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摘要：采用优化的多体展开势能J响数研究耐心立方(}cc)晶体铅的动力学和表面性质。在(q00)，(qq0)及(qqq)高列称方向，汁

算声子散射牺率与实验曲线良好吻台。Pb(110)表面驰豫严重，其最外层原子向内压缩率选18％表Ⅲ7层存在压缩一膨胀

交替现象。蒙特卡罗模拟表明，Fcc铅在425K开始熔化．模拟结果比纳米错低约25K。
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Ab“ract：A 1llany‘body"IPn【ial㈣rgy血nclion has been employ。d to；nves【培ale Ihe dy“Bmical propcnie日，sud卵e㈣rgl⋯nd recons【mc-

tion8，a】1d mcItjnE be}Iavi㈣f凡ce—ceilIered cublc(眦c)Jead E坤cdmcntaI phonon dj8pe俐un㈣es“ong(qoo)，(q呻)and(qqqJ hl出l

sylmne‘ry d㈣IloIls⋯ell|cpmduced smf如e㈣。副c8lculaIiollsmdlcnte that Pb(1 10)und。唱oes a se㈣sulhce聪laxation A la。鲜‘1n—

ward rclaxation up to一18％m㈨ve to FCC¨tjce is predjcted南¨hc top_m0Bt hy⋯f Pb(110)su出㈣nd㈣panBion—T山actm Hlter-

natIon mr IIIe loP 7 Inteday⋯paces i8 ob洲ed Mmlte Ca】10 smlula【lon indlcH把s that FCC lead mclt aI，0Ve 425K wjtll IIlls potenti且l，anes【i—

mHtl⋯I)。ut 25K 10wcrthan the ob㈣ed lneltjng po¨of Pb nRn。。pHnicles

Keywords：m蛐y_body I)ote“al en8喵y function；Pb；phonon disp8博io“；su—打。p“’peny；IⅡeltj“g temperature

As a heavy metal，the dynamic pmpenies of lead are fea一

¨lred in lwo aspec{s． Firstlv，it is the nrsl mafe^a1 for

which the pr0土0und Kohn anomalics in the(qqq)L branch

near the I’ojnI of(0．5，O．5，0．5)were ohserved，and

sPcondly，the strong lo“g range phonon—electmn interac-

tion causes stron异 curvaul聪near the BdUouin zone

I，0uIlda订cs along both(q00)and(qqo)di心ctions。l一．

¨tti”g the phonon dispersion cuⅣes 0f the face—cenIe陀d

(·Ⅲc(Fcc)1ead has remained as a lJig ch a11enge to var．

ious kinds 0f the0^es so far．The 26 Bom—V帅Kamlan

(BVK)fon。e con81ant3 obtained w{Ih 3 phenomenol晤cal
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nt by Co“8y【2 J”pr0(Iuced lh8 general sh8pe of I|1c“一

servcd phonon di8pe璐ion curves aloTlg hi曲8ymrnetl了di—

rections，l’ut failed to reproduce the Koh¨anomalie8 and

1he 10ng’ange electron—phonon jnteTaction．An energy Il卜

pendent nlodel pseudo—potential was enlployed 10 nl Ihe

phonon di5persion cuwes of lead laler by So and co—woek—

ers⋯，butiheir nlliTlg was obviously worse Ihan Cowley’s

naramelenzed BVK model．

FCC lead und8rgoe8 pressure—induced phase I『ansitions

“?Cc一>HCP一>BCC)and山c Ihree kinds of soIi(1s

lie very close in cohesive en。昭ies(wiIhin 0 026 eV per

aton1)，whiIe lhe diaInond stnJ(-Iure，which is Lhe mo刚
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IJlc for PIJ tIuc lo lhe stmnR relativislic effect 4’弘．Sudjce

ene晒es 0f Pb(110)and(111)啪re predicted to be al—

most the same and a very Ial’霉inward relaxatioIl for lhe

top 18yer面(1lO)tlire“；on were also con疗med by both

expe^menI and theory 6。．An v。ry recent in situ h培h-res—

dution electron microscⅡpv obBervalion by Mitome⋯has

shown lhat nano．meter lead口anicles with dianleters of 6

nm melt into liquid in the core re画on al just above 443K

(170℃)， well below the melti“g point of Lhe bulk

(600．7K)．su由ce—jniⅡated pre—me⋯“g al 450K was al—

so observed 0n Pb(1 10)by Frenken 78 gm“p【引．

1n this work，we训lize the 2+3 body e艉ctive potential

ene‘科function pmposed by
Murrell and CO—work—

ersl
9一“J

to study Lhe dynamic propenies of FCC 1ead，to

c{llculate the sudjce ene理ies and surf8ce relaxalions，and

to simulaLe lhe slldhce melting pmcess．We alm lo pm—

vide a simple analytical function that can be used lo pre—

dict va打ous kinds of pmpenies of solid lead．

2 Oplimization ofthe PotenIial

tivelv which ensum Lhat the lat“ce∞nstants and oohesive

ene呼es of th bulk are repr州uced exactIy， Ⅱ2 and 03

a”adjustable e。ponents for two arId three I'ody tenns rc+

specllvely，whjle(Q1．Q2，Q3)are Lhe so-c alled 8ymme+

try c00rdinates．The dampi“g function D蜘p chosen ror

lea(1 in Ihis work is a(、auss．tvpe function【“J．

1弘lel The op仰dz甜p㈣md
d"qllamc 2十3 bⅢy potentid⋯dInⅢ⋯k

The above process has bee“pmgrammed and detailed de—

scdption of th8 parameter optilllization pmcedure can be

found in Ref[1 1]．The oplirnized parafneters of Lhe qua卜

lic potent试usedinth；s work arelistedin T曲le 1．

The 2+3 body effectlV。potenti aI en。喀y funclion ha8
3 Results and discussion

been docunlented in a lar薛nuHlber《publication√9—1们

Va^ous 8pPlication8 of th。potential can be f抽nd in a re-

cent comp犯hensive review⋯]and the州fere眦幅ci州

thel℃i“

The full potential of the latme js wdIten as the sum of山e

2一body％‘2’and 3-b。dy‰‘3’tenns

Where

r=∑∑y铲’+∑∑∑y捃 (1)

y7’=一D。(1+Ⅱ2～)exp(一n2^) (2)

凡=(～～‘)／r。 (3)

and

y饶’=D。，co+c19I

+c。口；+c3(口；+0；)+c。Q{

+c，口．(()；+口；)+ce(Qj一3Q3Qj)

+c，Q{+cs(，；(Qi+Qi)+c9(Qi+Q1)2

+c．。Q-(口；一3口，pi)}

Damp(啦，p1) (4)

rc and D。are distance and ene。野scali“g factors re8pec—

Thi8 potential reproduces￡h8 phonon di5persion curves of

Fcc Pb(q00)，(qq0)and(qqq)qune well(see

F．91)．As can be seen如m the ngure，岫Kohn
anoma】ies at t}le top·mosI branch nea‘point^ (O 5，

0．5，0．5)aIld the lo“g ra“ge eleclmn—phonon intera哪ion

at the zone boundary(1，O，O)have also been faidy

well 7印resented The calclll{ned cunes al巾roa【·h Ihe

shadow删Ⅱima at(1，O，O)for both the L and n

branches at the same tiⅡ1e altho“gh the m is not pedecl

(h】7 potemial has much fewer a由ustable parameters com—

p8red to t}Ie BCM model[2】which si“母ly treated all lhe 26

force constants as adjustable parameters in a phenomeno—

lo西cal nt．In8tead，we calculaLed force constants wiIh Ihe

pammetedzed model potentiaI．

This potenlial pr州uces almost the sarlle coheBive energie8

for Fcc(2 0300 eV)，HcP(2．0203 ev)aTld BCC

(2 0300 eV)Ie且d．in 89reement wjm previous北sulfs 0b—

tained in references mentioned above． While diarnond

stmc“lrc，the rnost s诅blef0哪ofC，sj，e aI momtem．

p哪ture，is very unstable for Pb(1．53 eV)．The calcu-
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2002，19(6) Li sidIan，et Hl：A polPntiaI eIIe。斟fuIl¨MI sIutly“f 111e(】vnamiral allfl sllI矗c。PmpPnj㈣f 1PatI 76

jaIed ejasfic consfan招 C】1， C12 and C44， and vacan。y

enew Em are O 5102，0．4457，0 1972(eV A一3)and

O．49(eV)re8p8ctively，agreeing weu wlth the coH℃一

spondi“g e。penmental values of O．53S6． O 4460，

0．1804(ev A 3)and 0．50(ev)

!fR：

慰 彦／ T

旷
0 5

F镕l 11⋯’Hlrulmed phonon hW雠nci％d

Fcc Pb e删11Ⅷes)conmared to e、Pen rr哪t出

vd⋯(r阻I ci"】es，fr肌西ee，蛐d 8quaMB)

al¨ns(f，n)，(qq0)蚰d(qqq)k曲掣⋯‘q dir叫t；oⅡs

r出le 2 The cmcuhLtd—d盯一and他l腻ed

驯m删ne啤eB 7(啪v A‘2)d Fccle且d

“)”P且一w{th⋯8P0“曲镕expe⋯“vdu凹
suefacr u—IHxed Rd“ed 1k缸6]Ref[13] Fxp【14]

“()0) 4l 22 39叭 38 0

(110) 4I 53 37 99 4I 8 35 0 37 3

业!! 望：望 堡!! !!! !业 !!!翌!!型!

Su凼ce ene吲es 7 of Pb(100)，(110)and(111)are

衄lcuIaled by directly印plyi“g Ihe oplimized polential．

The calculated results are comDamd in Table 2 wilh oⅡler

theoretical嘲|uh and coHe8ponding吼pe^mental values．

The companson is satisfacIory．0ur calculated su—ke en—

efgy for山e re】axed FCC(“O)is 37 99 meV A ，very

closetothe exDe五nlental vaIue of 37 3meV A一2l‘2|．We

obtained an anisoLmpy in 8u出ce energy(de矗ned a8 7

(110)n(111))of 1．09 for Pb，a180 in 900d 49ree一

皿哪t withthe vaiue ofl 10for FCC Pbin Ref[9 J．This

ig reasonable bet-ause Pb(1 1 1)suIface is(·lose—packed

while(110)su南ce 1s less na￡．The sr州1 anisotropy for

Pbis Hui￡e closelothe vaIue ofl．10for}℃C Al[1引．

mk 3 The w^⋯1axm{⋯f FCC lead

m pemeIlL8肛cmll畔。甜w；m P1I”一nB

La喂e rclax8Iions are obtained for lead sudhces(see Table

3)． Severe inward conIraclion 0f the top—mosI layer of

(110)8udace reaches abouI一18．3％relative【0 oeI拈ct

Fcc(1 10)inter_18yer 8pacj“g，very close to the e。pei—

mental value of一16．3％I“】．The second inter-laver

spaci“g e。pands ahoul +10％．Expe^menI ally，iI ex—

pands about+3．4％．ForIhe lh；Id inter_18yer 8pa(!i“g，

the calcuI砒ed value 0f一7．6％contmclion also qualita—

tively 89ree w；th cormspondi”g e。pedmental result of一

4．0％．Th8 generaltrend of calculated咒sults agrees with

available e。pe^ments and the contra“on an【|e。p肌sion

altemafion of Inter—layer 8pacing has been we¨ 肿pm—

dllced．

ReconstrLlction of Pb(110)su^ee is a11 interes Li【lg topic

in inl。rpreti“g the su血c。prope币es of the bulk．Recon一

8nuctions of the un一砖laxed and relaxed surface are com．

pared in Table 4．Bom(1×2)and(1×3)reconstruc．

tions arc unfav。red in en8培ies when compared wiIh the

Telaxed(110)su由ce The relaxed Ph(110)has a sur—

race ene7盯of 37．99 meV A2(see Table 2)，10werthan

bolh lhe sudjce energies of 40．60 for(1×2)reconst nIc．

tion and 4l 37for(1×3)re∞nstnlction．

mle 4 Sum⋯”目e8Ⅱth⋯一Ml“ed
alm Ida^出⋯㈣cted Pb n101 Bu血e8

This result is jn acco耐ance with P^nce’s㈦elpedm州al
0bservation t}lat no reconst兀lction was obsewed 埘th

  万方数据



702 (mmput㈣nd Applied c}lenli“叫 2∞2，19(6)

potasslLlm adso叫mn on㈨(110)叭池∽wl㈣l Pxanlined

with 1，HH J)and Al!S．As tnentloncd in by Balllcs 16，i¨一

ste越of sllriace忡constm“ion，8p 1)and FCC瑚etals 1|ke

^1 H川{l’ll cxhibil (1×1)l’Lllk¨1】Ilt·aliorl、vl⋯n f-l‘、an

with qulle large inIedayer relaxatlons。”1．

A Montc Cado simulaiion was Derfbmed to 时udv the

melti”g behavior of bulk lead based“pon a 8一l“yer slab

contailljng 5 x 5×8=200 a“mls wiIh pe^u‘ljc}H儿JTld8ry

【-Iln(】iIions in x， v and o th咒e dimensions． ，Ib ensure

that the system leaches its 8quilibrium sIaIe aI specinc

Lemp。raIums，IhHlB quanmies inchldi“g the averaged o卜

der Damnleter 5 relative to the ideaI FOC lattice．Ihe en．

8rgy evolul；on of lhe simulaIed system，and the radial dls-

tnbution function，are used to rnonitor the simul aIion Dr0一

cf：ss 1’he variation of lhe bulk order Darameter S’“th

tenlpelature r is shown in
Fig．2．A sharp(1ha¨ge of lhe

onIe’paranIeIcr wiIh Iemperature occurs between r 2

375K(s=O．8)and 425K(s=O 06)11as。1m^v训i—
caIt，d a nhase t倦ns“ion from Ihe 01dered壬1CC lattice to a

disordered ljquid phase．At temperaIures above 425K，S

values are steadilv smaller than O．07 and山e radial disⅢ一

IJutiIJTl are 1ypical ofliqllids，indlcati“g that FCC 1ead is

nlelt above 425K wlth this noLenlid．This cstimaIion i8

abouI 25K lower lhan fhe pre—mehi“g tempemture 443K

obsewed in the core re百on of 6 nm Pb panicles l’y Mi co—

nlei
7I

a11d su血ce．inⅢaled pre．me¨喀at about 450K ob—

servet{in Ref【8]．Meltlng temperatures vory with the

size of the panicles studied．W。predic¨hal，w“h rIano—

nmIer Pb pa—icles snlal】er ihan 6nm 1n djameters， tk

melti“g Iemperature of Pb m8y be even Iower山an 443K．

啦2 V—tl⋯“№dculaf“

unIR’p⋯n}‘ter S、1s IeI”pemtu"r

hnher invesIigam|Is lI’8pply t|le 2+3 hody enoctive p(】_

k¨I；ai Io micm—sized and medium+sized Pb。clIls"rs(n

=2 200)ilnd similar 8，melIls⋯‘‘Ⅶd ga¨olid ime如ce

i11teractions are unde。progress．
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