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Some metatomplex oxides (MCOs) setirganize within REBaCwOy (REBCO:
RE=rare earth) superconducting thin films grown by vapor phase epitexglarify the
selforganization mechanism, we develogetthreedimensional Monte Carld3D-MC)
simulation code using a simple model asichulatednanorodgrowth under varios
growth conditions. As a result, the selganization ohanoods was reproduced [3p-
MC simulations and welarified the nanaod growth mechanism as follows. The growth
mode of MCO patrticles was 3Blandgrowthdue to the instability of the interfacéthe
MCO and the substrat®n the other hand, that BEBCO particles was 2[8land growth.
There were diverseanastructureswhich were strongly &cted by substrate temperature
(Ts) ard deposition ratéveey). We constructeda contour plot of thenanorodnumber

density anda phase diagram of theancstructures depending dR andvdep



1. Introduction

REBaCwOy (REBCO, RE=Y and rarearth) superconductors show excellent
superconducting properties such as critical current dedgjtyn(magnetic fields. Some
groups have reported the selfganization of BaZreXBZO) within REBCO films grown
by vapor phase epitaXyandthatBZO forms manyanaods threading the filnds. This
self-organizationinto nanaoods is also confirmed in otheratalcomplexoxides (MCOs),
for example BaMQ; (BMO; M= Sn and Hff?, Ba(RENb)Os double perovskité!?,
and rareearth tantalate pyrochle®. Thesenanagods contribute tthe enhancement of
Jc iIn magnetic fields, sinctheyact as stronfjux pinning centers withiREBCO films.
Among these MCOs, BaH#JXBHO) attractsconsiderableattentionbecause REBCO
films including BHO nanaods which are prepared by pulsed laser deposition (PLD)
method showmarkedy high J. valuesin magnetic fieldcompared with nowlopedand
other BMO-doped REBCO film&!%24. J; in magnetic fields isleterminedy the flux
pinning force ofnanaod characteristics such as diameter andhber density. The
characteristics can be controlled by growth condgéguch as growth temperature. We
prepared a 4.%0l% BHO-doped SmB£LwOy (SmBCO) thin film ata low substrate
temperature of 1,023 K (750°C) and confirmed that Btd@xods ofsmall diameteand
high number densitwere included in the SmBCO filffs  Their number density was
2,830 hm? and thér average diameter was 7.0 nm. In the case of a@% BHO-
doped film preparedybconventional PLD method atsaibstrateéemperature of 1,213 K
(940°C}?, the number density anaverage diameter were 708m# and 13.5 nm,
respectively. Recently, weavereportedanexcellent flux pinning force of 1.6 TN/hat
4.2 K in a BHOdoped SmBCO filndeposited at eelatively low growth temperature of

993 K (720°C}>. OtherMCO nanaods arealso affected by depositicconditions. For



example, BaN#s (BNO)-doped ErBCO films included mamanaods composedf
Ba(ErNb)Os (BENOY:4).  With increasing substrate temperature, the diameter of
BENO nanaods increasedhowevey the number desity decreased. Thesendencies
arethe samas those obur BHO-doped SmBCO films. Haruta et pteparedaNOe-
doped ErBCO and YBCO filmisy Nd:YAG-PLD methodwhich hadmanynanaods?.
They investigatethe substrate temperature dependenceamiood configurationssuch
asthelength and tilt angle of theanaods, and found that the configurations depended
onthesubstrate temperature. Maiorov et al. reportedrthatstructures in BZGloped
YBCO films can becontroled by adjustingthe substrate temperature adéposition
rate®. Fromthese experimentéihdings, one can see thtiteself-organization of MCO
nanaods is affected by deposition conditions such as substrate temperature and
deposition rate.

This self-organization has also besimilarly observedn multiferroic filmsthat have
two componentsCoFeOs and BiFe@® and also CoR©4 and PbTiG?”. In these
films, structuresimilartonanocodswh i ¢ h we naa® ic la Jwere absefved and
the authors explained thie difference in wettabilitpetweerthe film material and the
nanaod material on the substrate resulted in the formaifmanoods.

Control ofnanadod morphologies is importarior the control of the siperconducting
propertiesof the MCOdoped REBCO films Wu et al.examinedBZO nanorods self
organization in YBCO films using an elastic strain mé®¥el They described thain
increase iNBZO doping cogentration led to an increase manorod density; thushe
matching field increased. In order to clarify the selbrganizationmedanism,the
numerical simulation ahin film crystal growth i®ne ofthe usefumethods The Monte

Carlo (MC) simulation habeen widely adopted tie studyof thin film crystal growth.



In the case of REBCO thin film growth, Tretiatchenko succdégsfeproduced the
complicated transformation of the sugamorphology othe REBCO film$?. Hetook
into account preferentilgl orientedgrains depending on the growth temperature. Zheng
et al. used crossectional twedimensional (2D) MC simulation® study the kinetic
effects on the morphological evolution of a tammponen epitaxial systed?. They
elucidated that columhke nanatructures were only formed when the bond energy
betweendifferent atoms on the growth surface was mloher thanthat betweenthe
same atoms. We develop2d MC simulations for an initial growth stage on a stdist
surface of a twaomponensysteni®. We simulated selfrganization on the substrate
surface and found that the number densitganorodsliecreased ith increasing growth
temperature. Howevedheself-organizéion process afianaods or othenancstructures
depending on growth conditions such as temperature and deposition rateyebeen
clarifiedin detail

On the basis of thabove, we aim talarify the selforganization mechanism in
REBCO thin films with BMO. In this study we develom three-dimensional (3D) MC
simulation forthethin film growth of a twecomponensystem and try to reproduce the
self-organization ofnancstructures. Addibnally, we examine theeffects of substrate
temperature and deposition rate on -seffanization characteristics such as number

density and morphologies.

2. Simulation methods
We useda simple 3D-MC model as follows. REBCO and BMO unit cells are
expressedising simple cubesvith one side indicated bg = 0.4 nm as shown in Fig

1(a). Wepresent a REBCO unit cell as A particle which consists of three cuhesd



a BMO unit cellas aB patrticle which includes only one cubi this paper. We assume
that the substrate is madeAparticles, and this assumptiozonsiderghat the substrate
is asingle crystal on A particle The particlesareadsortedon the substrate frome
vapor phase, nagly, we considern physical vapor deposition process. The adsorbed
particles can occupy positions in the sites of the substrate. There are no chemical
reactions on the surface, and fandB particlesdo not react witlother king ofparticles.
The paticles experience randomly chosen eventsich are adsorption otihe crystal
growth surface, surface diffusipand desorption from the surface. The pagtichre
allowed to move to only theearesneighbor site. Bulk diffusion is not taken into
account in this simulabn. The particles growith acubeon-cube irplane orientation.
The A particles always maintain thestacked structure perpendicular to the substrate
surface which corresponds tthe c-axis orientation in REBCO thifilms. In-plane
rotations ofboth theA andB particles arealsonot taken into account.

We carried out th8D-MC simulations based on the standard Matispalgorithm
as follows. Atrandomly chosen point of substrate sites during eaclsiki@lationstep,
one of the hree possible events coulahdomlyoccur. The probabilgs of adsorption
(ras9 and surface diffusiorr ) on a single surface site are denotedJay= Fa? andr it
= D/a?, respectively. Here; andD are the incident flux with a unit of fas? and the
surface diffusion constant with a unit o8y respectively. The growth kinetics are
controlled by the dimensionless ratR) (of these probabilitied} = rags/ rair = Fa*/ D.
We can exchangthe deposition ratevgep) of REBCO films with aunit of m/s toF by
using therelationF = vqed(3a%). D depends on substrate temperatdig. ( Dam et al.
estimatedD from the surface morphologies of YBCO films depending on the substrate

temperatur® and we used the report&dvaluesrangingfrom 106 to 10 m%s in this



study. When an adsorbed particle randomly diffuses on the surface, we calculate the
initial coordination energyg) before the random walk and the final coordination energy
(E¢) after the random walk. E: is smaller thark;, the particle preferentially moves to
the final state. However, Et is larger tharki, a probability to move to the final state is
defined bythe Boltzmann distribution of explDE /ksT), whereDE is E¢ T Ej andkg is the
Boltzmann constant.A schematiaiagram othecoordination energy igresented in Fig.
1(b). The coordination energy is calculated by counting-jpeieticle bond energies.
We describe the bond energy density betwg@articles asEaa; here the bond energy
density is defined by a bond energy per side face of a cube. Sintiaslis the bond
energy density betwedB particles, andEag is thebond energy density between An
particleanda B particle We do not consider the anisotropytioé bond energy density
and introducenly the nearesteighbor interaction between the particlelSaa andEgss
correspond tdhe decomposition energied both materials. For exampléhe Eaa of
YBCO could be smaller than thaf SmBCO, becaugbemelting temperature (peritectic
temperaturgof YBCO is lower than that dbmBCO. SimilarlyEgs is also elatedto
thedecomposition energy of a BMO materiaEas means interfacial instability between
REBCO and BMO. A larger lattice mismatchesults inan unstable interfagewhich
leadsto a loWEns.

We usedite bond energy densitie$ Eaa = 2,000 K,Egs = 2,500 K andEas = 500
K. In Fig. 1(b),Edescorresponds to thenergy difference between an adsorpedicle
and a particle inthe vapor phaseand we used 50,000 K in the simulations. These
energies were selected from preliminary simulatiomgich roughly reproducedhe
experimental number density of the BH@naods in a BHGdoped SmBCO film

prepared by conventional PLD rhet at al'sof 1,213K (940°C 1. In the present stugly



we concentrated on clagiing the nancstructural selforganization mechanism
Thereforetherole of these bond energismot discussed detailin this paper.

Our 3D-MC simulations were undertaken on 200200 cubic grids ofsthstrate
corresponding to 880 nnt in physical unit. Periodic bawlary conditions were
imposed inall the inplane directions. Although the volume fraction of BMO can be
changed by varying theumber ratio of the adsorbed patrticles, we fixed the BMO volume
fraction to 3vol% (8.6 mol%) in order to focus onhe effects of Ts and vgep ON self

organization.

3. Results and discussion
3.1 Self-organization in the 3D-MC simulations

We performed the numerical simulation3at 1,113 K (80°C) and 1,023 K (750°C).
vaep Was fixed at70 nm/h which correspond to the typical deposition rate in our
experiments. The sination results are shown in Fig. Here A particles areshown
transparent for ease viewing. One can see that there are many red columns dogsist
of B particles with adiameter ofseveral nanometers. Athigh Ts of 1,113 Kas shown
in Fig. 2(a), there are straighinadods. n the other hand, many incline@norods
grow atalow Ts of 1,023 Kas showrnin Fig. 2(b). These morphologies are rougily
sameas those obur previousexperimental observatiofts Previouslywe obtained the
microstructures of BH@loped SmBCO films by crosectional transmissiodectron
microscopy (TEM). The obtainedEM images showed that BHManaods
morphologies were affected Oy, anda high Ts of 1,113 K andalow Ts of 1,023 K led
to thegrowth of straightand inclinechanaoods, respectively. Therefore, we successfully

reproducd thenanaod self-organizatiorobtained bythe 3D-MC simulations.



In order to tarify the mechanism, we show tkequence of the numeriaganaod
growth atTs = 1,113 K in Fig3. The figures irtheleft columnof Fig. 3are bird-sye
views andthosein the right column are crossectional views of a singleanaod
corresponding to each left figure. One can seddvelopment ohanood growth with
timeatahighTs. From Figs. 3(a) an8(ad, Yhecrystal growth mode d particles is 3D
island growthmode which corresponds tthe Volwer-Weber typeowing to the unstable
interface ofB particles and the substrate consistingfoparticles. After the 3Disland
emergenceA particlesswhose growth mode was layey-layer or 2Disland growth mod
covered the substrate surfacerigures 3(b) and (6 )show that the3D island is
surrounded bya layer ofA particles. Because th8D island can grow toward any
directions, thdneight of the3D islandincreasavhen the entire substrate surface becomes
covered byA particles. Therefore, thieight of the3D island is alwas largerthanthat
of the layer ofA particles, as shown in Figs. 3(c) ar®{c6.) These steps are repeated
during the vapor phasdeposition. Consequently,seraight nanaod of B particles
formed in the matrix consisting & particles [Figs. 3(d) and 3@]) This tendency is
also experimentally confirmed from the surface morphologies ofGE&ImS includirg
BMO. In Fig.4, we show a surface topographic image of a SmBCO filitm 3vDvol%
BHO deposited on a LaAkXingle crystalline substrate by conventioR&D method at
Ts = 870°C. There are many bright points, and the number density of the points is
comparable tahat of BHO nanagods. This image means that the top of theOBH
nanoods is higher than the SmBCO layer. This experimdimding agrees with our
3D-MC simulation result as shown in Fig. 3rom theabove, it is importartb notethat
thenanaodself-organization is due to the differenoehegrowth modeof ead particle.

In the case dodlow Tsof 1,023 K, thegrowth sequence is shown in Fig The aitical



nucleation radius of nanorodecreasebecause othe high supersaturation éuo the
low growth temperaturghus,manynanoods arise and the growth rate of each nanorod
decreases. On the other haAdparticles also easilynucleate, and mangD islands
consisting ofA particles appear witlgrainssmallerthan those athighTs. As shown in
Figs. 5(a) an®(ad, the top ofananaod was not higher than tiAeparticlelayer, because
thenanood growth rate was relativelpwer than that at &4igh Ts. Thenanaod grew
toward only the right, because the left side was covered by the lafgranficles. The
right side of thenanaod was also covered by the layleatadvanced from the right edge
as shown in Figs. 5(b) arifbd.) During thegrowth steps, the left side of the nanorod
was covered b particles again Figs.5(c) and5(cd]) These steps were repeated during
thedepositionresulting in annclinednanaod appeadng in the matrix as shown in Figs.
5(d) and5(d6.) Therefore, we conclude that the growth mechanisimctihed nanaods
resulted ina similar rate ofgrowth toward the vertical direction of tm@naoods and

matrix layer.

3.2 Substrate temperature and deposition rate dependences

Nanaod characteristis such as morphologies andmber density are affected by
many growth conditions. In this section, we disdts®ffects ofTs andvgeponnanaod
growth

The Ts dependence othe number density ofnanaods is shown in Fig. 6.
Experimental data are also plotted and the values are listed in Table I. The simulations
are performedh the Tsrange from 9930 1,213 K at amadditiveB particleamount of 3.0
vol% and awvgep Of 70 Nnm/h which is the typical deposition rate iaur experiments.

Experimental dataere obtained from our previous reports of Bid@ed SmBCO films



prepared by PLD method and the Bl@ditive amountvas3 - 4 vol%!%?%23,  From

this figure, the number density decreased with incredsibgth in the experimental and
simulated data. From the basic crystal growth thetbrg critical nucleation radius
increases with decreasing supersaturatwhich decreases with increasing growth
temperature. Namely high growth temperature leatis a smallnumber density of
nudei. The number density olanaods depends on the number density of the nuclei of
BMO particleswhich correspond to thHgparticles in this study. As a result, the number
density ofnangodsdecreasedvith increasingls as shown in Figé. We can say that
our 3D-MC simulation can reproduce the experimental results well.  Next, we
investigate the&gep effect on nanorodhorphologien the bass of the result.

Figure7 shows the biri-eye views ofB particle aggregatiordepending on th&gep
range from 10 to 1,000 nm/h. Here, thearticles are shown transparefur ease of
viewing. One can see that thanastructures within the matrix change withp, Ata
low vgep Of 10 nm/h, theB particles aggregated into fat and straiglainoods, and thie
number density was low. Agepincreased, the number density increasediacithed
nanaods appeared. At a very highvgep 0f 1,000 nm/h, th® particles did notaggregate
into nanaods sufficientlyowing to the low growth rate ohangods. As a result,
numerous shortanaods anchan@articles were included in the matrix. Maiorov et al.
reported that the comtmation of randomly distributedangarticles anchanaods was
varied byvgep andTs during thePLD of BZO-doped YBCO film&. Thel. peak with
respect tothe c-axis in the magnetic field angular dependence Jofincreasedwith
decreasingaser repetition ratewing to the increasan the numbepf straightnanaods.

The laser repetition rate is proportional to the deposition rate. Therefore, the report is

consistent with our result in Fig. 7.
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We carried outhe 3D-MC simulationsat various Ts andvgep values A contour plot
of the number density afanagods and gphase diagram afancstructures arpresented
asfunctiors of Tsandvagepin Figs 8(a) andB(b), respectively. In Fig. 8(b), we classified
morphologiesnto four typesnamely straightnanaods(NRs), inclinedNRs, shortNRs
+ nan@articles(NPs) andNPs Here,aninclined NR corresponds to manaod that
tilted 1 tothe substrate surface normal, and we defined a simulation vagultnore
than 506 of inclined NRsto indicate arfinclinedNRs mo r p h o NPBwasmade
of a clusterof B particles with a diametethat is almost the same asaisn length along
the substrate surface normalThe lbow Tsand highvgepcausedhe insufficient growth of
nanagods,resulting innumerousangarticles in the matripas shown in Fig. 8(b). Thus,
the number density afanaods cannot be defined around the top left corner in Fig. 8(a).
From Fig. 8(a), the number density increased with increasipgnd decreasings.
Since the volume fraction & particles corresponding to BMO is constant in this study,
the diameter ohanaods decreases with increasing numbensity. In the case of
REBCO-coated conductors high deposition rate ieequiredto reduce the productn
cost. However, if we need straightioclined nanoods as pinningenters incoated
conductorsanextra high deposition rate is not gooding to the insufficient growth of
nanoods, andncreasingrlsfurtherwould be effective fonanoodgrowth. On the other
hand,alow Ts anda high vgep result in very finenanctructuressuch as numerous short
nanoods andnangarticles with small diameters. These fin@nstructures should
changethe flux pinning landscape.In particular the fluxpinning atalow temperature
would be enhancedind the magnetic field angular dependence Jofwould also be
improvedbecausehe coherence length of superconductdecreasesvith decreasing

temperature. Thereforthe appropriate size of pinning cergealsodecreaseat a low
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measurement temperatureln fact, we reported that a BH@ped SmBCO film
deposited aflow Ts of 993 K(720°C) showed excellent flux pinning properties at 4.2 K
andanisotropic J. for an applied magnetic field angléecause the film included very

fine shorthanagod<®.

4. Conclusions

We developed th8D-MC simulation code to clarify #hselforganization mechanism
of BMO nanaod growth in REBCO films, and we reproducthe nanaod growth by
3D-MC simulations. We found that ti@naoods seKorganizedwing to the difference
in thegrowth modebetweerBMO and REBCO. The \ertical growth rates afanaods
andtheREBCO layer were also importaiot determiningnorphologiessuch as straight
nanagods, inclined nanaods, shornanaods +nan@articles andnangarticles. These
morphologies were fdcted by substrate temperature and depositiondw@tieg vapor
phase deposition. Weonstructedhe phase diagram efancstructures depending on
substrag temperaturanddeposition rate To obtain straight oinclined nanaods even

atahigh deposition ratancreasingsubstrate temperatufertherwould be required.
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Figure Captions
Fig. 1. (Color online)Schematic drawings of our simulation model. (a) Events
on the substrate surface and (b) energy state diagram of an adsorbed particle

depending on the nearestighbor patrticles.

Fig. 2. (Color online) Bird&-eye views of theB paticle selforganization in the matrix
consisting ofA particles. Substrate temperatures of (a) 1,113 and (b) 1,023 K.  Heré,
particles are shown transparefdr ease oviewing. The volume fraction dB particles is
3.0vol%.

Fig. 3. (Color online) Snapshts of the growing twacomponentsystem withA and B
particles atasubstrate temperature of 1,113 K @deposition rate of 70 nm/h.  Tlheand
B particles areshown inyellow and red, respectively. The volume fractiorBgdarticles
is 3.0vol%. (a)- (d) are birdeye Vvi ews ( @ adgcrodssedigal views

corresponding to (a)(d), respectively.

Fig. 4.(Color online)Surface topographic image of a 3d%BaHfOs-doped SmBCO fih.
The film is deposited at substrag¢ tempeature of 1,143 K (870°C) anddaposition rate of
about 100 nm/h by conventional PLD method.

Fig. 5. (Color online) Snapshts of the growing twacomponentsystem withA and B
particles at asubstra¢ temperature of 1,023 K andleposition rate of 70 nm/h. TlAeand
B particles areshown inyellow and red, respectively. The volume fractiorBgiarticles
is 3.0vol%. (a)- (d) are the birG-eye views and @} (do ) a r -gectienal views

corresponding to (a)(d), respetively.

Fig. 6. (Color online)Number density ohanoods as a function cfubstrate temperature.
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The simulations are performed atdeposition rate of 70 nm/h aradB particle volume
fraction of3.0 vol%. The eperimental datahat correspond to BaHf@doped SmBCO
films aretakenfrom our previous report8'?'4),  The experimental films wepgeparedy

PLD method on LaAl@single crystalline substrates and the BHO volume fractions were 3
- 4 vol%. The bond energies wereterminedat 1,213 Kasdesribed in Sect2. We

plotted thesimulated number density at 1,213K reference by a red cross point.

Fig. 7. (Color online) Bird&-eye views ofB particle selforganization in the matrix
consisting ofA particlesat a substrate temperature of 993 Keposition rate of (a)10, (b)
100, and (c) 1,000 nm/h Here A particlesare shown transparefar ease ofiewing. The

volume fraction oB patrticles is 3.0vol%.

Fig. 8. (Color online)Substrate temperature and deposition dajggendences agfanoods
number density anganctructures which are theresults of 3BMC simulation (a)
Contour plot ofnanaod number density and (b) the phase diagramarfestructures such
as straighhanaoods (NRs)inclinedNRs, combination of short NRs andngarticles (NPs)
and NPs. The volume fraction Bfparticles is 3.0vol%.
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Table I. Experimental number density of BaHf@anaods in about 3 véb BHO-
doped SmB#£wOy films for different substrate temperatures. For comparis
simulated results in this study are also listed.

Substrateaemperature)  Numberdensity(mm?)  Simulatednumber density
(nm?) (this study)

99329 3,100 3,125
1,023%2 23 2,300 2,500
1,11329 1,440 1,406
1,21319 708 781
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Fig.1. (Color Online)
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(a) BMO nanorod

20 nml\

(b) BMO nanorod

20 nmz
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Fig.2. (Color Online)
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Fig. 3. (Color Online)
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Fig.4. (Color Online)
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(a) 31.4 1@ steps

(b) 34.6 10°steps

(c) 37.8 10°steps

(d) 79.7 10°steps

20 nm

Fig.5. (Color Online)
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