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Usiiig the deiisity-fui~ct~ioiial tlieory, norm-conserving pseudopotentia.1~ and plane-wave ex- 
pansions, we have calcula.ted ab  initio the equation of s ta te  and tl-ie principal plionon modes 
iii Boron Phosphide, including tlieir pressure clepelldence and the ainplitude of the eigendis- 
placeinerits. A goorl agreement with the experiment is obta.ined, wheiiever a coinparison is 
possible: ir1 fa.ct, inost of the resiilts are predictions. A 10-parameter Valence Overlap Shell 
Model is tlien coiist,ructecl from the available experimenta.1 clata, which are completed by 
tlie da ta  obtainecl i11 the fjrst-pririciple calcula~tioiis: fiozen phonon freyuencies a.nd eigen- 
uectors. Tlie previous spt:cula.t3ioiis about t,he anomalous behavior of the effective charges 
are discussed iii tlie coiitext of t,he present resultts. 

Actually, there 1ia.s been coiisiderable iiit,erest iii the 

developping optoelectronic and riiicroelect,ronic tlevices 

wliich work under I-iard conclitions sucli as high teni- 

peratures or agressive environment. One of the promis- 

ing imterials for this purpose is Boron Pliosphide since 

these conditions m r e  satisfied by it,s p t p i c a l  proper- 

ties, such as hardiiess: liigh mr:lting point and resistance 

to  c o r r o s i o ~ l [ ~ ~ ~ ] .  Uiifortuila,tely, tlie a.inoiint of llieoret- 

ica.1 knowledge on this substaiice is limitecl t,o a ha.nd- 

fiil of ~ o r k s [ ~ - ~ ]  aiid, particulxly, the dat,a. oii phonon 

spectra and vibrational propetties are ratlier ~carcc[~) '] .  

Under normal conditions, t,he BP  appears i11 zinc- 

blende structure and shows ai1 indirect I? - X gap of 

2.4 eV. The  calculat~ions in Ref. 3 a.ncl Ref. G re- 

vea.led that  t,he calculated charge d i~t r ibut~ion differs 

fiom the  usual 111-V picture characterized by a large 

accumulatioil of tlie electronic cliarge around the a.n- 

ion, in BP tlie stroilgly attra.ct,ive B poteiltial causes a 

nearly ~yniinet~rical distribution of t,lie vnlence cha.rge 

betweeil t*he cation and the anioil. reiniiliscent of ho- 

inopo1a.r bonding; tlie small Iieteropolarity is thus con- 

sequeiice of tlie strong electronegativity of the B atoms. 

This could exphin its harclness. I t  was also noticed14] 

t,liat at. Iiigh pressures this homopolarity is enhanced. 

According to  the  experirnent[", the transverse effective 

charges (e ; )  associated with the atoms decrease with 

iiicreasing pressure. Despite the experiment is not ca- 

pable t o  precise the sign of e;, Sanjurjo et  alI81 deduced, 

from BP pseudopot,ential form factors evaluation, tha t  

this sign is nega.tive since the  B P  polarity is close to  

zero. 
As the  electronic aild structural properties of 

BP were already a d d r e s ~ e d [ ~ - ~ I  within the  Density 

Functional ~ h e o r ~ [ ~ ]  in the  Loca.1 Density Approx- 

imation(LDA), we have applied the same approach 

to  calculate the total energy in order t o  supply 

the missiiig experiinental information on the  vibra- 

tional properties of B P  in the zinc-blende modifica- 

tioii. Norin-conserving pseudopot,entials[lO] are used, 

together with plane-wa.ve expansions, and the  Ceperley- 
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Alder exchange-correlat.ioi~[~'I is adopt,ed. FòIlowing 

the procedires summarized e.g. iii Ref. 12 we start  

by checkirig, the la.tt,ice paramet,er ao. bullí modulus Bo 

and its pressure derivativc Bh as well as tlie electronic 

charge clist~ribution iz(r) in Section 11: and calculate 

tlie frequercics a.nd eigenveclors of select.ed phonons 

in Sect,ion [II. .4 coilstlruct,ion of a simple inechanical 

niodel(\:ale ice Overlap Shell ~ o i l e l ( V ~ ~ M ) ) [ ~ ~  1s then 

attcmpted 11 Section IV: which ri.ccounts, in t,erms of 

10 paraineters, for a11 tlie calculat,~xl frequencies and 

eigcrivector~,~ as well as for a11 the ava.ilable experimen- 

tal da ta  (such as tlie elastic consta.nts, aiid the TO(l7) 

arid L O ( r )  frequencies). The qiiestion of tlie sign of 

t,he cffectivc: charges of i3 and P is raiscd antl brieíiy 

disciisscxl in Sectioii V. Tlie imin  resultas a.re sumina- 

rized in Sec ,ion VI. 

Our first step coi~sist~s iii verifying that  our calcu- 

lational pro1:edure c o r r e d y  clescribes the undist,ortecl 

struct,iit.e i11 st,a.tic equilibriuin. IYe lmve evalua.tec1 the 

total energy for va.rious values of the 1a.ttice const,ant! 

at. different pla,ne-wave energy cut.-offs ancl numbers of 

k-poiilts sa.rr pled in the irreducil~le Brilloiiin zone. Our 

result,s were described in R,ef. ti and is siiii~ii~arised in 

Tahle 1: for ut-off  energies varyirig from E,,,,; = I 2  Ry 

to 27 Ry. 

The resii'ts obtained for tlie latlt,ice consthrit (uo = 

4.52n), Bulli hlodulus (Bu = 1.67 Mbar) niid its pres- 

sure cleriva.ti\re (Bó = 3.3) aire i17 good agreement. with 

the available experimental r e s u l t ~ ~ [ ~ ' ' ~ ' ~ ]  (0.5% t,o 3.5% 

of error), a.s well as \vit,li t,he previous ca~cula~t~ions[~] 

in mhicli ao  = 4.56A and Bo = 1.65 Mbar was 017- 

tainctd. 1% also verifietl tliat our c;ilculat,etl LDA-bnncl 

struct,urc agiees with tsha.t found iii Ref. 3: oui  ca.lc,u- 

latecl full valmce band\\idth of 1.5.7 e\: antl direct gap 

of 3.34 eV> compare well wibli 15.3 eV ancl 3.3 eV of 

R.ef. 3. We a.lso obt,ainecl ai1 indircct gap of 1.1)1 e\: ai. 

7àble 1: Convergence of the calculated static properties 
of zinc-blende BP with energy cut-offs of the plane-wave 
expansion and with the number of k-points in the Bril- 
louin zone sa.mpling. 

k-points 
12 2 4.860 0.33 6.11 
15 2 4.574 1.80 3.11 
18 2  4.549 1.71 3.17 
2 1 2 4.530 1.82 2.74 
24 2 4.522 1.65 3.33 
2 7 2 4.514 1.72 3.14 

Aniin = ~ T / U Q  (0,0,0.54) which is close to  1.2 eV, found 

in tlie previous calcu~ations[~I.  

The  real-space distribution of t,he electronic charge 

density r z ( r )  shown i11 Fig. 1 agrees with the previous 

ca lc~la t ions[~I  as well: it is irninediately apparent from 

tlie contour plot that  the valence charge distribution 

in BP differs consiclerably from that  of typical 111-V 

s e n ~ i c o ~ l d u . c t o r s [ ~ ~ ,  viz. by showing a significant bond 

charge between the atorns, which suggests the idea of 

ratlier a covalent than ionic bonding. 

111. fiozen p h o n o n s  

Tlie phonon frequencies and tlie respective eigenvec- 

t,ors of the vibra.tions a t  t,l-re higl-i symmetry points in 

tlie Rrillo~iin zone were calculated by the well known 

"frozen phonon" m e t l i ~ d [ ~ ~ ] :  the frequency of the 

phonon is obtained from the difference of the total en- 

ergies bet,ween the undispla.ced structure and the struc- 

ture with at,oms displaced in the particular phonon 

mocle. 111 this way, we evaluated the eigenfrequencies 

arid eigenvectors of the T O ( r ) ,  LO(X), LA(X)! TO(X), 

TA(X), I,O(L) and LA(L) phonons. For most of the 
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Figure 1: Pseudo-charge <leiisity for zinc-blenrle DP iii static 
equilibriuiri calciilatetl iii t,lie (1 1 0) plane. 'l'he uiiit of 
leiigtli is tlie lattice conslaiit a a.~id tlie cont,oiir intcrval is 

2 elct,rons/cell. Tlie fnll circles are the I3 atorris wliile the 
opeii ones are the P atoms. 

zone-boundary phono~is one also lias t>o cletermine tlie 

actual displacemeiit patterns - the procedure were de- 

scribed further iil[12)' 7,"] ; t,lie results are suinniarized 

i11 Table 2. 

Tlie a.b initio calculations have inrich to  offer in 

tliis area since very litt,le experiment,a.l worlí esists for 

tliis material. The oidy dat,a whicli cai1 l x  conipared 

with our calculat,ions are tlie plionon frcquency 7) and 

the Griiiieiseii pa.ra.meter -/ for tlre TO mode at  r ob- 

ta.ined by Ra.man n~casuremeiits[~I whicli are, respec- 

tively, 23.95 THz aiid 1.3: and ivith ivhicli our calcu- 

lated values, 24.25 TI12 and 1.14, a,gree to wi(.liin +i% 

and -12%. 

For tlie longit,udiiial plioiions, t.he displaccineilt lmt- 

terns consist in oscillations of e i t . 1 1 ~  t>lie B or P sublat- 

tices a ~ o i l e [ ~ ~ ] .  The differencc bet~vccn tlic masses of 

B and P is so la.rge t.hat e w u  witlioiit t,he energy cal- 

culatioiis we ca.n identify tlie L 0  niode wit,li t>lie dis- 

placeinents of tJie B sublattice (t,he lighf,cr atoins) a,nd 

t,lie Li1 inode d 1 - i  tIie I' atonis oscillations. These cIis- 

placeinent pat,terils wcre, incleetl, coníirmecl hy our cal- 

ci.iIa.t,ioils i11 the sa,nx iray as t , l~ey were verified earlier 

Ta,hle 2: Suinina.ry of the  most important phonon fre- 
quencies with their respective Gruneisen parameters y 
ca.lcrila.ted al> initio. The results given here were ob- 
tained witli the cut-off energy of 21 Ry in tlie plane- 
m v e  expansions. 

LO(X) 24.00 0.90 3 
LA(X) 13.81 0.94 3 
TO(*) 21.04 1.54 4 
TA(X) 9.20 -0.27 4 
L 0  (L) 22.91 1.03 12 
LA(L) 15.18 1.00 12 
exp.: TO(I') 23.95 1.30 Ref.8 

i11 G ~ P I ' ~ ] .  

For the traiisverse phonoi~s a t  X and for the phonon 

mocles a t  L we linow that  we can treat  these modes 

as coupled oscillatioils of displacement patterns Si and 

,S2 ivhicli correspond to the respective phonon modes 

in tlie diainond structure. We proceed, then, as in 

the previous w o r l í ~ [ ~ " ~ ~ I ,  and evaluate the right h -  

ea.r combination of these displacement patterns by di- 

agonalizing the 2 x 2 matrices of tlie coupling coeffi- 

cients. Tlie convergeiice of the calculated frequencies 

of tlie zone-boundary phonons (LO(X), LA(X), TO(X),  

TA(X) ,  LO(L) and LA(L)) with the  plane-wave energy 

cut-off is described in Ref. 6, but their frequencies and 

Gruneisen parameters are summarized here in Table 2. 

There are no experimental da.ta for these modes in 

BP aiid our calculations present an attempt to  sup- 

ply tlie inissing information. We observe tha t ,  as in 

other 111-V con-ipouilds, the TA(X) is a soft mode and 

its frequency decreases with increasing pressure: the 

Griineisen para.nieter y has a negative value. 

Wlien tlie problein of coupled oscillations (S i ,  Sa) is 

s ~ l v e c l [ ~ ' ~ ~ ~ ] ,  the result,ing linear combination of the  dis- 

placement. pa.tterns provides us with information about 

t,ke eigenvectors of each vibrat,ional niode. For eigen- 

vect,oi.s of the  LO(L) a.nd LA(L) phonon modes, the 

calculated atomic displaceinent (ui/uzl  ratios (1 refers 
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to B aiid 2 to P) a.pproacli t,he va.1ut.s wliicli meali. pra.c- 

tically, x and O - a.lt.liough no syniriietrg argumeiit, re- 

quires oii: sublat,t.ice to vibrate aiid t.li(: ot.hci t o  be a t  

iest. \Te lote t,lia.t siinilar result was obtaiiietl i11 s~c[''] 
as nrell: a ~ i d  is. p roba l~ ly~  tlue t,o t,lie large cliffcrence in 

tlie iiia.ssc:s of tlie t,mo atoms. :I11 calciilaletl va.lucs of 

the cigeinwbors are givei~ iii tJic last coluinii of Ihc Ta.- 

hle 4. 

IV. Shelli model 

Tlic most widely used among t,lic differeiit meclzan- 

ical iiioclels of iiit,era.t,oniic int,eractioii in seniicoiiductor 

conipouiic s lias been t,lie nrell liii01~11 sliell iiiodel of Dick 

ancl Overl-auser["l ancl ~ocliraii["]. I11 t,his iiiodel, t,lie 

ions are assumed to be polariza.l~le antl iiieclia~nica.lly 

cleformr~bl: a,nd t,he atoiiiic vibra.t.ions are describecl as 

motion of ;i systeni of cores anel iiiassless! cha.rget1 .shéll.s, 

I~oiiiid to tlie respective cores by 1ia.riiionic springs: the 

c o i ~ s  are t oiinectecl willi cach ot,lier, iii tlie iiiosl, geii- 

era1 case, 3y tensor forces. TIie vibrat,ions t,hcn cause 

polarizaticn and c1eforma.tioii of t,he electroiiic cliarge 

distribution in a. cryst,al! nrhicli is inodelled as rclative 

displacenient,~ of tlie shclls. 

The particular version of tlie shell model n7e use is 

kr~own[ '~]  as Valence Overlap Shell Moclel ( I~OSM):  a11 

thc gtxiemlised forces w c  assurnetl t,o liave t,lie forrii of 

a. "Valence Force Fielcl'" . Iii this worl;, tlie 10 inodel 

para.inetcrs were fitt,ed, by a iioii-liiiear lea.st,-scluaies 

niet.hocl \vii,li coiistra.inccl paraniet,ers aiitl ~veiglit,ing! to  

a11 of t,lie available iiifoimation a h u t  phoiion freqiieii- 

cies, elastic coiisla.~it~s ancl eigen\:ectors a.t S antl L. In 

ot.her words, t o  the  sct of plionoi~ frequeilcies eva.liiat.ecl 

by the fi-oz'n plionon ii~etliod iii lhe previous scclioii, 

we are aclcli 76 the  experiiiicnta.i valiier; of t,lic S O ( r )  aiid 

LO(I') freq iencics aiid uf tlie cli\st,ic coiist.aiits c i i  ! c12 

aiid ç 4 4 .  111 a.dclition, we also liave iiicludcd i11 tlie miti- 

imizecl sum of squa.res the da.ta. oii the eigcndisplace- 

ment>s: i.e., tlie ratio of Lhe ariiplii.iieles 1 1 1 / 2 1 -  for t,he 

Figure 2: Plionon dispersion curves of zinc-blende BP cal- 
culated by VOSM: t.he dashed h e s  correspond to the initial 
giiess and the solid lines were obtained from the final set of 
paranieters(row(b) of Table 3). The asterisks are the exper- 
irneiit.al and the ab initio resiilts. 

t,ransverse modes a t  X and the longitudinal modes a t  

L ,  as well as tlie inforination o11 wliich sublattice moves 

iii t,l-ie longitudinal modes a t  X. The fitting process fol- 

lows closely tlie procedure developped in['O] in which 

tlie sanie icleas were applied to  SiC. 

SIie details of this fitting procedure are described in 

Itef. 6. I11 Table 3 we sunimarize the model parameters 

obtairied 11y tlie fitting procedure: the initial set of pa- 

raimeters(row(a)) and the final set(row(b)); the result- 

ing frccluencies and displacements are sliown in Table 

4 a.nd i11 figure 2. The calculated phonon dispersion 

(fig. 2) shows tlie sa.nie general features as other 111-V 

seniiconductor cornpounc~s[~~] .  

111 Ta.ble 4, the phonoii frequencies aiid eigendis- 

placeiiients a t  the high syminet,ry points calculated by 

VOSM, a.re conipared with those obtained iii the ab 

initjio calculatioiis, as well as with the experimental 

values, wlienever ava.ilable. The final results show, in 

genera.1, a good a,greenient in frequencies(5% of devia- 

tion); as for the displacements, we note tha t ,  despite 

tlieir iiiclusion iii the fitting procedure, the  eigenvec- 

tors of tlie TO(X) phonon and LO(L), LA(L) are only 

irnperfectly reprocluced. The calculated elastic con- 



6 2 Brazilian Joiunal of Physics; vol. 24, no. 1, March, 1994 

Table 3: Parameters of the VOSM for BP: (a)  tlie initial guess obtained by m a s  approximation on the parametep 
of G a P  (Ref. 12); (11) the final set of píminet,ers. 1111 pararneters are in e"ia units, tvit,h 71, = a014 and ao = 4.52A, 
except the  charges Z1 , Yi and Y2 which are i11 a.tomic unitns. 

X k8 k k,.8 Z1 Yl I/2 Ki K2 
(a) 47.5 -1.15 -0.31 4.61 -7.06 2.00 6.03 -1.87 371.2 82.00 
(b) 46.2 0.88 -2.07 4.95 -7.50 2.14 5.1.5 -2.97 296.9 80.81 

Table 4: Phonon frequencies ancl eigendisplaceii~ents at  high-symmetry poiilts of the Brillouin zone calculated by 
the VOSM with the paramet,ers listed in Sable 3. 

(a) (1)) LDF. cal e x ~ .  181 

sta.nts (cll = 31.33 x 10ll! c12 = 10.26 x 10'' and 

c44 = 15.39 x 10" dyn/cm-") a.gree 1vit.h tlie exper- 

imental o i i e ~ [ ~ ~ ]  to  within = 4%. 

V. Effective charges  

As we seen iii thc previous sect,ions, t,lie dectronic 

charge distribution i11 B P  clilIèrs froni t lie usua.1 111-V 

compounds hecause it-s density is i lexly syn~mct~rically 

distributed between the  cation a.nd the anion. 111 v i m  

of t,lie strong electronegativitg of t,lie B a.toms. spec- 

ulations arisecl about. tlie sign of tlie effect,ive charges 

in BP, ivhich are deterniiled hy Ran1a.n spect,roscopy 

or iiifrared absorption: only in absolute value: it was 

s~iggest~ed that ,  contrary t1o tjlie usual "polarity", the 

effective charges of B i-i-iight be negatjive ancl tliose of P 

positive. 

1% thus attempted to evaluate tlie effective charges 

a11 initio, by proceeding exactly a.s in Ref. 12: we have 

used a. tetragonal cell of BP wliich was six times tl-ie size 

of t.lte priinitive cell (volume: 1ici:/4), and a.ccoinplis1ied 

3 self-coi~sist~eiit calcula.tioiis: oiie witli a11 the atonis ir1 - 

t,heir equilibrium position and two with only one at,omic 

plane (B or P) displaced by i? = 0.005ao(1,0,0). The 

screened Ha.rtree potential was averaged in the planes 

perpendicular to  the [I O 01 direction, and from the 

slope of its vasiation with x we obtained the  longitudi- 

nal effective charge e; .  On t.he other hand, from the 

Hellmaim- F'eynman forces acting on the atoms in the 

cent,er of the  supercell, we calculated the transverse ef- 

fective cha.rge e;; the method is discussed in detail on 

Refs. 12 a.nd 24. 

Most of our atteinpts were restricted to  calculations 

with a cutoff energy of 12 Ry and 3 "special k-points" 

sampling of the Brillouin zone, and we do not con- 

sider them sufficiently converged to  provide reliable a.b- 

solute values of e; aid  e;. nievertlleless, a11 calcula- 

tions revealed tha.t the effective charges are weaker and 

show t k e  sanze signs as in GaAs, i.e., e*(B)  > O and 

e * ( P )  < 0. 

The spe~ulat~ioiis  about the  anomalous sign of the ef- 

fective charges are thus no t  confirmed. Further calcula- 
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tioiis are reyiiired wliicli would also provide t,he ahsolute 

values of the charges aiitl, part,icularly, t.lieii. 11r:liavior 

wit h pressiire. 

VI. Coiiclusioiis  

IYe liav: studied tlie lattice dyiianiics oi' BI' iisiiig 

dure dcscribes correct.ly the uiidist~ort,etl structure of 

BP in stnt,ic equilibriun-i. and our rcsult,s for lat.tice con- 

stant an(1 111ilIc niodulu:, are in gootl agreemeiit witli tlie 

available experiinental rcsi~lt~s. 

Having 11 good descript.ion of í.he st,at,ic equilibii~irn 

of 131J, \W h.i\;e calcula.tec1 a11 initio it,s plionon freqiieii- 

cies xncl eigenwctors at. Iiigh-syrniilet,ry poiiits a t  the 

Brillouiii zoiie(BZ). At tlie I' poiiit. of tlir B L !  oiir resii1t.s 

agree nwll n i11 those obtaiiied 11y Itrtiiian scat,t,crii~g[~I. 

At X a.nd I, poiiits of tlie BZ, oui  calculat,ecl data are 

pretlictions and are meaiit t,o siipply tlie iiiissitig esper- 

iineiit,a.l iiiforniatioi~. 

Fiilally. .Ire fit,ted all tlie aviiilnhle iiiforinaí,ioii by 

a lO-~aranict,er VOSRI a.nd obt,ained tlie roinplet,e 

phonon tlispc~sion curves in terins of tsliis iiiterpolat,ioii 

sclieiiie. The calcula.t,ed elastic co~istaiit~s agree wit,li thc 

experimental ones withiii x 4%. 

Oiir atteimpts a t  evalual,ion of the cffccbive charges 

]lave shown that  the  101-igitudiiia.1 effective cliarges are 

fairly sinall, z nd did not confirm tllie speciilat,ions al~oii t  

the sigiis: foi botli eT; arid e; nle obtained e * ( B )  > 0 

antl c * ( P )  < 9. 
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