
 315 

!12 "#$%&'()* Debye+,-!

! ./-0123456789:6&"#&'();<'=>?@ABCDEFG

HI6JKLMNOPQ*RSTU@8V&FWEF78Planck(1900)&)XYG

Z@8Einstein (1907)>[\]HICDV*@^_`a;!6-2-4=M̀ b`8 Einstein 

(1907)&c678:d9e@fU'()&9e78FW$gThiijk6lDV

*>mnaMDebye(1912)78Einstein (1907)>op`aq$%7Rr&stuvX

bw6J]LDx*&yzG{h|J8}~X$%G��#6B�`8���D�

��&uv�3�*)XYbwp�'() CvG��DcG�LaMDebye&+,-

7}~X$%@�CD�&6lD>8F7���$%@�����DM!

!

12-1) "#$%@��Duv�3�* Debye+,-  

! $%G��D~Xi3X78�&�h�L��;����=�B6'uv`]L

DM 5¡K$%¢XG��D~Xi3X&uv£¤7¢Xuv(lattice vibration)*

¥¦�8V�G§Ur¨©Y*`]q¢Xvª«;Lattice dynamics=x¬­8®­=>l

DM`b`8VV678¯°$%i±²³+´µ@¶·��Dr¸¹&~XbwK

D$%G{h§U Debye+,-@�L]º»DMDebye+,-*¢Xuv&¼�½

*&¾¿�7!12À36Á�DM 

! 3ÂÃ$%> nÄ&~XGÅÆ6L�¦8uv� 3ÂÃ¡@ÇVD&683nÄ&

Rruv�È&stuvX>ÉÊ@ËvCD*¼�D&>8Einstein (1907)&+,-

6lna;!6-2-4=MV&+,-7Ì:6&"#&'()@�CD Dulong-Petits 5

GHICD**�@89:67'()>ÂÍ@9e`8Î�?d67"#&'()

�?*KDV*�ÏCV*>��aM`b`89:6&}Ð$%&'()Ñp$g

@T�¦8"#&'()7Î�:d& 3 Ò@<ÓCD;Ô 12-2=M Einstein &+,

->V�G¡Õ@Ö£CD×67KLM:d9e@*�KU'()&9e7FW$

gThiijk6lD;Ô 12-1=M 

! Ô 12-1 78Ø&p�'()&,1ÙGÏ`]LDM Einstein +,-@TDÚ7
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9:6FWÚGiieÛDMV�bwHICD Debye+,-@ÜDÚ7ÝÞß6F

WÚGÖ£CDM!
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àa8Ô 12-278:dÞß> 1.35Kbw 10K&,1ÙG T
3
/1000@�`]áâãä

`a$gGÏ`]LDMV�w&,1Ù7Ô 12-­678~å�B@baàn]3

�CD>8V&9:æç67Õb@8CV7Î�:d& 3Ò@<ÓCD;VV67¯

°&è�éêëX&ì�Kí�7îï`]LDMV&ðñ7!15-36º»D=M 

Ô 12-­M! 9:Àò:6&Ø&p�'()&FWÚ*ó²´ôõ

Ù²´ö+,-*,÷²ö+,-@ÜDøùÚ*&<úMKittel¬û=

&Íüý(1956)@þÿ��]LD�Ú,1ÙGáâãä`]LDM!
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! V&TU@8Einstein&+,-67!"��KL#$>lDMDebye(1912)7�&

TUKðñG%&`aMEinstein+,-67qRruv�È&stuvX> 3nÄ'

àh8V�w>ÉÊ@ËvCDx*¼�D>8V�7bKh()Kop6lDMl

D~X>����bw*�C�¦8+h�U~X7�&,-G.�DM�&$g8

~X&*�7$%/G�v*Kn]è0CDM1bw2�78¾^uvX3*¼�

4¦KwKLMq¢Xvª«;Lattice dynamics=x67V&TU@{h§UM̀ b`8

Ô 12-2M9:æç;1À10K=68Î�:d& 3Ò@<ÓCDØ& CV

FWÚM!  
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¢Xvª«&TU@5¢K§L½67K�8 Debye(1912)78��#@TDB�¡

{h§L½G67`aM 

! $%/Gè0CD�v88@�9&9L�7��#*`]&�v6lDM:n]8

$%¢X@��D~X&ËvG;Õ@§U¶<h@8��#&uvG¼�DM"#

$%> nÄ~XbwKD*CD*8$%Ý#&=>*?@&éêd7 66lDbw8

Aï¡$%&uv&éêd7 3n-6 ! 3n 6lDM r½8�9>$%&B+A~XC

DEThF�KDTUK(JKuv�^378~XY¡@7Ý]îï6JDM$%

G&~X&uv*`]7HI>KLbw6lDMJK8lDLM&uv�Th(J

Kuv�&"Nuv7îï6JD7O6lh8V�7uv�&3�@PQKRSG

��DM 

! !11-4)*�TU6º»aTU@8x8y8x½V&9�> L6lDÊ½#@�`]8

WX¡YMyzGZ`a[8���DÝ]&�\�&Ä� N78!

!!!!!!!

! 

N =
4"

3
(L /#)3 =

4"

3
(L$ /c)3 =

4"

3
($ /c)3V ! ! ! ! ! ! ! !]A8-23^!

6lDMV�78���D�\�&��_`ä- k &a�6lh8V�>]A8-23^

6��w�DM`b`8��#/bG��_`ä- k&�\�>è0CDc�8r

�&d�(longitudinal wave8�&>e½V@*�GfSD�)*ü�&g�(transverse 

wave8�&>e½V@hiKü½V@*�GfSD�)>jkCDM!11 6lY`

aëm�7g�68ü½V&nh>���DV*bw8!]A8-23^&opGqr`a

$g!

! ! ! !

! 

N =
8"

3
(# /c)3V ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !11(4-7)!

Gs�`aM��#&/bGè<Dd�*g�&è0td782½¡K��#&c

�8��u�8!

!!!!!!!

! 

c
l
= (" + 2µ) /#

m
,          c

t
= µ /#

m
!

6lDM

! 

",  µ!72½¡��#@�CDvw]Lamé^&p�68x7y�z8

! 

"
m
!7

�&2½¡��#&{d6lDMV&TU@82½¡��#6ln]�d�*g�
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&è0td7|KD&68}Ð@]A8-23^&opG}rCDV*7��KLM�V

68!]A8-23^Gü�&g�*r�d�&��u�@��`]8Â&TU@·£CDM!

! ! ! !

! 

N =
4"V

3
[
1

(c
l
)
3

+
2

(c
t
)
3
]# 3

! 

= 4"V[
1

3
#
1

(c
l
)
3

+
2

3
#
1

(c
t
)
3
]$ 3!

          

! 

= 4"V #
$ 3

(c )
3

                                          (1) 

|KDd�&è0td

! 

c
l
*g�&è0td

! 

c
t
78~e&�6���`8��è0t

dÚ

! 

c @�J��]LDM!

! ! ! ! !

! 

1

(c )
3
"
1

3
#
1

(c
l
)
3

+
2

3
#
1

(c
t
)
3

                               (2)!

:n]8(1)op78]A8-23^opG � r`]8

! 

c " c *�J��a$g@��`]

LDM JK8���D���_`ä- k @�`8}½V&*�&nhG�\82

½¡Kè0tdGopCDM 

! }�uv��h@Åà�D�&Ä�G

! 

"(#)*CD*8V�7]1^&�pGÈ6�

3`a�&6lDM!

! ! ! !

! 

"(#) =
dN

d#
= 12$V %

# 2

c 
3
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (3)!

V&

! 

"(#)7È2@<Ó`8����&uv�3�6lDMlDLMG��Duv�

GÝ]îïCD*78(3)@�L]8

! 

" > "
m
@�`]!

! 

"(#) = 0!*CDV*6lDM

Ô 12À37V&TUKuv�3�G�c¡@ÏCM!

! uv�3�G�3`a�&7uv&Ýéêd@r�`K��¦KwKLbw8!

! ! !!!!!

! 

"(#)d#
# = 0

# m

$ = 12%V &
# 2

(c )
3

d#
# = 0

# m

$ = 3n ' 6 ( 3n!!!!!!!!! ! ! ! !! (4)!

*KDMV&yzTh8 

! ! ! !

! 

4"V # [
($

m
)
3

(c )
3
] = 3n                                         (5) 

>^ÊCDMV�78(1)6

! 

" = "
m
,  N = 3n*`a$g6lDMV�Th8���D

B(&uv�

! 

"
m
78  
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! ! ! !  !

! 

"
D
# "

m
= (

3n

4$V
)
1/ 3
% c ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  (6) 

6lDM V&B(uv�78Debye&��uv�;cut-off frequency�

! 

"
D
=*¥¦�

DM (6) bwmDTU@8

! 

"
D
7(2)@TD���&è0td&��Ú*8��#/

&�X{d@Th&àDM 

!

!

!

!

!

!

!

!

!

!

! (6)G(3)@¶�CD*8Ô 12-3@ÏC Debye+,-@��Duv�3�7 

 

! ! ! ! ! !

! 

"(#) =
9n

(#
D

)
3
$ # 2

           (0 % # % #
D

)

       = 0                        (#
D

< # )

!!!!!!!!!!!!!!!!!!!!!!!(3’) 

6lDM!

 

12-2)! Debye+,-@TD"#&/b./-01*'()  

 ! $%Ý#6&./-01 (/b./-01 )78stuvX&./-01 

! 

1

2
h" + h" /[eh" / kBT #1] Guv�3�

! 

"(#)GP�*`]8uv�È�0bwB(uv

�

! 

"
D
à6G"`�<��¦TLMJK8�3C�¦�L�!  

uv�! È 
! 

"(#)  

0 

! 

"
m
(= "

D
)

 

Ô 12-3MDebye+,-@��Duv�3� 
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! ! !     

! 

U = [
1

2
h" +

h"

e
h" / kBT #1

]
" = 0

" D

$ % &(")d"  

            

! 

= [
1

2
h" +

h"

e
h" / kBT #1

]
" = 0

" D

$ %12&V %
" 2

(c )
3

d"                  (7) 

;�34¿�bw UK�&'ª«)G��lY7!12-46�\]º»D>8U&c

�7(7)*RS$gG��DM! �å./-01@ê�CDÍr�

! 

(U
0
)*Íü�

! 

(U ')

@3�]¼�D*8Ír�7 

          

! 

U
0

=
9

8
nh"

D
                                        (8) 

*KDMÍü�78 

! ! ! ! !

! 

U '= [
h"

e
h" / kBT #1

]
" = 0

" D

$ %12&V %
" 2

(c )
3

d"  

            

! 

=
12"Vh

(c )
3

[
# 3

e
h# / kBT $1

]
# = 0

# D

% d# =
9nh

(#
D
)
3

[
# 3

e
h# / kBT $1

]
# = 0

# D

% d#  

*KDMVV68Debye&8�:d!

! 

"
D
# h$

D
/k

B
! *  

! 

h"

k
B
T
# x  GsU*8 

! !

! 

U '=
9nh

("
D
)
3
#
k
B
T

h

$ 

% 
& 

' 

( 
) 

4

# (
x
3

e
x *1

)dx
0

h" D / kBT

+  

! 

=
9nk

B
T
4

("
D
)
3
# (

x
3

e
x $1

)dx
0

"
D
/T

%    ! !  (9) 

6lDM(8)*(9)&t78 

! ! ! ! ! ! ! !

! 

U =
9

8
nk

B
"
D

+ 3nk
B
T # D("

D
/T)! ! ! ! ! ! ! ! ! ! ! (10)!

*KDM D(x)7 Debye¿�*¥¦�D�3¿�68~e&TU@p���D�!

! ! ! ! ! ! !

! 

D(x) "
3

x
3

t
3

e
t #1

dt

0

x

$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ]��^!

V&Ú7�· ­=@lDMDebye¿�&Ú7 

! 

x " #
D
/T  &Ú&(ì@Th8!

!!!!!!!!

! 

D(x) " 1# (3/8)x + (1/20)x
2
#  $ $ $ $  ,      x << 1 ;Ì:B�=  !  (12-1)!

!!!!!!!!!!!!

! 

" (
# 4

5
)(

1

x
3
),                                     x >> 1 ;9:B�= !   (12-2)!
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*B�6JD �¡^M:n]8p�'()7!

! 

C
V

=
"U

"T
1bw8;10=G T6�3CD*8!

! ! ! ! ! ! !

! 

C
V

= 3nk
B
{4D("

D
/T) #

3("
D
/T)

exp("
D
/T) #1

}! ! ! ! ! ! ! !!! (13) 

>¢w�DMÌ:£¤9:6&B�c78��u�8!

! ! ! !

! 

C
V
" 3nk

B
{1#

1

20
($

D
/T)

2
+ % % %%},                      T >> $

D
! ! ! ! ! ;14=!

!!!!!!!!

! 

C
V
" 3nk

B
{

4# 4

5
(T /$

D
)

3
},                                T << $

D
! ! ! ! !  ;15= 

*KDM n7¼¥�¤&}~X$%@Åà�D~X�K&68 n> NA(ó¦§µâ

�)6 1+-ÄKw¦8

! 

nk
B
¨!

! 

N
A
k
B

= R;§©p�=*KDM!

! (14)*(15)&$g@TD*�

! 

"
D
/T¨?6lDÌ:67�!Dulong-Petit 5*KDMà

a8ª¨?67

! 

C
V
"T

3
! 6lh�! 9:æç6&'()&FW$g�HI6JDV

*@KnaM!

! '()@�CD Debye+,-&c(13)789:«*Ì:«6FWEFGÖ£`8

V&ü�&:dæçbw/¬C»JGC&:dæç&'()&ÚG��DM�w@8

c(13) 7

! 

("
D
/T)&­vw1Ù1Ú1�6&àD&68g®@*D:dG

! 

(T /"
D
)*

Debye8�:d6©¯1-`aÚ@C�¦8'()&Ú7�°@TwORr¿�&

r�&±�²@áâãä��DMV�7�³#´&µ5;The law of corresponding 

states=>^ÊCDV*GHICDMDebye +,-&'()c(13)>lDr�&¶·

¡¿¸G·£`]LDV*>Ï¹��D­®=M 

! º�b&}~X$%@�CD Debye &8�:dG· 12-1 @ÏCM»�&}Ã¼

¯°$%&

! 

"
D

 7

! 

100 " 400K@�D�&>»L&6�ò:6� Dulong-Petit 5>½¾

^ÊCDc�>»LM`b`8±²³+´µ&

! 

"
D
7 2230 K6Ó¿¡@(JLM!

À§©$%&

! 

"
D
7 100K Thì�LM��u�&}~X$%@��D$�&Á�8

{d&(ìGÂÃ`aÚ6lDM!
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· 12-1M}~X$%& Debye&8�:d 49)
 

�° Na Mg Al Si C Ar 

! 

"
D

(K) 158 400 428 645 2230 92 

�° K Ca Ga Ge Se Kr 

! 

"
D

(K) 91 230 320 374 90 72 

�° Rb Sr In Sn Te Xe 

! 

"
D

(K) 56 147 108 200 153 64 

�° Sc V Cr Fe Ni Zn 

! 

"
D

(K) 360 380 630 470 450 327 

!

!!

12-3) ���$%@���6JD Debye+,-  

! · 12-q78}Ð���& NaCl8KCl8Ä��8Å�Ä��@ Debye+,-Gl

]7\a$gGÏ`]LDM(13)@TD'()&:dÜj�bwÆ\a Debye8�

:d*(2)*(6)&���tdbwÆ\a Debye 8�:d&�½&ÚGþÇ]lDM

ü�&½µ@TD8�:d&Ú7È4r�`]LDM 

!· 12-2 &$gbwCD*8Ó�¦8²É´���� NaCl @�L]�8}Ã¼¯

°$%@�CD(13)G�]7\D*8

! 

"
D
7 280K*KDMNaCl$%78}~X¯°

$%i±²³+´µ*7|Kh8|KDü~X;Na * Cl=&²É´GÅÊ²É´

�$%6lDM'uv@¿CDFW,1Ùi¢Xvª«&©Yøù¬­8®­=bwC

D*8NaCl�&²É´$%78Ô 12-1@ÏCTUK}ÐKuv�3�G*KwK

LV*>mn]LDM`b`8 Debye +,-Gl]7\DV*68NaCl �$%&

'()&:d*�>Ö£6JDMNaCl�$%&�KwO Al2O3K�GÅÊËÌK}

Ð���&'(),1Ù@� Debye +,-G����DV*>Íw�]LDM·

12-27���$%6� Debye+,->s�DV*GÏ`]LDM 

!
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· 12-2.! NaCl8KCl8Ä��8Å�Ä��& Debye&8�:d;K=!

�°!

! 

"
D
(therm.)!

! 

"
D
(elastic)! �°!

! 

"
D
(therm.)!

! 

"
D
(elastic)!

NaCl! 280! ! "-SiO2! 470! 572!

KCl! 227! ! TiO2! 758! 780.5!

MgO! 946! 941! "-Al2O3! ! 1029!

CaO! ! 654! "-Fe2O3! 660! 641!

ZnO! ! 510! MgAl2O4! ! 887!

BeO! ! 1274! "-Mg2SiO4! 780! 760!

!

!!

! Debye+,-7}~X$%@�`]67��a�&1bw8»~X���&$%

@�LD&7Î��1*¼�]`àU>8F7�U67KLMÏò@��6lD*

7Ð�KL@`]�8Debye+,-7»~X���$%@�³�6JDM· 12-2&

$g7Â&TU@©%6JDbw6lD�!!

1) 9:6ÑÇ��DuvX^379uv�&��uv^36lh8  Debye +,-

&È2@<ÓCDuv�3� (Ô 12-3) 78V�w&��uv^3;Ò-3Ó^

3=&uv�3�&8ÔG¡Õ@Õ�]LDM 

2) Ìuv�^3789:67ÑÇ��KL&68�&uv�3�&#$>�&TU

K�&6ln]�89:'()&Ú*7iA¡@7$¤�bKLM!

3) r½8Ì:678»�&&uv�^3>ÑÇ��D&68uv�3�&ÖbK×

L7PQ67K�Kn]`àUMÔ 12-2@78Debye+,-* Einstein+,-6

&uv�3�G�c¡@ØL]LDMEinstein+,-&uv�3�7Ù¿�6·

£��D&68Debye +,->opCD����&uv�3�*7Ý�|KDM

@�bb<wO8Ì:67 Debye+,-� Einstein+,-�RSÚÛY¡Ú@Ü

ÝCDMJK8Ì:&'()7ÖbKuv�3�&×LGÂÃ`KLM!
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!

!

!

!

!

!

!

!

!

!

!

 ~²&©êbw8Debye +,-78}~X$%1�67K�8���$%@��

LDV*>��DM�`]8

! 

"
D
&Ú78�&���$%6&'uv&£FGÂÃC

DÚ*Kn]LD*©%`]�LM!!

! ¢Xvª«¬­8®­=bwCD*8ü¸¹~²&~X;²É´=GÅÊ»~X��

�$%678��_`ä- k¨?&ÞL;9�9&ÞL=68uv�È¨?*KD

ß�&��uv^3;Ò-3Ó+1µ=*uv�È #?6lD^3;à«3Ó+1

µ=>jkCDMá¿�âÜivã´äå&3àÑp6¢w�Duv�78 k¨?

&ÞL6È#?6lDà«3Ó+1µ&uv�6lDM:n]8à«3Ó+1µ@

7 Einstein+,-&Ù¿�Gl]7\8Å�&à«3Ó+1µ>l�¦8�&�1

�& Einstein&8�uv�GæKç\¦�LMr½8Ò-3Ó+1µ@7 Debye+

,-Gl]7\D(Ô 12-4)Mr¨@8$%&Z2}�è-@ nÄ&~X;²É´=

>jkCD[8éD��_`ä- k GêpCD*83 �&Ò-3Ó+1µ*(3n-3)

Ä&à«3Ó+1µ>jkCDM$%& }�è-@­Ä&~X`bKLc�78

(3n-3)=0*KDbw8à«3Ó+1µ7jk`KLMV�7 Debye+,->opC

D#$@�DM!

uv�! È 

! 

"(#)  

0 

! 

"
D

 

Ô 12-4MDebye +,-* Einstein +,-]ë�^6&uv

�3�M���$%6&Ò-3Ó+1µ&uv�3�7

Debye+,-68à«3Ó+1µ&uv�3�7 Einstein

+,-&3�68��u�8¼�DV*>6JDM 

! 

"
E
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! 9:6&'()>:d&¿�*`]FW¡@Íw�]�h8�w@8k¨?&Þ

L6&Ý]&à«3Ó+1µuv�&3à«¡ÑpÚ>ì����¦8Ò-3Ó+

1µ@�CD

! 

"
D
7íp6JDMîï7V&¼�½Gð- SiO2@��`8Ò-3Ó+

1µ&

! 

"
D
Gíp`aV*>lD®q=MV&TU@8¢Xvª«&ñ#¡øùGeU

V*K�8»~X���$%&9:'(),1Ù*3à«¡,1Ùbwuv�3�

G¼òCDV*7óô6lDM`b`8���$%&á¿�âÜivã´3à&,

1Ù>b3¡@`bì�6JKLc�i8Ý�ì���KLV*�lDM�&TU

Kc�7²º& Debye+,-@Zõ�lY>PQ*KDMîï7ð- SiO2&¢Xv

ª«&øù�ena>®}=8V&¸&øù7$%ö÷iøù´ôú-&Äûyz@

ZõJ8"NÚðñG%��6øùG>\DüQ>lDM�&ý8ËÌK���G

s»D@7�`]LKLM!
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12!4) Debye"#$%&'()*+,-./0  

! Debye "#$%&'()*+,-./0 ZD123(),456789:;<

=&>?@ABC$DEU%FG<H3I%J12!2 KL;<G'M3-./0

ZD12L;NOKHPG?QR,STUVW%XYZ[-./0H3§7-5-1 K

\]N&>%3
  

! 

" = 1/k
B
T,    # = 2$%,    !# = (h /2$ ) & (2$% ) = h%  %^_]<3 

        

  

! 

Z = exp("#!$ /2) exp("#!$j)
j= 0

%

& =
exp("#!$ /2)

1" exp("#!$)
        §7-5-1 (25) 

K`'?aN3

! 

sinh(x) " (1/2)(e
x
# e

# x
)! 8bG':3cdH 

! !

  

! 

exp("#!$ /2)

1" exp("#!$)
=

1

exp(#!$ /2) " exp("#!$ /2)
=

1

2sinh(#!$ /2)
 

:9efKg'?UV0h,QR,STUVW%XYZ[-./0i123 

        ! ! ! ! !

! 

Z" =
exp(#h" /k

B
T /2)

1# exp(#h" /k
B
T)

                     (16) 

:ejY'?kl3Debye"#$K,UV0,-mH 

! ! ! ! ! ! ! ! !

! 

"(#) =
9n

(#
D

)
3
$ # 2

           (0 % # % #
D

)

       = 0                        (#
D

< # )

!!!!!!!!!! (3’) 

K`'?UV0

! 

"
i
Kn,opq

! 

"#
i
8rs':tu 12-3v3c,UV0,wx 

!

!

!

!

!

!

!

UV0! h ! 

"(#)  

0 

! 

"
m
(= "

D
)

 

u 12-3?Debye"#$%yz'UV0-m ! 

"
i
 ! 

"#
i
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!"#

! 

"(#
i
)$#

i
$%&'()*+,-./0123!4156!#789:%;

<=>?@AB!CD3#EFGH%9IJK ZD"LM%NOP<QR15 

! ! !

! 
! 

Z
D

= "
i (#

i
$#

D
)
Z#

i
( )

%(#
i

)&#
i

 

! ! ! ! !

! 

= "
 i (#

i
$#

D
)

exp(%h#
i
/k

B
T /2)

1% exp(%h#
i
/k

B
T)

& 

' 
( 

) 

* 
+ 

[
9n

(#
D

)3
, (#

i
)2 -#

i
]

                     (17) 

2%STUKVWRX# 

! ! !

! 

lnZ
D

= "
 i (#

i
$#

D
)
[

9n

(#
D

)3
% (#

i
)2&#

i
] % ln

exp('h#
i
/k

B
T /2)

1' exp('h#
i
/k

B
T)

( 

) 
* 

+ 

, 
-              (18) 

OY152%'"#Z%[D!#\!J]1N9O^_O`15 

      

! 

lnZ
D

= ln
exp("h# /k

B
T /2)

1" exp("h# /k
B
T)

$ 

% 
& 

' 

( 
) *

9n

(#
D
)3
* (#)2

$ 

% 
& 

' 

( 
) d#

# = 0

#
D

+  

! ! ! ! !

! 

= "
9n

(#
D
)
3

h# 3

2k
B
T
d#

# = 0

#
D

$

! 

"
9n

(#
D
)3

# 2 $ ln[1" exp("h# /k
B
T)] $ d#

# = 0

#
D

%      (19) 

OY152%9IJKVa0/#Debyebcd![1EF% Helmholtz%Sef

gdhiF, jkfgdhiU, flmnoiS#4pVqr/s[D5 

 

< Helmholtz%SefgdhitFu  

! Helmholtz%Sefgdhi"#

! 

F = "k
B
T lnZOY1vQ#(19)Va0/#!

! ! !

! 

F = "k
B
T lnZ

D
!

! ! ! !

! 

=
9n

("
D
)
3

h" 3

2
d"

" = 0

"
D

#

! 

+
9n " k

B
T

(#
D
)3

# 2 " ln[1$ exp($h# /k
B
T)]" d#

# = 0

#
D

%        (20) 

wxy" 

! ! ! !

! 

9n

("
D
)
3

h" 3

2
d"

" = 0

"
D

# =
9

8
n $ h"

D
 

wzy" 

! 

x = h" /k
B
T3{`#|Q!#

! 

"
D

= h#
D
/k

B
3}~3, 
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! 

9n " k
B
T " (k

B
T)3

(h#
D
)3

x
2 " ln[1$ exp($x)]" dx

# = 0

h#
D
/ k

B
T

%   

      

! 

= 9n " k
B
T " (T /#

D
)3 x

2 " ln[1$ exp($x)] " dx
0

#
D
/T

%  

!"#$  

! 

(
x
3

3
)'" ln[1# exp(#x)] " dx$ = (

x
3

3
) " ln[1# exp(#x)]# (

x
3

3
)
dx

e
x #1

$   

%&'(')*+!, 

      

! 

= 3n " k
B
T " ln[1# exp(#$

D
/T)]# 9n " k

B
T " (T /$

D
)3 (

x
3

3
) "

1

e
x #1

dx

0

$
D
/T

%  

     

! 

= 3n " k
B
T " ln[1# exp(#$

D
/T)]# 3n " k

B
T " (T /$

D
)3

x
3

e
x #1

dx

0

$
D
/T

%  

     

! 

= 3n " k
B
T " ln[1# exp(#$

D
/T)]# n " k

B
T "

3

($
D
/T)3

x
3

e
x #1

dx

0

$
D
/T

%  

     

! 

= 3n " k
B
T " ln[1# exp(#$

D
/T)]# n " k

B
T " D($

D
/T) 

!"-,./%01 Debye2345678#$9:,Debye;<=>?#9@

AB% Helmholtz%CDEF=GH1,!

! ! !

! 

F =
9

8
n " k

B
#
D

+ 3n " k
B
T " ln[1$ exp($#

D
/T)]$ n " k

B
T " D(#

D
/T)! ! ! ! (21) 

!"#$IJK,LM01

! 
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D
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D
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B
)*NOPQRSN#$ 

 

TU&EF=GHVUW  

! U&EF=GH1,

! 

U = k
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T
2 " lnZ
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!KS,(19)%'X23)YNSZ[#\

!]4P#$(19)%LM0%^_`'>

! 

k
B
T
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)
3
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! 
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ln[1" exp("h# /k
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# = 0
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    ! ! ! !  
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9n
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)
3

# 2 "
$exp($h# /k

B
T)

1$ exp($h# /k
B
T)
"
h#

k
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T
2
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# = 0
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=
9nh
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)
3

" 3d"

e
(h" / k

B
T ) #1" = 0

"
D

$  

12034567#8,910:2 ;<="&',>5?5@AB#CDE#45

6$F7 

                

! 

U =
9

8
nk

B
"
D

+ 3nk
B
T # D("

D
/T)! ! !             (10) 

1#910:2;$GH,@AI03 

 

JKLMNOPQSR  

Helmholtz$STKUVWP#!

! !  

! 

F =
9

8
n " k

B
#
D

+ 3n " k
B
T " ln[1$ exp($#

D
/T)]$ n " k

B
T " D(#

D
/T)! ! ! ! (21) 

1#XYKUVWP 

! !

! 

U =
9

8
n " k

B
#
D

+ 3nk
B
T " D(#

D
/T)! ! !           ! ! ! ! ! ! ! !  (10) 

Z6#

! 

F =U " TS ! $[\-]^_#G`$KLMNOPS$abcde,f6

503 

! !

! 

S = 3nk
B
{
4

3
D("

D
/T) # ln[1# exp(#"

D
/T)]}                         (22) 

;g034$hi7#G`-jkI0lmnopmnqn1>$G`$

! 
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D
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/;s!03ti-G`$pmn n;uv#wxyzNn

! 

N
A
-./01 



 331 

! !

! 

S " (
N

A

n
) = 3N

A
k
B
{
4

3
D(#

D
/T) $ ln[1$ exp($#

D
/T)]}    

           

! 

= 3R{
4

3
D("

D
/T) # ln[1# exp(#"

D
/T)]}                    (23) 

!"#$%&'()*+&,-./&

! 

("
D
/T)01234#567"892:#$

;<=*>?@& NaCl,-AB<#!*+%C)DEF?@& Na! Cl&GH

I:#JK*

! 

(N
A
/n) = 1/2!"#$LMN* NaCl,->?@OP&QRSTU

VSC

! 

(N
A
/n) = 1/2AW1XY&I(23)'(2Z<K[#$,-&QRSTUV\

]V^JK*(23)C_P Debye`aAbc#%!I2d#$ef2gh7Cij

k_l$ 

!

12-5) ,-&QRSTUV\]V^JKmno# Debye`a  

 (23)'()*pqrsH! Debye &rs9tuCvwo#&2*(23)x(& S

)yzCrs&QRSTUV2:#${|*}~�&���� (�5-5) C_M

N��7CbcK[#QRSTUV)*{�C)*���&�"#��&QR

STUV�t&q2:#!B<�="K"�$ 

            

! 

Sobs " Sconf + Svib + Selec                            (24) 

�{�),-�C�1#GH���R�&��7��(configuration)Cvwo#

QRSTUV2:#$��h,-2)B�o#��I#$� �)rsC¡#

QRSTUV*���)¢H£¤&�¥¦va��10-3-3�C�§o#QRST

UV*2:#$LMN*(23)x(& S!kN)*(24)C_P

! 

S
obs
A

! 

S
vib
C¨©kX

QRSTUVAª�#��I:#$ 

! ! ! ! ! !

! 

Svib " Sobs # (Sconf + Selec )! ! ! ! ! ! ! ! ! ! ! ! ! (25) 
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! !

! 

S
vib
" (
N

A

n
) 

! 

= 3R{
4

3
D("

D
/T) # ln[1# exp(#"

D
/T)]}              (26) 

298.15K !"

! 

S
obs

 #$%&(25)'(26)#($)*+'!&,-./0" Debye 1

2#34*+'567*8+"9:;<=>$?@A%*B!;C%5&DE

"FGHIAJKLMNH Debye125OP@*8 
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%""

&""

'""

#" #& $" $& %" %& &" && '"

D
eb

y
e 

T
em

p
er

at
u

re
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K
) 

S
vib

 (N
A
/n=1) at 298.15 K

 

 

 

Q 12-4 ;&(NA/n)=1'IRS& 

! 

S
vib
"T5 20~55 (J/mol/K) HU*V-"W(26)

"XY#ZIR["!\*8]^5

! 

S
vib
"T&_^5 Debye12HC`A%*+

'Hab8cd;efe"XYH\*"!&Debye12;&

! 

S
vib
"ghW!ij

67*8Q 12-4 HZIRkl!;&m"XY;, 

! 

S
vib
(J/mol/K)'IA 

Q 12-48n=298.15K, (NA/n)=1'IRS"W(26)Hop*Debye

12'qrstuvwx"XY8]^"Ny;(J/mol/K)8 
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! !   

! 

"
D
(K) = a

0
+ a

1
# S

vib
+ a

2
# (S

vib
)
2

+ a
3
# (S

vib
)
3

+ a
4
# (S

vib
)
4! 

              

! 

a
0

= 1430.1,   a
1

= "68.752,    a
2

= 1.575

a
3

= "0.018839,   a
4

= 9.2484 #10
"5

                (27) 

"#$%&'()*+,-,

! 

S
vib
./ Debye0123/4)*! NaCl, KCl,5

6,789: 12-3;<=* 

 

 

 

 

 

 

 

 

 

NaCl, KCl ;>=)

! 

S 298.15K

0 (exp) '?

! 

(Sconf + Selec ) ?@A'(),'!

! 

S
vib
" S 298.15K

0 (exp)# (1/2) "BC(27);DEFGBCH)*3/4IDebye01?*

: 12J2 ;KGBIL;MNC!O 3PQ1RSH*TUVW,XY?ZS4C

HZH+";[)*! (27)-9GH)+"?!CV,L'?Z\ CP,L9(13)-

;]C?^)+";_`=)*B.B!abcdef(Grüneisen),ghijk;l

4m!(n5-7),

! 

C
P

= C
V

+ TV" 2
/#'!opqrW,TUVW,st?!u0vw

,x0'?!$Pvw']y,z{'?ZH*|I!CV ,L9(13)-;]C?^

C!Debye019}^)56'~!�,01��, CV;z�9��).;l�

: 12-3.! �f����./�^I Debye01 

 NaCl KCl 

! 

S 298.15K

0 (exp)   (J /mol /K)  72.12 82.59 

(NA/n) 0.5 0.5 

! 

S
vib

  (J /mol /K) 36.06 41.30 

! 

"
D

   (K)  from (27) 272 219 

! 

"
D

   (K)   (: 12-2) 280 227 
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!"Debye#$%&'()*+,-."/0/0"Debye#$12345.67

)89:;<=>?@A@B%)C+DE!"FGH$GIJKL:MNOP

Q"(27)%RS) Debye#$TUVWBX*+  

! YZ["5\]^_`abcGdb%"

! 

S 298.15K

0 (exp).eO*

! 

S
elec
Gfg%hi

jBX*+kY"l 12-2.mnYoac"pboacG

! 

S
vib
(N

A
/n)Gq%"5~20 

(J/mol/K) .r*GB" st: 20~55 (J/mol/K) uO*vwxyz{|:}C*Fu

%B~)C+��.vwx:��!"/P:}C*��3X*+� 12-5 %"

! 

S
vib
(N

A
/n)Gq3 5.91~23.06 (J/mol/K)! GdbGvw��:�O+!

 

!""

#""

$""

%"""

%&""

%!""

' %" %' &" &'

D
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y
e 

T
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p
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u
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K
)

S(vib) at 298.15 K (N
A
/n=1)

 

 

 

 

� 12-5+�=298.15K, (NA/n)=1 u[Y�Gx(26).��* Debye

#$u���`���@G��+��G��%(J/mol/K)+! � 12-4

Gdb���C

! 

S
vib
(N

A
/n)"�~) Debye#$st3e�+ 
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! 12-5 "#$%& 

! 

"
D
(K) = a

0
+ a

1
# S

vib
+ a

2
# (S

vib
)
2

+ a
3
# (S

vib
)
3

+ a
4
# (S

vib
)
4'"(

)*+,"-./012 

! ! ! ! ! ! !

! 

a
0

= 2157.2,   a
1

= "219.7,    a
2

= 13.757

a
3

= "0.46554,   a
4

= 0.0062934
! ! ! ! ! ! 3284 

5 12-2 6789:;<'=>:;<6?@A' S298!"BCDEF9 Debye G

H3K4I5 12-46JK2LMN)CDEF9BOPQRSK1TOUV12 

 

5 12-4.! :;<'=>:;<" S298CDEF9 DebyeGH3K4OLMN

)CD" DebyeGH3K4O"WX2!

<Y!

! 

"
D
(S

vib.,298.15K
)!

! 

"
D
(elastic)! <Y!

! 

"
D
(S

vib.,298.15K
)!

! 

"
D
(elastic)!

MgO! 763! 941! TiO2! 646! 780.5!

CaO! 573! 654! !-Al2O3! 923! 1029!

ZnO! 503! 510! !-Fe2O3! 621Z! 641!

BeO!     1159 1274! MgAl2O4! 851! 887!

!-SiO2! 749! 572! !-Mg2SiO4! 758! 760!

Z [\]^_"`ab6cK1defghijk*lA@m@2  

 

! 5 12-4"!-Fe2O3/*'no
pqrse6tu1vw\]xyz"`{*|uA@

1}"OlA~"jk*lA@m@2lCl'}l'nopqrse*

! 

6
S
5 / 2
"���

�^_601OlA'vw\]xyz"`aH 2J+1=6IjkK1O' 

! !

! 

[S298
0
(" # Fe2O3) # 2R ln(2J + 1)]/5 = [87.40 # 29.80]/5

! 

= 11.52

! 

(J /mol /K)  

Om.'

! 

"
D

(# $ Fe2O3) = 851 K  U�D�12LMN)CD"B6W�+30%Om

12T"��CDK1O'��"!-Fe2O3�/" no
pqrse"`{*|uA@1
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