Tai liéu ky thuat — Mo Phéng Vat Ly

L&t No6i Dau

Tai liéu nay duoc thye hién sau mét thei gian 1am viée vé Mé Phdng Vat Liéu
clia nhom nghién ctru thude Bé mén Vat Ly Tin Hoc, Vién Vat Ly Ky Thuat va

Trung tdm Tinh Toan Hiéu Nang Cao trueéng Bai Hoc Bach Khoa Ha Néi.

Trong tai liéu nay, chang téi xin trinh bay, md t& cac khai niém vé mo hinh hoa,
mé phéng trong khoa hoc vat liéu va viéc song song hdéa mdt sd chuong trinh
m& phong. Ngi dung cua tai liéu dwoc chia thanh 4 chuong:

Chuwong 1: Gigi thiéu tdng quan v& md phdng, mé hinh héa trong vat Iy va trong
khoa hoc vt liéu.

Chuong 2: Trinh bay téng quan vé& tinh toan song song, khdo sat mét s kién
trac may tinh song song ciing nhw thu vién tinh toan song song théng dung.
Chuong 3 trinh bay vé qua trinh xay dung hé théng tinh toan song song phuc
vy cho cac ing dung md phong.

Chuong 4 trinh bay cu thé vé hai &ng dung mé phéng da duwoc trién khai:
Phuwong phap déng lwe hoc phan tlr khao sat vat liéu vi moé da nguyén va

Phuwong phap gia thiét ban thue nghiém mo phdng giéng luong t.
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CHUONG 1. Téng Quan

1.1 Téng quan vé md phéng va mé hinh hoéa trong Vat
Ly

M6 phong va méd hinh hoa: T4t ca cac ky thuat st dung may tinh d& nghién
clru, khao sat cac déi tweng, qua trinh vat ly xdy ra dwoc goi 1a mé phdng hay

méd hinh hoa.

Hé vat ly: Cac ddi twong va cac qua trinh ma ching ta quan tam duoc goi 1a
cac hé vat ly. Khi mé phdng ching ta phai xay dung mét tap hop cac gia thiét

dé maé ta hoat déng clia hé théng.

Cac gia thiét nay bao gbm cac méi quan hé légic cac cong thirc toan hoc.
Chuing cho phép xay dung nén cac mo hinh tro gitp cho viéc khdo sat hé théng
va cac qua trinh vat ly xay ra trén no. Néu mé hinh don gian chuing ta cé thé sty
dung cac cong cu todn hoc dé tim & gidi chinh xac- phwong phap giai tich Néu
md hinh phirc tap chiing ta giai quyét van dé véi sw tro gilp cta thi nghiém s
hay phuong phap mé phéng.

Cac vén dé ctia mé phong

» Mb hinh khado sat cac hé vat ly kich thudc vi mé thwdng rat phire tap va
viéc thiét ké xay ding cac phan mém mé phéng cac hé vat Iy loai nay rét
khé khan ton kém.

. » Cac thi nghiém mé phdng doi hdi tai nguyén tinh toan lon.

¢ DG tin cdy cda cac thi nghiém mé phdng, muc tiéu dat ra nhw 1a mét
cong cu dur bao tiét kiém céng sirc vat tw, vach dinh ké hoach phat trién
cta cac dv an trd nén khdng kha thi trong nhiéu hé vat Iy khi cac thong

tin do mé phdng cung cap tré nén sai léch.
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He Vat Iy

Thuc nghiém thuc Thuc nghiém so

vatly [N Tosin hoc

Phuong phap - Phuong phap
giai tich - mo phong

Hinh 1-1 M4 phéng trong cic hé vit Iy

M5 hinh vat ly: Cac mdi quan hé vat ly, cac gia thiét vat ly
Mé hinh todn hoc: cac méi quan hé dinh lwong, biéu thire giai tich..
Cac dang mé phéng

» M6 phdng ddng: Thoi gran dong vai trd quan déi véi Thue nghiém mo
phong

« M6 Phong tinh: Khéng co bién thei gian

+ Mo phdng xac dinh: Cac sw kién xay ra trong thuc nghiém md phéng
theo mét quy luat xac dinh chinh xac, khéng cé yéu té ngdu nhién

e Mé Phéng ngau nhién: Co yéu td ngau nhién

+ M& phéng lién tuc: Cac sw kién xay ra trong thoi gian lién tuc

« Mo Phdng gian doan: S8 lugng cac thoi gian xac dinh

L ]

High Performance Computing Center - HUT 6



Tai lidu k§ thuat - Md Phong Vat Ly

s

MO phong sw kién gian doan

Thuc nghiém mé phong hoat dong nha bang don gian
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ti . Théi gian khach hang thir i co mat

A; =ti-t; -1 Khoang théi gian gitba khach hang thir i va thir i-1 cd mat

Si . Thei gian nhan vién ngan hang phuc vy khach hang thir i

D : khong th&i gian xép hang cta khach hang thir i

¢ = i + D +8; Théi gian khach hang the i da thee hién xong cdng viéc giao
dich va rdi khdi ngan hang.

e; : Thai gian xay ra sw kién thir i.

Q(t) - S6 khach hang che doi tai thdi didm t; T(n) - Khodng thoi gian phuc
vl 6 khach hang.

e2 =1.6 el3 =8.6=T(6)

i L A +
T 4
el =0.4

87 =3.6
eHh =34
ed =2.1 5-=3.1
ed =2.4 & el2 =7.2
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Cac thong sb hé vat ly

Théi gian che dei trung binh:

Higéu suét phuc vu:

e B{(t)=1 néu nhan vién ban
¢ B(t)=0 néu nhan vién rdi
Sé khach hang che dei trong mét don vi théi gian :

T(m
fowar
ny=-2__
g(n) )
Xac dinh thei gian xuét hién khach hang, khodng théi gian phuc vu:

Thei gian xuat hién khach hang to, khoang th&i gian phuc vu cho méi khach

hang t; la cac dai lwong ngau nhién.

tvo, tvq - thot gian trung binh xuat hién mét khach hang va théi gian trung binh
phue vu mot khach hang. Cac dai lwong to va ty cd thé gia thiét 1a cac dai lwong

ngau nhién x v&i ham phan bé mat dé la (xv - gia tri trung binh cla x )

X

f=—e ™
v

Bai lvong to va ty co thé xac dinh theo cdng thirc
to= ~tvg"In b va ty=-tvy*In b

b - s6 ngau nhién trén khoang [0,1).

High Performance Computing Center - HUT 3



Tai ligu k¥ thuat ~ Mo Phdng Vat Ly

Xay dung cac mo Cac phwong phap
hmk nguvén tw hién thi 3D, hoat

l bhinh...
Mo phong cic tinh chat Cic k¥ thuat tinh

vatly tren cac o hinh

toan hiéu nang cao
da xay dung

Cac phwong phap
thong ké, mé phong
vimd...

Du bao vat liéu mméi
ciing nhiwr cic tinh
chit cua chiing

Két néi vdi cac
phwong phap thye
nghiém

Hinh 1-2 S¢ d6 thi nghiém mé hinh mire nguyén tir’

1.2 M6 phong trong khoa hoc vat liéu

Mé phéng may tinh ra d&i va phat trién cing voi sw xuét hién ngay cang hoan
hdo clia may tinh va ngay cang duoc khdng dinh nhv mdt mén khoa hoc. Md
phdng may tinh, mé hinh héa bang may tinh ngay cang dwoc ép dung rong rai

va thu dwoc rat nhiéu thanh tuu trong cac linh vwe nghién clru.

C6 thé chia cac phwong phap mé phong trong vat liéu thanh: mé hinh hoa céac
méi trwedng lién tuc, mé hinh hoa quy md nguyén tl va mé hinh hoa két hop ca
hai phwong phap trén. Trong md hinh hda cac mai trurdng lién tuc, vat lidu
d&o'c coi nhy mdt md hinh lién tuc va thwdng qua trinh mé phdng la gidi
phwong trinh dao ham riéng bdng phuong phap phan tlr hiru han hoac sai
phan hiru han. Trong khi d6, & md phdng quy md nguyén tlr, vat liéu duoc xem
nhw tap hop cla cac nguyén t& riéng biét cé quy luat van déng riéng. Ky thuat
mé phdng quy mé nguyén t& doi hdi phai co may tinh cang manh cang tot, va
ty theo tirng trwérng hop cu thé ma co rat nhiéu phwong phap, ky thuat duoc

nghién ciru, phat trién.

Sy S v R
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. TTT RSSO

Cac nha hda ly lwong tr chia cac phwong phap mé phdng quy md nguyén té

thanh hai linh vue chinh: Co hoc lwong tir va phuong phap cau trac Gién .

Céau truc dién t& (con goi 14 phurong phdp ab initio) dwa trén nén tang 1a co hoc
lwong tr, xuat phat tlr viéc gidi phuong trinh Schrodinger véi chi phép gan
ding doan nhiét va gén dung mot dién tlr, cho phép tinh toan chinh xac tinh
chét ctia vat liéu. Tuy nhién, cling vi vay ma khéi luong tinh toan ctia né rat dé
s6, tham chi chi v&i hé mét vai nguyén tr, phan t&r da thwong duoc giadt trén
cac siéu may tinh, hon nira, hién nay cing chi gidi han & nghién ctru cac tinh
chét tinh.

Bén canh ly thuyét ab initio truyén théng & trén, véi sw ra @i cla Iy thuyét ham
mat dé, cac ky thuat tinh toan cau tric dién tlr ngay cang dwoc nghién clu,
hoan thién, nhat la v&i sw xuat hién ciia hwéng tiép can hop nhét déng luc hoc
phan tlr va ham mat d6 d4 phan nado c¢é thé cho phép nghién cru hé théng lon
hon, ¢ vai chuc nguyén tlr va thuwong duoc st dung lam tiéu chudn so sanh
véi cac phuong phap khac, d&c biét 1a trong nhidu truéng hc_:"p khéng co dir liéu
thwe nghiém twong tng.

Mat khac, mac du thuong kém chinh xac hon phwong phap ab inito, co hoc
phan t& (phwong phap truéng luc) lai co thé ap dung cho hé Ién hon va cho
phép nghién clru ¢a tinh chat tinh va déng. Trung tdm cta phwong phap nay la
md trd twong tac cla cac hat trong hé bdi mét thé nang hiéu dung 1a ham cGa
toa dé cac hat nhan nguyén to:
U(ry, r2, o ) = SUTH ) + ZUD () + 299 () + 2V ()

Trong dé:

U(1): thé 1 thanh phan (twong (ng v&i thé nang trong trureng ngoai)

U(2): thé twong tac cap

U(3): thé 3 thanh phan
Viéc tim biéu thirc chinh xac cho thé U & cong viéc hét sirc khd khan, cé thé
noi 1a khé cé thé dat duoc. Vi vay, hién nay ngudi ta van phai st dung cac mo
hinh twong tac gan duang nhu: Gid thé, Thé ban thuc nghiém va Thé thuc

nghiém. Clng cén phai nhdn manh 13 cac thé ban thuc nghiém va thye nghiém
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thuworng dugc xay duwng tir két qua so sanh va lam khép vdi co s& div lidu thuc
nghiém, co thé mét phén tinh toan bang ab initio, tham chi bang tay va quan
trong nhét 1a tuy thudc vao dac diém cla tirng hé vat lidu ma c6 mad hinh thé

twong tac hop ly duoc phat trién ng dung.

Hién nay, mdt s6 phwong phap md phdng quy mé nguyén tr duoc st dung
réng rai dé& xay dwng mé hinh va nghién clru tinh chét cia vat liéu ta: Dong lwc
hoc phan t, Monte-Carlo va Cuc tiéu hoa (con goi 1a hdi phuc hod). Riéng voi
vat fiéu vé dinh hinh cdn ¢é phwong phap Random Network., M6t diém dang
chi ¥ 1a khi xay dwng mé hinh vat liéu vo dinh hinh cd thé coi phwong phap héi
phuc hod (thdng ké héi phuc) nhuw mét gidi han clia déng luc hoc phan tir khi
T->0K.

e ]
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CHUONG 2. Téng Quan Vé Tinh Toan Song Song

Su phat trién vuot bac cla céng nghé thong tin da dem lai hang loat nhirng
wng dung to I&n. M4t trong nhirng linh vire quan trong dé 1a &ng dung tinh toan

song song trong cdng tac nghién ctru khoa hoc va dac biét la [inh vwe Vat ly.

Thong thweng cac phan mém duwoc viét dudi dang tinh toan tuan tu (serial
computing) dé co thé thuc hién bdi mat may tinh véi mot bd xir vi ly. Cong viéc
duoc lap trinh dwdi dang mét chudi co cAu triic va thuc hién 1an lwot bdi vi xtr
ly. Tai mét thevi diém chi ¢ mét cdu tric dwoc x@ ly.

Tinh toan song song ra d&i tlr nhu cau gidi quyét nhieng van dé doi héi cao vé :
téc d6 x& ly, dung lrong bd nhé cda may tinh ... ma thuc té 1a mét may tinh
don 1€ v&i mdt b vi x ly thwérng khdng dam nhiém duoc.

Song song héa Cac phin tich &

bai toian tuin gidi thuit song

tu song

Cai dit bai Cic thir vién hé

toan song song trg lp trinh
song song

Bién djch va Cic may tinh

chay bai toan song song

song song

Hinh 2-1 Cac bugc phat trién ang dung song song
Tinh toan song song s dung déng thei nhidu tai nguyén dé gidi quyét mét bai
toan. Tai nguyén tinh toan & day co thé 1a mat may tinh v&i nhiéu bd vi x(v 1y
Nhiéu may tinh mét bé vi xtr Iy duoc két ndi véri nhau, hodc két hop ca hai hé
théng. DEc diém cla bai todn song song 1 ¢6 thé chia thanh nhiéu phan nhé ¢6
thé chay déng thei trong tirng thei diém nao do.Thoi gian tinh toan song song it
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hon thoi gian tinh toan tuan tw. Cang nhiéu vi xtr ly tham gia tinh toan thi thoi
gian cang giam di. Tinh toan song song phU hgp v&i nhiéu hién teeng xay ra
trong tw nhién, trong dé co nhiéu su kién xdy ra dong thoi. Vi thé nd duoc st
dung dé mé phdng cac hé phirc tap, vi du nhuw: thién van, thoi tiét, phan tng

hat nhan, cac hé vat ly. ..

Tinh toén song song dem lai két qua wu viét vé ca khdi lwong tinh toan clng

nhw théi gian tinh toan, chi phi tinh toan.

2.1 Phan loai may tinh song song theo mé hinh bé nho

C6 2 cAu truc vat Iy bé nhe phd bién cia may tinh song song : bd nhé chia sé
(Shared memory) va b nhé phén tan (distributed memory)

Bd nho chia sé co dac treng 14 bd nhé cia cd hé théng duwoc dung chung va&i
mét dia chi truy cap. Tt ca cac vi xtr ly co thé chay ddc lap nhung cung chia sé
tai nguyén bd nhé. Bat ky sy thay ddi mét gia tri nao trén bd nhé do mot vi xtr

ly déu duwee cac vi xt |y khac nhan biét.

u diém cla bd nhd chia sé l1a : Viéc dung mat dia chi toan cuc dé xac dinh bd
nhé lam viéc 1ap trinh song song tré nén don gian hon d@bi vai ngudi st dung.
D(r ii¢u chia sé gitra nhirng phan céng viéc khac nhau duoc trao ddi nhanh hon
do sir théng nhét cla bd nho.

Hinh 2-2 My tinh song song b nhé chia sé

0 R S
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e O

B& nhé phén tan co dac trwng |a cé dia chi nhé riéng biét cho tirng vi xtr ly.
Mai vi xCr ly déu cd riéng bé nhd cla minh va ching tam viée doc lap. Thay déi
bd nhé clia mdt vi Xt ly khong anh hwdng dén bd nhé cac vi x& ly khac. Lién
két gitra cac vi xtr Iy |4 mang ethernet,

Uu diém cla bd nhé phan tan ia dé dang thém may tram vao hé théng, chi phi
thap , kién trac don gian.

Nhuoce diém cla bd nhé phan tan 13 1ap trinh phire tap hon, tde do truy cap bd
nh¢& khéng déng bo.

Hinh 2-3 May tinh song song bé nhé phén tan

CAu tric bd nhé chia sé thudng dwoc st dung trong cac may co nhiéu vi x(r 1y
déi xrng (SMP). Cau tric bd nhé phan tan thuéng ding trong mang nhiéu may
don vi xr ly.

Cac may tinh I1&n nhat nhanh nhat hién nay ding ca 2 ciu tnic trén. Né 1a mang
cGa nhiéu may tinh, m&i may tinh c6 nhiéu vi x{ Iy.

2.2 Phéan loai may tinh theo mé hinh Flyn

§1SD | SIMD

~ Single Instruction, Single Data ~ Single Instruction, Multiple Data

MISD : MIMD
Muitiple Instruction, Single Data  Multiple Instruction, Multiple Data

Hinh 2-4 Phin loai may tinh theo md hinh Flyn

S
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m

+ SISD (don lénh don dir ligu): 1a mé hinh may tinh tudn t.

Hinh 2-5 M# hinh SISD
+ SIMD (don 1énh da di liév) : Thich hop v&i md hinh bai toan song song dua

trén viéc song song hoa di liéu

prev instruct prev instruct
load A(2) load A{n)
load B(2) lcadB(n) } |
3
L]

C(2r=A(2y"B(2) C(np=A(n)y"B(nk

store C(2) store C(nj
v
next instruct next instruct
A
P2 Pn

Hinh 2-6 M hinh SIMD

+ MISD (da |énh don dr liéu):
Cac vi xtr ly sé thao tac trén cung mot bd di liéu s& dé xay ra xung dét , khéng

nhat quan néu mét VXL thay ddi d@ liéu. cho du van dé nay co duoc gidi quyét

e T TR R R S
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thi cac VXL van phai chor két qua cla nhau ddng thei phai cap nhat d liéu mét

cach thirérng xuyén, lam giam loi thé vén ¢é cta hé théng song song.

+ MIMD (da lénh da di liéu):

prev instruct prev ingtruct
call funcD do10i=1)N
x=y'2 alpha=w"*3 ~
sum=x"2 zeta=C(i) 3
call sub1{i,j} 10 continue
next instruct next instruct
P2 Pn

Hinh 2-7 Md hinh MIMD
M&i VXL thao tac trén bé di¥ liéu riéng clia minh ma khdng can ddng bd vai
nhau. M& hinh nay phat huy téi da dwoc tinh wu viét cla hé théng song song,
tuy nhién dé& xay dung dwoc bai toan theo md hinh nay déi hdi sy nghién ctu
hét sirc phirc tap & tim ra dwoc phuwong thére phan ra bai toan mét cach toi
.

2.3 Lap trinh truyén théng diép — Message Passing
2.3.1 Gidi thiu

Message Passing la mét mé hinh 1ap trinh dwoc sir dung rong rai trong may
tinh song song dac biét 1a may tinh song song kha chuyén (Scalable Paralle
Computers — SPCs) v&i bd nh¢ phan tan, va Mang cac may tram (Network of
Workstations — NOWSs). Rat nhiéu qua trinh xtr ly quan trong da dwoc tao ra
trong viéc xay dirng cac rng dung véi md hinh nay trong nhiéu nam qua. Méi
nha phat trién déu dwa ra mét bién thé riéng clia ho. M6 hinh lap trinh truyén
théng diép ngay cang chirng té kha nang co thé trién khai mét cach dé dang va
hiéu qua, T& do dwa ra nhivng dinh nghfa vé cau tric cing nhw cU phap cla
md hinh truyén théng diép — MPIL. Diéu nay da duoc dién dan MPI-Forum
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(Message Passing Interface — Forum) thuc hién véi si tham gia cda nhiéu ca
nhan t& rhidu td chic, cac nha phat trién hé théng song song, cac tap doan,

cac phong thi nghiém, cac trudng dai hoc, cac qudc gia.

Nhirng nha thiét ké phat trién MPI dwoc khuyén céo st dung cac tinh nang cua
cac hé thdng MPI nhw cac chuéan san cd. Va MPI da duoc trién khai thanh cang
tai cac trung tdm nghién ceu: IBM T.J Watson, intel's NX/2, Express, nCUBE's
Vertex, PARMACS...

Chuén MPI dinh nghia ra cac giao dién twong tac nguoi dung (user interface)
va cac chirc nang phuc vu cho kha ning truyén théng diép mat cach réng réi.
Ké tir khi phién ban hoan chinh dau tién ra doi, MP! d3 dwoc dén nhan va &ng
dung rong rai. Cac phat trién cla né duwoc thire hién trén nhiéu loai may: tr
SPCs dén NOWs. Lwong SPCs duoc cung cap va hd tro bdi MP] ngay cang
tang. B&i vay MPt da va dang dwec sir tin nhiém cling nhuy khéng dinh tinh hiru
hiéu cua nd trong tinh toan song song.

Mét trong nhing muc tiéu chinh cda MPI 1a mic dd linh hoat gilra cac may
khac nhau. Diéu nay cé nghia [a, cing v&i mot méa ngudn MP1 co thé chay trén
nhiéu loai may khac nhau véi thu vién MP! . Trong qua trinh nay, su tinh chinh
ma ngudn dé tdi wu héa ma trén tirng may cing dugc dién ra. Cang nhuw qua
trinh truyén théng thudng duoc thiét ké chay trén cac may song song cd bd
nh& phan tan, qua trinh nay hoan toan co thé chay tét trén may song song voi
bd nhé chia sé. NG cé thé chay trén may tram, cing nhw mét tap hop cac qua
trinh chay trén may tram don 1é.

MP! ciing hé trg kha ndng chay trong subt trén cac may hén tap (tap hop cac
b& xtr ly co kién trac khac biét). Cé nghia la MPI hoan toan co thé trién khai nhur
mot may do duy nhét, che di su khac biét kién tric cda hé théng. MPI sé thuc

hién mdt cach tw ddng cac qua trinh chuyén dbi dir liéu, trao déi giao thic. ..

MPI véi cac chuan, dinh nghfa, ham clia mét hé théng truyén théng diép, 1a mot
mé hinh co gia tri. N6 che phép nguoi lap trinh thoat khdi cac ric réi thwong-
théy. Co thé vi du, MP} da thuc hién toan bd cac qua trinh phirc tap & Iop dudt
trinh &ng dung nhw : truyén théng diép. Ngudi dung khéng phai quan tdm xem
di¥ lidu truyén chinh xac nhw thé nao trong qua trinh xay dwng chwong trinh

trng dung.

L ]
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MPI la m5t phdn mém kha chuyén (tvong thich voi céc loai may tinh c6 céu
hinh khac nhau).

Mét trong nhixng wu diém cla mé hinh MPI 1a kha ndng dong goi cao va it phan
tan. Chuwong trinh trién khai theo mé hinh nay c6 thé chay trén may tinh da x
Iy vé&i bd nhé& phan tan (distributed memory multicomputer), may tinh da x& ly
voi b nh& chia sé (shared memory multicomputer), mang cac may tram
{networks of workstations), hodc 1a td hop cac mé hinh. Mé hinh nay khéng hé
bi I15i theri béi sw phat trién clia cong nghé nhw cac: ciu tric may, toc dd két
néi... N6 hoan toan co thé duoc trién khai trén mét lwong lén cac hé théng

khac biét, cé song song hay khéng, véi sty lién két béi cac hé théng mang.

M6 hinh nay cb thé st dung vét cac kién tric da 1&8nh — da div ligu (MIMD),
hodc da chuwong trinh — da dir liéu (MPMD). O cac kién tric nay. Mdi tién trinh
theo mét ludng thire thi riéng biét véi cung mét ma iénh |, hodc tham chi 1a khac
ma lénh. NO clng hoan toan ph hop khi viét trén nhirng méi trwdng khat khe
hon, nhu mat chuong trinh — da d@ liéu (SPMD). Noi ma tat ca tién trinh déu

chay trén cing mét ludng thiec thi.

MP! cung cép rat nhiéu tinh ndng nhdm tang cwong hiéu nang trén cac may
tinh song song kha chuyén véi phdn cirng hd tro giao tiép trong x& Iy duoc
chuyén biét héa. Bdi vi MP! duoc xay dung véi mong mudn duoc trién khai
mét cach 6n dinh, hiéu nang cao trén nhitng hé théng nhw thé. Tai ciing mét
théri diém, MP! dwore trién khai trén nhirng giao thae truyén théng gitra cac bd
xr ly theo chudn cia UNIX, cung cidp modt cach mém déo cho nhém cac may
tram va mang dong nhat cac may tram.

Cac phién ban cua MPI
Chudn nguyén gdc clia MP! duwroc tao ra bdi dién dan MP! (Message Passing
Interface — Forumn), phién ban 1.0 duoc céng bé vao thang 6 nam 1994, Dién

dan MPI da nang cap phién ban 1.0 1én 1.1 v&i nhiém vy 1am cho chuan MP!

tré& nén rd rang va it 16i. Cho dén hién nay phién ban 2.0 da duoc cong bé.

» MPICH Cla phong thi nghiém qubc gia Argonne truong dai hoc bang
Mississippi.

e e
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e MPICH-PM/CLUMP Thu vién MPICH-PM/CLUMP MPI do Myrinet ho tro
chay nhom véi linux, NetBSD, va SunOS. Cung hé trg cho nhom cac
Pentium SMP.,

e MPICH-T3E 1a MPICH-1.10 xuét cho Cray T3E bd&i phdng thi nghiém
HPV tai MSU.

e LAM Phién ban trién khai LAM MP) duoc hé tro va quan tam bdi truvong

dai hoc Notre Dame, dai hoc Indiana .

e CHIMP Phién ban dwgc phat trién bdi trung tam tinh todn song song
Edinburgh.

e UNIFY Phat trién tai trwéng Bai hoc bang Mississippi. Chay trén dinh
clia PVM va cung cAp cho iap trinh vién AP! - kép . M6t truong chinh c6
thé c6 cd ma clia PVM va MP!.

o BDM/MPI sy dung nhirng giao thirc tin cay théng qua Myrinet cho giao
tiép MPI.

e MPICH/NT la mét phién ban trién khai day da cha MPI cho Windows NT
workstation. Né dwa trén MPICH | phién ban nay hé tro ca giao tiép chia
sé& bd nh¢ trong may tram va giao tiép TCP/IP gitra cac tién trinh chay

trén nhiéu may tram mét cach ddng thoi.

«  W32MP! 1a phién ban day du ctia MP] cho cac nhom MS-Win32. N6 dwa
trén MPICH va dugc dua ra béi Instituto de Engenharia de Coimbra (B
dao nha) va Universudade de Coimbra-Departemento de Engenharia
Informatica (Bd Dao Nha).

e WinMPIla phién ban dau tién gianh cho MS-Windows 3.1 . Né chay trén
mét may tinh don 18, khéng can thiét phai cé6 mang. Puoc dua ra bdi dai
ho¢ Nebraska tai Omaha.

« MPI-FM |la mét cdng hiéu ndng cao cia MPICH cho nhém cac may tram
SPARC giao tiép trong béi Myrinet. Dwra trén Fast Messages, dugc dua

ra b&i dai hoc Hlinois tai Urbana-Champain.

L ]
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2.3.2 Mot s6 khai niém trong lip trinh truyén thong diép

1. Tién trinh

Mét treeong trinh MPI bao gom céc tién trinh dac lap, thirc hién cdc ma cda
ching (Bang C hay Fortran) trong mét kiéu MIMD. Nhirng ma duoc thie hién
bai méi tién trinh khéng nhét thiét phai ddng nhat. Cac tién trinh giao tiép théng
qua viéc goi cac phuong thire co ban ctia MPL. Théng thuéng, méi tién trinh sé
duwoc thuwe thi trén khéng gian nhé cla riéng né, du rang viéc sir dung bd nhé

chia sé 1a hoan toan co thé.
2. Kiéu goi ctia MPI

Local: Trong trudng hop thi tuc chi phu thudc vao cac tién trinh dwoc thiee thi
cuc bd. Nhikng tinh nang nay khéng can thiét cac rang budc trong giao tiép voi
cac tién trinh khac.

Non-tocal : Trong trwdng hop thd tuc co thé can thuwe thi voi mét sé tha tuc
khac clia MPI trén mét sb tién trinh khéc. Co rét nhidu qua trinh giao tiép trong
MP{ |a non-local.

Blocking : Trong tredng hop két qua cla thi tuc chi ra nhirng ngudi dung duoc
phép st dung tai nguyén cia nd hay khéng.

Non-blocking : Trong trvong hop mét tha tuc ¢ thé két thuc trwée khi didu
khién kich hoat hoan thanh, va truedc khi ngudi diing dwoc phép tai str dung tai
nguyén.

Collective: Trong trwdng hop toan bd cac tién trinh trong nhom tién trinh déu
can phai goi dén mét tha tyuc.

3. Cac dbi twong an (Opaque Object)

MP! quén Iy bd nhé hé théng dung cho bé dém thang diép, lwu trlr cac thé hién
bén trong clia nhiéu loai déi twong trong MPI nhw: nhdm, truyén thang, kiéu di
liéu,... B nhé nay khéng cho phép ngudi dung truy cap trwc tiép va cac doi
tong lwu trir duge goi la an (opaque): kich thuwdc va kiéu ctia chung bi che
dau déi v&i nguei dung. Déi trong an duoc truy cap thong qua handles (quan

Iy), duworc lwu triv trong khéng gian handles cla ngudi st dung.
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4.D3t tén cdc hang (Named constant)

Dai khi cac thi tuc MPI gan nhirng gia tri dac biét cho nhirng tham sé vdi y
nghia nao do. Vi du nhu tag, 1a mét hdng kiéu interger mang gia tri ctia diéu
khién giao thirc diém — diém (point to point communication operators), va co thé
nhan gid tri kiéu wild - card. MPI_ANY_TAG. D&c biét nhirng tham sd kiéu nay
c.é thé mang mét khodng cac gia tri. Nhirng gia tri dac biét nhw MPI_ANY_TAG

s& ndm & ngoai khoang cho phép.
5.Ltwra chon tham s6 (Choice Arguments)

Cac ham ctia MP! st dung cac tham s véi kiéu dir liéu nhét dinh nao do (hodac
la kidu két hop). M&i 1an goi nhat dinh, cé thé truyén nhirng tham sé mang gia
tri khac nhau v&i nhirng kiéu di liéu khac nhau. Co ché cung cép tham sé nay

khac nhau ddi véi méi loai ngdn nglr. V&i C, ching ta ¢6 thé sl dung (*void).
Giao tiép diém - diém (Point to point communication)

Co ché giao tiép co ban cla MP! Ia su truyén dir liéu gitra cac cap tién trinh.
Ta goi co ché nay la “giao tiép diém — diém". Hau hét cac kién tric cla MPI déu

duwoc xay dwng trén cac diéu khién diém —~ diém.

MP| cung cap cac ham truyén va nhan div liéu cho phép sw giao tiép gitra cac
kidu dir liéu (datatypes) va thé thong diép (tagmessages) duoc lién két. Thang
diép cing can phai dinh kiéu d& nham phuc vu cho méi trwéng mang hén hop
¢ing nhw cho viéc thuc hién chuyén déi di liéu khi truyén thahg tin tlr khién
tric nay sang kién tric khac. Tag clng cho phép lwa chon vao thoi diém cudi
qua trinh nhan: ¢6 thé nhan maét thé don 1é, co thé str dung wild-card , cho phép

nhan bét ky message clia bat ky thé nao.
Giao tiép cong déng (Collective communication)

Giao tiép cong déng truyén dir liéu gitra tat ca cac VXL trong hé théng tinh
toan.

m
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Broadcast : GUi cting mot khdi div fiéu dén tat ca cac may trong hé théng.

processes

Hinh 2-8 Broadcast
Reduce : Téng hop di liéu tir cAc may tram lai thanh mét d@ liéu don trén may

cha

¢ I

processes

Hinh 2-9 Reduce
Gather : May chu thu thap dir liéu tir cAc mdy tram va sip xép dit liéu do theo
thir tw 56 hiéu cia nut tinh toén.
Scatter : Phén rd mang dir liéu trén mdt may dom thanh cac mang con va phan tan

cac mang con dé 1én tat ca cadc may trong hé théng, ké ca may chu.

processes

Hinh 2-10 Gather va Scatter

m
High Performance Computing Center - HUT 22



Tai lidu ky thuat — Mé Phdng Vat Ly

CHUONG 3. Xay Dwng Hé Théng Tinh Toan Song
Song

Heé théng tinh toan song song dwoc xay dwng theo md hinh Beowulf. Bay la
mét md hinh may tinh song song theo kiéu ghép cum (cluster), cho phép xay
dung cac hé thdng tinh toan tlr nhixng may tinh co kién tric théng dung (PC) va

cac thiét bi mang phd bién. Cac théng sb ky thuat cua hé théng nhu sau:
» Nut tinh toan: 8 nat, vi xtr ly Pentium IV, 2.4GHz, 256 MB RAM
« Mang két ndi: Ethernet 10/100 Mbps

Méi trwdng tinh todn song song clng nhu thw vién 1ap trinh st dung géi phan
mem LAM/MP!.

Truwdc tién chung t6i khao sat hi€u nang tinh toan song song cho bai toan xac

dinh tdng sau day:
- (3.1)

V& nla mét sé tw nhién va o 1a mét sé thuc cho trude. So dé khéi chuwong

trinh tinh tng trén dwo'c minh hoa trén Hinh 3.1.

Két qua khao sat tinh dn dinh trén maét may don cho trweng hop ¢=2 dwoc trinh
bay trén bang 3.1.

! Thoigian (s) | 46.94268 62.43850 93.35000 186.25720

i n (triéu) 250 334 500 1000

Bing 3-1 Sw phu thudc cla thei gian tinh toan vao sé phan ti tinh toan
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Hinh 3-1 S d6 khéi chuong trinh tinh chudi

200

180

160 |

140 |

120

100

thoi gian

80 - ‘
60 L }

! |
40

20 +

0 - ; e

200 400 500 800 1000 1200

s0 phan tu tinh toan

Hinh 3.2 Su phy thue caa thod gian tinh todn vio sb |)hfm tw tinh toin

m
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Dwa vao bang sd liéu thu duoc, ta c6 thé danh gid dwoc khad nang tinh toan
cla may don 13 twong ddi n dinh, s phu thudc cta thoi gian tinh toan vao sé
lrong phan t& gan nhu tuyén tinh va quan trong la thdi gian tinh toan sé tré
nén rat lon , khong kha thi néu nhu yéu cau bai toan dat ra véi khbi lrong tinh
toan qua l&n.

So sanh théi gian tinh toan song song (vai khdi lwong tinh toan 1a n = 10°, a=2)
két qua sau duoc trinh bay trong bang 3.2 (thei gian tinh toan duoc tinh theo

théi gian cda nlt tinh toan hoan thanh céng viéc sau cung trong hé théng):

Thai gian (s) 186.67740 93.42838 62.73477 47.90315

SOnat TT 1 2 3 4

Bang 3-2 Sw phy thudc cua thdi gian tinh toan song song vaoe s nut tinh toan

200 -

18G

160 -

=

B

()
T

—

3]

(o]
T

80 -

Thoi gian (s)
>
S

80 "

40 L

So may (nut tinh toan}

Hinh 3-3 Sy phy thudc cia thi gian tinh toan song song vio s6 nat tinh toin
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Vi thoi gian tinh toan cla hé thdng dwoc tinh theo théi gian tinh toan cla may
cht (nut 0) do may chi phai thuc hién cang viéc gom két qua tinh toan cla cac
may tram, rdi tinh téng, mac di nd co thé tinh todn phan cdng viéc cla minh

xong triwoc cac may khac .

Théi gian tinh toan giam nhanh chong theo ham ma khi thuc hién cung mot
khéi lwong cdng viéc so voi trwong hop tinh toan trén mot may don: Tl
186.67740 (s) trén mot may da giam xudng chi con khoang mét nira © 93.42838
(s) khi hé thdng ¢o hai nit tinh toan.

Qua d6 thi chung ta co thé danh gia dwoc kha nang nang cao sé nat tinh toan
khong phai 1a v han (Do két cdu mang, dwong truyén, thdi gian nghén truyén
théng ...). tuy nhién trong gi¢i han c6 thé, khi khéi lwong tinh toan 1&n thi viéc

thém mét nat tinh toan vao hé théng thue sw cd ¥ nghia ro rét.

Khi khéi luong tinh toan 16n, van dé thoi gian truyén thong trong hé théng tré
nén quan trong. Trong qua trinh xay dwng phdn mém, Can thiét phai téi wu hod
truyén théng. Han ché t&i da s6 1an truyén thong va tan dung kha nang cla cac
nut tinh toan khi truyén théng, tinh ton.

Két hop linh hoat cac kiéu truyén thong : diém - diém; déng bd - khong déng bd,
truyén théng céng dong.

Panh gia cac két qua khao sat trén mot may don va trén hé théng song song, ta
cé thé rat ra dugc thoi gian truyén théng trong hé théng (Bang 3.3):

N (triéu) SénutTT l T1(s) T2(s) T T3(s)
250 4 ! 46.94268 47.90315 ! 0.96046
% 334 3 62.43850 62.73477 0.29626
l‘ 500 | 2 93.35000 | 93.42838

007837
1000 1 186.25720 - ;

)

Bang 3-3 Su phu thude cia thoi gian truyén théng vao sé nat tinh tedn

N: s6 phan t trong chudi tinh tcan
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Sé nut TT : sb nut tinh toan véi n=10%, g=2
T1 : Thei gian tinh toan trén mdt may don
T2 : Thévi gian tinh toan trén ca hé théng
T3 : Thei gian truyén théng trong hé théng

Qua db thi (Hinh 3.4) nhan thdy mat van dé hién nhién do ia thoi gian truyén
théng trong hé thdng tdng nhanh khi ta tang sé lwong cac nut tinh toan. Day
cling la mét ly do khién ta khang thé tdng mai sé nut tinh toan vi dén moét lic
nac do6 thoi gian truyén thdng trong hé thong sé qua Ién, ¢ thé bing hoac Ion
hon ca théi gian tinh toan thwe, nhw vay 14 khdng kha thi.

1.2 !

0.8

0.6 r

Thoi gian truyen thong

1 2 3 4 5

So nut tinh toan

Hinh 3-4 Sy phu thugc ciia théi ginn truyén théng vao sé nat tinh toan

NGi dung khao sat tiép theo 1a s phan bd céng viéc.Van trong phan khao sat
trén { n=109, @=2), cac may déu nhan duwoc khéi lwong céng viéc nhw nhau.
Thoi gian tinh todn va théi gian tinh toan trung binh cla cac nat dugc trinh bay
trong bang 3.4.

TO : Thei gian tinh toan cda may chu

Ti: Thoi gian tinh toan cua may tram cd sé hiéu i (i=1,2,3)

T T e SR Y
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T : Thei gian tinh todn trung binh cda cdc may

Sé nut TT’[ TO(s) T1(s) T T2(s) t T3(s) T(s)
!
4 47.90314 47.72079 | 47.48304 i 47.35920 | 47.61654
| __J
3 | 6273767 | 62.72628 | 62.47350 - 62.64581
2 93.42837 93.38953 - 93.40895 |
|
' 168.67741 _ -

L 1

|

Bang 3-4 Théi gian tinh toin khi chia déu céng viéc

Tir bang két qua trén cho thdy thoi gian tinh toan cla cac may la tuong déi

ddng déu, dao ddng trong mat 1a&n can nhd so va&i thoi gian trung binh. Két qua

nay la do viéc khdo sat tién hanh trén hé thdng may tinh déng déu vé mat cau

hinh , nén khd ndng giai quyét cing mét khéi lwgng cong viéc & mdi may [a

trong duong nhau.

Tién hanh chia céng viéc khang déng déu cho hé théng tinh toan gébm 2 nut, két

qua trinh bay trong bang 3.5.

N (triéu) T(s) T1i(s) l
100 168.59718 18.89265 J[
200 149.98764 37.83715 ]
300 131.49206 57.35668

~ 400 112.54258 7464443
|
500 93.42837 $3.38953 |
600 114.25630 113.52130
700 135.23540 13232510
800 151.45762 15025410 |
|
900 171.03378 17024560 |
I 1
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N : s phan tlr TT (tinh todn) phan cho may tram

S6 phan t& TT phan cho méay chd = 107 - N

T : Thoi gian TT clia may chd - cling la thdi gian TT cla hé thdng

T1: Thoi gian tinh toan clla may tram

Dé thay thoi gian tinh toan cda may chd ludn I&n hon so v&i may tram. Vay moét
cau héi dat ra la cé nén chia cong viéc cho may chd it di khéng. Thye chét phan
Ién hon vé thei gian cla may chi la do nd phdi doi cac may tram tinh toan
xong roi thu thap két qua lai dé tdng hop. Nhu vay khéng nén chia cong viéc it
hon cho may chu vi sé lang phi mét khoang th&i gian ¢ch& doi cla may cha
trong khi no da tinh xong phan cdng viéc duoc chia cda minh.

180

160 L

|

140 - |
120 L '
|

100 F
80 -

60

Thoi gian tinh toan

40 r

20

0 . ‘ ; : : : ]

0 100 200 300 4C0 500 600 700 800 900 1000

sophantuTT

Hinh 3-5 Sy phy thude thii gian tinh todn vio su phin bé cdng vide

Buong biéu dién thei gian tinh toan cla hé théng (dweng ¢b chdm hinh vuéng)
cho thay giai phap téi wu cho hé théng may tinh hién cé (céu hinh ngang nhau)
la khoi lvgng cong viéc chia ddng déu (mdi may déu nhan sé phan t& tinh toan
bang nhau : N = 500 triéu).

0
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Tw day ta co thé rit ra mdt két luan quan trong trong viéc nang caoc hiéu nang
cua hé thdng: V@i cac hé théng may tinh cé cau hinh tuvong dwrong nhau, nén
chia cong viéc cho cac may mdt cach ddng déu. Tuy nhién véi mot hé théng tan
dung hét cac may tinh sdn cé khéng déng déu vé& mat cau hinh thi nhat thiét
phai khdo sat chi tiét d& danh gia kha ndng tinh toan cda tirng may. tr d6 s& cé
sir phan bd cdng viéc cho cac nut tinh toan theo ty 1€ hop ly @& dat dwoc hiéu
nang cao nhat cla hé théng.

0
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CHUONG 4. M6 Phong Vat Liéu Vi Mo

4.1 Xay dwng chwong trinh mé phong song song cho
hé xi da nguyén

4.1.1 Phuong phap dong luc hoc phin tw

Md phéng bang phuwong phap déng luc hoc phan tir (Molecular Dynamic — MD)
ia ky thuat dung dé xac dinh cac tinh chét vat ly ca hé cd dién nhidu hat, khi
ma s dich chuyén cac hat tuan theo cac dinh luat co hoc cd dién Newton. Day
la mot phuwong phap gén dung hru hiéu cho mét dai rong cac loai véat lidu.
Trong mét sé trwdng hop khi can xét dén chuyén déng tinh tién, chuyén déng
quay cuda cac nguyén ttr, phan tr nhe nhw He, Hy D2 . hodc la dao ddng vdi

tan sd v vé&i hy > KgT thi yéu té lugng t& dwoc 4p dung.

Md hinh MD cho phép nhan dugc nhiéu théng tin vé vat liéu, dw bao céac tinh
chat vat li clia no. Ngodi ra so v&i cac phwng phap thwe nghiém truyén thdng,
phung phap mé phéng ¢o wu Jiém 1a ré tién va doi héi thdi gian thuc hign

ngan.

M6 phong bang phwong phap MD vé mot sé mét rat gidng vai cac thi nghiém
thwe. Khi ching ta lam thi nghiém thuc can phai trdi qua nhitng budc sau :
chuén bi mau vat lidu can nghién ctru, két ndi mau voi cac thiét bi do va do cac
tinh chat can quan tam trong khodng thoi gian ¢6 thé. Trong mé phong bang
phwong phap MD, ta cling tién hanh cac buwrdc twong tu : Trwrdce tién 1a chuan bi
mau: Chon hé mé hinh chra N hat v3 giai cac phuong trinh chuyén déng
Newton cho tat cd cac nguyén tlr c6 trong hé cho dén khi cac tinh chat ctia hé
khéng thay déi theo théi gian (hé dat @én trang thai can bang). Sau khi dat
trang thai can béng, ta tién hanh "do” cac dai luvgng. Trén thuc t&, mot sb ibi
thuérng gap khi tién hanh thi nghiém tinh toan rat gidng véi cac 16i thudng gap
khi lam thi nghiém thuc (nhu - mau chuan bi khong tot, thoi gian do qua ngan,

hé théng trai qua nhirng thay déi khéng thay duoc trong qua trinh thi nghiém...)

Thuc té hién nay phan Ién cac mau d& mo phdong cau tric va cac tinh chat

rnhiét ddng chira vai trdm dén vai ngan hat, sé hat clia hé mé phoéng r?t nho so
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véi thuc té, do vay dé mé phong cac hé thuc cé s hat Ién viée chon didu kién
bién 1a rat can thiét qua doé c6 thé han ché d&n mirc nhé nhat nh hwéng cla s?
hat trong m& hinh 1&n cac tinh chét cla hé ma ta mé phdng. Diéu nay co thé dat
duoc néu dung diéu kién bién tudn hoan. Tuy nhién, tly tirng hé md phdng cu

thé ma ngurdi ta chon diéu kién bién cho phu hop nhuw sau:

« Bién clrng: Xung quanh khéng gian tinh toan cé mét I&p nguyén i

dung yén

+ Bién tw do: C6 khong chan khéng tuyét ddi bao quanh khéng gian tinh

toan.

« Bién mém: Co hai I&p nguyén t& bién xung quanh khéng gian tinh toan.
Cac nguyén tlr [&p ngoai dirng yén, 1p bén trong dich chuyén theo bién
dd cho trwdec.

« Bién tuan hoan: khédng gian tinh toan dwoc l3p lai tudn hoan trong

khéng gian.

Dé xac dinh dai ivgng can khao sat trong phwong phap MD, dau tién ta can
dién t& dai lvong dé nhu 1ad mét ham cla vi tri va moment clia cac hat trong hé.
Vi du, mat cach thuan lei dé xac dinh nhiét do trong hé nhiéu hat 1a dién ta qua

déng nang trung binh cho mét bac tw do -
Lo =L r (1.1)
2

Va trong md phdng ta dung phwong phap trén nhw mdt cach xac dinh nhiét dé.
Trén thire t&, chung ta xac dinh @dng ndng toan phan cla hé va chia cho s bac
tt do Nj (bang 3N-3 cho hé cé N hat véi moment cé dinh). Vi ddng nang toan

phan cla hé dwoc tinh theo hé thire sau:

T(t) = i%’vf\fﬂ (1.2)

Thang giang nhiét do sé vao khoang (N2 vi Ny = 10° — 10°, nén sy thang
giang nay la khoang 5 ~ 10%. Dé& co nhiét dd chinh xac hon thi phai lay gia tr

trung binh qua rat nhidu su thang giang.
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Thé twrong tac

M6t trong cac van dé quan trong trong phurong phap MD 12 Iwa chon thé trong
tac nguyén tlr. Thé tuwong tac nay duoc xac dinh bdi twong tac gitra cac dam
may dién tlr xung quanh nguyén i, gitva cac ion va gika ion v&i cac dam may
dién t&. Hién nhién la dé cd thé phan tich va danh gia mét cach chinh xac cac
thanh phan ké trén 1a mét viéc khong dé dang, tuy nhién ching ta co thé biéu
dién chung dwdi dang:

E=> Vi r.,)+Z Fi(pi) (1-3)

i<
V&i mat do dién tr p dwoc xac dinh bdi

p(iy= > filry) (1-4)

Trong d6 F Ia ham nhing nguyén t&, mé t phan ndng lvgng cla nguyén t& i
khi drge nhung trong mdi treong ¢ mat dd dién tlr ?. Mot trong nhirng dang
gan dung ctia (1-3) la thé tac Kiting, chi xét anh hudng clia goéc gitra hai lan

can va co biéu thire 1a:
16d Z(U_d )+_ Zk(rurjk (1_5)
i.Js
O day, a, d, B 1a nhirng hdng sé xac dinh tir thue nghiém.,

Bén canh thé trong tac (1-3) nhiéu tac gid con str dung thé twong tac cap. Vi
du thé Lennard-Jones cé dang:
B

m 1-6
. (1-6)

@ (1)

Trong do A, B la cac tham sé duec xac dinh tir thue nghiém. Thong thuang
n=12 va m=6. M6t thé cap ban thuwc nghiém duoc st dung rong réi la thé
More:

op(r) = A.exp(-ar) - B.exp(-br) (1-7)

Cac thé twong tac cap thwong bi cdt & mot khodng cach ngat r, nao do. Uu

diém cua thé tac cdp la don gian va doi hdi thot gian tinh toan ngén, vi vay
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cho dén nay né van duoc st dung dé xay dung cac md hinh hang triéu nguyén
tey.

Péi voi cac hé dxit, nhiéu tac gid s dung thé tac Born-Meyer va thé Pauling.
Thé Born-Meyer cé dang:

2

e’ r. C, Dy
U}j(r):ZiZjT+Bijexp(_ﬁ_)”—(ﬁ_"—},— (1-8)

g T r

Trong d6 r la khoang céach gitra ion i vaion j; Zi, Zj la dién tich cda ion thi i va
j ¥ng. By va Ry la cac thong sb lyc day cla I6p vo ion; Cy va Dy 1& cac théng
sd trong tac ludng cure - lwéng cuwe va lwéng cuc - tlr cwe tuong ng.

Mét dang déc biét clia thé Born-Meyer l1a thé Born-Meyer-Higgins trong d6 cac

théng sé B; va Ry dwoc biéu dién théng qua céc ban kinh ion r; va rj nhw sau:

7. Zj r +rj
Bij =b(1+—L +—) expf—=) : (1-9)
n, nj Rij

Vé&i n;, n; 14 sd electron & vong ngoai cung duwoc 1ap day cla ion thi i va thip |

{rng; b la thdng sé xac dinh tir thue nghiém.

Thé Pauling duoc viét dang:

.0 zze' B, C, D,
AT )= + —_— e ——— _
i . EESNTR (1-10)

V@i n co gia tri tlr 8 dén 10. Céc gia tri cla thé Born-Meyer-Higgins va Pauling
cho cac mo hinh éxit duwgc xac dinh [an dau tién b& Fumi va Tosi, cac théng sé
cﬁa thé dwoc xac dinh nhe cac sb liéu thuc nghiém vé mat do, d6 nén va nang
lwgng lién két cia cac hop chéat tinh thé. M6 hinh véi thé Born-Meyer-Higgins

cho két qu phi hop tot hon véi thuc nghiém so véi thé Pauling.

Khac vé&i lién két ion, trong tac gitra cac hat trong mé hinh lién két céng hoa tri

thuong duoe md t bang thé tac ba thanh phan -

U= U+ U + U, (1-11)
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Uo la ndng luwong cla tinh thé 1i twdng; Uy, U, 1a hai thanh phan thé phu thuéc
vao strc cang va goc lién két.

Méac du sé lvong cac thé tac gan dung duoc dé xuét rat ién nhung vé ¢ bn cac
thé tac nguyén t& chwa dap (rng yéu cau cla cac md hinh nguyén tr. Gan day
maot huéng nghién clru maéi lién quan dén thé tac 1a phung phap nguyén li ban
dau (ab initial). Phuong phap nay dwa trén co s phan tich ham séng
Schroedinger gidi theo tirtng budc dich chuyén cia mé hinh, tr dé xac dinh
duee e tac dung gitra céc ion. Két qua tinh toan phit hop tét véi thuc nghiém
nhuwng khdi lvgng tinh toan rat Ién va phire tap. Vi vay cac mé hinh nguyén tir
st dung phwong phap nady chi gi¢i han trong pham vi vai chuc dén vai tram
nguyén tir trong khi cdc mé hinh twong tac cap co thé dat kich thudc 1én dén

vai trdm triéu nguyén tr.
4.1.2 Thuét toan
Phuwong phap dong lwc hoc phan ttr dya trén phuong trinh c_huyén ddng cua
Newton
F.=m a, (1.12)

trong do:

mi: Khéi lvong hat thir i

ai: Gia toc hat thir i

Fi: Luwc tdc dung én hat ther i

Fi duge xac dinh nhwr sau;
N .
F,=-Y V.V, (1.13)

voi Vj la thé tuong tac gitra hat thiv i va |

Vi tri, van tbe, gia tbe cua hat duoc khai trién theo chudi Taylor

rift + Aty =r(t) + vi(t). At + %ai(t) AR+ {1.14)

vilt + A = vit) + ai(t) . At + %b;(t) AP+ (1.15)

o A SO
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ailt + Aty = a(t) + by(t) . at+ ... (1.16)
Co6 thé sz dung mdt trong sb nhirng thuat toan sau dé gii phung trinh chuyén
dong cla Newton nhuw thuat toan Verlet hay thuat todn Beenman... Viéc Ira
chon thuat toan dé gii phung trinh chuyén déng doi héi phi thod méan nhirng
diéu kién sau:
+ Gil¥ ndng lweng va xung lvong bo toan
+ Tinh toan co dd chinh xac cao
+ Cho phép tinh tich ph&n theg budc thdi gian dai

Theo thuat todn Verlet toa d va van téc ctia hat thirc & thei diém (t + At) va t

dwoc xac dinh théng qua toa do cla hat & theri diém (t - At) va t qua biéu thic:

G+ AY = 2000 - 1 (t- at) + (atp, LD (1.17)
n.

!

_ r(t+At) —r(t—At)

Vi t 1.18
(t) At (1.18)
Theo thuat toan Beenman ta lai ¢
r {t+A) = nft) + wt)At + g— .E—(~t~)—.At2 -~ —l-fitr—_—é—t)v./_\t2 {(1.19)
m, 6 my
weraty = vy + T4 ap g LEO 5o S BO o TEAZAY g o)
m, 3 m, 6 m, 6 m

I 1 I

Uu diém cla thuat toan nay la biéu thire khai trién van téc va toa dé chinh xac
hn, nang lveng bdo toan tdt hon nhung nhuoc diém (& bidu thire tinh toan
phtre tap, ddi hai thoi gian tinh toan Ion.

Khi hé ching ta quan tdm dat trang thai can bang, mat vai dai lweng ctia hé md
phéng dwoc gitr ¢d dinh, vi du nhw nang lwong, thé tich, ap suat.... Trong mé
phdng bang phwong phap MD co6 mét sé tap hop: NVE, NVT, NPH, NTP, uTV
va uTP.

Trong dé: N: s6 hat, E: nang wong toan phan, V: thé tich \T: nhiét 36 P ap

suét, H -entanpy va u: thé hoa hoc.

L ']
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Tl 36 ta c6 cac mo hinh MD &ng v&i cac tap hop trén, vi du nhw ng vai tap
hop vi chinh tac trong nhiét ddng luc hoc ta ¢co md hinh NVE trong dé cac dai
lwong NV va E duoc gitr khong ddi. hay twong (ng véi tap hop chinh tac NVT
ta co md hinh NVT trong do N, V va T duoc gitr khéng déi.

Trén thuc t& mé hinh NVE dwoc ¢d 1ap v&i bén ngoai nhd mét blrc twdng cach
nhiét @& gitv N,V,E khong déi, mé hinh NPH tiép xuc v&i mot bé dieu ap bdi mot
pittdng dé didu chinh ap suat cla hé, gitr 4p suat cla hé théng khang doi. Mé
hinh NVT tiép xtc v&i bé didu nhiét thdng qua twdng truyén nhiét dé didu chinh
nhiét dé cla hé tir d6 gilr nhiét dd ciia md hinh khéng ddi. M6 hinh NPT tiép
xUc v&i bé didu nhiét va diéu ap dé diéu chinh ap suat va nhiét do, gitr ap suéat
va nhiét d6 cua hé khdng dbi. Tat ca cac mo6 hinh trén déu dwoc cach nhiét véi

bén ngoai bang mot twding cach nhiét,

Vé mat thuat toan vi du véi md hinh NVT nhiét d6 dwoc didu chinh khdng dai
thdng qua dai lweng s nhw sau:

X ; . 1
Dau tién toa dd va van toc cla hat thiy i & thdi diém (t + At) v (t + —2— At) dugc

xac dinh béi cdng thire sau:

t
X (tFALY = xi(t-Al) + vi™ (t + % ).At (1.21)
t )
vi(tta—) = v-,(t—g )+ E(L) At (1.22}
2 2 m,
bal lrgng dac vi* trong bidu thirc dwoc xac dinh nhw sau:
At At
vir(fr— ) =v{+— ) .5 1.23
( > ) = vi( 5 ) (1.23)
2( At)
mv | t+--
vii > 2. s2 = inkT (1.24)
: 2 2 '

trong dé n 14 sé hat trong mé hinh, k la hdng s& Bonzman, T 1a nhiét d6 cta mé
hinh.
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Nhu vay sau mbi budc thoi gian s duoc xac dinh vai T khong déi. Sau dd van
tdc cha hat thir i thay ddi tlr vi thanh vi* sau do vi* dugc s dung dé xac dinh
toa d6 mai, diéu dé co nghia la ta ¢ diéu chinh nhiét d6 T thong gua diéu chinh
van tic.

4.1.3 Ung dung chwong trinh MD song song mé phéng miu AL,O;

long

Tién hanh xay dung chueng trinh MD song sang mé phong mau Al,O; 1ong
gdm 3000 nguyén tlr & 2663K.

- Tudng tic cidp
- Twong tic Culot

Hinh 4-1 So db khéi chuong trinh MD don
Trong bai toan don phan tinh toan phirc tap va cé khéi lwong 1én tinh toan 13
khau tinh lirc, do dé lwra chon phan ra bai toan don theo hwéng phan chia khau
tinh Iwc cho cac may. T so dd khdi cla chwong trinh MD, ta tién hanh song

song hoa bai toan véi so d6 khdi song song.
Trong @b :
e KD : Kh&idaéng giéng nhw phan MD don.

e L Tinhlwc trong gi¢i han céng viéc duoc chia.

b - ]
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Nbdnlyc] Tinh huc|

thong s& tong hdp]

Nhinlyg Dich
tonghdp| chuyén

Dich

Hinh 4-2 So' dd khéi chirong trinh MD song song

&

Khao sat chuong trinh v&i 50 budc so véi chuong trinh don, thu duoc két qua
trung binh sau 5 1an va hiéu nang cUa hé théng 8 may tinh dugc trinh bay
trong bang 4.1.

May don Song song (8 may) | Hiéu nang (lan) \
565 (s) 150 (s) 565/150 = 3,76 |

Bang 4-1 Hiéu niing tinh todn ciia hé théng 8 may tinh

Khao sat phan chia khéi lvong tinh todan cho 7 niat tram, ta thu duoc ty |& phan
chia t6i wu dé thei gian tinh thue trén cac may la gan twong dwong nhau (gidm
thiéu theri gian cho doi gitra cac nut tinh toan):

Twong (ng véi cac nat, ta cd ty 1& khéi lwong chia nhw sau

241 -242 -~ 253 - 317 - 310 — 489 — 1088. (3.1)

b ]
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Thai gian tinh todn trén cac nat dao ddng trorg khoang 80 (s).

Két qua nay khéng mau thuin vai két luan trong phan khao sat chudi | Véi hé
thdng may tinh o cau hinh trong duong nhau, phan chia cong viéc déng déu
1a téi wu. Trong ty l@ chia (3.1) thuc chat day khéng phai sb phan t& tinh toan
ctia méi nut. Ma chi 1a sé nguyén t& trong mau ma mdi nut dam nhiém tinh

toan. Do sé phép tinh lye duoc xac dinh nhu sau:
for (i=can t;i<can2; i++; )
for(j=i+1;j<n;j++)
{ Tinh Iwc}

Két qua doan chia (3.1) cé dwoc do s dung mét chueng trinh tinh toan ra so
doan chia i wu v&i diéu kién |a sb phép tinh thuc cla méi ndt tinh toan {a

twong duong nhau.
Tién hanh khdo sat mau ta thu dwoc mat sb két qua

Ham phéan bé xuyén tam (PBXT) :

3.3

i
30 l [ — Al-AL
25 , ’

g(r}

10k ‘E“ e 4,,)3‘"‘? W poy
. L § e R
! I;I'ﬁ.
05t .
DO ke ",L'Iu | I A 1 A L
0 2 4 6 8 10 12
r{A:)

Hinh 4-3 Ham phéan bd xuyén tam ARAL

L "~ " ]
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Hinh 4-4 Ham phan bd xuyén tim AI-Q

3.0 b
|

25| :
! §

ﬁ-&

20k L
. i

15|

g(n

1.0 |-

05+

0.0 - 1;

Hinh 4-5 Ham phan bd xuyén tam Q-0

e R R R e
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2.5
i
20t F
B ﬁrl :
_'h —a— Thuc nghiem tong cony
I ,,;:l = Mo phong tong cong |
155 L
LE I
> 4.
1.0 -
0.5
c.0
8]

r(A%)

Hinh 4-6 Ham phan b xuyén tim téng chng md phéng va thue nghiém nhifu xa tia X

Qua so sanh dé thi thuwc nghiém nhiéu xa tia X va mé phdng, co thé danh gid

két qua thure nghiém phl hop twong déi tdt vai thwe nghiém.

Hinh anh cau tric dia phuong (trat tw gan) cda mau Al,O; 16ng duoc trinh bay
trong hinh 4.7 (trong d6 cac qua cAu mau xanh md ta nguyén tlr Al, cac qua
cau mau dé mé ta nguyén tir O) dwoc dung nén tir toa dé cac nguyén tlr trong
mau md phdng duoc, gitra tam 14 mét nguyén tr Al, tiép theo 1a cac lap nguyén
tr O réi dén Al va Iop ngoai la O.

e PPy S S
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Hinh 4-7 Cu triic dia phuong cia mau AI203 léng

Bén canh do, tr két qud mo phdng con thu duoc topology clia cac cum AlQ;,
AlO4, AlQ4 va cac cum AlLO, AlsO, AlLO duec trinh bay trong hinh Hinh 4-8 va
Hinh 4-9. Lién két Al - O — Al dwec mé ta trong hinh 3.15, gitra hai nguyén tr Al
c6 hai nguyén t&r O chung. Phan b 16 hdng (cav) trong mau nhin theo cac goc
kh&c nhau duwgc trinh bay trong hinh 3.16, trong d6 cac qua cau mau vang mé
td cac 16 hdng trong mau.
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Hinh 4-8 Topology cua cic cum AlQ;, AlO,, AlOs

L
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Hinh 4-9 Topology cua cic cum ALO, ALO, ALO

O
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Hinh 4-10 Lién két Al - O -Al

L ____________ ]
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Hinh 4-11 Phin bé eav
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4.1.4 Két Luin

Nhom nghién ciru da nghién clru va tim hiéu ky thuat tinh toan song song trén
mang LAN trong méi truéng MPI, déng théi xay dwng thanh céng chuwong trinh
dong e hoc phan tr song song (day la chwong trinh dong lwc hoc phan tor
song song dau tién & Viét Nam) trong méi trierng MP1. Két qua thwc hién
churong trinh trén mang LAN gém 8 may cho thdy théi gian tinh toan giam

xudng 4 |an so véi mo phong trén mot may don.

M& hinh Al,O3 1dng gém 3000 nguyén t&r mé phdng trén mang LAN 8 may cho
két qua ham phan bd xuyén tdm phl hop tét v&i thwe nghiém nhiéu xa tia X.
MG hinh nay da cho phép khdo sat cau truc; Topology cla cac cum AlQ3, AlQ,,
AlOs, Al,O, Al30, AlLO, lién két Al — O — Al, phan bé cac 16 hdng trong mé hinh.

Chuong trinh MD ¢ho phép md phéng hé xi véi sb lwgng nguyén td tham gia
bat ky (sé nguyén). V&i 3000 nguyén tlr, chrong trinh MD cho phép mé phéng
tdt cac hé xi hai nguyén (Al-O, Co-B, Si-O...). Do han ché vé& hiéu nang tinh
toan cla hé thdng hién tai, chwong trinh chua thé chay céc bai toan c& 50000
nguyén t&r. V&i c@ 50000 nguyén tir, MD hoan toan cho phép mé phong cac hé
xi 5 nguyén.

4.2 M6 phéng cham Ilwong tr, day lwong tir va giéng
lwong tr

4.2.1 Mé diu

Hon mot thap ky qua, vat liéu In,GasN dwoc quan tdm nghién clru tai nhiéu
phong thi nghiém b&i nhivng (ng dung réng rai cla ching trong viéc ché tao
cac linh kién quang dién tlr. Phan Ién cac nghién clru tap trung vao cac hop
kim giau Ga b@i chung dwgc str dung lam cac 1&p hoat déng trong cac phat xa
diodes va laser cé budre séng trong dai blue va green. Cac cdng trinh nghién
clru da chi ra dd rong nang lvong ving cadm cda In,GaN thay ddi trong mét
phd rat rong. Nang lwrong ving cdm cé thé thay déi tir gia tri cia GaN la 3.4eV

t&i gia tri cla IngaGageN la 2,3eV % Mét loat cac cong trinh cong bd ban dau

L ]
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déu chi ra gia tri nang lwgng vung cdm cua InN 1a 1,9eV. V&i db rong nang

lwong viing cAm nay, gia tri thong sé cong thu dworc 1a twong doi lon.

Hién nay, céac thi nghiém trén ky thuat tao |&p epitaxi da chi ra rang tén tai tinh
thé InN cé mat do dién t& thap va dd linh déng dién t rat cao. Cac thi nghiém
nay cho thay I&p InN ¢cé cwong do quang hoa (Photeluminescence-PL) tai gia
tri nang luong xap xi 0,8eV & nhiét dd phong. Céac dac treng chuyén tiép cing
dwoc quan sat tai gia tri nang lwong trén. Do do, do rdng ndng lwong ving ca&m
cda InN dugc xac dinh trong khoang 0,8eV. Ngoai ra, cac thi nghiém clng

duoc tién hanh véi cac hop kim IngGas.N giau In.

Nhém nghién cru da s dung Phuong Phap Gid Thé (Semi-Emprical
Pseudopotential Method — SEPM) dé tinh toan c¢ac cau truc dién cda vat liéu
InxGa1.xN. O day, nhom nghién clru s dung phuong phap gid thé thuc nghiém
¢6 hiéu chinh thira sé hinh thé dé tai tao cac dic tring déi ndng lwrong sao cho
pht hop véi gia tri thuc nghiém va cac tinh toan bang phuong phap nguyén ly
ban dau. Thong sé cong cho vat liéu InGa,,N hién van dang duoc tranh tuan,

va ching téi thao luan van d& nay trong phan tiép theo.

4.2.2 Phurong phép tinh toan

CAu tric Wurtzite clia vat liéu hop kim InyGa«N thudéc nhom Csy. Chuing ta
xem xét hai théng s& mang cla vat liéu nay 1a a va ¢. Cac hang sé mang cta
hop kim ba nguyén thudc nhém 111-V thuwéng bién ddi tuyén tinh véi thanh phén
theo luat Vegard:

a(x)=ayNX+agyn{1-x)
c(X)=cpn - X+Cagan {1 —%)

Trong d6 cac hadng sé mang cla InN va GaN 1an lwvot 1a an=3,54A, cin=5.70 A
va agan=3,189A, cgan=5,185A. Hang sd ndi cdu tric v cla tric Wurtzite
(=0,3768 dbi véi GaN va =0,3790 ddi vai InN) mé ta sw dich chuyén mang con
clia nhém [ll va nhém V theo hwéng c. Béi vai nhom Clg,, vi tri cia cac nguyén

t? Ga(ln) va N nhwr sau Ga(ln), (0, O, 0), (1/3,2/3,172); N, (0, 0, uJ,
(1/3,2/3,1/2+u).

Cac thira s6 hinh thé géi xirng V® va bat déi xirng V* clia vat lidu In,GaxN tai

méi diém duwrec xac dinh béi vécto mang dao G co thé nhan duoc:
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Vi can (G = Vo (G).x + V(G (1= %) + Py g (X) X.(1 = %)
VRGN = VI (G).x + VE N (G0 = %) + PE o (X).X.(1 = x)

O day. ham Pganinn(X) (=P>gan-nn(Xx)=P gan-nn(X)) Nhan bing cach tai tao lai
nang lwong vung cdm. Phuong phap gia thé dwoc s dung voi sw hiéu chinh
giad thé thira s6 hinh thé d& nhan nang lrong ving cam, cac dac diém dai nang
lrerng vung hoa tri phu hop véi cac gia tri thee nghiém hién tai va cac tinh toan
bang nguyén ly ban dau. Chang téi d3 tai tao lai chinh xac ndng lugng viing
cam tai diém I dé tinh cac gia tri tin cay trén ving dan cing nhu wédc lvong

nang luong vung cam tai cac diém déi xieng khac.

4.2.3 Cac két qua tinh toin va nhin xét

Gia thé Hamilton v&i sw hiéu chinh céc gia thé hinh thé dbi xirng va bat déi
xirng duoc st dung dé nhan dugc cac dic tinh mong muén tai cac diém déi
xtrng. Cac gia thé hinh thé déi x(rng va bat ddi xtrng da hiéu chinh trén Bang 4-2
duoc dung dé xac dinh cau trac dai dién tir theo cac luéi didm dac dweng di
xing cGa vung Brillouin. Dé réng ving cam cda GaN dwoc hiéu chinh xap xi
3,5 eV, va cta InN duoc hiéu chinh xap xi 0,78 eV phu hop véi cac gia tri thuc
nghiém. Trén Hinh 4-12 12 clu tric dai ndng lrong cua InN. Day ving nang
lrong hoa tri cua InN 1a —6,9 eV, gia tri nay Ié&n hon mét chit so véi mét sé tinh
toan trudc day (dao déng tr -5,8+-6,8 eV), nhung né xép xi vdi gia trj -6,8eV
dwoc tinh todn bang phwong phap nguyén 1y ban dau - phwong phap cho gia

tri chinh xac vé cdu tric ndng luvong ving hoa tri.

Vat liéu In,Ga.N co dao ddng rat manh déi véi viung giau GaN. Ham sb
P(x)=Pinn-can(X) cO thé chi ra sw dao dong clia vat liéu nay. Chang toi da tim ra
ham s P(x) c6 dang nhw trén Hinh 4-13. Sw dac déng manh xay ra v&i thanh
phan giau Ga (x<0,5), con khi hop kim giau In (x>0,5) thi sw dao déng twong
dbi on dinh.

In,Ga1xN co viing cdm chuyén tiép thang trén moi thanh phan cta hop chat. B

rdng nang long vang cdm co thé mé ta theo thanh phan co dang:

Eqo(x)=3,45.x.(1-x)+0,78.x-1,52.x.{1-x)
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Théng sé cong b (bowing parameter) tim dwoc & day b=1,52 eV, gia tri nay |a
nhé so v&i mdt sb gia tri b={4,8; 3,5; 3,2} eV va gén véi gia tii b=1,43 eV. Trén
Hinh 4-14 chi ra rang dé réng nang lwgng ving cam cla hep chat ba nguyén
nay c6 mét vang phd réng bao trim tir ving hdng ngoai xap xi A=1,6um t&i

vung cye tim 4=0,36um.

Trén Bang 4-3 1a khdi lwong hiéu dung cla hop chat InGar N duoe tinh toan
bang cach lam khit vé&i duéng cong parabol tai diém dbi x(rng trung tam. Cac
gia tri khdi lweng nay gan nhw 1a gidm tuyén tinh theo thanh phan ctia Ga. Khéi
frgng hiéu dyng tinh todn cho GaN va InN & day phu hop véi cac gia tri thue
nghiém va cac tinh toan khac.

iGf | GaN InN

@ua) | [SG) | %G [ VYG) | VG [ VXG) [ ViG)
0 1 0 0.000 0.000 0.000 0.000

3/8 0 0 0.000 0.000 0.000 0.000 |
E 0.50 0 -0.384 0.000 -0.368 0.000
1172 0.71 0.71 -0.360 0.286 0.211 0.173
117724 033 0.80 -0.290 0.233 -0.180 0.144

2 5/6 0.35 0.35 -0.055 0.114 -0.033 0.098 |
33/8 0 0 0.000 0.000 0.000 0.000
4 I 0 0.061 0.000 0.036 0.000
43/8 0 0 0.000 0.000 0.000 0.000

41724 08 | 033 0.086 0.053 0.046 0.027 |
5173 050 |0 0.058 0.000 0.037 0.000
| 52 071 [ 071 0.068 0.037 0.037 0.024
[ 51724 0.33 0.80 0.069 0.034 0.030 0.017
6 0 I 0.000 0.007 0.000 0.010
65/6 0.35 0.33 0022 1 0.005 -0.005 0.013
7173 0 0.30 | 0.000 0.000 | 0.000 -0.050

Bang 4-2 Vécto mang dao, thira 56 clu triic, va thira sd hinh thé cia mang Wurtzite (dom vi Ryd.)

L ]
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Hinh 412 Céu tric dai ning hrong ciia InN doc theo dudmg dbi xing cia ving
Brillouin thir nhat.
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Hinh 4-13 Sy phu thudc giira ham P(X)=Pi.n.can(X) va thanh phén In
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r—w— This calculate . - :
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X-indium compaosition

Hinh 4-14 D§ rdng ning lwgng ving cdm d6i véi thank phin In cha In,Ga, N; A(12) B(11).

InGa N )
X 10 o0 02 03 04 05 06 07 08 09 1
me{mg) 0,26 0,25 023 0,21 0,20 0,17 0,le 0,15 0,14 0,11 0,09
Mpn(Mp) 4,05 3,88 3,70 3,51 3,32 312 295 2,77 260 242 225
myn{mMg) 0,22 021 0,19 0,18 0,17 0,15 0,13 0,12 0,10 0,09 0,08

Bang 4-3 Khéi lwong dién tir va 15 tréng hidu dung ciia hop chit In,Ga, N.

4.2.4 Két Luan

Phuwong phap gia thé véi cac thira sd hinh thé dugc tai tao lai tai cac diém dbi
xtng trong viung Brillouin thtr nhat d& nhan dwoc cac cdu tric dai nang luong
cia hop chat ba nguyén InGas,N. Ham P(x) duoc tinh toan cho thdy si dao
déng manh trong ving gidu Ga cla hop chat nay. Théng sé cong cla nang
lwong ving ¢am nhé b=1,52 chi ra rdng sw phu thudc ndng lwong ving cam
vao cac thanh phan hop chat gan véi su tuyén tinh hon, va nang lwong ving
cdm nay nam trong mét phd rat réng tir 0,778eV dén 3,45eV. Cac thong sb dua
ra & day la hiru dung cho cac nghién clru vé& ciu tric it chidu cla hop chat
InxGaxN dong thdi Nhing két qua thu dwoc cling cho phép khdo sat giéng

lwong tlr, day leeng tlr va cham lwong ti dbi véi cac hop kim thudc ho InGaN.

b ]
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