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§50. DAT VAN Df

Vit li théng ké ¢6 nhiém vy nghién ciru tinh chat clia cdc hé vi mé gdm mot s6 16n
hat (nguyén tl, phan t&r v.v...) dva trén tinh chat vi mo cia nhitng hat tao thanh. Vat If
théng keé, con goi la co hoc thdng ké nghién cttu cdc hé cén bing cling nhu khong cén
bing. Nganh vat Ii thdng ké nghién citu cic hé can biing duge goi 1a nhiér dong hoc
théng ké.

Khéae v6i nhiét dong hoc hién tugng, thi€t 14p méi quan hé giita cdc dai lwong vi
mo dac trung cho trang thdi chia hé ma khong cin biét dén cdu triic vi m6 cia cdc tiéu
phén tao thanh h¢, nhiét dong hoc thdng ké chinh 12 cdu néi giita cic tinh chdt vi mo

va vi moO d6. Nhiét dong hoc théng ké khong nhimg cho phép tinh todn cdc dai lagng

nhi¢t dong, ma con dat co s 1i ludn cho viéc giai thich cdc nguyen If cha nhiét dong
hoc. Ching han, nguyén li tang entropi d6i véi hé c6 lap trd nén hién nhién theo quan
diém théng ké.

Nét ndi bat cha nhiét dong hoc th(Sng ke la viéc két hop hai phuong phép khao st :
co hoc va xdc suat.

V& mat cd hoc, n€u gidi han trong quan niém cé dién thi trang thai cia mot hé bao
gom N hat ¢6 thé dugc xdc dinh béi 3N toa do X, y,z; (¢ =1, ... N) va 3N téc dé

Viir Vyir vy (hodic dong luong) clia céc hat. Sy thay déi cdc bi&n s& nay theo thdi gian

duge mo ta bang cdc phuong trinh chuyén dong dang vi phan, va viéc ldy tich phén
chiing theo nhitng diéu kién ban d4u cho phép xdc dinh toa do va dong lugng cla cic
hat & bat ki thai diém nao.

Tuy nhién, viéc biét toa d6 va dong lugng cla céc hat chua da dé xdc dinh cdc dai
lugng vi mo. Nguyén nhan vi céc dai lugng vi mé 1 cdc dai lugng trung binh, khong
phu thudc théi gian, mac ddu toa do va dong luong ctia cdc hat tao nén hé bién déi theo
thdi gian.

Hon nita, phuong phip co hoc khong cho phép tim ra cc dai lugng phi co hoc nhu
nhi¢t do va entropi. Cic dai lugng nay khong xu4t hién khi gii tudn tu bai todn co hoc.

- Vin dé chi ¢6 thé duge gidi quyét khi sit dung mot phuong phép khao sat khdc 1a

phuong phap xdc sudt. S& di nhu vay, vi d6i tugng ciia vat If thdng ké 13 nhiing hé bao
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g6m mot s6 16n tiéu phan ma dé ciing 1a d6i tugng nghién ciu cia Ii thuyét xdc su4t.

Céc bi€n s6 dong luc cda hé duge xem nhu nhiing dai lwgng ngéu nhién ma sy xu4t hién:

chiing trong céc phép thir tuan theo quy luat xdc sust. P6 13 di€ém méi so véi quan niém
thuan tuy co hoc.

Gan lién v6iCkhdi niem xéc sudt 1a Khdi niém vé phan b& va dinh luat phan bg. Vi
vy chuong ndy s& bit ddu bing viéc khao st cic dinh luat phan b, sau dé sir dung
mot khéi niém goi la tdng trang théi d€ tinh cac dai lugng nhiét déng.

§51. CAC PINH LUAT PHAN BG CO PIEN

1. Khong gian pha
Gia thi€t khdo sdt hé¢ N phan tir, méi phan ti c6 f bac ty do. Néu phan tir gdm n
nguyén tif thi f = 3n. Ta s& dinh nghia khong gian pha I khoéng gian 2Nf chiéu, trong d6

Nf chleu 1a cdc toa do khdi quat q4, g, .. va Nf chiéu 1a cdc xung lugng khéi quat
I p2 . Pny- Maéi diém trong khong gian p_ha tuong \ing vGi moét trang théi cta hé.

Ngudi ta phan bi¢t 2 dang khong gian pha : khéng gian @ 12 khong gian cia 1 phan
t va khong gian I 1a khéng gian cha he N phan tir. Khérig gian W ¢é 2f chidu. Vi du
khﬁng gian [ cia khi don nguyén 1t c6 6 chiéu la x, y, z, P> Py P, trong d6 c6 the phan
thanh khong gian con toa d¢ x, y, z va khéng gian con xung lrgng Px. Py, p;- Khong
gian " cla hé N nguyen tlr c6 6N chiéu (3N truc g; va 3N truc p;). Trang théi co hoc
cda he N nguyén tir c6 thé biéu dién bing 1 di€m trong khong gian T hodc bing tap hop
cba N diém trong khong gian .

D€ ¢6 thé hinh dung cu thé hon vé khéng gian pha, ta hay khédo st nang lugng cla
mot khi don nguyén ur ¢ khdi lugng m. Vi nang lugng toan phin clia mot nguyén tir 1a
dong nang, nén :

_Btn+n R
2m 2m

E (51.1)

=(2mE)\'? (51.2)

Nang lugng cha nguyén tit c6 thé biéu dién bing 1 diém trong khéng gian xung
lugng v6i 3 truc p,, p,, p, (khong gian con y, xem hinh 51.1)

D¢é tién lgi, ta chuyén tir toa do vudng gdc sang toa d¢ cdu, theo hinh 51.1 ta ¢é cic
hé thirc sau day :

= RsinBQsing
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Hink 51.1. Chuyén toa do vudng géc thanh toa do cdu. R — ban kinh hinh cdu (vecta ban kinh) ;
¢ — do kinh tinh ti kinh tuyén di qua truc y ; 6 - 46 vi tinh ¥ cyc C; dR = ae ; d8 = 404 ; dg = 0D ;
1 — hinh chi€u cia 2 trén mit yOx ; Oi = O’a = Rsin® ; ab = Rsin8dg ; ad = Rde ; py = Ok = RsinBcosp ;
Px = O/ = Rsin@sing ; p, = 00’ = RcosH ; S{abcd) = ab X ad = R sinBdbde ;
thé tich v(abcdefgh) = Sdr = R“sin0d8d@dR (toa d6 cdu) = dp,dpydp, (toa 4§ vuong géc).

=RsinBcos @

=RcosH (51.3)
R =pi+p}+p;
dp xdpydp, = R?sin OdpdR

Ta néi rang d6i v4i tat ca cdc phan tit cé ning lugng E thi diém biéu dién trong
khong gian pha déu ndm lot vao trong qui cdu cé bin kinh R. Néu chi khao sat cac
phan tir cé nang luong ndm trong khoang E, E + dE, thi c4c diém biéu dién tuong ing

nim trong lép vd ciu c6 ban kinh R va R + dR, nghia 12 ndm trong nguyén to thé tich
xung lugng :

n 2R
dy = R%dR jsfn 040 j do = 4nR*dR (51.4)
0 0
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Tich cha nguyén t6 thé tich xung lugng va nguyén 16 thé tich toa d6 bing nguyén 16
thé tich chung cla khong gian pha () :

dw =dq,...dqsdp, ..dp; = dV.dy (51.5)

2. Trang thai vi mo va vi mo

Trang thdi ciia hé trong nhiét dong hoc duge xdc dinh bdi cdc tinh chat nhu thé tich,
ap sudt, nhiét dg, goi la trang thdi vi m6. Con trang thdi vi mé dugc biéu dién bing mot
di€ém trong khong gian pha, nén né duge dic trung bdi toa do va xung lugng cha tat ca
cac phan tir trong hé.

Nhu vay trang thai vi m6 1a trang thdi tic thdi, & méi thdi diém nhdt dinh trang théi
clia mot phan tir duge biéu dién bing 1 diém trong khong gian i, con trang théi vi mo
cla toan hé dugc bi€u dién bing tap hop hay su phan bs cia N diém biéu dién trong céc
khéng gian .

Vi céc bién s6.vi mo (toa d6 va xung lugng) bi€n thién lien tuc, cho nén mot trang
théi vi mé ¢6 thé iing véi v6 s6 trang théi vi mo.

bé cho s6 trang thdi vi mé khong trd thanh vé tan, nghia 12 c6 thé dém dlr(;fc,.

Boltzmann da dua ra cdch tinh nhy sau : toa d6 vA xung luong cia phan tir khong cén
phdi xédc dinh chinh xdc tuyét d6i, ma cho phép nm trong gidi han tir g; dén g; +dg; va
tr p; dén p; +dp;. NO6i cdch khdc, ¢6 thé chia khong gian p thanh cdc 6 itng véi nguyén
lo thé tich :

va xem frang thdi clia phan t 13 hoan toan xé4c dinh néu diém biéu dién ndm trong
nguyén t§ thé tich d6. Nhu vay s& trang thdi vi mé ing v&i mot trang théi vi mo cho sén
12 56 cdch sip xé&p cac diém biéu dién theo it ci cdc 6 cha khong gian .

Gia thi€t h¢ c6 N phan tir va ¢6 ning lugng chung E, trong d6 N, phén tit nim & 6
thi nhét c6 nang lugng E;, N, phan tir nim & 6 thy hai ¢6 ndng lugng E, v.v... vl néu
gia thiét h¢ dugc bao toan vé khdi lugng va ning lugng ta c6 thém 2 diéu kién :

ZNi =N =const _ (51.6)
va S N.E, =E=const (51.7)
i

SG trang thdi vi mé dugc tinh nhu sau. Gia thiét 6 2 phan tir duge x€p & 2 6 khic
nhau, ta thu dugc 2! = 2 kiéu sip x&p khdc nhau. S& di nhu viy, vi theo quan diém cé
dién, céc tiéu phan ciing loai dugc xem 12 phén biét dwge, néu khi hodn vi 2 phan tir
trong 2 6 khac nhau ta thu dugc 2 trang thdi vi mé khdc nhau. Suy rong ra, néu ¢cé N
phén tir ta thu dugc N ! trang thdi vi m6 khdc nhau. Tuy nhién, vi ¢c6 N, phan tir trong 6

thit nhét, N,phan tir trong 6 thit hai, ma sy hodn vi cdc phan tir trong pham vi mét 6
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khong c_ho_trang thai vi moé méi, do d6 s& trang thdi vi mé s& gidm N, /N, /..N;! l4n,
nghia la : |
N!? N!

= = (51.8)
N{/Ny!.N;! TIN;!
I

W dugc goi la xéc suit nhiét dong, d6 1a s6 trang thii vi mo dng v6i mot trang thai
vi mo. Khde voi x4c sudt todn hoc < 1, xéc sudt nhiét dong = 1.

3. Dinh luat phan bé Boltzmann vé ning ludng

Van dé dit ra 1a tim xem & trang thdi can bing c¢6 bao nhiéu phan tix N; ¢6 ning
lugng £, néi cdch khic tim quy luat phan b6 ning lugng giita cac phan ti.

Ta biét rang gilta xdc sudt nhiét dong W va entropi S cia hé c6 hé thirc :
S=kInW (51.9)
Y nghia cha hé thire nay la d6i véi hé co Iap & trang thdi can bang thi entropi va s§
trang théi vi mo déu dat dén gi4 tri cuc dai. He s6 ti 16 k nhan gia tri ;

k =Ni= 1,3804.107 2 7. k!

aQ
goi 1a hing s6 Boltzmann, 13 mét hing s6 vt i co ban (R 12 hing s6 khi, N, — s6 Avogadro).
Dinh luat phan bd c6 thé tim ra tir diéu kién cuc tri cia W, hay tién hon cua InW,
khi xem N;la bién s6, nghia 1a tir diéu kién :
dinW
ON;

Tuy nhién N; bién thién khéng phai doc 1ap hoan toan, ma bj rang budc bai 2 didu
kién (51.6) va (51.7). D€ tim cuc trj c6 diéu kién phai diing phuong phap hé s& chua xic
dinh Lagrange. Theo phuong phdp nay, dé tim cyc tri ¢6 diéu kién ciia ham InW ta phai
lap phuong trinh :

0 (51.10)

f(N;)=InW —aEN; -B =N,E, (51.11)

Voi o va 13 cic hé 58 chua xdc dinh. Diéu kién cuc trj cha hﬁm‘ f(N;) dong thoi 1a
diéu kién cuc tri c6 diéu kién cGia ham InW :

Tacéd: .o
InW=InN!->"InN;! (51.12)
Theo cong thitc Stirling :

N!=2aN} 2 (N/se)V

lnN!=%!n(2nN)+NlnN—N
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Néu N 16, ¢6 thé bo qua s6 hang ddu & v& phai, nghia 12 :

InN/'=NInN-N (51.13)
Tacé:

InW=N]nN—N—Z(N- !nN-—N-)=NInN—-ZN,- InN,

bicu kién cuc tri cla ham f(N,) theo he thic (51.11)sé 1a:
SfF(N;) _

SN
. InN; +1+0+BE; =0

> [(inN; + )+ +BE;]=0

Vi o 1a hé s8 chura xdc dinh, nén 1 + o ciing ¢6 thé ki hiéu bing o, ta c6 :
InN; +a+8E; =0

N, = e (xtBE) (51.14)
1a dang tdng quat cha dinh luat phan b6, Bay gid tim cac hé s6 o va P.

Tacé:

N; = e e PE
Ly téng ca 2 v€tacd:

YN, =N=eY P

w_ N
3 e PR
N :'ZT}\iMf_e_ﬁEi (51.15)

Liylogaca2 vétacd:
| InN; =InN -BE; ~In( Y eP5).
Nhan ca 2 v€ v5i N;, sau d6 14y téng dwoc :
SN, inN;=NinN-BE-Nin(Y e ™) (51.16)
Tu cac hé thitc (9), (12) va (16)taritra:
%=InW=N1nN—EN,- InN; =BE+ N In(Ze 7P )

S Nin@Ee BE:
E=2 _tihlse J (51.17)
Bk B
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L4y dao ham cia E theo Sta ¢ :
JE 1

a5 kB
Mat khac vi E 12 ndang lugng chung (ndi nang) va S Ia entropi nén theo nhiét dong

hoctacé:
oE U
)%

So sdnh 2 biéu thic cudi cling ta suy ra :
1
=
Thay gia tri ctia § vao biéu thiic (51.15) tacé :
N, eI
~ S (51.18)
dé6 1a dinh luat phan bd Boltzmann vé€ nang lugng, viét & dang tich phan.

4. Cac dinh luat phan bd & dang vi phan
a}) Phdn b6 theo ndng lugng. Biéu thitc (51.18) cé thé chuyén sang dang vi phin
bang cdch nhan tir va mdu s6 & v€ phai vdi nguyén (8 thé tich dp,dp,dp, déng thoi
chuyén N,thanh vi phan dN va thay d4u tdng bing diu tich phén, ta ¢6 :
dN et ‘rkr.dpxdpydpz
N [e™*¥ dp,dpdp,

(51.19)

Vé ¥ nghia, ta ¢ thé néi dN - s6 phan tir c6 nang lugng ndm trong khoang E + E + dE,
(c6 diém biéu dién nim trong nguyén té thé tich dy cha khéng gian pha) ti 1¢ vdi thita s6
Boltzmann ¢ £'¥ va v4i nguyen t6 thé tich dé.

Biéu thitc (51.19) chi vi€t cho déng ning va 4p dung cho khi i twéng don
nguyén tu...

Trong hé toa d6 cdu, n€u viét dy theo biéu thitc (51.4) tacé :
dN _ e 5™ AnR2dR

av _ 51.20
N e B4 AnRdR ' G129
ViR = (2mE)"? (biéu thic (51.2))
va dR =—“i’"£‘”2dE | (51.21)
nén sau khi thay vao tacé :
-E/ET pli2
%= e BB (51.22)
Ie-E!kT.EUZdE
0
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Tich phan & miu s6 ¢6 thé tra & bang tich phan cho sin, ta c6 :

= ! '
Ie_mx"dx— n! __(1/2). -——‘E(krﬁ*’? (51.23)
0

- a.ﬂ‘l‘l - (l.fkT)LFZ - 2

L,_Jn
2 2
Vi vay sau vai tinh todn khong phuc tap ta duge :
dN _2EY? e EM yp
N Jf_r( k)3
d6 12 dinh luat Boltzmann phan b6 theo nang lugng, viét & dang vi phan.
b) Phdn bd'theo toc do. Giita dong ning va téc do clhia phan tir khi ¢ hé thic :

2
E=-”-’%’-.d5 = mvdv

)

" 1 -
(vioa=— va
kT

(51.24)

Thay céc gid tri nay vao bi€u thiic (51.24) sau vai tinh todn khong phitc tap ta nitra :

1/2 3/2
dTv}y' :[3] (E”%) e~ 12T 2 (51.25)
7
d6 la dinh ludt phan b6 theo t6c do thudng dugc goi 1a dink ludt Maxwell.
Néu viét bi€u thic (51.25) dudi dang : 25
ﬂ = f{v)dvvai
N 20 |
172 3/2
f(v)= [3} [ﬁ] e—mv’- 124T |2 \0"0
i3 kT 15 =

[~
2
(ta s& goi f{v) 12 ham phan b6) thi d6 thi f{v) qg
phu thudéc v ¢6 dang nhu v& trén hinh 51.2. =

Z|>10
Céc dudng phan b6 di qua cuc dai, nhiét do vl 3 ARofoe
cang cao di€m cic dai cang dich vé phia téc 7\ 200bec
d6 16n, dudng phan b§ cang trd nén réng va 5 H—f \\ :
thdp hon, cé nghia 1a cang nhiéu phan tir ¢6 J / / \ \\\
toc do 16n va su phan bd cang déu. \ ' \\.\_\
0
Mudn tim téc o v, tai diém cyc dai cila 0 5 10 15 20 25 30
’ v.10) cm/s

dudng phan b& (t6c dé c¢6 xdc suit 16n nhat)
ta phai 1dy dao ham cta f(v) va cho triét tiéu,
tacod:

Hinh 51.2. Sy phan b6 cdc phéan f nito theo tSc
d9 v & cdc nhiét do khdc nhau

df(v) z[g)m(_@_)me—mﬁw (Zv—ﬂv2)=0
o \n kT kT

dv
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112 172
Suy ra v, = (Ej = (-2—3_) (51.26)
m

¢) Phdn bo' theo mét thanh phdn cia téc dé (v, vy, v, ). Xudt phét tu biéu thic

(51.19) truéc hét ta ldy tich phan & miu s§. Vi ldy tich phan trong toan khéng gian
khong phu thudc vao hé toa d§ dugc chon, do dé.

j+]o Ie—E!depxdpydpz = o]e—EfkT 41'£R2dR (51.27)
ea 0

Thay R va dR tir céc biéu thirc (2) va (21) vao tich phan v€ phai va luu ¥ dén bicu
thic (51.23) ta dé dang nit ra :

- _
| [ [ =% dp,dp,dp, = (2nmkT )*'* (51.28)

Khi d6 biéu thic (51.19) trd thanh :
aN__ 1

—ENT
= dp.dp.dp (51.29)
N (2mmkT) x4Py4P;

Thay p, =mv,, p,=mv,, p,=mv, vaE=(m/2) (vi +v§ + v?)vﬁo biéu thic nay,
tacd:
dN m> —m(vi+vi vl ) kT
N 2nmkr
Biéu thitc (51.30) mo ta ti s& dN/N cha cdc phan tir ¢6 cac thanh phin cia t6c do
ndm trong cic gi6i han v, va v +dv,, v, vd v, +dv,, d, v v,+dv, Néu ta chi
quan tam dén ti 1¢ dN, /N cla céc phén tlr c6 t6c o theo hudng x ndm trong gidi han
tr v, dén v, +dv,, nghiala v, va v, ¢ thé nhan bat Ki gid tri nao, thi quy luat phan
b6 theo v, ¢6 thé nhan dugc tir (51.30) sau khi 14y tich phan theo v, va v,, tacé:
dN, m’
N (2nmkr P2 - o
CAc tich phan & day ¢6 thé tra & céc bang tich phan cho sin, ta ¢é :

+oo 1/2 )
Ie_mzdx=[£] (51.31)
o

dvdvydv, (51.30)

\,r2 - ZIZH \.r2
- my - T
e ‘mkrdvr Ie y dv:, Ie mvy 12k dv,

Thay o = m/2kT vio biéu thic trén ta nhén duoc :
dN vz 2
Yy =[ m ] e—mvxf?.devx (5132)
N 2mkT

d6 1a dinh luat phan bs theo mot thanh phdn cha téc do (v, ). D6i v6i v, va v, taciing

nhan dugc bidu thic ¢ dang tuong tu. Néu viét biéu thirc (51.32) dudi dang :
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dN, '
Ve dv., 16}
TRRRACGE § 14}
2 1ot
l?
vz |
f(Vx)=( " } e 1. 8f
2T 2l o
thi ham phan b6 f(v,) phy thuoc v, ~I1Z §f
cd dang nhu hinh v& trén hinh 51.3. Ta 12106 5 4 20 2 46 810111214

nhan thdy ham f(v,) 1a ham chén : vx.10%, cmis

J(vy)=f(-v,)va nhan gid tri cyc dai  gyuh 57.3. Sy phan bS cc phan tir nito theo mot thanh
khi v, =0. phén t6¢c d6 (v,) & cdc nhiét d6 khdc nhau.

m 172
ﬂm:(anT]

Nhigt d6 cang cao thi di€ém cyc dai cang thap v dudng phan b6 cang rong, ¢ nghia
lati 1€ cdc phan tir ¢6 I v, | 16m tang lén.

5. Gia trj trung binh

Dua vao cdc dinh ludt phan b4 ta ¢6 thé tinh duoc céc dai lugng trung binh.

Gid tri trung binh cia dai lvong vat 1i P phy thudc vio toa do va xung lugng cla cic
~ phén tir trong hé ¢6 thé tinh theo biéu thic :

- dN
P= jP—N— | (51.33)

Bi€u thitc nay c6 thé hiéu nhu sau. Gia thiét dai lugng vat 1i P duge x4c dinh N l4n,
trong d6 N, lan tim dugc gi4 tri A, N, l4n tim dugc gia tri Pa, v.v... Nhu vay gid tri
trung binh cha P sé la :

P

_BN, + BN, +..+ BN, ypl
N +Ny+..+N; ‘N
Néu thay F; bing P, N; bing dN va ddu téng bing ddu tich phan, ta s& nhan dugc
bi€u thic (51.33). Dudi day néu mét s6 vi du.

a}) Ndng liigng trung binh cila mgr phdn n¢ khi Ii tuéng don nguyén tir. Két hop 2
biéu thirc (51.24) va (51.33)ta cé:

e J‘Eﬂz 2 _ IE3/2e—E:’deE
o N Jnurp?

Theo bang tich phéan cho sin ta cé :

[
je‘“*x"dx= i (51.34)
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Néu thay x = E, o = 1/&T, n = 3/2 vao cic biéu thitc trén va luu ¢ ring 3/2! = 3Jn /4
ta dé dang tinh dugc :

E=%kT (51.35)

Vi phan tlr don nguyén tlr ¢6 3 bac tu do tinh ti&€n, nén mdi bac tu do ¢é nang lugng
trung binh bang 1/2kT (d46i v6i 1mol bang 1/2RT)

Biét ning lugng trung binh cha 1mo! khi If tudng, ta dé dang tinh dugc nhiét dung

phan ..
EV“[aE] 2R (51.36)
ar ), 2

= 5

Cp=Cy+R="R (51.37)
b) Tdc do trung binh |
Két hgp 2 biéu thite (51.25) va (51.33) ta cé :

; = F vd_N = [_2_)”2 (ﬁ]yz u}e—mvz IZkTv3dv
b N n kT 0

Theo cdc bang tich phan cho sdn ta cé :

= o)

Ie_w2x3dx - (51.38)
h 2o
Néu thay o = m/2kT, x = vtatinhra:
1/2 172 \
" =[ﬁ§] =(§_‘g.] (51.39)
it n
So sanh 2 biéu thiic (51.26) va (51.39) ta thdy :
v 2
—_— =113 (51.40)
=

nghia 12 t6c do trung binh v hoi 16n hon t6c d6 ¢6 x4c suit 16n nhat v ’
c) Toc d6 cdn binh phuwong trung binh. Gid tri trung binh cla binh phuong téc do

v® duoc tinh theo biéu thic :

™

v = If(v)vzdv
0

Can bac hai cua dai lugng thu duge goi 1a t6¢ d6 can binh phuong trung binh :

1/2
( ”2 [If(v)vzdv]
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Thay f(v) tir biéu thic (51.25) vao day tacé :

— SN2y, 32w , 1/2
{v2)]!2 _ (_) (EJ Ie—mv i2kTv4dv
T

0
Theo cdc bang tich phan cho sin ta ¢c6 :

Je®xtdx = 3‘52 (51.41)
0 8a

Néu thay o = m/2kT, x = v ta nhan dugc :
_ 1/2 1/2
(V)2 =(£] =(ﬂ] (51.42)
m M
So sanh hai biéu thite (51.26) va (51.42)1a thay

1/2 1/2
) =GJ =1,224

Vp

Vi dy 1. Tinh t6c do c6 xdc sust 16n nhit, t6c do trung binh va t6c do can binh
phuong trung binh ctia phan tir hidro & 0°C,

2rTY? (283141072731 s |
7 =[—~] =] = - =1,50.10"cm.s~
M 2,016

~ (8RTY"? [88314.107273 " 5
VZ[""‘_) = - ; . = 1,6910 Cm.s_l
M 3,14.2,016

—n 12 707317
(Vz) :[ 3@) _|38314107273 10 s
M 2,016

r - -t ki - _2 -
So sdnh cac kél qua, ta thdy (v)'2>v > T

Tir vi du ta c6 thé tinh duge t16¢ do cin binh phuong trung binh cla phén tit hidro &
0°C-ta 6630 km/gid. Nhung & &p suat thudng hidro dich chuyén twong ddi cham, dé 1a
do sy va cham nén phan tlr luon luén thay d8i huéng di. : |

d) Toc dg trung binh theo m¢t thanh phdn (v, >0). Két hop 2 biéu thitc (51.32) va
(51.33)tacé:

qj [ )“2 “j' 21241
— v
e Ny dv,
5 2nkT 3
Vi J’ o e = (51.43)
o 20
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&

do d6 néu thay o = m/2kT va x = v, ta s& nhan dugc :

1/2 1/2
vy z(i) =[_RI"] (51.44)

27umn 2nM
So sdnh 2 biéu thic (51.39) va (51.44) ta rit ra : )
V=4vy (51.45)

e) chn s6 va cham trung binh 1én bé mdt. Goi Z 12 s6 va cham clia cic phén tir khi
len lem® bé mat (vi du thanh binh)} trong 1 gidy. Goi x 1a phuong thé.ng géc v6i bé mit.
Néu tudng tugng c¢dé mot hinh tru tiét dién lem? va co chiéu cao vy thiang géc véi bé
mat thi s6 phan t& khi trong thé tich hinh tru sé la nvx (nlass phan tit khi trong lem?® ).
V1 tat ca cdc phan tif nay sau 1 gidy déu phai va cham v&i bé mat do d6 Z = nvy. Néu
thay vx tir hé thitc (51.44) v p = nkT ta s& dugc :

P

S S (51.46)
(2mmkT )2

. 6. Phan bd ning lugng gira cac phan tir da nguyén ti, khi ning iugng

" mét phan tir duge bidu di&n duéi dang téng cta 2s s& hang binh phuong

Céc dinh luat phan b6 xét & trén duge dp dung d6i véi khi 1i tudng, khi ning lugng
cua phan t& chi bao gom ning lugng ctia chuyén dong tinh tién.

Dd&i v6i phan tir da nguyén tir, néu ta quan tdm dén su phan b4 clta ning lugng dao
dong thi mot cdch gin ding ¢6 thé xem phan tir 13 tap hop clia s dao dong tir diéu hoa
va mbi dao dong tlr déu c6 thé nang va dong nang.

Trong trudng hgp nay, thé nang clia phan tf ¢6 thé biéu thi dudi dang s s6 hang
binh phuong kiéu % fq* (f— he s6 dan héi, ¢ - toa o), con dong nang — dudi dang s s6

hang binh phuong kiéu [%J p2 (p — xung lugng). Nhu vay nang lugng chung ctia phan
m

tlt ¢6 thé viét dudi dang :
I, 2 1y
=Ez:fsﬂh +‘£2,(P§ "mf)

C6 thé biéu dién cdc hé s6 f; qua tdn s6 dao dong v;, ta cé :

i 142
Vi =£(£—*] (54.47)
i
1< 2 2. 1 2
=EZ(27W;) mid; +EZ(:),- m) (51.48)
Néu dit (‘05 = (sz)lizmiqf
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R
- T

va z =(2m;) 2 p, (51.49)
¥ 5

ta s€ 6 : E=)af+y z2=R* - (51.50)

vi dg;dp; = (1/nv; )dayds; (51.51)

Pinh luat phan bg (51.19) ¢6 thé viét dudi dang :
dN _ e_E"*quI...dps

N o= - (51.52)
I...Ie_ qul...dps
trong d6 nguyen 15 thé tich cha khong gian pha 2s chiéu bing :
L1
dgy..dp; =Il(1/nv;) do, ... dodz, ... dz, (51.53)
R trong biéu thic (51.50) 1a bén kinh cha khéi cdu 2s chidu ¢6 thé tich :
n°R%
V= (51.54)
s!

(Thé tich nay ¢6 thé xem nhu suy tir thé tich ciia hinh cdu 2 chiéu tic hinh trdn, 5= 1,
2
V = aR*).

K&t hop 2 bidu thic (51.50) va (51.54) ta ¢6 :

AN
vl f (51.55)
3!
- ”31)’ ESVE (51.56)
S—1)!

Mat khdc, vi dV 1a vi phan thé tich cia hinh cdu trong hé toa do w;,2; (bidu thitc
(31.50)) néntacéd: _ _
dV =dw,... do, dz; ... dz, (51.57)

K&t hop 3 bidu thitc (51.53) (51.56) va (51.57) ta ¢6 :
s .
dgy...dp, = VD) ps1yp (51.58)
(s=1)!

Nhu vay, tir s6 cla (51.52) 1a :

5
N/vi) -enr ES 4
(s—1)!
cdn mau s6 cling chinh 12 biéu thitc nay dugc lay tich phan tir 0 dén co. Mau s6 d6 chita
¥
tich phan dang (51.23) nén dé dang tinh dugc va bing II¢kT /v; ).
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Thay tir s6 v miu s6 vira tinh duge vao bidu thitc (51.52) cudi cing ta duge :
aN e—EfkTES—ldE
N (KT f(s-1)!

dé la dinh lu&t phan b& cdn tim, né biéu thi ti 1& c4c phéan tir ¢6 ning lugng dao déng
nam trong gi6i han tr E dén £ + dE.

(51.59)

Ning lugng trung binh cta phan tir gém s dao dong tir ¢6 thé tinh theo biéu thic :

_ Jetmea

E=[e®.0 _  __gr (51.60)
3TN (T (s-1)!

biéu thi quy luat phan b6 déu ning lugng theo cic bac tu do.
Nhu viy ta thdy ring theo quan niém cé dién, phdn déng gép vio nang lugng cia 1

bac tv do dao dong bing AT (hoic bidng RT d8i véi Lmol) 1a gdp doi so véi phin déng
gbp cua 1 béc tu do tinh ti€n (KT/2).

§52. THONG KE LUONG TU

Trong phuong phdp 6 nang luong cia Boltzmann trinh bay & trén ta di mac nhién
chdp nhén céc gia thi€t sau day : ning lugng ciia phan tir duge xem nhu c6 thé nhan moi
gia tri lién tuc ; khong gian pha dugc chia thanh cdc 6 ¢6 thé tich Aw, nhung d6 1én cla
Aw la hoan toan tuy ¥ ; khi tinh s& trang thdi vi mé ta chidp nhan néu hai phan tir xép & 2
6 khac nhau (ndng lugng khic nhau) khi hoan vi cho nhau thi duge hai trang thai vi mé
khéc nhau, nghia 1a xem cdc phan tir ciing loai 12 ¢é thé phan biét dugc, con néu hai
phan tif nam trong cling 1 6 thi su hodn vi ching khong dva dén trang thdi méi, nghia 1a
xem céc muic nang lugng khong suy bién ; cusi cing ta dd chidp nhan s6 phan ti nim
trong mét O 1a tuy y.

Céc tinh chat cha phan tir va tiéu phan vi mé ndi chung khéng phi hop vdi cdc gia
thiét trén day. Vi vAy can phai thiét lap cdc dinh luat phan b6 dya trén cdc quan niém
ctia co hoc lugng tir vé tiéu phan vi mé, d6 12 ndi dung cha théng ké lugng tlr.

Theo quan niém co hoc lugng tir, cdc phan tif hodc hat vi mo6 cé nhimg tinh chat
sau day :

1. Nang lugng khong lién tuc, ma chi nhan nhitng gia tri giin doan cho phép.

2. Khéng thé phan biét cdc tiéu phan cling loai, d6 12 mét nguyén 1i co ban cla co
hoc lugng tir.

*3. Céc tiéu phan tuan theo nguyén Ii bat dinh : tich cha do bét dinh vé toa do va
xung luong 1a mot hang s& (hing s6 Planck), nghia 12 ¢6 thé viét Ag;Ap; = h.
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Trong trudng hop do, ta c6 thé chia khong gian pha I" thanh cic 6 c6 thé tich :

y .
AT = dqy..dqy dpy..dpy, =h"! (52.1)

M&i nguyén 16 thé tich »"7 tuong Gng vdi mot trang thdi vi mo.

Doi v6i phan tir don nguyen tir. Thé tich twong tng véi mot trang thdi vi mé la
Aw=nl = 3. Trong trudng hop nay, ta thir tim s& trang thdi vi mé & 6 cling mifc
ning lugng E; (hay theo quan niém c6 dién, ¢6 ning
lugng trong gidi han E, E + dE). Nhu di bidt, tit ca
cdc phan 1 ¢6 ning lugng trong gi6i han E,E +dE
déu nam trong 16p vé ciu bén kinh R=+2mE va cé
bé day dR (xem hinh 52.1). Thé tich 16p vd ciu dé o<
bing 4nR’dR. Néu chia thé tich nay cho 4> la thé
tich cua 1 6 ta s& duge g 6 (& day chua quan tam dén Py
thé tich dV trong khong gian toa do). Vi Hinh 52.1

Py

&

4TR2dR ="2n(2m P2EV24E do d6

21102 3:’2Elf2dE
- g(E) =2 (52.2)

g;duoc goi 1a “rrong lugng théng ké” hay do suy bién, 1a s6 trang thdi vi mé cd cing mét
gid tri nang lugng. Trong co hoc lugng tir, do suy bign g; duge dinh nghia la s6 ham séng
hodc s6 nghiém khdc nhau clia phuong trinh Schrodinger cé cung gid tri ning hrgng,

4. Cic tiéu phan cé6 mémen dong lugng riéng goi 1a spin. Tuy thudc vao viée spin
¢O gid tri nguyén hay bén nguyén ma cdc hat dugc phan thanh hai loai : bozon va
fecmion. Bozon la nhig hat c6 spin 1a s& nguyén hoic bang khong, vi du foton ¢6 5 = 1,
K mezon ¢6 s = 0. Fecmion 1a nhiing hat ¢6 spin 13 bdn nguyén, vi du electron, proton,
notron ¢6 s = 1/2. Tap hop céc hat bozon ¢ ham séng d6i xiing va khéng bi rang budc
" boi nguyén i Paoli, do d6 s& hat nim trong 1 6 (mdt trang thii lugng tir) 1a tuy ¥.
Nguge lai, tap hop cdc hat fecmion cé ham séng phan déi xung va bi rang budc bdi
nguyen li Paoli, do d6 s6 hat ndm trong 1 6 khéng thé qud 1. Tu¥ thudc vao tinh han
ch€ vé s6 hat ndm trong moét & ma cdch sap xép céc hat theo cdc 6 s& khdc nhau, din
dén nhitng quy luat phan b6 khic nhau. Cic hat bozon (vi du foton, s = 1) tuin theo
quy luat phan bd Bose — Einstein, cdn cédc hat fecmion (vi du electron, s = 1/2) tuén
theo quy luat phan bg Fermi — Dirak.,

1. Phan bd Bose — Einstein

Gia thi€t h¢ gém N hat bozon c¢6 nang lugng chung E, trong dé N; hat c6 nang
lugng E; (i=1, 2, ...) va gia thiét hé tuan theo 2 diéu kién (51.6) va (51.7).
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D¢ tim quy luat phan b6 chia N hat, truée hét ta hdy tim s6 cdch sdp x€p clia N, hat tai
mic E;. Vi g 1a do suy bién clia mic nang lugng E;, cho nén ta ¢6 thé xem nhu mifc E;
duoge chia thanh g 6 lugng tir, cdc 6 ndy dugc ngin céch véi nhau bang (g; ~1) véach
ngén, sau dé ta xép vao trong mdéi 6 mot s6 luong hat wy ¥ nhu duge vE trén hinh (52.2).

S6 cdch sip x€p t6i da chinh 14 s& céch

hodn vi N; hat va (g —1) vich ngan, nghia — 2 —_
la bang (N; +g;,—1)! tuy nhién con s§ nay Ei
phai chia cho s6 hoidn vi nhimg vat gidng ~ —— -
nhau, titc N;! va (g;—1)! nghia la s6 cich 9i- 1 vach ngan
sap x€p khéac nhau béng : Hinh 52.2. Quy luit phan b3 Bose — Einstein.
W=y :;:j-ll))f!
(g ~1)!

M&i trang thai vi mo cia hé N hat c¢6 thé thu dugc bing cdch ghép mot trong W;
kiéu sép x€p ¢6 nang lugng E; véi bt ky kiéu sép xép ndo ing véi cdc trang thii nang
lugng khdc, do dé téng s& trang théi vi mo trong toan hé bing :

W= WW,..=
/ i N!'."(gt"“l)."

(52.3)

& day ddu [] chi tich s6 theo tit ci cdc mitc ning lugng.

Cach bién déi tir he thitc (52.3) dén dinh luat phan bs hoan toan tuong tu nhu cich
bi€n dé: tir biéu thitc (51.8) dén (51.18).

LAy loga cua (52.3) va dp dung cong thiic Stirling (51.13) tac6 :
InW =3 (N;+g-1)In(N;+g ~1)~N;InN; —(g,-1) In(g; - 1)
i

Dé tim cuc tri ctia InW thoz min 2 diéu kién (51.6) va (51.7) ta phai thiét lap ham :
f(N)=InW -0 Y N;~BD_N:E;
i i

lay dao ham cla f(N;} theo N; va cho dao ham d6 triét tiéu ta c6 :

8f(N;) =Z{I" N; +A}g‘;' -1 _a_BEl_]=0

8Nl i i
do d6 | {Inm-_-—l-—a—BE,-]=0,
i
Vil << N;+g néntacéd:
Nitg _ oHBE:
N,
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8i
Ny=—Bi (52.4
! eU’.‘I‘ﬁE; _1 )

d6 12 dinh luat phan b6 Bose-EinStein. Néu dat o = —-E,/kT vathay § = 1/4T, ta c6 thé
viét biéu thic (52.4) dué6i dang :

_ &i
N!' - e(Ei_EonT ~1 (52.5)

Trong muc 57 s& chimg minh E, 12 ho4 th& ciia hat.

2. Phan b3 Fermi - Dirak

Vin dé duoc dat ra cling giéng nhu trén, nhung bay gid 1 tim quy luét phan bé cic
hat fecmion. D)6i véi céc hat fecmion thi trong méi 6 luong tir khong thé xép quid 1 hat,
viviy N; <g; (hinh 52.3). D€ hiéu ring bay gidy
trong g 6 c¢6 N; 6 bi chiém va (g;—-N;) 6 E; . o .

trong. Tong s6 cich sdp x&p N, hat theo g; 6 s& _

bang g/ nhung phii loai bé s6 hodn vi nhiing :

6 gi6ng nhau, do dé : Hinh 52.3. Quy luat phan b6 Fermi — Dirak.

];V{, =_.i"’__

N Hg—N !

Vi mdi ki€u sdp xép & mitc E; c6 thé ghép véi bat ki kiéu sip x&p ndo & mic E i
cho nén s6 trang thdi vi m6 trong toan hé N hat bang :

N
W=m—2%8- (52.6)
i Ni' ."(g‘- "N,')!

‘Céch tim dinh luat phan b& trong trudng hgp nay ciing giéng nhu truong hop via
xét. Tacé :
InW = Z[&'"”gf —N;InN;—(g;—N;} In (g ‘N;')]
i

f(N;}=InW—a) N;-B> N

Of(N;) :Z(;n&'_;y_f—a—ﬁﬁ',):o

SNE i i
& —N; — o®+BE;
N;
8i
N;=—— (52.7)
PoemBE
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d6 1a dinh luat phan b6 Fermi — Dirak. Néu thay o = ~E, /AT, B = 1/kT thi hé thitc
(52.7) c6 thé viét du6i dang :

N; = e(E;—Ef;ka 1 | (52.8)
3. So sanh cac dinh luat phan bd cd dién va lugng tir
Trong co hoc ¢é dién khong cé khéi niem vé dé suy bién, do d6 khi tinh s6 fra_mg
thdi vi mo cGia hé N tiéu phan ta nhan dugc hé thic (51.8)
Dé d€ so sénh cic quy luat phan b6 c8 dién va lugng tir, ta thir tinh lai s6 trang théi
vi moé trong pham vi quan niém c6 dién, nhung chip nhin ring méi mic nang lugng E;
suy bién g; lan. Trong trudng hop d6, viéc hodn vi N; hat & mic E; khéng phdi 1a khong
cho trang thai méi, ma tréi lai, vi m&i hat ¢6 thé€ chi€ém mot trong g 6 & mic. E; nén
ddi voi N; hat thi sd trang thai s& ting thém g,N i 14n, con d6i véi toan hé N hat — ting
T1g" 1an. Vi thé, thay cho biéu thic (51.8) ta c6 hé thic :
N/

N ! i
§

N
&

N, !

(52.9)

Bay gio ta hay so sdnh ba h¢ thitc (52.3) (52.6) va (52.9) vé s6 trang thdi vi mo theo
ba kiéu phan b6 Maxwell-Boltzmann, Bose-Einstein vi Fermi-Dirak qua vi du sau day.

Vi dy. Hay tinh s6 trang thdi vi mo d6i v6i he 2 hat & mlc nang lugng E c6 d6 suy
bién bang 3.

Thay N;=N =2, g= 3 vao cdc bidu Lelol | [ele] ] [12[]
thitc (52.3) (52.6) va (52.9) ta c6 : lef jol el 1] [2[1]]
_(Nitg-l!_ 41 _ Liefel [IeIe] [ I2]
BE TN g -1 202 ' o FIIO B
WF,D=Nr gf!N !=23;ir=3 [P 1 [Ii]2]
(g —N! 211 [T P [Tel1]

Ni 2 b)
WMB=N_J'H&__=2!3_=9 H:D
' i N;! 2! [TZ]
Céc trang thdi khic nhau thuoc 3 kiéu [[TT4

phén b6 dugce trinh bay trén hinh 52.4. Qua
vi du nay ta thdy ring sé trang thai d6i véi
hat fecmion la it nh&t, vi khong cho phép
trong 1 6 lugng tir ¢é nhiéu hon 1 hat ; s6
trang thai d6i véi hat bozon nhiéu hon, vi

c}

Hinh 52.4. Sy phan bo cac hat tho cic 6
{(a) — Cic hat fecmion ; (b) — C4c hat bozon ;
{(¢) céc hat c6 dién (Cic con s6 ddnh ddu
hat thit nh4&t va thi hai).
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khong han ché s6 hat trong 1 6 ; con s6 trang thdi d6i v6i hat ¢6 dién nhiu hon ca, vi
vira khong han ché s8 hat trong 1 6, vira cho phép dinh d4u céc hat cing loai, nén khi
hoan vi ching ciing duge trang thai méi.

Trong thyc € chi ¢6 2 loai hat, hoic bozon, hoic fecmion. Tuy nhién théng ké c8 dién
van 4p dung duge trong moét s§ trudng hgp mét cich gan ding. D€ 1am r3 diéu ndy, ta hay
thiét 1ap lai dinh luat phan b& Boltzmann sau khi di dua khdi niém vé€ d¢ suy bién g; vao.

Xuat phat tir biéu thitc (52.9), theo phuong phép quen thudc dé thiét lap dinh luat
phan ba, ta ¢é :

InW=NInN+Y N;Ing—> N;InN,
f(N)=InW—a N, ~BY NE

M=Z[lng; —inN;—(a+1)-BE;]=0
ON;
Néu bo qua don vi trong ddu ngoic, ta ¢6 ;

t’n%'—- a+BE,
i
__&
N;= e‘”lﬁEf , (52.10)

la dinh luat phan b6 Boltzmann ¢6 tinh dén do suy bién g

Ta c6 thé chuyén h¢ thifc (52.10) sang mot dang khdc. Sau khi 14y téng theo N;tacé:

DN =N=> gie S PE = > gie b

—a N

BE;

e = —
g€

Thay gié tri ctia ™ va B = 1/4T vao biéu thic (52.10) ta ri ra,

N, gebHT

I —

N s gje—E,-!kT
He thic (52.11) chi khdc hé thirc (51.18) & hé s6 g;-

Bay gid ta so sanh ba hé thirc (52.5) (52.8) va (52.10). Ca ba hé thic cé thé viét gop
duéi dang :

(52.11)

g<
Ny =———0u (52.12)
"R L

trong d6 Q = -1 1tng vdi thdng ké Bose-Einstein,
£ = +1 ing véi théng ké Fermi-Dirak
Q=0 ng véi thong ke cé dién.
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Ta thay rang ba dinh luat phan bs chi khdc nhau & don vi vi€t & miu s6. Trong
nhitng trudng hop ma don vi & miu s& cé thé bd qua, nghia la khi thoa mén diéu kién
e*PE 55 1 hoic ﬂ <<1 tic 1a mat 49 hat dd nho thi ta ¢ thé st dung duoc dinh luat

8i
phan bd c6 dién. Nhu vay phan bé ¢ dién 1a trudng hop gidi han clia phan bs théng keé
luong 1.

§53. NANG LUONG TRONG PHAN TU

Viéc tinh cdc dai lugng nhiét dong biing phuong phdp théng ké doi hoi su hiéu biét
vé cdc trang thii nang lugng trong phan tir. Vi vay dé thuan tién cho su trinh by tiép,
trong phan nay dan ra céc cong thic cdn thiét ¢é tinh nang lugng trong phan tir.

Mot cach gdn diing c6 thé xem ndng lugng clia mot phan t& tir do (ndi nang) gém 5
thanh phan Gng véi phdn déng gép clia 5 dang chuyén dong : hat nhan, electron, dao
dong, quay va chuyén dong tinh tién. Vi nang lugng hat nhan khong bién déi trong
phan tng hod hoc, ta chi cdn quan tam dén 4 thanh phdn con lai.

1. Nang lugng electron

Theo li thuyét Bohr v€ nguyén tir hidro, ning lugng electron dugc biu dién bdi
hé thic

2’me* 1 k “
Ey=- ,;ne =12, 00 (53.1) el n=4
i n feme=-
El-——- n=3
(m — khoi lugng, e - dién tich electron, h —hing | | n=2
s6 Planck, n — s6 lugng tlr). Vi n 13 sé nguyén nén ?
E,, chi c6 thé nhan nhitng gid tri gidn doan, cé i
nghia 1a niang lugng bi lugng tr hod. Thong ia ¢
thudng ngudi ta quy wdc £, = 0 khin = 1 (trang i
thdi co ban), nhu duoc bidu dién trén hinh 53.1. R ne
D¢ suy bién. Theo co hoc lugng tir, mdi mifc ning 0
lugng E,; c6 thé phan thanh g phan mirc Hinh 53.1. Cic miic nang lugng electron
. _ “a—Luogng 1t hap thy ;
§=2j+1 b — Lugng tir phat xa.

j=1l+s (53.2)

 Trong d6 ! — momen obitan, s — momen spin cla electron. Vi du d&i véi cac nguyén
ur khi tro & trang thdi co ban j = 0 va g = 1 ; d6i véi cdc nguyén ta kim loai kiém j = 1/2
vag=2.
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2. Nang lugng dao dong .

M0 hinh don gian nhat cila sy dao déng phan tir hai nguyén tit 13 dao dong tir diéu
hoa, 1a mé hinh 2 nguyén tir c6 khdi lugng m; va m, gin véi nhau bing mot 16 xo dan
h6i, lyc dan héi ti 1¢ vdi khodng chuyén doi (x — r), x 13 khodng céch gilta 2 nguyén to,
r — khoang cdch can bang, he s6 ti 1& k duge goi 13 “hing s6 luc”. Su dao dong xay ra
véi tdn s6 v duge xdc dinh boi hé thitc :

v= 2Ln .E (53.3)
Trong d6 p duge goi 1a “khdi lugng thu gon” duge dinh nghia 1a

1 1 1

Wom o m

hoic w=mum, f(my +m,) (53.4)
Nang lugng dao déng phu thube x duge mo ta trén )
hinh 53.2.
Theo quan niém 8 dién, nang lugng toan phén E E
cua dao dong tir 1a t6ng cha dong ning E,; va thé nang
E, Khix =1+ A (A la bién do) thi E; = 0 do dé
E=E, =-;-kA2 (53.5)

Nhur vay E c6 thé nhan moi gid tri lién tuc, tuy
thudc vao bién do A.

Tuy nhién, theo co hoc lugng tir thi niang lugng X

dao dong bi lugng tlr hod va dugc xdc dinh bdi hé thiic  Hink 53.2. Ning luong dao dong
E=(n+1/2)hv,n=0, 1,2... (53.6) ph thuoc khodng céch x
Vi n 12 s0 nguyén nén E chi nhan nhimg gi4 tri gidn doan céch déu nhau mot
khoang AE = hv. C6 2 céch quy dinh diém khong lam méc dé tinh nang lugng nhy dugc
bi€u dién trén hinh 53.3. Trén hinh (a) diém khong ting v6i cuc tidu clia dudng parabon,

A

E

7> hiv

54 hv
3éhv

hy!
0

Hinh 53.3. Céc céch quy dinh diém m&c dé tinh nang luong dao déng.
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theo cach nay “nang lugng khong™ ting véi mic n = 0 ¢6 gid tri E, =%hv. Trén hinh (b)

di€m khong img véi mic » = 0. Theo céch (a) nang luong dac déng duge tinh theo he
thdc (53.6), con theo céch (b) — theo hé thitc
E=nhv,n=0,1,2... (53.7)

Trong thuc 1€ dudng biéu dién E = E(x) khong phai c6 dang parabon (dao dong tir
diéu hoa) ma c6 dang nhu dugc vé trén hinh (c), vi khi x tang thi £ khéng ting mai ma
tién dén mot gid tri gidi han tng v6i nang lugng phan li phan tir £,. Trén hinh (c) mic
khong ng véi trang thdi phan li clia phan tir.

Do tinh khong diéu hoa cia dao déng tir khodng céch giita cdc mitc’ khong déu
nhau, cang lén cao cic mic cing gin nhau, & gn trang thdi phan li cic muc riéng biét
chuyén thanh mién lién tuc. Tuy vay mo hinh dao dong tr diéu hoa vin ding dugc véi
su sai léch khong dang ké, dic biét & nhiét do thudng, khi phdn 16n phan tit ndm & trang
thii dao dong co ban (n = 0) ing vdi ddy dudng parabon.

86 bdc ty do dao dong. D6i v6i phan tir da nguyén tit ngudi ta dua ra khéi niém vé
dao dong chudn va bac tu do dao dong. Ciing gidng nhu t6c do thing v clia chuyén dong
tinh ti€n c6 thé phan tach thanh 3 thanh phdn v,, vy V;, st dao clla phan tir da nguyén tir
cé thé xem 1a tap hop cla cic dao dong chudn. S5 dao dong chudn dugc goi 1a 56 bdc
nr do dao déng. Néu s bac tr do trong chuyén dong tinh tién 143 (3 toa dd, x, y, z) thi
s6 bac tw do dao dong ciia phan ti chia N nguyén tlr 12 3N — 6 (néu phan tir khong thing)
va 3N — 5 (néu phan tlr thing). Vi dy trudng hop phan tir 2 nguyén tir (duong nhién
thing) s6 bac ty do dao dong 1a 3N — 5 = 1, c6 nghia la phin t dvoc dac trung bing
mot ki€u dao dong duy nhat véi tan sG xdc dinh (co va gidn lien két gifta 2 nguyeén t).

D¢ suy bién. Cic mirc dao dong khong suy bién (g; = 1).

3. Nang lugng quay '
Trong vat li cé dién déng ning clia chuyén déng quay duogc cho bi he thite
E=L10? (53.8)
2
co dang gidng hé thiic E -—-%mv2 cua doéng nang chuyén dong tinh tién, trong d6 thay

cho t6c d6 thang v 1a t6c d¢ géc @ duge dinh nghia 1a 6 radian quay duge trong 1 gidy,
va thay déi kh6i lugng m 12 momen quan tinh 7 duge dinh nghia boi hé thirc

1= mr? (53.9)
i

Trong d6 r; 1a khodng cich tir nguyén tir i c6 khéi lugng m; téi truc quay.
Trong co hoc lugng tir nang lugng quay bj lugng tlr hod va duge tinh theo hé thitc
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, |
Ez—hz—J(Jﬂ), J=0,1,2.. (53.10)
8n-l -

Trong d6 k — hing s6 Planck, J — s6 lugng tir quay.

D¢ suy bién. Trong co hoc lugng tir géc dic trimg cho sy dinh huéng clia quay it c6
thé nhan (2J + 1) gia tri cho phép d6i vdi mdi 56 lucrng tir J. Ngudi ta néi do suy bién
cua nang lugng quay la

gi=(2/+1) (53.11)

S6'bdc ty do quay. D61 v6i phan tir da nguyén tlr khong thing, chuyén dong quay cé
thé coi la gém 3 thanh phin tGng véi su quay theo 3 truc Ox, Oy va Oz thing géc véi
nhau va cit nhau tai trong tam O cha phan tir. Ngudi ta néi s6 bac ty do quay bing 3.
D6i véi phan tir hai nguyén th, hoac phan tir da nguyén tir thdng néi chung, thi 1 trong 3
truc quay tring véi dudng thang di qua céc nguyén tir. D6i véi truc nay r; = 0, nén I = 0,
trong trudng hgp nay sé bac tu do quay gidm xudng con 2.

Momen qudn tinh

D61 v6i phan tir da nguyén tit khong thing ¢6 3 momen quan tinh ting véi 3 truc
quay chinh dugc xédc dinh bdi céc hé thife

Zm[(y, Yot + (2~ 2,)?]

1 1

I,=1, Zm [(x; = x,) +(z; - 2,)°) (53.12)

i=l
= > mil(x; = 2,02 + (0= 3,)°]
i=1

G day x,,y, va 7, la toa d¢ cla trong tam phan td, va x;, y; va z; 1a toa do cha
nguyén tlr i cé khai luong m;. He thic (53.12) cho phép tinh dugc cdc momen quén tinh

néu ta bi€t dugce cdu triic phan tir (khodng cich giita cic nguyén tif va cdc géc hod tri.
Tuy nhién viéc tinh todn s& nhanh hon néu ta sir dung cdc céng thitc da thiét 14p sin cho
cdc phan tlr thuge cic ki€u ddi ximg khdc nhau dugc din ra & bang 53.1,

Bdng 53.1. Cong thitc tinh momen guan tinh
doi véi mot s6 phan i ¢6 kiéu déi xing khac nhau.

1. Phan tr hai nguyén ti.

my My I=ur? W= mymy f(my +my)

O+O ;_mlmSml +R2)2+mz|’m,R,2+m3R%)
Ry R - ' my +my +my



o B
L N
=

3. Con quay d6i xing cu. - _ my
my
AR

my

my

my

m
1 M

8 2
I=2mR
3

4. D6i ximg chop.

I} = myRE(1-cos8) + 22 (my +my)R?(1+2c0s6)
m

l+2c050)”2]

m=ny +3my +my _ k= 4m2R]2
Iy =2myRE(1-cos8)

4. Ning lugng tinh tién
Dong ning cha hat khéi lugng m chuyén dong véi t6c d6 thing u trén doan dudng / 1A

2
1 , 1 2 1 (h)
Ej=—mu’ =—(mu)" =—| — 53.13
A S Y G319
Trong d6 dong lugng p cia hat lien he véi do dai séng A cha hat bai h¢ thic de Broglie
p=mu=hii (53.14)

(h - hing s6 Planck). Diéu kién cha séng dimg 12 doan dudng / phdi chira mot s6
nguyén ldn bin séng, nghia 1

I=nA/2,n=1,2,..0 (53.15)
Két hgp 3 hé thitc trén ta it ra '
h*n?
E=—.n=1,2, .. (53.16)
8ml

Néu xét hat chuyén dong trong mot hop hinh 14p phuong véi 3 canh [, Ay va l; tas€co
2{ 2 2 2
E=i{"7‘+f§—+”—;] (53.17)
8m\ I L
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VI =1 =17 =v*'? (v1a thé tich hop) nén ta ¢6 :
s

peeZl

E= n}+n)+nl) (53.18)
H¢ thic nay cho thdy ning luong tinh ti€n ca mot hat phu thuéc vao thé tich trong
d6 hat chuyén dong. Péng thdi, vi Iy, iy, 1, 12 nhitng s6 nguyén nén ning lugng tinh

tién ciling bi lugng tir hod. Tuy nhién, khdc véi céc nang lugng electron, dao dong va
quay khi cdc mic tuvong d6i xa nhau, d6i véi nang luong tinh ti€n c4c miic x&p rat gin
nhau, c6 thé xem nhu lién tyc. Diéu niy c6 thé ¢hitng minh nhu sau :

Theo thuyet dong hoc khi, niang lugng trung binh cha mét hat chuyén déng theo
chiéu / (1 bac tu do) 1a

E = —;—kT _ (xem 51.35)
D6i chi€u véi hé thic (53.16) ta ¢6
2,2
z h2 “Lyr hoacn=-21(mkr)”2 (53.19)
8mic 2

D¢ 1am vi du, xét mot nguyen tir neon (kh6i lugng nguyén tir 20) chuyén dong trén
doan duong ! = 10cm & 300K. Theo (53.19)tacé:

112
10 20 ~16 _ 9
p 6XI0_27'[6XI023 (1,38x10 )(300):| =3x10

n=2

Vi n 16n nhy vy nén viéc thay d6i 1 don vi trong s8 lugng tir tinh ti€n (n + 1) chi
lam thay d6i nang lugng c& 1 phén ti. Nhu vay cic mic nang lrong k€ tiép nhau c6 thé
xem nhu lién tuc.

86 bdc tw do.

D6i v6i 1 nguyén tir cdn 3 toa d6 (x, y, z} d€ xac dinh vi tri (3 bac tu do). D6i véi N
nguyén tir doc 1ap cdn 3N toa do (3N bac tr do). Néu N nguyeén tir lién két tao thanh 1
phan tir thi tdng s6 bac ty do vin la 3N nhung dugc phan bé nhu sau

Dang chuyén déng : S& bdc-nrdo :
Tinh ti€n (cta trong tdm phan tir) : X 3
Quay, phan tir thing : 2
phan tir khong thing : 3
Dao dong, phan tir thing - 3N-5
phan tir khéng thang : AN -6
Téng s6 bac tu do, phan tir thing : 3N

phan tif khéng thing 3N
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§54. TONG TRANG THAI

Néu ki hi¢u
Q= ge E/H (54.1)
thi dinh luat phan b6 Boltzmann (52.11) cé thé viét dudi dang
N, BT
—L= (54.2)
N Q

Q dugc goi la t6ng trang thdi hodc déi khi ciing goi 1a “ham phan b&” (partition
function). D6 la mot dai lugng vo tha nguyén, c6 dang todn hoc thuan Igi dé mé ta su
phan bd nang lugng theo céc trang thdi clia he, Mat khéc, gid tri ctia né c6 thé tinh duge
qua cdc dic trung phén tit nhue khéi lugng, mémen quén tinh, tén s§ dao dong v.v... Cho
nén do la mot dai lugng tién loi dé gén lién céc tinh chat vi mo va vi m6 cla he phan tix.

Néu xem phan t nhu 1 hé bao gém nhiéu trang thai nang lugng khic nhau (tinh
tién, quay, dao dong v.v...) thi Q dugc goi 1a téng trang thdi phan tir. Trong trudmg hop
d6, d6i vdi hé bao gom N phan tir giéng nhau va khong tuong tdc voi nhau thi téng
trang thai chung cia h¢ duge goi 12 téng trang thdi 16n s& bing :

z=QV (54.3)

Ghi chii : Trong hé thic (54.3) khong viét 15 rang thira s6 I/N ! & vé phai do doi hdi
cha nguyén li khong thé phan biét céc ti€u phan ciing loai, vi thira s& ndy chi lién quan
dén chuyén dong tinh tién va da duoc tinh dén khi thiét lap hé thiic tinh téng trang thdi
tinh ti€n (54.24).

1. M6i lién hé giira tdng trang thai va cac ham nhigt dong
a) Noi ndng. Cho g; = 1, ta ¢6 thé viét biu thic (54.1) dudi dang :
Q=¢ 8/ L gR /AT |

L4y dao ham theo T & V = const :
(_BQJ _ _§1_2€—s, IKT +€—22e“°'2”‘r+'“
dar /v kT kTe
Nhén 2 v& v6i kT? 16i chia cho @ va luu ¥ dx/x bang dinx, ta ¢é :

afﬂ e‘-Elf'kT e—EszT 1 oo e
sz[ Q = El + 82 +...=_z€ EIIH.EI'
v

o Q Q Q%
Luu y dén hé thirc (54.2) ta s& nhan duoc :
NkT? (amQ] =Nig+Nyey +..= > Nig; =E
ar J, 5
C6 theé viet : E=U-U, = NiT? [a;’;Q J | (54.4)
v

117



Trong dé ndi nang tinh 1 mitc U, 1a nang lugng & T = OK. Noi ning ciing c6 thé
biéu dién qua téng trang thdi 16n Z. T (54.3) ta ¢6 InZ = NInQ, 8InZ=NéinQ,
thay vao (54.4) ta duge

E=U—U0:kT2[

amz) (54.5)

b) Nhiét dung ddng tich. Lay dao ham ciia (54.4) hodc (54.5) theo T ta ¢6 :

. 2
c\,=[ﬂ) =Nk{T2[a ""Q] +2T[6I"Q] }
ar J, art ), ar J,

2
- k[:ﬂ[_a "’22) +2T(amz) } (54.6)
' or v ar Jy

c) Entropi. Tit hé thitc (51.17) ta ¢6 thé viét :

S=$+Nkan (54.7)

- Thay gia tri E tlr (54.4) hoac (54.5) ta dugc :

S= Nk[!nQ+T(amQ] ]
o Jy

hoiic S=k[InZ+T[aI"Z] } (54.8)
| T ).

d) Thé ddng tich (nang luong Helmholtz)
Vi F=U =TS, thay U va § tir cdc biéu thifc trén ta c6 :

F-U,=-NkT'InQ=-kT'InZ (54.9)
¢) Ap sudr. Theo nhiét dong hoc ta ¢6 | |
Pz—[@] =NkT[6.’"Q] =kT(aan) © (54.10)
& ) & ) &
f) Entanpi. Theo dinh nghia ta c6 : _
H=U+PV=U,+NkT T[a!"Q) +V(a’"Q) (54.11)
ar Jy v T ’
=U, + kT T[a’"z} +V{amz) (54.12)
or Vv v T ’
¢) Thé' ddng dp (nang luong Gibbs. Theo dinh nghia 1a ¢6 :
G=F+PV=U0—NkT{an—V(amQ) ] (54.13)
| v Jr
=U, —kT[!nZ—V[aMZ] } | C(54.14)
v |
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Nhu vay dé€ tinh cdc ham nhiét dong cin biét tdng trang théi phan tir Q. Sau day ta
thiét lap cdc hé thirc dé tinh Q.
2. Téng trang thai ing véi cac dang chuyén déng trong phan tir

Noi nang cta mot phan tir gém nhiéu thanh phén ing véi cic dang chuyén dong
khéc nhau : tinh ti€n, quay, dao déng, chuyén déng cla electron va hat nhan,

8=8H+€q‘+£dd +€ﬂf+8” (54.15)
Tir hé thic (51.1) va (54.15), luu ¥ ring ¢°*2 = ¢%%° ta c6 thé viet

- —&, /KT - - —E, 1y
Q=2 ue "3 gge Y aae Y g Y g€ (54.16)

hoac : Q=005 Cag Cot Qs (54.17)
trong d6 : Qp = gye ' (54.18)
1a t8ng trang thdi (ng v&i chuyén dong tinh tién v.v...

Dudi day néu cédc hé thic tinh tng trang thédi d6i véi cdc dang chuyén dong trong
phén ttr. _

a) Tong trang thdi tinh tién. Gia thiét hat ¢6 khéi lugng m chuyén dong trén doan
dudng /. Nang lugng tinh tién duge tinh theo hé thic (53.24)

2.2
g = Z ’;2 (n=1,2,.. ) (53.24)
m
D461 véi nang lugng tinh tién, do suy bién g = 1, vi vay theo (54.18) téng trang thdi
c6 dang :
i 8mT
0,=>e (54.19)

n=l
Vi cdac mirc niang lugng tinh 1ién gdn nhu lién tuc, nén c6 thé thay ddu téng bang
dau tich phan va xé dich gidi han tich phan ttn = 1 xuéng n =0, ta cé :

= 2 h?
Q= |e dn,a= (54.20)
" J 8mi*kT
' 1/2
Theo (51.31) tich phan nay bang E(E] , Vi vay:
a
1/2
o - 2MmkT) (54.21)

h
Biéu thirc (54.21) 13 Gmg véi mét bac tu do cha chuyén dong tinh tién. D&i véi su
chuyén dong 2 chidu (trén dién tich &) va 3 chiéu (trong thé tich v) ta ¢6 cdc hé thic
sau day :

o5 =%Q, Q=i (54.22)
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(3 _ (2nmkT P12
v - h3
_ (2mmkT )2
B

He thiic (54.22) dugc ding khi khéo st cdc hién tugng bé mit nhu siic cang bé mat,
su hdp phu v.v... khi phan tit di dong theo 2 chiéu trén dién tich Q. Hé thic (54.23)

dugc ding dé tinh téng trang théi cla phan tit chuyén dong han ché trong hop ¢ thé
tich v.

V= fV, V= [1!213 (54.23)

f

Tuy nhién, n€u ta c6 N phén tit, nim trong thé tich Nv = V thi t8ng trang thdi Qy,

cla phén tlr chuyén dong tu do trong thé tich V s& 16n hon e l4n. Diéu niy ducc chiing
minh nhu sau : '

Gia thi€t c6 2 hop ghép lai v6i nhau, mbéi hop c6 thé tich v va déu chita 1 phén ti.
Tdng trang thai chung s& 1a Q,Q, =(fv)?, trong d6 Q, va 0, 1a téng trang thai clia mdi
phan tir 1 va 2. Néu bay gi¥ ta 1dy di vich ngan tudng tugng giita hai hop thi mdi phan
tlr s& chigm thé tich 2v, do d6 tdng trang théi clia hé s& 13 :

s (f2v)f
Y,

Q2 =(Gay)

trong d6 Q,, la tdng trang théi chia m&i phan tir trong thé tich 2v, viéc chia 2! 1a do
nguyén li khong thé phan biét cic tiéu phan.

Trong truong hop t6ng quit, néu c6 N phén tlr chuyén dong trong N hop ghép véi
nhau ma khéng cé vach ngan thi ;

v _ (N
O =5
V1 N rit 18n, ta c6 thé sir dung cong thic Stirling (51.13) viét & dang :
N
Ny
N!
Do dé : (Qn)Y =(fve)¥
_ 2mmkT )% v.e
hoac : QN\«' = fve = Qve = ( h3 (54.24)

Nhu vay téng trang théi tinh tién clia phan tir ¢6 kha nang di dong tir hop niy qua
hop kia 16n hon e 14n téng trang théi cha phan tif chuyen dong han ché trong 1 hép.
Néu thay v = V/N ta s& c6 biéu thiic sau day ddi véi t8ng trang thai tinh tién :

33 ) (2nmkT) 2 Ve
1 = M) T h3N

(54.25)
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Déi v6i imol khi i tudng ta ¢c6 PV = RT hoic PVIN, = kT. Thay gid tri
V/N,=kT [P vao (54.25) ta duoc :

() _ (ZTUnkT)yz kT
i T €
h P
Néu luu § dén heé thic (54.9), ta c¢6 thé ching minh dugc ring entropi ctia he N
phan tir di dong ty do 16n hon entropi ciia h¢ d6, khi gia thiét méi phan tir chuyén dong
han che€ trong mét ngan riéng mot dai lugng bing Nk (hoac bang R tinh cho 1 mol).
Sny =S, =Nk (54.27)

b) Téng trang thdi quay (quay tir cimg). Nang lugng cua phan tit thing quay tv do
theo 2 tryc thing géc véi nhau trong khong gian (2 bac tu do) duogc tinh theo biéu thifc :

2

eq(J)=£-27J(J+l), (=0,1,...) (54.28)

trong d6 & — hang s6 Planck, / ~ mémen quén tinh, J — 56 lugng tir quay.

Ddi v6i mdi mic nang luong quay dac trung bang s6 lugng tir J, vi hinh chiéu cla
vecto J 1én trudng ngoai c6 thé nhan 2J + 1 gid tri gidn doan, nén do suy bién g, = 27 + I,
vi vay tdng trang thdi quay duoc tinh theo biu thic :

e

Q;Z) — Z 2J + l)e_ 8niT (54.29)
J=0

Néu J(J +1)h* /8n%] << KT,ta c6 th€ thay viéc 14y téng bing 14y tich phan. Didu
kién nay thoa man d6i vdi cdc phan tir nang hoic d6i véi phan tir nhe & nhiét do cao.

Trong trudng hop d6, néu dat b=h? /8RAIKT va Z=J(J +1) ta s& 6 :

2
Qf}z) _ Ie—bde=l= 8 IkT

(54.30)
2
0 b h

Hé thic (54.30) dp dung d6i v6i phan tif thing khéng d6i xing, vi du phan tir hai
nguyén tir di hach (CO, HCI...) hoidc ba nguyén tit nhu HCON (H-C=N),...

Doi véi phan tir dGi xiing, vi du phan tir hai nguyén t& déng hach H,, Cl, v.v... hodc
da nguyén tir nhu CO, (O = C=0) C,H, (H - C=C - H), v.v... thi téng trang thai duoc
tinh theo hé thic : '

2) _ SﬂszT
q O'h2

6 dugc goi 12 56'doi ximg, né bang s6 vi tri ma phan ti triing véi chinh né khi quay
360°. Viéc phai dua thém s& d6i ximg 1a do nhitng doi hoi vé tinh ddi xding cla ham
song. Theo nguyen If Pauli, ham séng toan phdn cta phan ti y =y, W W, Wys phii
la ham phan d6i xing. Di v6i phan tir 2 nguyén tir déng hach, tinh d&i xitng ciia W phu

(54.31)
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thudce vao tinh d6i xiing cla v, y,; va ¥y 4+ Ly vi du phén ta Hp, ham séng electron
Y., la doi xiing, do d¢ tinh ddi ximg cha haim song hat nhan v, va ham séng quay v,
phéi ngugc nhau. O day c¢6 hai kha niang. Néu spin cla hai hat nhan la nguge chiéu
(trang thai para) thi y, la ham phan déi dng, do dé ¥, phai 12 ham d6i xing (J chdn).
Ngugc lai, n€u spin clia 2 hat nhan 1a ciing chiéu (trang théi ortho) thi v, phai 12 ham
déi xting, do dé ¥, phai la phan d6i xing (J I€). Nhu vay tuy thudc vao trang thii spin
cta hat nhan ma téng trang théi quay chi dugc 14y theo J chén hoic J 18.

v >-3-1%

Jehdn TR J=0
cho nén trong trudng hgp nay tacé o = 2. Gid tri ctia ¢ phu thudc tinh ddi xiing cha phan tr.
D61 v6i phan tlr da nguyén tir khong thang thi su quay ty do duge thuc hién theo 3
tryc quay (3 béc ty do) ung véi 3 momen quan tinh /,, I, I-.Trong trudng hop nay,
tdng trang thdi quay duoc tinh theo biéu thic :

1/2 1/2 112

oy w7 8rt T 8nl I kT 82l kT

0P = : - | (54.32)
Oa0g0 h h h

Néu 1, # Ig =1, thi
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l.l"2 2 2

Q(3} &n IAkT 8n ]BkT (54.33)
o K #

Day la trudng hgp phan tir thugc ki€u con quay d6i xung. Vi du phan tit CH;Cl hinh
chép ¢ 6 = 3, hoac phan tl BCl; hinh tam gidc phingc6 6 =3 x 2 = 6.

Néu I, =Ig=1I,=1 thi:

3/2
1/2 2
Q‘?) _ no (SE IkTJ (54.34)

e
Day Ia truong hop phan tir thuge kiéu con quay hinh cu, vi du phan tir CH, ¢6 o = 8.

Néu trong phén tir ¢6 sy quay tu do clia cdc nhém phan tir xung quanh lién két don
thi béc ty do quay c6 thé 16n hon 3. Trong truéng hop nay téng trang thii quay c6 thé
tinh theo hé thic : »
1n nfl

J{ra;b g
oL sn* (1415 18) " aT
q

viie] X

O day /4, 13....1; 12 momen quén tinh cOa phan tir hoac clia cdc nhém phén tir
quay doc lap, a, b, ... g 1a s6 bac te do quay, véi
atb+..+g=n

Lay vi du phan tir axeton CH, — CO — CH;. S6 bac tu do n = 5 (3 bic tu do quay
binh thudng cha mot quay tir ciing, cong thém 2 bac tu do quay clia 2 nhém CHjy xung
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quanh truc C — C). S6 d6i xitng ¢ = 2 X 3 x 3, vi d€ cho phan tir axeton trung v&i chinh
né ta phai quay 180°, déng thoi d6i véi cdc nguyen tit hidro trong 2 nhém CH, ta phai
quay 120°, 240° va 360°.

c) Téng trang thdi dao déng (dao dong tlr diéu hod). Néu xem phan tir nhu mot dao
dong tlr diéu hoa thi nang lugng clia né duge tinh theo biéu thic :

€44 =[u +-;-]hv, (n=0,1, ... ) (53.6)

& day n 1 s6 luong tir dao dong, 4 — hing s6 Planck, v — tdn s6 dao dong (s 1) lien
hé véi s6 séng @ (cm_l) va khéi lugng thu gon i bdi hé thike :
1 [k

Ve =— |— (53.3)
21 VU

(¢ —téc do dnh sdng, k — hiing s& luc dan héi).

Vi cdc mic dao dong khong suy bi€n (g =1) nén tdng trang thai dao dong dugc
viét dudi dang :
- -hv(m—)ﬂcT - _’!‘L( v _2hv

Q{”—Ze e WM\lve Hye T 5 | (54.36)
n=0

Néu ki hiéu x = Av/kT thi phédn trong dau ngoac cé thé viét :

Z=l+e +e P +e 4, | (54.37)
Nhén 2 v€ v6i e ta duge :

Ze X =X v e 47 (54.38)
Trir hai biéu thic trén cho nhau ldn luot theo s6 hang, ta duge

Z-Ze*=1hoicZ=(1-¢")" (54.39)
Tir (54.36) va (54.39) ta nhan dugc :

Q) = ¢ VI (1 _ ghVIAT )1 (54.40)

‘Dai lugng hv/2 12 nang lugng dao dong thap nhat tng véi r = 0 duge goi la néng
luong khong. N6 thudng duge gdp vao ning lugng khong clia ca phin tit, va ning lugng
dao déng dugc tinh tir miic 1 = 0 (xem hinh 53. 3b) trong trudng hop dé téng trang thai
dao déng dugc tinh theo biéu thiic :

Q(” ( e—h'\-'fkT)—[ (5441)

Né&u thod mian diéu kién A v/kT < 1 ta c6 thé sit dung cong thic gin ding e =1-y

déi voi y << 1, dé chuyén hé thitc trén sang mot dang don gidn hon :
Q(“ 1 1 kT

(1—e-’“'fﬂ”) 1- l+hv/kT v

(54.42)
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Céc biéu thic trén day dp dung cho mot bac tr do dao dong (phén tir hai nguyén tir).

Néu phan tir gdm » nguyén ti, s¢ bac tu do dao dong bing 3n — x (x 12 tdng s6 bac
tu do tinh ti€n va quay). Trong trudng hop nay, téng trang théi dac dbng cla phﬁn tir c6
thé tinh gdn ding theo biéu thirc :

(3::—1) H (1-e —hv; HCT)_I (54.43)
i=l '

d) Téng trang thdi electron. Téng trang théi electron dugc viét dudi dang

o _E _E B 5
Q= 8¢ T =goe M +ge ¥ 1ge M ¢ (54.44)
i=0

O day E, la nang lugng electron & trang thii co ban, thudng duge quy udc bing
khong, £,= 0, do d6 ¢ 5/4 =, E, la nang lugng clha mic kich thich diu tién,

thudng c6 gid tri ¢ 4 — 5eV, trong lic d6 kT & nhiét do phong cé gid tri ¢d

-21
KT = 1,38.1072°.300 = 4.107%'J = 1—461%'— 3.1072¢V, nghia 13 e B/ = 7100
107
V1 vay cdc s0 hang thit hai, thit 3... trong (54.44) c6 thé bo qua, vatacd:
Q. = J,+1 (54.45)

Theo (53.2) j, =/+5 12 momen d()ng lugng toan phén cia electron & trang thdi co
ban. Phin lon cdc phan tlr 2 nguyén tir c6 g, =1.
¢} Téng trang thdi hat nhdn. Véi céch ching minh tuong tu nhu trén ta di dén ket
qud 12 tdng trang thii hat nhan bing dé suy bién & cla nang lugng hat nhan & trang
thdi co ban, nghia la
Q,=g (54.46)
Da6i v6i hat nhan ¢6 spin s thi g, =2s+1 ; D&i v6i phan tir hai nguyén tu di hach cé
spin tuong dng la s, va s, thi g =(2s, +1)(2s, +1). DGi véi phan ti hai nguyen tir dong
hach thi viéc tinh g dua theo cdc quy tac sau day. Néu cic hat nhan ¢6 s& khéi 1€ thi
8s = (25 +1)s déi véi cac gid tri J chdn
va g, =(2s+1)(s+1)d6i véi céc gid tri J 18,
Neéu cic hat nhan cé s6 kh6i chin thi :
g =(25+1)s d6i véi cdc gid tri J 18.
vd - & = (2s+1)(s+1)dai véi cdc gia tri J chén.

O day J 1a s6 lugng tir quay.

/) Tong trang thdi phdn tir. Theo he thiic (54.17) téng trang théi Q cha phén tr bing
tich cta téng trang thdi d&i véi cic dang chuy€n dong cha phan t&. N&u phan ti gém n
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nguyén tir thi s6 bac tu do chung bang 3n, trong d6 ¢6 3 béc tu do tinh tién, 2 bic tu do
quay néu phan t&r thing hodc 3 bac ty do quay néu phan tir khéng thing (khéng ké cic
bac tr do quay beén trong), con lai 3n — 5 (d6i véi phan tir thing) hodc 3n — 6 (d6i véi
phan tir khong thing) bac ty do dao dong. Cic h¢ thiic sau day dugc ding dé tinh téng

trang thdi cha phan tir khong thang (54.47) va thing (54.48) trong pha khi : '

Q=80-gs -‘fokT -1 (54 47)

QrmkT)**Ve 1M @n*AT)* (1 1gl ) 3ﬁ6(1
BN ok’
@rmkT Ve SnzlkT 31":[6(1 AT~

Q - go 'gs h3N

(54.48)

Trong trudng hop c6 su quay néi phan tir thi viéc tinh thém 1 béc tu do quay s& kém
theo viéc giam bét 1 bac tu do dao dong.

Dé ¢6 ¥ niem vé& cdp dai lugng trong bang dudi day din ra céc gid tri cia téng trang
thdi & cic nhiét do trung binh.

Bding 54.1. Cac téng trang thai dién hinh

Gid trj @ T = 300K
Chuyén d rd Cong thi ’
uyén dong 36 bac e do ng thic (he don vi ST)

kT 372

Tinh tién 3 52—’5-”’—}13—” 10 - 10%%

Quay (ph. tif thing) 2 8n’IkT ! oh* 10 - 10

) 172 2 /2 1/2
. w282,y 2, 151

Quay (ph. tir khong thing) 3 (B &) h3( a!8lc) 102 - 10°
o]

Dao dong 1 e—hv!ZkT(l _ e—hw‘kT')—l 107%-10

Electron - . g, don vi

Hat nhan - &, don vi

§55. T]NH CAC PAI LUONG NHIET PONG
VA HANG SO CAN BANG

Gid tri cha mot dai luong nhiét dong 13 t8ng cha cdc phin déng gép vao dai hugng
d6 cua cic chuyén dong khic nhau-trong phan ti, vi du d6i véi entropi c6 thé viét :

§=8§, +8,+ 844 +Su+S,
D¢ viéc tinh todn duge thuan tién, trong phdn niy thi€t 1ap céc hé thic dé tinh phan
dong gop cha chuyén dong tinh tién, quay, dao dong, v.v... vio cic dai Iwgng nhiét dong.
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Trong céc tinh todn, dic biét khi tinh hing s6 can bing, cé thé bd qua phin déng
g6p cua spin hat nhan (g,) vio téng trang thdi, vi spin hat nhan thuong khong bién
ddi trong cdc phan dng hod hoc nén céc trong lugng thong ké tuong tng s€ bj gidn ubc
(trlr phan img chuyén hod ortho — para).

Trong cdc dai lugng nhiét dong, ta s& dic biét chi ¥ téi 3 dai luong co ban 12 nhiét

o

dung C,, entanpi thu gon (H—H,)/T va th€ ding 4p thu gon ¢=—G ;H" , Vi tir cic

dai lugng nay ta c6 thé tinh ra cdc dai lugng khdc, vi du entropi tiéu chufn ¢6 thé tinh
theo hé thirc :

_H-H, G°-H,
T T

SO

(35.1)

1. Phian déng goép cua electron

Nang lugng va nhiét dung. Vi Q,; = g, (hé thic 54.45), va (dInQ,;)/9T = 0, cho nén
theo cdc hé thitc (54.4) va (54.6) ta ¢6 :

U -Uo),y =(H-Hy,), =0 (55.2)

E—ﬁo]
el

(Cv)y =(Cp)yy =[ =0 (55.3)

Nhu vay khi phén tir ¢ trang thai co ban thi trang théi electron khong anh hudng dén
nang lugng (tinh tir mitc khong) hodc nhiét dung cGa phan tir.

Thé ddng dp. Trang thii electron anh hudng dén thé ding 4p G va th€ ding 4p thu
gon ¢ Tir hé thikc (54.14) tac6 :

Y —
6:—(G ;H"] =RInQ, =Rlng, (55.4)
el

Entropi. Trang théi electron cling anh hudng dén entropi. Tit hai hé thitc (54.8) hoic
(55.1) ta nhan dugc :
Set=Rlng, (55.5)

Thanh phan electron thuong dwge ghép chung véi thanh phdn tinh fién dudi day.

2. Phan déng gép cia chuyén déng tinh tign
Ndng litong va nhiét dung tinh tién.
3 _ QumkT)*2V e

Ta c6 o 5 (Heé thic 54.25)
KN
(3)
\,ﬁ (@_Q_} _3 (55.6)
o J, 2T
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Vi vay theo cédc hé thitc (54.4) va (55.6) tacd :

—_ = dln Q(3) 3
(U-Us,), =RT* (-aT—“ ) =-5RT (55.7)
= Y 3
(C\" );f = [ﬁ}v = ER (55.8)
(H-Ho), =—§-RT (55.9)
(Cp)y = [H—}hﬁ’-] = %R =4,9680 cal/mol. K (55.10)
1

Entropi tinh tién. Tix cdc hé thitc (54.8) va (54.25)tacé :
_ 3/2
), =R{in EZ " &, 5
K’ p 2
Trong hé don vi CGS P tinh bing dinlcm®. Néu biéu dién dp suat bang afm thi: -
P(dinfcm®) = P(atm).1,0132.108,

Né&u thay m = M/N thi hé thidc trén ¢4 thé viét dusi dang :

— 2 3/2
(S)":-:-RlnM+§RlnT—Rh1P(arm)+R in 2ﬂk2 k 6+-5-
2 2 N,k 1,0132.10° 2
S6 hang cudi cing 1a hing s6 ¢6 gi4 tri bing —2,3154, dodétaco :
(§),,=%RlnM+%RinT—RlnP(atm)—2,3154 (55.11)

~ Trong hé thac nay R = 1,9872 cal/K.mol, M tinh theo don vi cacbon, P — atm.
Néu dat P = larm ta tinh dugc entropi tiéu chuén :

3
2 -
=6,86381gM + 11,43961gT — 2,3154 cal/K.mol | (55.12)

S, = RlnM+%R1nT——2,3154cal/K.mol

Day Ia phwong trinh Sackur — Tetrode ndi tiéng.

- ] ) - . . oy N . E_E
Thé dang dp thu gon tinh tién. Néu ldy (SO)“ (h¢ thirc (55.12) trir di [ T 0}
1t

hé thirc (55.10) ta thu duoe :

o 2

o, =(—G _H"J =3 RinM +2 RInT ~7,2836 caliK.mol =
T Ju 2 2

= 6,86351gM + 11,43961gT — 7,2836cal/K .mol | (55.13)
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He thic ndy ciing ¢6 thé thu duge tryc ti€p tr hé thic (54.14). § day, déi véi
chuyén dong tinh tién thi s& hang

RV M =RTM=RT (55.14)
doddtaco:
_ —~° = 3)
¢“=(—G THOJ =Ranf(:3)-R=Rln—‘e‘- (55.15)
1 :

Thay gid tri O tir hé thic (54.25) va bién déi gi6ng nhu trudng hop tinh entropi &
trén, ta s€ nhan duoc biéu thic (55.13).
3. Phan déng gép cha chuyén déng quay
Ndng litgng va nhiét dung quay. D6t v6i phan tlr thdng (2 bac tr do quay) ta ¢é
_ 8mPIKT

Q,=— - (heé thitc 54.31)
q Gh2
91 | |
va [ “Q‘?}=l (55.16)
Jr T
Vi vy theo cdc hé thitc (54.4) va (55.16)tacé :
(5_50)q =(}?—Eo)q = RT (55.17)
(Cy )g =(Cp), =[H"H"] = R=1,9872 calimol. K (55.18)
q

Entropi quay. Theo hé thitc (54.9) ta cé :

Sy=R1 +1{r[aan"} (55.19)
= n N
g o, i)
Thay gid tri cia @, va (dInQ, /dT),, va luu ¥ ring trong h¢ don vi CGS
2 40
sn’lk _1.10 (55.20)
| R 40,27
taco:
S =4, 5758[1gT+1g(1.104°)—1go]—5,3568 (55.21)

Thé' ddng ap thu gon quay. Theo hé thic (54.14) va luu ¥ ring Q, khong phy thuge
thé tich, ta cé :

9, =

o (~G"_H°] =RInQ, . - (55.22)
q
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Thay gid tri cba @, va bi¢n déi gidng nhu trénta ¢+

E)q:(_c _Ho

J = 4,5?581:1gT+lg(]..1040)—1g c]—?, 3441 (55.23)
§

4. Phan déng gép cua chuyén déng dao dong

Ndng litong va nhiét dung dao déng. DE tién 1gi cho viéc tinh todn ta ki hiéu :
X=—s— == (55.24)

O diy 0 ¢6 thit nguyén cha nhiét dd duge goi la nhiét do dao déng dac trung.
Theo hé thic (54.41)tacd:

Qua =U-e Y ==y,

oInQ,  hv/kT?

tir do : e = IR | (55.25)
Két hop hai hé thic (54.4) va (§5.25)tacé :
= — — — RT*hv[kT*  RIx
(U_UO)ddz(H—Ho)dd = e”"“‘r—l _ex—*l (5526)
7 2 v [ kT 2 x
= = olJ (hvj e Rx“e
C = C ==} — = 5527)
(Cvlag =Cplaa =7 ) @8 _[F (o =1y (
5_50 _ E‘Eo - Rx (55 28)
T Jag N T Ja e -1 .

Thé ddng dp thu gon dao dong. Theo (54.14) va luu ¥ ring Q4 khong phu thude
thé tich ta ¢6 :

o —
E‘dd =(*G ;H"} =RInQ, =-RIn(1-¢™*) (55.29)
dd

Entropi dao dgng Theo (55.1) tacd :

Saz =—RIn(1—¢ )+ Rx(e" =)™ = (55.30)
Ta thay ring cac dai lugng nhiét déng trén day déu phu thudc x.
Dé cho viéc tinh todn dugc nhanh chéng, & phu luc 4 & cudi sdch dua ra bang s6 céc

ham Einstein tng vdi cac gia ti x=906/T =:—; khic nhau.

5. Mot s6 vi du

Viéc sir dung cdc hé thirc trén ddy dé€ tinh todn céc dai lugng nhiét ddng d6i v6i khi
li twéng don va da nguyén tif duge minh hoa bing cdc vi du dudi day.
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Vidy 1. Tinh entropi tiéu chudn & 25°C d6i véi 1mo! khi don nguyén ti magié.

Gidi. Cac dai lugng nhiét dong clia khi don nguyén tit chi bao gém phin déng gép
cua thanh phan electron va thanh phén tinh tién. Vi vay cong 2 hé thic (55.5) va (55.12)
ta co:

s’ =Rlngo+%RlnM+§RlnT—2,315

Thay g, = 1, M = 24,32g, T = 298,15K tinh duoc :

S208 = 35,503cal/K.mol

Vi du 2. Tinh entanpi thu gon, thé ding 4p thu gon va entropi tiéu chudn cia khi
don nguyén tir CI>> & 25°C va 1 arm. Bd qua phan déng gop cha electron.

Gidi. O day chi c6 phdn déng gép cda thanh phén tinh tién, do d6 4p dung cic hé
thic (55.1) (55.10) va (55.13) tacé :

[-ﬁ""ﬁg

] = 4,968 calimol K
114

o —
[G —H J = 6,86351g34,98 + 11,43961g298,16 - 7,2836 = 31,6 calmol K.
i

(S208),,= 4,968 + 31,6 = 36,5 calimol.K

Vi du 3. Tinh nhiét dung mol C p» entanpi thu gon, thé déng 4p thu gon va entropi
ctia 1 mol khi ludng nguyén tir Cl, & 25°C va 1 aim. Khoang céch can bing giita 2 nguyén
tir 1,988 A, kh6i luong nguyeén tir CL = 34,98g vA t4n s6 dao dong co ban o = 564,9cm

Gidi. D61 v6i phan tir ludng nguyén tir phdn déng gép cla electron bing khéng (g, = 1)
do d6 con lai phan déng gép cha 3 thanh phén tinh ti€n, quay va dao dong.

a) Thanh phén tinh tién.

- .ﬁ“‘-ﬁo
(Cpy =(

) = 4,9680cal/mol X
I

_{G -H J = 6,86351g(2.34,98) + 11,43961g298,15 - 7,2836 = 33,7 calK.mol.
{3 ‘
b) Thanh phédn quay.
2 17,49(1,988.107%)?
6,023.10%
H-H,

[=pr =114,6.10 % g.cm?

(Cp), =[ ) = 1,9872 callmol K
q

) {aﬂ_m

T } =4,5758 [1g298,15 + 1g114,6 - 1g2] — 7,3441 = 12,03 calimol K
q
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c¢) Thanh phin dao dong. Ta ¢é :
0 hv _ hoc _ 6,62.107%7.564,9.3.10"°

—_—m Y = e—=

T kKT kT 1,38.10716.298,15
Theo bang s6 cdc ham Einstein (phu luc 4)tacé ;-
_ 2 x
©) g = —1:-9—82’-‘—2"— =1,10cal [ mol.K
(e* -1)
[E—E} 1,9872x
T *

=2,74

=0,376cal | mol K

_{G}Hoj =“1’98721n(1_e‘1)=0,1327ca!/m03-K
dd ’

d) Céc ham nhiét dong toan phén :

Cp=4,9680 + 1,9872 + 1,10 = 8,04 calimol.K
(E—EO

] =4,9680 + 1,9872 + 0,376 = 7,331 cal/mol.K

(_ G- H,

J= 33,7+ 12,03 + 0,1327 = 45,86 calimol. K
fi-H, G-H
T

Vi du 4. Tinh the déng 4p thu gon clia 1mo! khi NH4 & T = 1000K cho bi€t cdc hing
s0 quay B, = B, =9,944, By= 6,196 va céc tdn s8 dao dong (cm_l) :+ 3340 (1), 950 (1),
3440 (2), 1630 (2) (s6 trong d4u ngodc chi do suy bién cua tin s&), M NH, = 17,032.
Gidi.

S29g = 2 =7,331 + 45,86 = 53,191 calimol K

a) Thanh phdn dac dong. Nhiét d6 dao dong dic trung 12 dai lugng 6, lién hé véi
s6 séng o bai hé thic :

hv  hco
044 =—-E-=T=1,439w (55.31)

Vi vy cic 0,4, Ung véi cdc s6 séng da cho 1a : 4800 (1), 1370 (1) 4950 (2), 2340 (2).
Theo dang hé thitc (55.29), d6i v6i phin tlr da nguyén tir NH; ta c6 :
add = _RlIn(1— e80Ty 4 |n(1 -~ 1370/T) 4
+ 2In(1—e Ty 1 21n(1 - 7 2349Ty] = 1,030 calimol K
b) Thz‘mh. phdn quay. Néu dinh nghia nhiét d6 quay dic trung la dai luong :

o - R 40,27
T sntie 1.10%

(xem hé thiic (55.20))
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thi tong trang théi quay ciia phan tir da nguyén t (hé thic (54.32)) c6 thé viét dudi dang :
nlf2T3!2

= (55.32)
q 0(919293)112
Tu do, theo hé thic (55.22) ta ¢ :
- 3 1 1
¢, =RInQ, =3 RlnT—ERln(616293)—Rln0'+5Rlnn
Giilta hang s6 quay B; va nhiét d¢ dac trung cho su quay 8, ¢6 hé thic :
B, = ';* (55.33)
8n-lic
he . .
9, = B, =1,439B.(i=1,2,3) (55.34)

Vi vay d6i véi phan tr NH; (con quay déi xting) ta c6 : ¢ = 3,
8y =0,=1,439.9,944 = 14,307 ; 6,=1,439.6,196 = 8,195. Ta c6

¢tq = 4,5757 [1,51gT - 1g14,307 — 0,51g8,915 — 1g3] + 1,1375 = 12,077 cal/mol K
¢) Thanh phan tinh tién. Theo hé thic (55.13) ta ¢6 :
¢,,= 6,86351g 17,032 + 11,43961gT — 7,2836 = 35,483 cal/mol K
Thé déing 4p thu gon toan phin cha lmol NH; Ia :
- ( G -H

6= J =35,483+12,077+1,030 = 48,590 cal/mol K
6. Tinh hiing s6 can bing
Gia thiét ta ¢6 phan ing :
ctA+bB =1L (55.35)
diéu kién can bing Ia : '
Tvi, =ap, +bug —iu, =0 , (55.36)
trong d6 ; 12 hod thé clia cdu tr i c6 thé biéu dién qua téng trang thai nhu sau. D€ tién
10i, ta vi€t tng trang thdi phén tir Q. dudi dang :
312
2nm kT Ve Ve
Qi =& 'gs'Qdd 'Qq [ h; } - =4

N; N;
hoic : q, =Q; N _9G

Ve e
- .(C;1a ndng do, tic s6 phan tir  trong 1 don vi thé tich).

(55.37)
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Trong trudmg hgp d6 tdng trang théi 1dn cia hdn hgp cin bang khi 1f tudng s& 13 :

C (qveYV (g Ve
Z=Q{N1'fo=[qfv'e] ("f eJ (55.38)

N; N;

trong d6 N,, N; la s6 phén i céc loai khdc nhau trong h6n hgp. Nang lugng ty do
Helmholtz cia hé s€ 1a :

F=U,-KTInZ= ) Ng, —kTInZ.
i
=D N, —KT D (N;IngV+N;-N;InN,) (55.39)

Theo dinh nghia, hod th€ clia phan tir loai i 12 :

u = 2F —e ~4Tin LY |=¢, —irm| %L (55.40)
1 aN ot N o C
F/TV, Ny ' '

! !

Tir diéu kién can bing (55.36) ta cé :

a b !
494 dp qr
at _, —kTln| 2| +be o —kTln| = | —le ,+kTln]—=| =0
oA (CA J o8 [CB J o {CL ]
T dé rdtra :

C} b
K, =—L =—;1’=;£ Aty /KT (55.41)
CaCs  49ads

trong 46 Ae, =le,; ~ae , —be,p 12 hidu cic mic nang lugng khong cla trang thai ddu
va cudi, A la hi¢u ing nhiét cia phan ing ¢ T = OK.

Néu bidu dién néng d6 C; qua dp suat ridng p; taco :

p; = NkT |V = CAT (55.42)
Vi vay ho4 thé trong biéu thic (55.40) c6 dang :

W =g, —kTn I (55.43)
p;
trong trudng hop nay, theo cich twong ty nhu trén ta c6 thé rit ra :
! !
Kp = pL — qL (kT)l'*-a“b.e—AE” kT (5544)

Pa-Ph  44dB

Tir c4c hé thic (55.41) va (55.44) ta c6 nhan xét ring hing s6 can bing viét qua
tong trang thai ciing cé dang gidng nhu vi€t qua ndng d¢ hoac ap sudt, chi khic 1a c6
thém thira s6 exp (~A€£/4T) tinh cho 1 phéan tir hoac exp (~AE,/RT) tinh cho 1mol. C6
thé nhan xét thém ring khéc vdi tdng trang thai Q 12 dai lugng vé thi nguyén, dai lugng
q dugc dinh nghia theo (55.37) ciing duge goi 1 téng trang thdi nhung cé thit nguyén
néng do. '
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Ngoai ra, hang s6 cin bing c6 thé tinh tryc ti€p tir thé ding 4p thu gon
G°-H

¢=“—'?:—

Trong céc tai liéu cha Mi, the ding 4p thu gon duge dmh nghia khéng qua H, nhu
trén, ma qua H298,nghla la:

o _ . .
.G __H298 (55.45)

0 T
Moi lién hé gifra ¢ va ¢’ nhu sau :
=g+ Hss=Hy (55.46)

T
Cac gid tri ¢ hoac ¢’ cha céc chét khdc nhau dugc cho trong cic bang tra cgu, va
dugc st dung rong rai d€ tinh bién thién the dang 4p AG° hoic hing s6 can bing K,
cla cdc phén iing theo hé thitc ;

AH, _ o Bty _AG
T T

Nhu vay dé€ tinh hing s6 can bang K, cdn bi€t gid tri ¢ hodc ¢' clia cic chét ddu
va san phim phén ting, déng thai biét hléu \tng nhiét & OK hoac 25°C.

So sdnh 2 hé thiic (55.45) va (55.1) ta ¢6 thé nhan thdy ring ¢' ¢6 gia trj bing
entropi tiéu chudn S,g5 ciia cdc chat & 298K.

=RInK, (55.47)

Vidu5. Xac dmh hdng s6 can b«’ing & 25°C cha phan u‘ng trao ddi déng vi
| Hy+D, = 2HD.
Cho biét s6 séng wyp, =3770cm™, do dai va nang luong lién két clia cdc phan tir
H,, D,, HD dugc xem bing nhau.

Gidi. O day s6 mol trong phan ung khong thay doi nén K, =K,=K. Ap dung he
thirc (55.41) va luu y dén gid tri cia ¢; theo he thic (55.37) ta 6 :
_ QumiTy'? sn’nr (1= o Wi lHT )1
h ' o; K

3/2 —hv,, AT —hv g JAT
ket _mip | _Bp w0 a-e™niTyq- Ml
My, Mp, IHz ]Dz 0:2‘ID (1- e_hv”D i )2
Vi d6i véi phan tir HD thi
hv _hew _ 1,4390 _1,439.3770
_ > 1,

KT - kT T 298

va d6i véi H, va D, ciing vay, cho nén cic tong trang thii dao dong tuong u'ng déu=1,
do dd ta c6 the bo qua thira 56 cudi ciing trong biéu thic cia X.
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Cac thira s§ con lai tinh nhu sau :
CmOp 22 _
2
Shp 1

=t W= mymy (o +my)

4.

mH mD mHmD 2
u :—-—-—-;“, =—=m ,'J' =—=—My;
Hz 2 Dz 2 H HD mH +mD 3 H
vi r nhu nhau nén :
2 2 2
Tip _ Mup 8 mpp 9
= = = HD

Iy dp, Wmhp, 9 mymp 8

h

Vihing s6 lyc giéng nhau, nén theo hé thic (54.37) ta c6 Vi /vy =y /1 2w vay :

1/2 12
ity () =(i]”2._\:_qz_= i ) {_2_]”2
Vap | Ky, 3 Vap | Mo, 3
Mey _he | (4 uzﬁ 2 1/2 _1,439.3770 2—2”’414]—73

32
. K=e78T (E] .2.4 =4,24."78/T

8
Thay T = 298,15K ta duoc K = 3,34.
Vi dy 6. Tinh hing s6 can bang & T = 1000K va P = latm cla phan tng :
N, +3H, = 2NH,
Céc hing s6 phan tl cho & bang sau day :

NH, N, H,
Khai lugng phan tir 17,032 28,016 2,016
Hang s6 quay B, cm 9,944 1,998 . 8, =854K
9,944
6,196
S0 ddi xitng o ' 3 ' 2 2
S6 séng @, cm' (do suy bign) 3340 (1) 2360 4400
950(1)
3440(2)
1630 (2)
Nang lwvong phan ly thanh nguyén 276,81 225,07 103,26

tir D,,. Keal/mol
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Gidi. Theo hé thit (55.47) ta c6 :

AH
RInK, =A¢- To
trong dé - AP =20yy, ~ Oy, — 304,

Dai lugng AH,, tinh tir ning lugng phan li phan tir D, :
AH  =225,07+3x103,26-2x276,81= ~18,77Kcal

D¢ tinh A9 c6 thé sir dung gid tri 9Ny, = 48,59 di tinh dwogc trong vi du 4, con lai
phai tinh ¢N2 va ¢H2.
Trude hét tinh thanh phan dao déng.

Ouaqw,y = '—';9 =1,439.2360 = 3400K.

B a1, = 1.439x 4400 = 6330K.

Quaainy 3ty = ~RIn(l =0Ty~ 3R In(1 - ¢6390/T) =

= 0,068 + 3 x 0,004 = 0,080 cal/K.mol (a)

Bay gid tinh thanh phén quay
hc
Bq(Nz) = -;—B =1,439.1,998 = 2,875

by = RUNT ~Ino~1n,) = 4,5757 (IgT - 1g2 ~ 1g2,875) (b)

30,4,)= 3 —4,5757 (IgT - 1g2 - 1g85,4) ©)
Cudt cung 1a thanh phén tinh tién :
3 5 :
¢H(N2) ='2-RlﬂMNz +ERIIIT“7,2836
= 4,5757 (1,51g28,016 + 2,51gT) — 7,2836 (d)
30uci,) = 3{4,5757(1,51g2,016 +2,51g T) ~ 7,2836) (e)

Cong 5 phuong trinh (a) - (e) lai, ta duge the ding 4p thu gon cla lmol nito va
3mol hidro.

0N, 431,y =4 5757(1,512 28,016 + 4,512,016 +141g T ~
—41g2-1g2, 875.31g85,4)-29,05 = 145,15 cal/mol K
Nhu vay :
A =2 x 48,59 -145,15= ~47,97 calimol K
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Rink, =-47,97+3770 _ 5510
P 1000

K =-— 29,20 =~ 6,391
74,5757

K, =4,06.10"am™2.

Ngoai viéc tinh todn cdc dai lugng nhiét dong va hang s6 can bing trinh bay trén
day, nhiét dong hoc thdng ke con c6 nhiéu ung dung khdc : tinh th€ nang va tuong téc
phén tir, tinh cdc ham nhiét dong cha khi thyc, tinh hé s6 trong phuong trinh trang thdi
virien, 1f thuy€t nhiét dung, 1i thuy&t chét rén, chat 1ong va dung dich v.v... Sau day ta
chi khao sat hai van dé : 1f thuy&t nhiét dung va 1i thuyét ch4t rén.

§56. LI THUYET NHIET DUNG

G chuong II, §6 ta da trinh bay mot s khdi niém vé nhiét dung, da dinh nghia nhiét
dung dang ap C, va nhiét dung déng tich C,, da ching minh hé thic C,~C, =R déi
véi khi 1f tudng va da dua ra cdc phuong trinh thuc nghiém biéu din su phu thudc cha
nhiét dung vio nhiét d6. G day s& trinh bay li thuyé&t nhiét dung d6i véi chat khi va chat
ran, con li thuyét nhiét dung chdt dng vi chua hoan thién, do sy chua hoan thien cta Ii
thuy€t chat 16ng noi chung nén sé khong néi dén.

1. Nhiét dung chat khi

Nhiet dung ctia mot khi bao gém phédn dong gép ciia cdc dang nang lugng electron,
tinh ti€n, quay va dao dong :

Cv=Cet +Cu+Cy+Cas (56.1)

G nhiét do khong qué cao phan tit nam & trang thdi electron co ban, do dé theo
(55.3) Cet =0.Theo (55.8) su chuyén déng tinh tién theo 3 bac tu do cho Cy = 3R/2.
Theo (55.18) su quay theo 2 bac tw do d6i véi phan tl thang cho C, = 2R/2, d6i vé6i
phan tir khong thing 6 3 bac tu do quay thi C, = 3R/2. Theo (55.27) mdi bac tu do
dao déng cho Cad = erze"r(eJr -2, trong d6 x=6/T.

Nhu vay trong trudng hop tdng quét d6i v6i phan tir gém »n nguyen tir ¢6 3 bac ty do
tinh ti€n, r bac tr do quay (r = 2 d6i v6i phan tlr thang, » = 3 d5i véi phan tir khong
thang) va 3n — (3 + r) bac wu do dao dong, theo (56.1) ta ¢6 ;

_ 2.x
c=3f Ry Ree (56.2)
2 2 @3u3nE-D
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He¢ thic (56.2) cho phép giai thich Sl_: phu thuéc cha nhiét dung vao nhiét do trong
cdc trudng hop khac nhau.

Déi v6i khi don nguyén nt, vi du Ar, He, Hg v.v... nhiét dung chi bao gém thanh
phén tinh ti€n nén khong phu thude nhiét do.

Cv=Cy= 3§ = 2,98 calimol K (56.3)

Déi v6i khi litdng nguyén nk, ngoai thanh phén tinh ti€n (3R/2) va thanh phin quay
(2R/2) con c6 thanh phin dao dong dugc tinh theo hé thitc (55.27)

2 QT 2 x
0 e Rx“e
Cdd - R[ ] (69;‘1" _ 1)2 = (ex ~ 1)2 (55.27)

O nhiét do thap, khi T — 0, x = 8/T — oo, do d6 :

(Cat)y_g = Rx?¢™* =0, (56.4)
va: Cy =3§ +2-‘§-=4,97ca11mof.x (56.5)

O nhigt do cao, khi T — oo, X = T — 0, néu luu § ¢ =1+ x thi tir (55.27)

ta sé ¢6 ;

(Cad)psee =R (56.6)
. = R _R
do dé: _ Cy :35+25+R=6.96caf/m01.1( (56.7)

Nhu vay déi v6i phan tir Judng nguyén tir nhiét dung phan t& ¢6 thé nhén cdc gid tri
tir 4,97 dén 6,96 cal/mol K, tuy thugc vao nhiét do va su dé dang cda viéc kich thich cac
miic dao dong (xem bang 56.1 va hinh 56.1).

Co hoc ¢6 dién di khong giai thich duge vi sao d6i v6i nhiéu khi ludng nguyén
-, vidu H,, 0,, N,, CO, HCI & nhiét do phong C, = 5, nghia 12 khong c6 phin déng
g6p cua bac tu do dao dong. Theo co hoc ¢6 dién, phin déng gép vao ndi ning cua 1
bac w do dao dong 12 RT va do d6 phdn déng gép vao nhiét dung 12 R tinh cho 1mol
(xem he thic 51.60). Dua vao céc hé thitc (56.4) va (56.6) ta d& dang gidi thich dugc
su phu thude cioa nhiét dung vao nhiét do nhu sau. D dua phan tir 1én trang thai kich
thich vé dao dong cin chuyén cho né mét nang lugng nhat dinh. O nhiét do thap niang
lugng d6 khong dii dé kich thich phan tir. & nhiét dé cao, khi phén tir bat ddu bi kich
thich thi nhiét d9 cang cao phén déng gép clia thanh phin dao déng vio nhiét dung
cang I6n. Phan tir cang phitc tap thi phin déng gép cta cdc dao dong vio nhiét dung
cang I6n va su phu thudc cha nhiét dung vdo nhiét do cing manh nhu cé thé thdy tir
hinh 56.1.

138



Bdng 56.1. Nhi¢t dung cta mot s6 khi & 293,1K (cal/mol.K)

Khi Cp Cv y=Cp/Cyv | Khi Cp Cv ¥=Cp/Cv
He 4,97 2,98 1,666 Co, 8.83 6,80 1,299
Ar 497 2,98 1,666 H,0 7,67 6.47 1,34
Hg 5.0 3.0 1,67 H,S - 8.3 6.2 1,34
H, 6.845 4,86 1,408 N,O 9,08 7,03 1,292
N, 6,960 4,965 1,402 SO, 9,65 7.50 1,29
0, 7.025 5.03 1,396 NH, 8,80 6,65 1,315
Cl, 8,10 6,00 1,35 CH, 8,50 6,50 1,31
HCI 7,04 5.00 1,41 CoH, 10,45 8.20 1,25
co 6,97 4,98 £,40 C;H, 10,25 8,20 1,26
NO 7.10 5.10 1,39 CHg 12.35 10.30 1,20

" //CH4 NH4

10

%"‘ Cly

6 ——r e ] - s __Né

4 /"'"'"—-—— H2
P Ar, He

2

0

100 200 300 400 500 600 700 BOQ]_ (K%OD 1000

Hink 56.1. Sy nhiét phu thuéc nhiét dung Cy ciia mot s6 khi vio nhiét do.

2. Nhiét dung chat rian

Céc ket qua xdc dinh bang thuc nghiém nhiét dung cta cic chat rén cho thiy & nhiét
d6 cao nhiét dung nguyén tir gam cla cdc don chat rén cé gid tri Cyv = 6 cal/ng.t.g X

(dinh luat Dulong Petit) cdn & nhiét do
thp thi Cy — 0 khi T — 0. D& minh hoa,
trén hinh 56.2 trinh bay su phu thudc
nhiét dung ctia kim cuong vao nhiét do.
Su phu thuéc nay c6 thé giai thich dua
vao li thuyét lugng tir v€ nhiét dung cia

- Einstein va cha Debye (Dobai)

~a} Thuyét nhiét dung ciia Einstein
(1904). Einstein cho ring mot chat rén
g6m N nguyén tir tuong dng véi 3N béc ty
do dao dong va gia thiét ring tat ci cic
dao dong d6 déu cé chung mot tdn s6 vy,

- -

N 2 E - (41} =]
T
C,. cal/k.mol

1500

10'00
Tk
Hinh 56.2. Su phu thudc nhiét dung cita kim cuong
vao nhiét do o - gid tri thue nghiém - ham Einstein

- - - gid tr gigi han theo dinh lugt Duiong Petit.

0 500
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Vi phan déng gép cla mot dao dong (tinh cho 1 mol) vo nhiét dung dugc biéu dién bdi
h¢ thitc (55.27), do d6 d6i véi 1 nguyén tr gam chét rén ta ¢6 :

_ 2 01T
Cy=3R (?Ee/f 7;]), 81)2 (56.8)
e - —_—
trong d6 Oy duge goi la nhiét do Einstein dac trung.
6 = "‘; (56.9)

Cong thitc (56.9) dugc goi 1a ham Einstein, gid tri cta nd tinh cho 1 bac w do tng
VOl cac gia tri nhiét do dic trung khéc nhau duge din ra & phu luc 4 & cuéi sach.
Nhu da phan tich & trén, khi T — e (he thic (56.6)) va khi T — 0 (hé thic (56.4))
taco:
(Cv)p_ =3R = 6cal/K. mol (56.10)
va (Cv)r_o =0 (56.11)

Déi chi€u véi hinh 56.2 ta thdy 1i thuyét Einstein cho két qua phi hop t6t véi cdc
gia tri gidi han cia nhiét dung ahung khdng hoan toan phi hgp véi cdc gid tri trung
glan, nhét la & cdc nhiét do rat thap.

Nguyén nhan ctia sy khong phi hop 12 Einstein cho rdng cdc dao dong trong chét
ran la doc lap d6i v6i nhau (cling mot tdn s6 v, ). Debye di hoan thién i thuyét Einstein
bang céch chdp nhan su phu thuéc 14n nhau giita cdc dao dong.

b) Thuyét nhiét dung ciia Debye (1912). Khdc véi Einstein, Debye gia thiét ring tdn
s dao dong cua 1 nguyén tir gam chat rin khong gldng nhau ma phan b8 trong mot giai

tan s4 tir 0 dén v,,, trong dé :

- =§ v, (56.12)
Vv, la tan s6 trung binh trong 1i thuyét Einstein.

v

Theo Ii thuyét dao dong dan héi, sd dao dong tlr ¢6 tdn s§ v trong méi trudng dan
héi ¢6 thé tich V béang :
41T.V 3

v (56.13)
ac
o} day C — 16c d¢ am thanh trong moéi trudng rdn. Tir (56.13) tacd :
2
dZ = ﬂ%‘;—di (56.14)
Tén s6 cuc dai v,, duge xdc dinh tir diéu kién chuén hod :
Jaz = v’ j vadv % =3N, (56.15)
cTeY 3C
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K&t hap (56.14) va (56.15) ta duge :

'dZ=2—1;Iiv2dv (56.16)

vﬂ'l

Theo he thic (55.26) nang lugng chia 1 dao dong tir 1a ;
_KThv/KT _ kTx

= = (56.17)
M g
hv
trong d6 : =— 56.18
g _ T ( )
Nang lugng dao dong clia 1 nguyén tir gam cht rén bing :
ON k'™ vy
E= fedz ="~ |= (56.19)
Ve o € -1
Thay x =hv/kT ta nhan duoc :
4 Xm 3
E=9No(kT) x“dx (56.20)

(h'.a},],,)3 se' -1
He¢ thitc (56.20) dugc goi 1a ham Debye.
0 nhiet do cao khi T — o, x.— 0, ¢*— 1 + x, tich phan trong biéu thifc (56.20)
nhan gia tri (1/3) x}, =(1/3)(kv,, /kT)*,do d6 :
E = 3N AT, ti d6 ta nhan duoc : |
(Cv )y = 3R = 6cal [ mol K (56.21)

O nhiét do thap, khi T - 0, x — oo, vi :

w 3 4
| xxdx I (56.22)
Jet=1 15
4
do dé : E-= 355-(—“5)—3 (56.23)
3 (av,)
_ 4 3 .
va: Cpy =22 N i [ A (56.24)
5 hv,,
Néu thay N,k = R =1,9872cal / mol.K va dat
o, = Mm (56.25)
k
8p duge goi 1a nhiét do Debye dac trung, ta dugc :
_ 4 3 3
Cpire = 2RI LT _4es6(-L ©(56.26)
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Hé thiae (56.26) dugc goi la
dinh luat tam thira cia Debye, né
md ta t6t hon so vdi li thuyét
Einstein sy phu thudc cha nhiét
dung chdtl rdn vao nhiét dé, dic

biét ¢ céc nhiét do rat thap, diéu
nay dugc minh hoa trén hinh 56.3.

L

A%
) o
P

6F Fb
St
T4l
g L
§ 2 Ckim curang
—0 3 . 6p = 1910
1.0 20 LgT 3,0

Hinh 56.3. Su phu thuéc nhiét dung ¢ba moét 50 chat rdn vao
nhiét do, o — gié tri thuc nghiém, — tinh theo li thuyét Debye.

Trén hinh nay c¢é ghi nhiét do Debye dac trung cha cidc chat (hé thic (56.25)), né
thuong ndm trong gidi han 100 — 400K. Déi v6i nhitng kim loai mém va déo c6 nhiét d6
néng chay thdp dic trung bing lién két yéu giita cdc nguyen tir (v, thap) thi 8, ¢6 gid
tri bé, vi du déi voi chi 0, = 88, con déi vdi cdc chat rdt cing nhu kim cuong dac trung
bang lién két manh gitta cic nguyén 1 (v, cao) thl 8, cd gid tri rat 16m, vi du d8i véi
kim cuong 0, = 1910K. L{ thuyét Debye ¢ thé dp dung khong nhiing d8i véi don chat
ma ca dSi véi hop chét, néu khéi lugng céc nguyén tir chénh nhau khong 16n. Nhiét do
dac trung Debye 6, va tan s6 cuc dai v, cha 1 56 chit dugc dan ra & bing 56.2.
Biét 0, dua vao bang s6 cdc ham Debye (xem phu luc 5) ta dé& dang tim dugc nhiét
dung C, cla chat ran.

Bdng 56.2. Nhiét do Debye dac trung 8, va tan sd cuc dai v, cia mot s6 chat

Chat 8p.K v, 1071257 Chit 0p. K v, 10712571
Cs 42 0,88 Al 398 8,15
Rb 58 1.21 He 15,5 . 0,258
Pb 88 1,84 Ne 63 1,32
TI 96 3.52 N, 68 1,42
Heg 97 2,03 Ar 84 1,76
K 100 2,09 0, 89 1,83
Ba 115 2.41 F, 100 2,09
Sr 170 3,56 Cly 115 241
Na 172 3,60 (CNy) 118 2,47
Au 173 3,62 NO 119 2,49
Ag 214 448 SO, 120 2,51
Ca 228 471 KBr 177 3,71
Zn 235 4,92 KCl 230 4,82
Mg 290 6.07 NaCl 281 5,88
Cu 313 6,55 CaF, 474 9,93
Co 385 8,06 FeS, 645 13,51

So sdnh hai thuyét. Biéu thitc (56.14) cé thé viét & dang dZ = g(v)dv trong d6 :

4nv
gV =—
C

dugc goi 1a haim phan bé tan sé.
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Sir khdc nhau co ban giita hai thuy€t 1a néu Einstein chdp nhan v = v, = const thi
Debye chap nhan v = 0 - v, (v, = 4v,/3). Ham phan b& g(v) trong 2 trudng hgp duge
biéu dién trén hinh 56.4. - '

G,
g(v) 4 Gf===mmmmmmmmiiia oo

0 0:2 0:4 0:6 0:8 1:0 1:2 1:4 1:6 1:8 2',0 T T
: B Op
Hinh 56.5. Sit phu thude nhiét dung
clia cic don chét rin viao nhiét do.
D — theo thuyét Debye, E — theo thuyét Einstein

Hinh 56.4. Ham phan b6 tdn s& theo thuyét Einstein
(dudng dam E) va theo thuy#t Debye -
{dudng chdm chim D)
Trong ca hai thuyét ta déu thay nhiét dung phu thudc vao nhiét dé dic trung 6 va
nhiét 4o T. Tix cac hé thic (56.9, 12, 25) ta ¢é :

Bg =% 0p =0,750, (56.28)

Néu biéu dién su phu thuoc nhiét dung clia cdc chat khic nhau vao 7/8; va T/0,
trén cing mét 46 thi ta nhan duge cdc dudng cong nhur vé trén hinh 56.5.

Li thuyét Debye néi chung mé ta t6t hon sy phu thudc cita nhiét dung cédc chat vio
nhi¢t d¢, tuy vay cling c¢6 nhitng trudng hop sai léch gifta li thuyét va thuc nghiém.
Nguyén nhén sai léch chit y&u 1a & gia thiét v€ tinh diéu hoa cla dao déng (gia thiét nay
khéng ding & nhiét d6 cao) va viéc chip nhan ham phan b lién tuc (56.27) ma khong
tinh dén tinh gidn doan trong cdu triic cGa tinh thé. Li thuyét nhiét dung duoc phat trién
hon nita trong cac ¢éng trinh cia Max Born ciing nhu mot sé ngudi khdc va hién nay
van dugc 1ié€p tuc nghién cdu va hoan thién.

§57. LI THUYET CHAT RAN

1. C&u tric chit rin va khuyét tat tinh thé |

Chat rén ¢6 thé t0n tai & trang théi tinh thé hodc v6 dinh hinh. Trang thai tinh thé ¢6
clu tnic trat ty, con trang thai vo6 dinh hinh c6 e4u tric mat trat tu. Vi du thach anh &
trang thdi vé dinh hinh dugc cdu tao tir cic ti dién SiO, sip x€p modt cdch hon loan
trong khéng gian.

Ddi véi tinh thé tuy theo ban chat lyc lién két ta c6 thé chia thanh 4 loai : tinh thé

nguyen tir, vi du kim cuong, than chi, tinh thé kim loai, vi du Cu, Fe, Mg, tinh thé ion,
vi du NaCl, ZnS, CsCl, tinh th€ phan ti, vi du naphtalen, c4c chat hitu co.
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Ve mat cdu tric, & trong tinh thé cdc nguyén tir hodc ion nim & céc nit va tao thanh
mang ludi 3 chiu trong khong gian. Khoang tréng gilta cdc niit goi la khoang. Phan
mang ludi bé nhdt ma sy tinh ti€n ciia né theo 3 chiéu trong khong gian cho phép thu
dugc toan bo tinh thé duge goi 1a 6 co bdn. Kich thude clia cdc canh clia 6 co ban dudgc
goi 1a cdc hang s6" mung. C6 1t ca 14 kiéu 6 co ban (mang Bravais) phan chia thanh 7 hé
tinh thé khdc nhau : hé 1ap phuong tf gidc, luc gide, mit thoi, tryc thoi, don ta va tam ta.

z 1
1

7

y >

(100) (110) (111)
Hinh 57.1. Cach ki hi¢u mot s6 mét phang trong tinh thé bing chi s6 Miller

X

Deé phan biet cdc mat tinh thé ngudi ta dung chi s6 Miller, ki higu (&, &, /). D€ 1am vi
du, chi s6 Miller ctia mot s6 mat phing trong tinh thé thuoc hé 1ap phuong dugc mé ta trén
hinh 57.1. Vi du mat (100) 12 mat cdt truc x tai ! don vi cda hang s6 mang, va khong cét 2
truc y va z ; mat (110) cit truc x va y tai cdc don vi tuong img va khong cat truc z. v.v...

Tinh the 1{ tudng 14 tinh thé trong d6 cdc nguyén tir hoic ion nam ding & vi tri ndt.
Trong thuc 1€, tinh thé bao gid ciing c¢6 khuyét tat, khuyét tat 1a su pha v& céu tric 1i
tudng cta tinh thé. Nhiéu tinh chat clia chét rén, dic biét céc tinh chat electron, duoc
quyét dinh boi cdc khuyét tat tinh thé.

— -— — Cé nhiéu ki€u khuyét tit. Trude hét
1a su bién vi. Kiéu bién vi duge biéu
dién trén hinh 57.2 dugc goi la bi€n vi
A A A bién. N6 duge xem nhu su xen vao cla
mot nlta mit phang vao trong tinh thé,
canh clia nita mat phing dé tic dudng

- - - bién hay dudng bi€n vi dugc ki hiéu
Hinht 57.2. Su di dong cia bién vi bién trong tinh thé bing di€ém A trén hinh 57.2.

Vi khoang ndm canh dudng bién
vi ¢6 kich thuéc 16n hon cédc khoang &
cac vling ¢ cdu tric trat tu, do d6 cdc
nguyén t hoac ion la cla cdc tap chat
thudng tich luy ¢ day. Sy tap trung tap
chat & dudng bién vi duge goi 1a “hiéu
ting may Cottrell”. Bién vi bién ¢ thé
di dong trong tinh thé do su trugt clia
cdc mat tinh thé theo chiéu miii tén
trén hinh 57.2.

Kiéu bien vi tht hai 1a biéh vi
xodn duge mo ta trén hinh 57.3. Bién

Hinh 57.3. Bién vi xoan

144



vi bién lién quan dén ung sudt nén tinh thé, con bién vi xodn lién quan dén Uing sudt xé
dich, ca hai déu thudc loai khuyét tdt diong (mot chiéu).

Khuy€t tat ciing c6 thé phat trién theo hai chiéu lam thanh khuyé? 1t mar. Vi dy
d6 1a ranh gidi giira cdc vi tinh thé trong vat ran da tinh thé, tai cdc mat phan chia, c&u
triic 1{ wong cha mang 1udi vi phd va (hinh 57.4). C4c mat nay ¢6 thé day téi vai lop
nguyén tr va cé hinh thi ngiu nhién. 3 nhiét do cao nguyén tu trd nén dé di dong, hat
tinh thé nay ¢6 thé 16n 1én nhd hat tinh thé khéc teo di, hién tugng d6 goi 1a su tdi két
tinh thir cdp.

Hinl: 57 4. Céc vi tinh thé dinh hudng khéc nhau tao thanh khuyét tat mat.

Quan trong nhat 14 khiyét 1dr diém. Ngudi ta phan biet khuyét tat kiéu Frankel va
ki€u Schottky. Khuyét tat kiéu Schottky l1a su bo trong cdc nidt chamang Iuéi tinh thé,
con khuye€t tat Frankel la sy thiam nhdp clia mot nguyén tr vi tri nit sang vi tri khoang
gifra cdc nut (hinh 57.5). Vi li do thudn tuy hinh hoc khuyét tat Frankel khé x4y ra va it
gap hon so vdi khuyet tat Schottky. Nang luong € cdn phai tiéu t6n dé tao ra 1 diédm
khuyét tat Schottky 1a vao khoing leV. & nhiét d6 T = 1000K, ti ¢ s& khuyét tat

. . . . o Y —¢ -
Schottky N so vdi tong s6 nguyén tr N trong tinh thé 1a 7‘ =e = 107",

POPOOOO OO0RPOOOG
OO 0000060
@@::/é%e@ POOOO®OO
OO O0O®OGO
POROPO® OOOOO®OO
OPOOOEO 0RO IB®O
POOOO®O OOEROOE
a) b)

Hinh 57.5. Khuyét 14t di€m trong tinh thé theo FranKel (a) va theo Schottky (b)
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Hinh 57.6. Sy khuyét | anion Cl trong tinh thé Hinh 57.7. Su thita cation Zn>* trong ZnO lam
NaCl lam xuvat hién 1 electron ty do (tam F) xuft hién electron tu do trong tinh thé.

Cdc hop chat phi ti lugng 12 vi du dién hinh nhat vé khuyét tat diém. Trén hinh 57,6
trinh bay so d6 tinh thé NaCl hai chiéu, trong d6 khuyét | anion C1” va do dé thira |
cation Na*. D& dam bao tinh trung hoa dién cia tinh thé, viéc mét di | anion phai duge
b bang 1 electron (ki hi¢u e trén hinh v&). Electron nim & ché tréng anion goi la tam
F. Mot vi du khéc la oxit kém (hinh 57.7). Khdc véi trudng hop trén, & day ¢6 1 cation

NP oF NP oF N oF Zn"" xen vao khoang giita céc niit. Dé dam

e ae s bao tinh trung hoa dién, tinh thé phai duoc
0 Ni O O o Ni N tha ’

® @ bu thém 2 electron, trong dé 1 electron

NT 0 NP of Nt o bién Zn"" thanh Zn", con 1 electron tuong

o N2t or Nt or N2t d6i tr do. Trong 2 vi du ta thay sy khuyét
anion cling nhu thira cation déu dian dén
viéc xudt hién electron ty do (gén ty do)
trong tinh thé. Nhd céc electron ty do nay
tinh the trd nén ¢6 tinh dan dién va duoc goi 1a chat ban din. NaCl va ZnO Ia nhimg vi

du v€ bdn dan electron hay ban dan loai n. Tinh dén dién cling c6 thé gay ra boi 16 tréng
electron (ban dan loai p), vi du trudng hop niken oxit (hinh 57.8).

Hinh 57.8. Oxit niken khuyét cation
1a bdn dan loai p (16 tréng)

Trén hinh 57.8 thay khuyét 1 cation Ni**. Dé ddm bao tinh trung hoa dién, tinh thé
cin mit b6t 2 electron 14y tir 2 cation Ni** nao dé. Méi electron mat di |1am xuét hién
trong tmh thé mot 13 tréng tich dién duong. Cation NiZ* bi mét thém 1 electron dugc ki
hieu Ni* . Ciing giéng nhu electron, 18 tréng c¢6 kha nang di dong va gy ra tinh din
dién chia tinh thé. Khi dugc dat vao dién trudng, 16 trdng chay vé cuc am, trong khi dé
electron chay vé cuc duong.

L& tréng ciling ¢6 thé xuat hién do sy thira anion & khoang gifra’ cdc nit, vi mdi
anion &m phai dugc trung hoa bang 1 16 tréng dwong. Tuy nhién trudng hop nay it gap,
vi anion néi chung c6 kich thuée 16n nén khé chui vio khoang giiia céc nuit.

Cédc hé chia tap chat ciing thudc nhitng hé c6 khuyét tat diém. L&y vi du tinh thé
gecmani (nhém IV) chita tap chat 12 nguyén t6 nhém III hodc nhém V cia bang
tuan hoan.

Trén hinh 57.9 trinh bay so do tinh thé gecmani, trong d6é 1 nguyén tir Ge bi thay

the bang | nguyén tir photpho (nhém V). Photpho c¢6 5 electron hoé tri, khi thay thé

gecmani trong tinh thé né chi cdn ding 4 d€ hinh thanh lién két, electron con lai Ia tu do
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va gay ra tinh din dién cua tinh thé. Nhu vay gecmani chifa nguyén t6 nhém V 12 bén

dan loai n.

Ge Ge Ge Ge
Ge P+c Ge Ge
Ge Ge Ge Ge

Ge Ge Ge Ge

Hinh 57.9. Tinh thé gecmani chita photpho

12 bin din electron (loai n)

Ge Ge Ge Ge
Ge | Bp | Ge  Ge
Ge Ge Ge Ge
Ge Ge Ge Ge

Hinh 57.10. Tinh thé gecmani chifa bo
12 bin dan 16 tréng (loai p)

Trudng hop 1 nguyén tir gecmani bi thay th€ bing 1 nguyén t6 nhém III, vi du bo,
dugc trinh bay trén hinh 57.10. Khdc v6i truong hop trén, ¢ day bo chi ¢é 3 electron hoa
tri khong di dé hinh thanh 4 lién két. Khi thay thé Ge trong tinh thé né phai 14y them |
electron, va d€ ddm bao tinh trung hoa dién, trong tinh thé xu4t hién 1 15 tréng duong.
Nhu gay gecmani chifa nguyén t6 nhém III 12 bin dan loai p. Trong ha1 vi du trén
photpho la tap chat cho electron, con bo 12 tap ch4t nhan electron.

2. Li thuyét ving

Tinh chdt coa electron trong
chdt rén c6 thé gii thich theo quan
diém co hoc lugng ti, trén co s& cla
I thuyét ving. Néu gia thiét electron
12 hoan toan tu do va chuyén dong
theo chiéu x, thi ham séng cla né
c6 dang :

v, = (57.1)

trong dé k=2n/A dugc goi la vecto
séng, A 1a do dai séng lién két v6i
electron. Giita nang lugng E cia

electron va vecto séng k c¢6 hé thic :
2 2 '
=t 2=

2n2m 2m

(h — hang s6 Planck, m — khéi luong
clectron). Nhu vy £ phu thudc &
duéi dang ham parabon (hinh 57.11a).

Khi electron ndm trong tinh thé,
né ¢6 mot thé nang U gdy ra do
tuong tdc v6i cic electron va hat
nhan khdc & trong tinh thé, U 1a 1

k2 (57.2)

a)

r A%

Sm2n om0 m 2n 3m
a a aK a a a Q)
b)

Hinh 57.11. Sy phy thudc ning luong electron vao
s& séng k (a) — electron ty do ; (b) — electron trong tinh the ;
(¢c) — céc viing nang lugng.
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ham tudn hoan c6 chu ki 1a hang s6 mang luéi q, trong trudng hop nay ham séng cla
electron cé dang :

WY =g (X)etb‘ (57.3)

Trong trudng hop nay, ngudi ta chimg minh duge ring nang lugng E cia electron
khong con la 1 ham lién tuc ciha k, ma bj gian doan khi k nhan cdc gid tri + nz/ a
(n =1, 2...). Diéu nay din dén viéc xuat hién cdc ving nang lwgng duge phép va bi cdm
(hinh 57.11b va ¢) _

Cdc ving ma & duge gidi han bdi cdc gid tri nguyén cia n/a dugc goi 12 ving
Brillouin. Viing Brillouin thit nhat ndm trong gi6i han -n/a <k <+mn/a. Ving Brillouin
thd hai ndm trong gi¢i han —2n/a <k <-m/a va nfa<k<2n/a v.v..

Trong gidi han clia viing Brillouin, sy chuyén dong cha electron c6 thé mé ta gin
diing bing phuong trinh séng phing (57.1). Tai by ving Brillouin, khi £ =tn/a, +2n/a
v.v... st chuyén dong clia electron dng véi diéu kien phan xa Bragg vi hé thiic :

nm

k=— (57.4)
a

tuong duong vdi phuong trinh Bragg :
2asin@ = nh ' (57.5)
khi sinf=1 (#1a géc 161, xem hinh 57.12).
Thuc vay, tir ddng thic :
=%=ng o (57.6)
ta suy ra 2a = nA la phuong trinh (57.5) khi sin&= 1.

k

Tuong tu nhu vay, ta c6 thé xét ving Brillonin ddu véi tinh thé ba chiéu. Electron &
trong tinh thé ¢6 thé xem nhu bi nhét trong cédc vung Brillouin. Khi cham phai b& ving
Brillouin, né duéng nhur bi phan xa tr& lai. Néu khéng nhu vay thi electron khéng thé
ton tai & trong tinh thé, vi chuyén dong ciia electron trong dién trudmg chGa tinh thé 1a
chuyén dong c6 gia téc. '

Su phu thuoc nang lugng cia electron & trong tinh thé vio s6 séng k khong phii 1a
ham parabon. Tuy nhién c6 thé giit nguyén dang phuong trinh (57.2) bang céch thay
khoi luong thuc m bing khdi lugng hiéu dung m”, véi dinh nghfa :

m" =h* (d°E | dk?) | (57.7)

H¢ thirc nay nhan duge sau khi 14y dao ham béc hai cia E theo k tix hé thic (57.2).

Néu electron & ddy viing din dién, khi d?E/dk® >0 thi m" =m>0.

Néu electron & ngon viing hoé tri (xem hinh 57.15d), khi d’E[dk* <0 thim" <0,

Trong trudng hop hiam E = E(k) di qua diém uén, khi d2E/dk* =0 thi m® = .
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lugng cua nguyén tir s& phan thanh N mudc

Viéc dua ra khdi niém khéi luong hiéu dung cho phép sir dung phuong trinh :

E =1 )2m)k> (57.8)

dé bi€u dién nang luong ciia electron trong tinh thé.

A
\\ -~ ¥a- Ve

asing . TH-H
Hinh 57.12. So 46 minh hoa diéu kién Hinh 57.13. Sy phy thudc nang legng
phan xa Bragg. cua cdc obitan phan tir vao khoang cich
giifa hai nguyén tir /, va Hp.

Viéc xudt hién viing ning lugng trong tinh thé ciing c6 thé giai thich mdt cich dinh
tinh nhu sau. Theo thuyét obitan phan tlr, n€u ¢é 2 nguyén tir hidro H, va H, img véi
ham séng i, va w, thi khi ching ti€n lai gin nhau dé hinh thanh phén tr H,, s€ xuit
hién 2 obitan phan tir ing v6i cdc ham séng w, oy, va y, -y, (hinh 57.13).

Toéng quat hon, néu ¢6 N nguyén tr - T
hop lai thanh tinh thé, thi mdi mic ning

ning lugng trong tinh thé. Vi s6 nguyén tir

trong tinh thé vio khoang10®cm™3, cho
nén cic mifc tuy gian doan nhumg duge
xem nhu lam thanh moét vang lién tuc, va
viéc di chuyén cla electron trong ving la
hau nhu tv do. So d6 hinh thanh cdc ving
nang lugng trong tinh thé natri dugc trinh
bay trén hinh 57.14.

Dua vao so dé ving, ta c6 thé phan

Y

e

2p

loai cdc chat rin thanh chat cach dién, ' —

r

chat ban din va kim loai (hinh 57.15).

Theo nguyén li Pauli, néu mét ving
gém N miic thi s& electron t6i da clia ving
do la 2N. Néu tat ca cdc ving ¢6 mat
electron déu bi chodn ddy va khodng céch dén ving tréng trén dé (goi 12 ving din)
tuong d6i xa, thi tinh thé dugc xép vao loai chat cach dign. Vi du kim cuong 1a chat
cdch dién c6 bé rong cha viing cim vao khoang 6 ~ 7V, '

Hinh 57.14. Sy hinh thanh cdc viing nang luong
trong tinh thé natri. r — khoang céch giira
c4c nguyén i, 1 — hing s6 mang.
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Cach dién Kim loai Ban dan
a) b) c} d)

Hinh 57.15. Su 46 ving nang lugng trong chét cdch dién (a), kim loai (b) bin din electron (¢)
va bdn dén 16 tréng (d), va sy phy thudc ning lugng chia electron vao s§ séng trong cic trudng hop dé.
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Néu viing ¢6 mat electron trén cing (goi 12 ving hod tri) chi bj chiém x&p xi moét
nira, hodc n€u viing dé bj chodn diy nhung lai chap lén ving tréng & phia trén, thi tinh
thé mang tinh chat kim loai, vi du natri hoic canxi.

Trong trudng hop trung gian, khi ving hoa tri 12 gdn ddy (con mét it 16 tréng) hoic
viing din ¢6 mot it electron, thi tinh thé duge goi 1a chét ban dén.

Ngudi ta phan biét ban din ngi va bén din chita tap chat cho hoiic nhan. Vi du vé
ban dén noi la gecmani tinh khiét. O nhiét d6 T = OK vung hoa tri hoan toin diy, con
ving dén hoan toan tréng, nhu vay céc bin din noi déu 1 chat cich dién 6 T = OK.
G nhiét do T > 0, mét s6 electron nhdy tir viing hod tri 1én viing din, vi bé rong cia
viing c&m tuong d6i hep (AE = 0,66eV d6i v6i Ge) déng thdi xust hién mot s6 tuong
ung céc 16 tréng trong ving hod tri, 1am cho Ge trd nén din dien. Nhy vay, chat ban din
noi khac chat cdch dién & be rong AE ciia viing cd&m. Ngudi ta quy wée goi ban din la
nhitng chat c6 AE < 2eV. So d6 viing cia ban ddn néi duge trinh bay trén hinh (57.16).

Trén hinh 57.17 trinh bay so d6 viing cia ch4t ban din chifa tap chét cho va nhan, vi
du trudng hgp gecmani chifa photpho (chét cho electron) va bo (chit nhan electron).
Tap chét cho va nhan nam & mic cho va mifc nhan twong ting, ca hai mic nay goi chung
la muic tap chdt déu nam trong viing cim.

D6 12 vi, khi c¢6 mat tap chét, vi du photpho trong gecmani, electron thd nim cta
photpho tuong déi linh dong nén phai ndm & mifc cao hon ngon viing hod tri. Tuy nhién
electron d6 khong hoan toan tir do, nén phai nim & mitc thdp hon ddy ving dan, nhu vay
mifc cho chi c6 thé ndm trong ving cm. Ciing Ii luan twong tw nhu vay, ta di dén két
luan miic nhan chi ¢6 thé nim trong ving cAm. Dé chuyén electron tir mitc cho 1én vang
dan (bi€n chdt cho thanh cation) hoa'c tr vang hod tri 1én mic nhan (bién chét nhin
thanh anion va dé lai 16 tréng trong viing hod tri) cn tiéu t6n ning lugng ion hod.

Théng thudng chat ban din chda c hai loai tap chét cho va nhan, do d6 chit mang
dong vira 12 electron vira 1a 16 tréng. Né&u electron vi 16 tréng khong hoan toan tich rdi
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Hinh 57.16. So dd ving nang lugng Hinh 57.17. So d6 ving bdn dan chira tap chat
chachitbin dinnéi 6T = 0K (a) vaT = O (b) cho (a) va nhan (b)

l. Ving hod tri ; 2. Ving ¢dm ; 3. Ving ddn; 1. Ving hod tri ; 2. Ving cdm ; 3. Ving din ;
4. Su hinh thanh electron tr do ; 5. Electron ; 4, Muic cho ; 5. Mitc nhén ; x va y nang lugng ion hod.
6. Qua trinh tdi hop ; 7. L& tréng.

nhau chiing s€ tao thanh cip electron — 16 tréng ¢é tén 1a exiton. Exiton 14 trang thdi
tién ion hod c6 thé thu duge khi chi€u tinh thé bing tia bic xa c6 tdn sé thich hop.

3. Quy luat phan bd electron trong chat rin
a) Ham phdn bé Fermi — Dirak
Electron tuan theo dinh luat phan b6 Fermi — Dirak (52.8) :

N, 1
fu®)= PR TN (57.9)
trong d6 f, () 1a2 ham phan bé electron, né chi xdc sudt ma electron c6 mét tai miic

nang lugng ¢, €, duoc goi 1a mirc Fermi.

Vi xdc sudt c6 mat hoic electron hoic 16 tréng tai moét mitc nang lugng €; nao dé
phai bing don vi, do dé tir (57.9) ¢6 thé suy ra ham phéan bo f,(€) ctia 16 tréng nhur sau :
1

fp(e)=1—f,,(e)=m (57.10)

D4 thi trén hinh 57.18 biéu dién su
phu thuéc cla ham f, (g) vao ¢; theo

phuong trinh (57.9). O nhiet do T = OK, &) 1 \

vOi moi gid trig; > €, f,(g;)=0, con véi
c e . a g 05f---—=—7-==———==-
moi gid tri € <¢, thi f, (€)=1 ; & nhiét \QOK

do T # 0, néug;=¢,f,()=1/2, néu 0 o &

g >>¢,, f(€)—0, con néu ¢ <g_ thi .
! A nn Lo Hinh 57.18. Ham phan b& Fermi — Dirak

LE -1 : d6i véi electron.
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b) Y nghia ciia mitc Fermi
Ta c6 thé chiing minh dugc ring mitc Fermi € 12 hod th ciia electron & trong tinh thé.
Theo hé thite (52.6) ta ¢6 :

8!

=[]—8 (57.11)
i N W(g—N!
S=kan='kZ[g,»lng,-—N£InNt-—(g,‘—N‘-)ln(g;—Nt-)]=
i
& g —N;
—k|:Zg‘ln— ZN In(g; /N, - )} (57.12)
.t l
Keét hop cac he thie (57.9, 10, 12) taniitra :
E. —E; E Ng,
S=k In| 1+exp| =—21 [+ : 57.13
;g,[ p[kTHTT | (57.13)

trong dé6 E= ZN:‘E:' la nang lugng cha cdc electron, ¢cdon N = ZNE Ia téng s6
electron. Lay vi phan ctia S theo N trong diéu kién V, T, E = const ta dugc :

7 ( as ] (57.14)
oN Jg 1y
Mat khdc theo dinh nghia, hod thé u clia electron 12 :
uz[a_F] =[..a_(E..Ts):I - T[ aSJ (57.15)
ON jyrep LON VT.E ON Jy 1.k

So sanh 2 h¢ thic (57.14 va 15) ta ¢6 £, = 14 diéu cén chuing minh.

¢} Thong ké ciia electron trong kim logi. S6 electron trong vat rin duge tinh theo
biéu thiic :

E
N, =2v[g(e)f,(e)de (57.16)

O day g(#) tinh theo hé thitc (52.2) 1a trong luong théng ke hay do suy bien cia
electron bi€u thi s6 0 ning luong t6i da & mic £ va 2g(¢) biéu thi mat d6 trang th4i hay
86 electron t6i da c6 thé c6 & mitc d6 (vi tai mbi 6 c6 thé ghép &, do d6 tich 2g(g)f, (&)

biéu thi s& electron c6 mat tai mic € vi tich phan (57.16) biéu thi t6ng sé electron cé
mat trong thé tich V.
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Theo h¢ thitc (57.9) dnhiét d0 T = OK ta cé :

N; "
f,,(e)--—;=1 néu &< §,
I

N,
fi(8)=—=0néu g > g,
&
Nhu vay déi v6i kim loai, & nhiét d6 T = 0, t4t ca cdc mic nim thap hon muc Fermi
déu cb electron, t4t ca cdc mifc ndm cao hon mdc Fermi déu tréng. Do d6 d6i vdi kim

loai, ta ¢ thé dinh nghia mic Fermi 1a mifc ning luong cao nhidt ma electron chiém
dugc T =0,

Vi vay, s6 electron tr do N, (trong vimg hod tr1) trong thé tich V cda kim loai ¢6
thé tinh theo biéu thitc : :

£, .
N, =2V jg(e)de (57.16)
o
Thay gid tri clia g(£) tir (52.2) vao hé thic (57.16%) ta tinh duagc :
N, = %-v.A.egf 2 (57.17)
- *.3/2 _
trong dé - A =ﬂ2h£-;)— (57.18)

3 day _m: 12 khéi lugng hiéu dung cia electron, né hoi khdc khéi luong thuc m,.
Tuy vay d6i vdi nhiéu kim loai dién hinh m) = m,.
Ttr hé thiic (57.16) ta c6 :

2/3
3N
€, = ——=% 57.19
° (ZA V} ( )

Thay gid trj cic hiing s6 va chdp nhan m, =~m,.N, = N, (Avogadro) ta c6 thé tinh duo :
€, =4,166.10™V oc = 267 2oy (57.20)
(tinh cho I electron) va ;
Nogo =599,5V " keal (57.21)

(tinh cho 1 mol khi electron). day v (cm } 1a thé tich clia 1 mol khi electron, né bing
thé tich mol clia kim loai chia cho s6 electron ho4 tri clla mot nguyén tir. D6i véi nhidu

kim loai V ¢6 gid tri khoang 10cn’, vi vay nang lugng Fermi &, 1a rat 16n. Nang lugng
trung binh ciia khi electron trong kim loai cé thé tinh theo hé thic :

E= J‘eg(e)de VA Isyzde VA2 32 (57.22)

0
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Theo hé thic (57.17) tacé ;

VA= %Nee;” 2 (57.23)
Do d6 .

E= %eoNe (57.24)
Psi véi 1 electron ta ¢

E:%eo (57.25)

d) Théng ké cua electron trong chdt bdn ddn. Khi xét ham phan b6 clia electron
trong chat ban dén ta luu ¥ dé€n dac diém sau day. Khic véi kim loai, néng d6 electron

ty do trong chat ban dan thudng rit bé, N, =10'°—10"cm™, cong=10%, do d6 theo
hé thirc (57.9) ta ¢6 :

fu(e)<<1 hoidce; —g, >>kT'. Vi vy ta cé thé bd qua don vi & miu sd cha (57.9)
va viét ;
f(g)= e CeIA - (57.26)
nghia 13 ta ¢4 thé sit dung ham phan b6 ¢ dién déi véi electron trong trudng hop nay.

Ciing twong tu nhu vy, d6i véi ham phan b6 16 tréng, thay cho hé thic (57.10) ta ¢6
thé sir dung ham :

FACETA (57.27)
Bay gid ta thir tinh ndng d¢ cia electron tu do trong viing dan clia mot chat ban dan.

Néu ta chon ngon viing hod tri 1am mic kKhong, & = 0, (xem hinh 57.19), va g0i &,
la ddy ving dén, thi nang lugng ciia electron sé bing :

g =E+E, (57.28)

trong d6 £1a dong nang cla electron trong ving din tinh ti¥ muc &. Vi vAy ham phan
- b6 cia electron c¢6 dang :

(&)= elSo~ETO K ' (57.29)
Noéng d¢ electron trong viing din dugce tinh theo biéu thdc (57.16) :

Nesy =2 [8(®)f(e)de = 4m {—2}’; ] Je!2elEomecme M gg
0 0

je” 2,€/HT =—‘-/2_£(kT)3" 2 (xem 51.23)
0
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Cho nén :

¥ 372 '
%zﬂ?_ﬂ%kLeteo-ecW (57.30)

Trong céc bi€u thic trén’ day, g(€) tinh theo hé thic (52.2) va gidi han tich phén
déng 1€ chi 14y tir mic thdp nhat dé€n mitc cao nhat clia ving din, nhung ta c6 thé ldy tr
0 dén <o, vi & phia ngoai ving din ham f,(£) nhanh chéng triét tiéu.

Tuong tu nhur trén, ta c6 thé tim duge néng d6 ciia 16 tréng trong vung hoé tri :

* 3n

N P _ 2(2‘mnka)
1% X

D6i v6i chat ban dan noi (khong chia tap chat)

thi ¥, = N,. Vi viy, néu can bing 2 biéu thic

(57.30 va 31) —oti € 8| |

T (57.31)

tacéd: ge

£o

*\3/2
_E e, KT [ m, £, =0
£, 5 + > ln[m:J (57.32) 7///////
N . /

T'hﬁng thudng s6 hang thi hai trong (57.32) bé
hon nhiéu so véi s6 hang ddu, do d6 ¢é thé viét :

Hink 5719, Ki higu cdc mite nang lugng :

g, +E -~ Ngon viing hod trj ;
g, = YL (57.33) & IEQU ng i
2 & mic Fermi T =0;

P . s, e £, —ddy ving dén ; & — Nang lrgng
Nhu vay mic Fermi £, nim & khodng gifia cua electron trong ving dén tinh tiy

ving cdm nhu dugc vé trén hinh 57.19. Néu mic &, ; £ - Ning luong cita electron
m; = m: thi g, rat it phu thudc nhiét dé. trong ving dén tinh tir mic ,.

BAI TAP
1. D6i véi phan tir Cl, & 400K tim mat do tucmg d6i cia phan tir & céc mikc dao dong
n=0,1, 4. Tin s6 dao dong w= 565cm !

2. Ung dung dinh luat phan b6 Boltzmann hdy tinh ti 1& giita mat d¢ hat & 2 mic ning
lugng céch nhau a) 2 kcal/mol ; b) 100 Kcallmol & 25°C. '

DS : a) 0,0337 ; b) 3.107 2

3. Hay tinh % s6 phan tir oxi & 100°C c6 ning lugng dao dong ndm & mifc dao dong n = 1,
cho biét tAn s6 dao dong v =4,7.10%s 7 s h = 6,6.10 ¥ ec.s : k = 1,38.10"'% ec/K.mol.
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b

Khoang cédch giita 2 hat nhan trong phan tir H, 1a d = 0,75 < MIfA. Hay tim nhiét o
ma tai d6 dong nang trung binh clia chuyén déng tinh tién cia phan tir bing ning
lugng quay & muc kich thich dau tién.

4h?

bS: T= 5 =—150°C ; m — kh6i lugng phan tir ; k — hing s Boltzmann.
3Imkd

Tén 56 dao dong cla phan tir H, 1a v = 1,28.10"*s!. Dudng kinh phan tir d = 0,75A.
Hoi cdc mic nang luong dao dong vi quay cé bi kich thich & —150°C khong ? Coi
tat cd cic phan tir ¢ ciing mot nang lugng tinh tin.

DS : Chi mitc quay bi kich thich.

Ciing bai toén trén, hdy xdc dinh :

a) O nhiét d6 no mic dao dong bit ddu bi kich thich ? |

b) C6 thé néi gi vé dac diém cha sy kich thich quay va dao dong khi tang nhiét do,
néu cé su phan b6 Maxwell clia téc d6¢ cdc phan .

bS : T > 6000K ; ¢6 su kich thich din dén.

Phan tir HF ¢6 dudng kinh d = 0,922A va tin s6 dao dong v = 1,195.10'*s ™. Tim d
1¢ cha nang lugng dao dong va nang lugng quay & mutc kich thich ddu tién

Ey _ 6n’yd’u

E, h

bs:

=143.

4 — Khdi lugng thu gon clia HF.

G nhiet do ndo 99% s6 phan t&r H, ¢6 nang lugng quay ndm & mic kich thich ddu
tien. Dudng kinh phan ti d = 0,75A.

DS : 17500K.
Phan tir A,B khong thing c6 3 tin 56 dao dong 1.10",9.10", 1.10"s™". Hay x4c dinh :
a) Nhi¢t dung phan tir Cy cla khi A,B & 100 va 1000 K.

b) Nhiét dung phan tir C & nhiét do rat cao khi gia thi€t phan ti khong phan li va
electron nam & trang thai co ban.

Gidi :
a) Dao dong 1 i III
T v 1.10" 9.10" 1.10"
100 hv/kT 4,80 432 48
1000 0,48 4,32 4,80

Néu kv/KT < 1 phin déng gép cha mbi dao dong vao nhiét dung ~ R. N&u hv/kT >> 1
phdn déng gép d6 = 0. Diéu kién sau tho man khi I’ = 100K. O nhiét d6 d6 Cy chi



cO thanh phin tinh tién va quay, khi dé6 Cy =(%+%JR= 3R ; & 1000K phan déng

g0p clia cic dao dong II va III 1a bé, nhung déi véi dao dong I phan dong gép ~ R,
do dé

Cv=|243 41 R=4r.
2 2
b) Cé 3 dao dong déu déng gép vioCy, do dé :
Cv= 3+3+3]R=6R.
2 2
10. Déi véi cac khi He, CF, (phan tir khong thing) va C,F, (phan tit thing) coi nhu I

tudng, hdy tim nhiét dung phan tir Cyv & thé tich khong déi va & nhiét do rat cao.
Gidi

Phin gép vao Cy
S6 béc tur do dao dong
Tinh tién Quay Dao dong Chung
He 0 , RS2 0 0 3R/2
CH, 9 3R/2 3R/2 9R 12R
CH, 7 3R2 R TR I9R/2

11. D6i v6i phan tir gém hai nguyén tir giéng nhau thi nang lugng quay

2
Eq _ h Jrg.f +21)
dn“mr

(h — hang s& Planck, m — khoi luong méi nguyén ti, » — khoang cach gifia 2 hat -
nhanvaJ =0, 1, 2, 3...). Hay tinh (g, —¢,)/kT & 100°C déi v6i 3 khi sau day, cho biét

khodng cédch r (cm) nhu sau :

H, 0, al,
r=74.10"  121.10°° . 1,99.1078,
DS : H, 0, L,
BT 0,47 0,011 0,0019

kT

12. Hay tinh s trang thai vi mé d6i véi hé gdm 3 hat & mic ning luong E c6 do suy
bién bang hai trong 3 trudng hgp : a) hat cé dién, b) hat bodon, ¢) hat fecmion.

13, Tinh entanpi thu gon, th€ dang 4p thu gon va entropi ciia khi neon & 25°C va latm.

DS : 4,9680 ; — 29,9790 ; 34,9470 cal/K .mol
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14. Tinh entanpi thu gon, thé déhg 4p thu gon va entronpi ctia khi nito & 25°C va latm.
Khoang cach can bing gifia cdc nguyén tit bing 1,094A, tin s6 dao dong 2330,7cm” .
DS : 6,9555, — 38,7934, 45,7489 cal/K.mol. | '

15. Tinh entfopi cha khi agon & a) 25°C va b) 727°C va latm.

16. Tinh C, ciia khi hidro & 300 va 2000K.

17. Tinh entropi ctua khi CO & 600K va larm. Khodng cdch c4n bdng giita hai hat nhan

r = 1,128A. Tin 56 dao dong w= 2157cm ' ; mic electron co ban khong suy bién
va trang thai electron khong bi kich thich.

- 18. Entropi cha 1mol heli, agon va nitg & 298K va latm tuong tng bang 30,1 ; 37,0 va
45.8 cal/iK .mol. .

Hiy tim tuong quan giita cac dai lugng ay, cho biét He =4, Ar=40, N = 14.

19. Bing thuc nghiém ngudi ta x4c dinh duge tdn s6 chuyén (cm_l) gilta 2 mifc quay
canh nhau cta phan tr HCI nhu sau : 83,32 ; 104,13 ; 124,73 ; 145,37 ; 165,89 ;
186,23 ; 206,60 ; 226,86. '

a) Hay x4c dinh moémen quén tinh cda phan tir HCI va nhiét d¢ quay dic trung &,
b) Hay tinh téng trang thdi Q_khi T = §,;T =28, ; T = 1008,
DS :a) 6, = 14,8K ; 1= 2,73.10 Vg.cm?
b)T=6,:0,=142
r=26,:0,=237
T =1006,: Q,=100,334
20. Tinh nhiét dﬁng phan tir C p cua khi NO & 172K, cho bi€t hiéu gifta mic electron co

81_'8

ban va muc kich thich dau tién 13 . 2 =%= 172K ; 40 suy bién electron g, =2 ;

g1 = 4. Thanh phén dao dong c6 thé b qua.
DS : Cp=7,440 cal / mol K.
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