand their formation. To bg ™ . /-0 (o stacking-fault energy. A stacking fault was

gﬁgf'StZT]t d"‘gg;g:ﬁ%%nm:Zr:e?nagjésd ttgiggzm::;?e;tr?'%reated in the middle plane of the thickness by shifting the
ay gy P ' per part with respect to the lower part by a vector of

eans et n ot sulaton, e dlocaten Ine 7@/ 112, The stacing fal energy was clcuted s he
was calculated ' energy difference of the relaxed crystals Wl_th and without the
The dislocation energy can be viewed as the extra energstacklng fault normalized by the total stacking-fault area. For
ickel, we foundo=0.0074 eV/&. Since the thin film

of a crystal containing a dislocation with respect to a crystal hick lies in the dis| . ; he d q
without a dislocation. A#/2)(110) edge dislocations can be ickness lies in the dislocation core regime, the dependence
: of dislocation energy on film thickness needs to be ad-

created in fcc computational crystals by insert{ng remov- . . . o

ing) two adjacen{220; planes in half of the crystal above the dressed. T.hls was achl_eved by studylng_crysta_ls with differ-

{111} slip plane®® After relaxing the crystal thea(2)(110) ent deposited layer thicknesses. The dislocation energy as
. : ' . . . ! a function of number of deposited monolayers is shown

dislocation naturally dissociates into twa/6){112) Shock- in Fig. 5

ley partial dislocations bounding a stacking-fault ribbon on L . .

the {111} slip plane®® similar to the case observed here. In continuum theory, the edge dislocation has an energy

While a free surface parallel to the slip plane can be used,

periodic boundary conditions need to be used in the other ub? wb?] /h

two directions in order to calculate the dislocation energies. E= In(i=v)  4nm In(B), (B2)

This is equivalent to simulating an array of dislocations

aligning along the slip plane. Because the numbef2@}  whereb, b, andbg are, respectively, the total length, the

planes above the slip plane is different from that below, there@dge component, and the screw component of the Burgers

is a mismatch strain between the top and bottom parts of theector of the dislocationy is Poisson’s ratiou is the shear

crystal. This mismatch strain is a constant and will nevermodulus, and is the deposited layer thickness. Fodepos-

vanish as the crystal thickness is increased. However, dislated (111) monolayers whose spacing 11y, the film

cations are linear defects and their strain field should vanisthicknessh=(n+1)d ;4. Using u=0.5917 eV/R and v
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=0.2529, the dislocation line energy was calculated as a APPENDIX C: DEFINITION OF STRAINS

function of the number of deposited monolayers using Eq. . . .
: A o ; The strains discussed here refer to the normal strains cre-
(B2), and the results are included in Fig. 5. It is interesting to

see that the continuum prediction is fairly close to that of theated when individual free-standing layers are joined to form

atomistic simulations. The atomistic simulations gavelrgug'rl?gifr:zr I_Sitbtsr;fzatrglireddeleor;gi]ttg dolgsdgv)\e : fr(;e;;t?ﬁglmg
slightly higher results. It should be noted that continuumle% th of the ioined substraft)e/multila -~ stragt’ure)bp-
theories are based on an elastic anisotropic ratiéd\sfl, g J Y e

while a nickel single crystal has an anisotropic ratiofof where the first subscripg=1,2,3 defines the three coordi-

=2.5. Dislocation core structures are also ignored in con-nate directionss, y, andz, and the second subscrifitand]

. . . mean the free-standing layer and joined structure, respec-
tinuum models. Furthermore, continuum theories usuall g ay | P

take the dislocation core radius at the unrealistically smaIFVEIy' The strain in thex direction can be written as
value ofb to try to account for the core energy. Both ap-

proximations are accurately treated in the atomistic simula- %ZM. (C1)
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