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dMTm5i〔DnuniveIYi臼Iityclass･AIongthe【imcevolution，inAitubililyingrowthoccursandamlnRitionfmm[wo-toth…-dimensiomal‐
gmwlhisobserv巳d51nthisstage,surfncegmwth(DbeysancmalousHCaIingcha…te｢izedbyaIocalmughnesscxponent：l`ＤＣ
＝Ｌ0,91(lbaIscalIingexp⑪nenlﾋﾞｰｭ｣,anddynilmlicexIx)ncntg＝Ｌ0．
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KjneticsurI画ccrougheninghasbeenaS[ｕｄｙｏｆｇ“【inに雁sllW
Ihepastdecadeduetoagoodexaｌｎｐｌｅｏｆｓ[atisticalscalc
iIwariimce.’StudiesongrowingsurfUceshaveにvealedtheprescnce
ofscuIin:exponentsthatdete｢mineuluiversalityclasses､Ａｎｉｎｔｅト
hlcewid1h2W(L,[）isusuallyrelatedto【hｅｓcalingcxponents，
whichisdeIinedastherool-mean-square(rms)ofthefiucIuationsof
lhesurfaceheightハ(r,『）

ｗ(L,J)＝<[A(｢,『)－町2>''２［'］

whe肥〈…〉indicatesanavemgeoverasystemsizeLandjnndi‐
CaにsanaverageofA(r,r).Theimerfncewidthhasbeenにcognized
[ｏobeythePamily-Vicseklimction3

w(L,[）＝ｒｕﾉｯ(L"'た） n

whichbehavesas

”)-|::h蕊悪:蟇Ｉ［，］

Ｅ～／I'ごａｎｄｚ＝α/l3donothold,Hence,lheanomalousscaling
systcmhastwomughnessexponents:theIocaImughnessglocinde‐
pendentofexperimentalconditions,andglobalrDughnessexponent
gdependentonexperlmentalconditions､Inthispapentheanoma‐
lous3caIingbehaviorineIectmdeposiliononsingle-crystalNisub-
st⑬ｔｅｓｉｓｐ1℃senbed

EpitaxiaIgmwthinelectmdcpositionhasbeenalbemptedfbr
metal/metalsyslems.''~l3Coadso巾atesthatusuaI1yexistiuuelectro-
chemicaIenvironmentsafTbｃｔｇｒｏｗ[hmodescIassifiedasFrankPvan
dｅｒＭｅｗｅｇｍｗ[ｈｏｒｌａｙｅﾄby-layergmwlh（[wodimensional
gmwth),Stranski-Kras[anovgrowth(atmnsitionfmmtwo-tothICe‐
dimensionalgrowth),andVbIme隈WebergrDwth(three-dimensional
gmWth).Somekindsofcoadsorbates…knowntopromobetwo-
dimensionaIgmwth,'4,IsHowcvcneIectmchemicalpmcesseshavC-：
notyetproducedepitaxiaIIilmsthickenoughfbrtechnologicaluse・
Theoleticalmodelsp妃dictacriticaltwo-dimensionalislandsizel6～
beyondwhichmにe-dimensionalgmwthoccu【１８．Thetransitionis・
thoughttoco眼spondtoasigni6cantincr巴asｅｉｎ[hesurfhcemugh-
ness,whichisobservedasachangeftomsmoothsurf雛estomugh
surfncesJnthisstudy,thesurfaceimagesmeasuI℃dbyatomfbrce
micmscopy(AFM)indica[ethepresenceofthctmnsition

Thedatap定sen[edhercindicate:(i)intheearlystageofg【Owth，
thesurftlceroughnessexhibitsthenormalsc:UingbehaviorOfthe
linearsurfaccdiflnsionmodel,and(")astimepmceeds,atmnsition
ITomtwo-[｡［hree-dimensional8mwthisobsewe｡,whiChisch錘
ucte『izedbyauBomaIoussmIing．

Ｅxperimental

Single-crystalNidiｓｋｓｏｆｌ２ｍｍｄｉａｍａｎｄｌｍｍｔｈｉｃｋｗｅｎｅ、

prcp…dfb『cathodeelectmdesiwhichhave(100)mystall…Phi○T
surfaceswithinanaccurHcyof2｡､Thesingle-cryStalNidisksWer6：
polishedusingth泥ekindsofpaste6includingdiamondpOwdbtsOf
5,1,and０.llLmdiam,andIinallylappedwithasolutiOnOfO・O5ILm′r1
coIIoidalsilicaindiamet“Ｔｈｅｓｕ虚cesappeartobcmimm-likc
andhａｖｅｔｈｅｒｍｓｒｏｕｇｈｎｅｓｓｏｆ1.2ｎｍｆＯｒａｗｉｄｏｗｓｉｚｅｏｆ２１Ｌｍ．・
Thenthesingle-crystalNidiskswercelectmchemicanyetchedinaJイ
H2SO4-C3H5(OH)3(glycerm)-H20solution,ASpointedoutinRef（
11,nickeloxideswillbeleftontheetchedsurfpces・Inour昨limi‐）′
nalyexperiments,assuufncegmwthbn（100)suIfacesthatWeI巴～
polishcdmcchanicallydidnotdisPlaylWosdimensionargxbWth餅/ふき
(100)surf2cesetchedelectmchemicauyaftermechan岬iPOliShingい、
we塵chosenfbrthisstudy6Figu配lshowsAFMilmLge30ftlie：…、
single-crystalNidiskbefb唾andafteTeleCtmChemic81etChhlg`The
verticalsca1eismagnifieｄｂｙａｆｈｃｔｏｒｏｆｌ８ｉｎｏｍｅｒｔＯｅｎｈａｎｃｅ・へ
viewingItcanbeseenfromFig､lbthattheetChedNisurf箇cehas
noHawsmadclnechanicalIydmngpolishing・ThesingIe-czyslalM-
diskandcarbonplatefbranodcelectmdesC1eanedbyawetpmCesS1一二
werBlocatedparauelinastillbathcontaining(g/1J:YiiCkelSuI躍可÷
mate,600；nickeIchloride,５；andboridacid,４０iThebadiwaSトー：
maintainedatpH4andaoemperatu”of323Ｋ.AdireCfcirr６㎡was）に

゛．､『・･･･--■'･‐ず,｡`』,,,

appliedbetweenthetwoeIectmdes､The:directc噸ntIdenSity2nA；な{:！

whe肥aisthemughnessexponentthatdescribesthespatiaIscaling
behaviorandzisthedynamicexponemt・Thegrowthexponent6is
givenbyp＝cMZ,which妃p妃sentsthetime-dependentdynamics
ofIhcsu胸cemughness・Theseexponentsu,６，andZdetelmine[he
univcrsaIitycIasstowhichasystembelongs,Ｔｈeexponentqis
usualIycalculatedfiDmtheheightPheigh[colTeIationfUnction2de‐
linedby

c(',『)＝<[ｈ(r,r)－A(０，J)]2>･ビア２゜ [4］

so繩１１鯛ｼIllljlR鰐Ｍ１:ＦＭ鯛IWllilfliI嚢WilRIlilii;腿：
viatefmmtbeFamily-VicsekfUnction，The妃fOreananomalous
scaIingfmction肥latedtoalocalintcrfblcewidthhasbeenpmposed
todescribetheanomalousscalingbehaviorbThelocalimerfhce
width4w(【,『）isdeIinedby

w釧薑|鐘!`1Ｗ二11雪"ロ
whe応１３＊＝（‘－９１．c)/ZisananomaIousgmwthexponentandlis
awindowsizeThelocalintcrfacｅｗｉｄｔｈｗ(1,『）iscalcuIatedovera

windowsizeノlessthanthesysにmsizeLEquation5indicatesthe
Pl巳senceofacrossovertimefbTthetimｅｌｃｇｉｍｅｆｂｒＯ＜ｒ＜Ｌｚ
ａｎｄｔｈｅｓａｍｅｆｂｒｍａｓｔｈｅＦａｍｉly-VicsekfUnctionfbrthetime施一
giｍｅ【＜Ｊｚ･InthecaseofanomalousscaIing,thecorrelationlength
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Ｆｉ邸爬1.AFMimagcsofthesingle-crystaIＮｉ(10,)surIilces:(a)mechanicalIypoIiBhedand(b)electmchemicaI1yetchedsurHaceanermechanicalpolishin8・
ｎｅｖｅｒticaIscaleofeachimagewiIlMl肥soIutiomof5I2x512pixelsw鍋magniIiedbya錘t⑪ｒｏｆｌ８ｉＫｕ(Drder⑩enhnnceviewing．

electmdepositionwasO､１ｍＡ/Cm2,atwhichlhegmwthrateisabouL
0.2ＭＬ(monolayers)/S・OnIyonecurrmtdensityischoseninthis

鵠lmili:Ｉｗｌ瞬脇llhiki;iIl11ihMWl:b譜il1鰯謡銭瀞謡
妃lationshipsbetweenthema2℃insensitivetospcciIicsystemsand
expeTimentalconditionsNickelthinlilmswercelect『０depositedom
theindiumtinoxide(ITO)glassoflx1cmz・ThesystemsizeLin
thisexpe[ｉｍｅｎｔｉｓｌｃｍ・ｍｅｎｉｃｋｅｌｔｈｉｎ６１ｍｓｗｅ肥ｇｒｏｗｎfbrthc
growthtimemnginghom500to80,000s､ThenickeIdepositswe”
ｓｃａｎｎｃｄｉｎａｉｒｗｉｔｈＡＦＭｔｈａｔｈａｓａ肥solutionof512

x512pixeIｓ－ｍｅＡＦＭｉｍａｇｅｓｗｉｔｈｄｉ賎r己ｎｔｓｃａｎ唾gionsof
lOOＯＸｌＯＯＯ,Ｚ０００ｘ２００Ｑａｎｄ５０００x5000nm2welcusedfbr
thecalculationsofIhescaIingexponents・

Determination城LocalExponentsl;1.cau

ReSnltsandDiScusSim

Di"０．３汀iDJDqfAjWimqg“.－FiguTe2sbowstypicaIAFMim‐
agesofnickeIelectmdepositsgrownfbrdifYe尼nttimes・Intheearly
stageofgrowth，manyislandswhichappeartobe歴ctanguIarin
crosssectiongmwlatemllywithtimeandcoalesceintolaIgesizes
(Fig.2a-c).Inaddition,theislandsgrowno[intherandomcrystal‐
lographicdirectionbutunifbImIｙｉｎｔｈｅｓａｍｅｏｎｅ・ThesurfhcemoT-
phology【cmalnssurprishug1yflatandappearstoevoIveobeyingUle
two-dimensionalgrowthmode,AlinescanofFig､２bappearsinFig、
3aandclearIyshowstheexistenceofflatsurfacesoftheislands・Tme
heighMIinFig､３acoITBspondstolOML､Butinthelatergruwlh
timer巴gime,thelateralgrowthrateoftheislandsdecrBasesandthe
surfacesbecomemugh(Fig.2.f).AIinescanofFig､Zeisshownin
Fig､３bthatindicatesthattheheightsoftheisland5inc【巴aserapidIy、
Figu妃４showsap1otoftheaverngediameteroftlleislandsvsbtimc、
Itcanbeseenthatthediameterappearstosaturatewithtima

SCal醜gcJJzalysfF.－Fora6nitewindowsizel,thelocalwidthis

expectcdtoscaleasw(【,/)~rQFigure5showsplotsofw(Ｉ,！)ｖｓＬ
Ｊｉｎａｌｏｇ，logscalefbrJ＝］ＯＯＯａｎｄ５０００ｎｍＩｎｏｕｒｃｘｐｅＩｉｍｅｎｔ，
alongthetimcevoIution,wefindthattheexponentptakesupｔｏ
[h頤ediffe妃ntvalues・Ａｔｔｈｅｅａｒｌｙｔｉｍｅ,wemeasuI巳β＝0.25
±0.07,whichisclosetothatof[belincarsurfnccdiffilsionmodeI

fbrMBE2L22dcsc『iｂｅｄｂｙ

Inthisstudylthelocalroughnessexponent‘,ocisdeterminedby
twomcthods:theHurstlescaledmge(R/S)analysis'9andthcFou‐
ner[ransfmmalionmedlod､20Thefbrmulafbrthecalculationofthe
●

exponeni：locinU1eR/SanalysisisasfbUows:Anarbitraryradius
ontheAFMimａｇｅｓｉｓ唾presentedbyrk

Ｒ(&,！)/s(A,r)錘,i陣 ［6］

ｗhe由

Ｒ化r)＝max[X(i,J)]－，in[X(i,r)］
‐．、Ｏご棒と、０超i富&

`(瞼,ﾙｰ|鵬ﾐI≦(ｸ(殉か(mM》'1.
.Ａ，

ｘ(k炉喜[虚('`,')-<脆(',`ﾙ］

OA(r,【)/0ノー－lW4b(｢,J）＋、 [10］

Ｗhe配TldenotesthelandomnuctuationindepositionandXisa
constant,ThemeanIoughncssexponent,ＯＬ＝0.,6±OO5isdeteIL
minedasshowninFi9.6.Inthistime【Bgime,thesurfncemorphol-
ogy妃mainsIlatandobeysthetwodimensionalgrowthmode･

InthefUrthertime唾gime9B,instabilityingmwthtakeｓplace，
whichcor1℃spondstoagrCaterincrcaseintheslopesofislandsand
isassociatcdwithatransitionfiPomtwo-dimensionalhoth宛e-

dimensionalgrowth，ThisinstabilityisrcHectedin【heverylarge
wIluesofp＝２．１±0.1ａｎｄ1.1±0.2,whichbelongtonounivc炉
salitydassesfbrnormalscalingandindicateanomaIousvaluesby
fargにaterthanl/2.Ｉｎａｄｄｉ[ion,IhismayCon℃spondtothcpresenOe
ofacnticalislanddiameter16fbrthetIansitionftcmtwo-tothrcc-

dimensioｎａＩｇｒｏｗｍ・Islandscqmprisemanyatomiclayelsanda
layernucIeatesonthetopoftheisIandatlhccriticalislanddiameter．
Owingtothediameteroftheislandsbeyondthecriticalsizethatis
ano【derof(4zz2D/F)IﾉGwhereqistheIatticeconstant,Disthe
surf日cediffUsioncoefncientofadatoms,andFistheincidentatoln

Hux，thistransition，ムe､，ａｎabmptincreaseintheIocalinterfaｃｅ
ｗｉｄｔｈｔａｋｅｓｐＩａｃｅａｓｓｈｏｗｎｉｎＦｉｇ．aHencewecandividethe
expcrimentaItimeintotwotime”glmes:tｈｅｅａｒｌｙｓｔａｇｅｏｆｇｍｗｍ

[7］

二:IFirBtwecaIculateX(116,t）withinamdiusrk0ntheAFMiInage．
!/：:Next,WeIindthemaximljmandmmimumchanｇｃｏｆＸ(A,Z）ａｎｄＯＱｄ.=0■､古

'§::<:乙伽lnilalizCR(A,')bythestandarddeviationS(た,『)．
Ｌ:j;:了ｆｌ'mIeFbuiiertransfbImatioml輝ｔｈｏｄｉｓｔｏｄｅｔｅｒｍｉｎｅｔｈｃｌｏｃａｌ

ｉ(了::壷囎鰄PXp･iiemgl"fmmihepow…cmmThepowerspec‐
↑intru唾PfH(fir)(hatiStheFburiertransfbrmofh(r,『)isgivenby
．…十.x1：］－．．wい､．

‐、－’～｜"『､z)'2°Ｃﾉｰγ ［8］
．..》

wherefiSjheiieqUenCyandYisaconstantvnlue,Thelocalmugh‐
nesSexPonentiSeXPq巳ssedbytheslopey：

司千」‘1.゜＝(Ｙ－２)/２［，］
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Fi馴施2.AFMimagesofNi[hin-filmsmfncesgrownond1eNi(100)substmtesfbrdiffb鴎ntgmwlhtimes:(a)4500,(b)6000．〔c)8000,(｡)16,000.(6)32,000．
and(f)(i0,000s､Theveはicalscalesof(a-d)and(e,f)imageswe塵magnifiedbyaI泡ctorofl8and5,respectivelybinoIdertoenhanceWewlng．

●●

inwhicbsurfacegrowthobeysnormalscalingchamcterizedby[he
linear印DwthmodeluniversalitycIass,andthelatcrstageofgrowth
inwhichthesurfHcemomho1ogyisexpectedtoobeytheanomalous
scalingfUnctioninEq5．

［nthelatertimeにgime,thelocalmughnessexpoment（1.cis
dctelminedbytheHulちtrescaledrange(R/S)analysisandtheFbu‐
riertransfOrmationmethodFigure7aandbshowstypicnlog-Iog
PlotsofR(ＩＷＳ(lLr)”､rkandlH((t)l2vs・thef１℃quencyメThc
AFMimageof2000X2000nm2electmdepositedfbr25,OOOswas
usedfb「thecalculationsinFig、７.Ｔｈｅｓ】opｅｏｆｔｈｅｂｅｓｔｓｔ『aighL
IftIedlinetothedatainFi9.7ａgivcsthelocalroughncssexponemt
とIOC＝１０.Theaverage‘,ocfbrthenickelfilmsgmwnfbrlO,000-

80,000ｓbecomes０．９９±005.1ｎFig.７b'theslopeofybestmtcdi

tothedatayields392,whichgivesavalueof1;,b･=096.Ina-i.TP…JcTD

similarfashion,theavelagevalueof:locfbrthenickelnlmSgrown←
ﾏ"._JC

fbr10,000-80,0O0susingtheFburiertlHnSfbrmmethodbeCOmes1

LO±0.08,whichisindependentofthewindoWIengthムNow6itiS．:．；

c・ncludedthatthclocalmughneSs`,ocobtainedftomthenAbmeth-ｺﾞｧ：．｡.､4.坐｡-,古の‐B

0dsis1.0.1,【hecaseofnormalscaling,themUglmeSsCxPonenCaf;
isequaItothelocalroughness‘,｡．､ImhisstudytherOughn･Ssif

■ﾛﾛF、｡⑧,

cxponentafbr500-10,ＯＯＯｓｂｅｃｏｍｅＳＯ､９６±0.05.TheValuesof～
theslopesinFig､５and7yieldIheglobalmughflesScxpOnemと｡fル

ー『－

２．１andthedynamicalexponentZof1.0.ThuSWecmdbterminethe(愛帝,.､-,-1Vｊ…斎･「ｵﾌﾞ.･４．１
．-＝･･･-．EFI.･･･b』L･》-い`W宗？－

．姑～J、．．．－‐．．《パＹ７ぺｒｆ７準,槽ｒ野
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