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�à®¢¥¤¥ë íªá¯¥à¨¬¥â «ìë¥ ¨ â¥®à¥â¨ç¥áª¨¥ ¨áá«¥¤®¢ ¨ï â¥¯«®¢®£® à áè¨à¥¨ï à¥¤ª®§¥-
¬¥«ìëå (��) ä®áä â®¢ TbPO4 ¨ TmPO4 á® áâàãªâãà®© æ¨àª® . �¡ àã¦¥ë § ç¨â¥«ìë¥

¬ £¨â®ã¯àã£¨¥  ®¬ «¨¨ â¥¯«®¢®£® à áè¨à¥¨ï ¨ á ãç¥â®¬ ¯®¯à ¢®ª   ¨§¬¥¥¨¥ ä®®®£®

¢ª« ¤  ¯® àï¤ã ��-¨®®¢ ¢ë¤¥«¥ë ¬ £¨â®ã¯àã£¨¥ ¢ª« ¤ë. �®ª § ®, çâ® ¬ £¨â®ã¯àã£¨© ¢ª« ¤
¢ â¥¯«®¢®¥ à áè¨à¥¨¥ ä®áä â®¢ Tb ¨ Tm å®à®è® ®¯¨áë¢ ¥âáï â¥¬¯¥à âãàë¬¨ § ¢¨á¨¬®áâï¬¨

ª¢ ¤àã¯®«ìëå ¬®¬¥â®¢ ��-¨®®¢. �¯à¥¤¥«¥ë ¯®«®á¨¬¬¥âà¨çë¥ ¬ £¨â®ã¯àã£¨¥ ª®íää¨æ¨¥-
âë ¤«ï ¨®®¢ Tb ¨ Tm ¨ ¯à®¢¥¤¥® áà ¢¥¨¥ ¬ £¨â®ã¯àã£¨å  ®¬ «¨© â¥¯«®¢®£® à áè¨à¥¨ï ¨

¬ £¨â®ã¯àã£¨å ª®íää¨æ¨¥â®¢ ��-ä®áä â®¢ ¨ ��-¢  ¤ â®¢ á ãç¥â®¬ à §«¨ç¨ï ªà¨áâ ««¨ç¥áª¨å

¯®«¥© ¤¢ãå ¨§®¬®àäëå £àã¯¯ æ¨àª®®¢.

�®áä âë TbPO4 ¨ TmPO4 ¯à¨ ¤«¥¦ â ª á¥¬¥©-
áâ¢ã à¥¤ª®§¥¬¥«ìëå (��) æ¨àª®®¢ RXO4 (X = As,
P, V; R — à¥§ª®§¬¥«ìë© ¨®), ª®â®àë¥ ¨¬¥îâ ¯à¨
ª®¬ â®© â¥¬¯¥à âãà¥ â¥âà £® «ìãî áâàãªâãàã

(¯à®áâà áâ¢¥ ï £àã¯¯  I41/amd),   ��-¨®ë § ¨-
¬ îâ ¢ ¥© ¯®§¨æ¨¨ á â®ç¥ç®© á¨¬¬¥âà¨¥© 42m [1].
�«ï ¡®«ìè®£® ç¨á«  á®¥¤¨¥¨© íâ®£® á¥¬¥©áâ¢ 

(TbVO4, DyVO4, TmVO4 ¨ TbPO4) ®¡ àã¦¥® ¡®«¥¥
¨«¨ ¬¥¥¥ á¨«ì®¥ ï–â¥««¥à®¢áª®¥ ¢§ ¨¬®¤¥©áâ¢¨¥ ¨
¨áá«¥¤®¢ ë ®á®¡¥®áâ¨ ¯à®ï¢«¥¨ï íää¥ªâ  � –
�¥««¥à  ¤«ï à §«¨çëå áå¥¬ ¢ëà®¦¤¥¨ï ¢ á¯¥ª-
âà¥ ��-¨®  [2]. � ®¤®¨®ë¥ ¬ £¨â®ã¯àã£¨¥,
¨ ¯ àë¥ ª¢ ¤àã¯®«ìë¥ ¢§ ¨¬®¤¥©áâ¢¨ï à §«¨ç®©

á¨¬¬¥âà¨¨ ¢ ��-æ¨àª® å ¬®£ãâ ¢®á¨âì § ¬¥âë©

¢ª« ¤ ¢ å à ªâ¥à¨áâ¨ª¨ íâ¨å á®¥¤¨¥¨©.

�â¨ ¬ £¨â®ã¯àã£¨¥ ¢ª« ¤ë § ¢¨áïâ ª ª ®â ¨¤¨-
¢¨¤ã «ìëå á¢®©áâ¢ ��-¨® , ®¯à¥¤¥«ï¥¬ëå ¥£® á¯¥ª-
âà®¬ ¨ ¢®«®¢ë¬¨ äãªæ¨ï¬¨, â ª ¨ ®â ¬ £¨â®ã¯àã-
£¨å ª®íää¨æ¨¥â®¢, ®¯à¥¤¥«ï¥¬ëå £« ¢ë¬ ®¡à §®¬

á¢®©áâ¢ ¬¨ ¬ âà¨æë. �à¨ â¥®à¥â¨ç¥áª®¬ ¨áá«¥¤®-
¢ ¨¨ ¬ £¨â®ã¯àã£¨å ï¢«¥¨© £« ¢ ï âàã¤®áâì

á®áâ®¨â ¢ ¢ëç¨á«¥¨¨ ¬ £¨â®ã¯àã£¨å ª®íää¨æ¨¥-
â®¢, ¯®áª®«ìªã ¤«ï â ª¨å ¢ëç¨á«¥¨© ¥®¡å®¤¨¬®

§ âì ¬®¦¥áâ¢® áâàãªâãàëå ¨ í«¥ªâà®ëå ¯ à -
¬¥âà®¢ ¨áá«¥¤ã¥¬®£® á®¥¤¨¥¨ï, â ª¨å ª ª ¬¥¦¨®-
ë¥ à ááâ®ï¨ï, ã£«ë á¢ï§¨, à á¯à¥¤¥«¥¨¥ í«¥ªâà®-
®© ¯«®â®áâ¨ ¢ à¥è¥âª¥, íää¥ªâë ª®¢ «¥â®áâ¨

¨ â.¤. �¥á®¬¥ë© ¨â¥à¥á ¯à¥¤áâ ¢«ïîâ à áç¥âë

¢ ¯®«ãä¥®¬¥®«®£¨ç¥áª¨å ¬®¤¥«ïå,  ¯à¨¬¥à ¢ áã-
¯¥à¯®§¨æ¨®®© ¬®¤¥«¨ [3],   â ª¦¥ ¢ ¬®¤¥«¨ ®¡¬¥-
ëå § àï¤®¢ [4], ª®â®àë¥ ¯®§¢®«ïîâ ¢ëà §¨âì ¬ £-
¨â®ã¯àã£¨¥ ª®íää¨æ¨¥âë ¢ ¢¨¤¥ ï¢ëå äãªæ¨©

¢ãâà¥¨å ¯ à ¬¥âà®¢ á¨áâ¥¬ë. �¨á«® ¯®¤£®®çëå
¯ à ¬¥âà®¢ ¢ íâ¨å ¬®¤¥«ïå ã¬¥ìè ¥âáï, ®¤ ª®

¯®ª  ¥ áãé¥áâ¢ã¥â íªá¯¥à¨¬¥â «ì®©  ¯à®¡ æ¨¨

à ááç¨â ëå ª®íää¨æ¨¥â®¢, ¨å ¢¥«¨ç¨ë ¬®£ãâ

à áá¬ âà¨¢ âìáï â®«ìª® ª ª ®æ¥®çë¥. � áá¬®âà¥-
¨¥ ¬ £¨â®ã¯àã£¨å ª®íää¨æ¨¥â®¢ ¢ ª ç¥áâ¢¥ ä¥®-
¬¥®«®£¨ç¥áª¨å ª®áâ â ¨ ®¯à¥¤¥«¥¨¥ ¨å ¨§ áà ¢-
¥¨ï á íªá¯¥à¨¬¥â «ìë¬¨ ¤ ë¬¨ ¯® ¬ £¨â®©

¢®á¯à¨¨¬ç¨¢®áâ¨ âà¥âì¥£® ¯®àï¤ª , ¯ à áâà¨ªæ¨¨ ¨
¬ £¨â®ã¯àã£¨¬  ®¬ «¨ï¬ â¥¯«®¢®£® à áè¨à¥¨ï ¨

ã¯àã£¨å ª®áâ â ï¢«ï¥âáï   ¤ ë© ¬®¬¥â ¡®«¥¥

à¥ «ì®© § ¤ ç¥©. � ¨¡®«¥¥ ¯à®áâë¬ íªá¯¥à¨¬¥-
â «ìë¬ ¬¥â®¤®¬ ®¯à¥¤¥«¥¨ï ¯®«®á¨¬¬¥âà¨çëå,
â. ¥. ¥ ¯à¨¢®¤ïé¨å ª ¯®¨¦¥¨î ¨áå®¤®© â¥âà £®-
 «ì®© á¨¬¬¥âà¨¨, ¬ £¨â®ã¯àã£¨å ª®íää¨æ¨¥â®¢
(ªã¡¨ç¥áª®£® Bα1 ¨ â¥âà £® «ì®£® Bα2) ï¢«ï¥âáï,
¯®  è¥¬ã ¬¥¨î, ¨áá«¥¤®¢ ¨¥  ®¬ «¨© â¥¯«®¢®£®
à áè¨à¥¨ï.

�¥«ìî  áâ®ïé¥© à ¡®âë ¡ë«® ¨áá«¥¤®¢ ¨¥ ¬ £-
¨â®ã¯àã£®£® ¢ª« ¤  ¢ â¥¯«®¢®¥ à áè¨à¥¨¥ ��-ä®á-
ä â®¢ Tb ¨ Tm. � ¥¥ ¢ à ¡®â å [5,6] ¡ë«¨ ¯à®¢¥¤¥ë
¨áá«¥¤®¢ ¨ï ¬ £¨â®ã¯àã£¨å  ®¬ «¨© â¥¯«®¢®£®

à áè¨à¥¨ï ¨ á¤¥« ë ®æ¥ª¨ ¯®«®á¨¬¬¥âà¨çëå

¬ £¨â®ã¯àã£¨å ª®íää¨æ¨¥â®¢ á¥à¨¨ ��-ä®áä â®¢.
�¨áâ¥¬ â¨ç¥áª¨¥ ¨áá«¥¤®¢ ¨ï â¥¯«®¢®£® à áè¨à¥-
¨ï ��-¢  ¤ â®¢ á® áâàãªâãà®© æ¨àª®  [7] ¯®ª -
§ «¨, çâ® ¤«ï ¯®«®á¨¬¬¥âà¨çëå ¬ £¨â®ã¯àã£¨å

¬®¤ á¯à ¢¥¤«¨¢® ª¢ ¤àã¯®«ì®¥ ¯à¨¡«¨¦¥¨¥. �â®
¯®§¢®«ï¥â áà ¢¨â¥«ì® «¥£ª® ¢¢¥áâ¨ ¯®¯à ¢ªã  

¨§¬¥¥¨¥ ä®®®£® ¢ª« ¤  ¯® àï¤ã ��-á®¥¤¨¥¨© á
¤ ®© áâàãªâãà®©, ¢ë¤¥«¨âì ¬ £¨â®ã¯àã£¨© ¢ª« ¤
¢ â¥¯«®¢®¥ à áè¨à¥¨¥ ¨ ¯®«ãç¨âì â ª¨¬ ®¡à §®¬

¡®«¥¥  ¤¥¦ë¥ § ç¥¨ï ¯®«®á¨¬¬¥âà¨çëå ¬ £-
¨â®ã¯àã£¨å ª®íää¨æ¨¥â®¢. �¥¤ ¢® ¡ë«¨ ¯à®¢¥¤¥-
ë ¤¥â «ìë¥ ¨áá«¥¤®¢ ¨ï ªà¨áâ ««¨ç¥áª®£® ¯®«ï

(��) ¤«ï àï¤  ��-ä®áä â®¢ ¬¥â®¤®¬ ¥ã¯àã£®£®

à áá¥ï¨ï ¥©âà®®¢ [8–10]. �®¢ë¥ ¨«¨ ãâ®ç¥-
ë¥ ¤ ë¥ ¯® �� ¢ ��-ä®áä â å ¨  ¯à®¡¨à®¢ -
 ï ¯à®æ¥¤ãà  ¢ë¤¥«¥¨ï ¬ £¨â®ã¯àã£®£® ¢ª« ¤ 

á ãç¥â®¬ ¨§¬¥¥¨ï â¥¯«®¢®£® à áè¨à¥¨ï à¥è¥âª¨
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¯®§¢®«ïîâ ¯à®¢¥áâ¨   «®£¨çë¥ à áç¥âë ¨ ®æ¥¨âì

¢ª« ¤ ¬ã«ìâ¨¯®«ìëå ¬®¬¥â®¢ ¨ ¯à¨¬¥¨¬®áâì ª¢ -
¤àã¯®«ì®£® ¯à¨¡«¨¦¥¨ï ¤«ï ¯®«®á¨¬¬¥âà¨çëå

¬ £¨â®ã¯àã£¨å ¬®¤ â ª¦¥ ¤«ï ��-ä®áä â®¢. � -
à ¬¥âàë �� ¤«ï ��-¢  ¤ â®¢ ¨ ä®áä â®¢ § ¬¥â®

®â«¨ç îâáï, ¯à¨ç¥¬  ¨¡®«¥¥ áãé¥áâ¢¥®¥ ®â«¨ç¨¥

á®áâ®¨â ¢ â®¬, çâ® ¯ à ¬¥âà ¢â®à®£® ¯®àï¤ª  B0
2

¨¬¥¥â à §ë¥ § ª¨ ¤«ï íâ¨å £àã¯¯ æ¨àª®®¢. �®
íâ®© ¯à¨ç¨¥ ®¤¨ ¨ â¥ ¦¥ ��-¨®ë ¨¬¥îâ à §«¨çë¥

á¯¥ªâàë ¨, á«¥¤®¢ â¥«ì®, ¢¥¤ãâ á¥¡ï á®¢¥àè¥® ¯®-
à §®¬ã ¢ íâ¨å à®¤áâ¢¥ëå áâàãªâãà å. �®íâ®¬ã
¥á®¬¥ë© ¨â¥à¥á ¯à¥¤áâ ¢«îâ á¨áâ¥¬ â¨ç¥áª®¥

¨áá«¥¤®¢ ¨¥ ¬ £¨â®ã¯àã£®£® ¢§ ¨¬®¤¥©áâ¢¨ï ¤«ï

á¥à¨¨ ��-ä®áä â®¢ ¨ ��-¢  ¤ â®¢ ¨ ¯®á«¥¤ãîé¥¥

¥£® áà ¢¥¨¥ á ãç¥â®¬ à §«¨ç¨ï ªà¨áâ ««¨ç¥áª¨å

¯®«¥© ¨ áâàãªâãàëå ¯ à ¬¥âà®¢ ¤¢ãå ¨§®¬®àäëå

áâàãªâãà.

1. �¡à §æë ¨ ¬¥â®¤¨ª  ¨§¬¥à¥¨©

�§¬¥à¥¨ï ¡ë«¨ ¯à®¢¥¤¥ë   ¬®®ªà¨áâ ««¨-
ç¥áª¨å ®¡à §æ å, ¢ëà é¥ëå ¬¥â®¤®¬ á¯®â -
®© ªà¨áâ ««¨§ æ¨¨ ¨§ à áâ¢®à  ¢ à á¯« ¢¥ á ¨á-
¯®«ì§®¢ ¨¥¬ ¢ ª ç¥áâ¢¥ à áâ¢®à¨â¥«ï à á¯« ¢ 

PbO–PbP2O7–H3BO3.
�¥â£¥®£à ä¨ç¥áª¨¥ ¨áá«¥¤®¢ ¨ï ¯ à ¬¥âà®¢ a

¨ c â¥âà £® «ì®© í«¥¬¥â à®© ïç¥©ª¨ TbPO4

¨ TmPO4 ¯à®¢®¤¨«¨áì   ¤¨äà ªâ®¬¥âà¥ ”�¥©£¥à-
ä«¥ªá” á ¯à®â®çë¬ £¥«¨¥¢ë¬ ªà¨®áâ â®¬ CF-108
(Oxford Instruments)   ¬®®ªà¨áâ ««¨ç¥áª¨å ¯« -
áâ¨ª å á ¥áâ¥áâ¢¥ë¬¨ ªà¨áâ ««¨ç¥áª¨¬¨ £à ï-
¬¨ (100) ¯® à¥ä«¥ªá ¬ (800) (¨§«ãç¥¨¥ CoKβ,
2θ ∼ 138−142◦, ¨â¥á¨¢®áâì I ∼ 4·103 imp/s) ¨ (008)
(¨§«ãç¥¨¥ CuKβ, 2θ ∼ 133−137◦, ¨â¥á¨¢®áâì

I ∼ 2 · 103 imp/s). � à ¬¥âàë a ¨ c ¯®«¨ªà¨áâ «-
«¨ç¥áª®£® YPO4 ¨§¬¥àï«¨áì   ®¤¨®çëå à¥ä«¥ª-
á å (116) (2θ ∼ 103◦) ¨ (552 + 712) (2θ ∼ 113◦), ¨¬¥-
îé¨å ¨â¥á¨¢®áâì I ∼ (2−8) · 102 imp/s   CuKα1-
¨§«ãç¥¨¨. �â®á¨â¥«ì ï ®è¨¡ª  ¨§¬¥à¥¨ï ¯ à -
¬¥âà®¢ a ¨ c ¯® â¥¬¯¥à âãà¥ δa/a ≈ δc/c ≈ ctgθ ·∆θ
á®áâ ¢«ï«  ∼ 10−5 (∆θ ≈ 0.003◦) ¤«ï ¬®®ªà¨áâ ««®¢
¨ ¢®§à áâ «  ¤® ∼ 3 · 10−5 ¤«ï ¯®«¨ªà¨áâ ««®¢.

2. �ªá¯¥à¨¬¥â «ìë¥ à¥§ã«ìâ âë

�«ï ä®áä â®¢ Tb ¨ Tm ¨§¬¥¥¨¥ ¯ à ¬¥âà®¢

a ¨ c â¥âà £  «ì®© à¥è¥âª¨ á â¥¬¯¥à âãà®© ¯®-
¤®¡®,   ¬ £¨â®ã¯àã£¨¥  ®¬ «¨¨ â¥¯«®¢®£® à á-
è¨à¥¨ï ¨ å à ªâ¥àë¥ â¥¬¯¥à âãàë áà ¢¨¬ë ¯®

¢¥«¨ç¨¥. � áá¬®âà¨¬ ®á®¡¥®áâ¨ â¥¯«®¢®£® à áè¨-
à¥¨ï ¤«ï íâ¨å ä®áä â®¢ ¡®«¥¥ ¯®¤à®¡®   ¯à¨¬¥à¥

TmPO4. �  à¨á. 1, a ¯à¨¢¥¤¥ë íªá¯¥à¨¬¥â «ì-
ë¥ â¥¬¯¥à âãàë¥ § ¢¨á¨¬®áâ¨ ¯ à ¬¥âà®¢ a ¨ c
(∆a/a = a(T )/a0−1, ∆c/c = c(T )/c0−1, a0 = a(290 K),
c0 = c(290 K)) ¨ ®¡ê¥¬  V (∆V/V = V (T )/V0 − 1,
V0 = a2

0 − c0) â¥âà £® «ì®© í«¥¬¥â à®© ïç¥©ª¨

�¨á. 1. a) �â®á¨â¥«ìë¥ ¨§¬¥¥¨ï á â¥¬¯¥à âãà®©

¯ à ¬¥âà®¢ ∆a/a (1 ), ∆c/c (2 ), ®¡ê¬  ∆V/V (3 ) ¨ áâ¥-
¯¥¨ â¥âà £® «ì®áâ¨ (∆c/c − ∆a/a) (4 ) í«¥¬¥â à®©

ïç¥©ª¨ TmPO4. b) �ªá¯¥à¨¬¥â «ìë¥ (YPO4, â®çª¨)
¨ à ááç¨â ë¥ ¯® ¤¥¡ ¥¢áª®© ¬®¤¥«¨ ®â®á¨â¥«ìë¥

¨§¬¥¥¨ï á â¥¬¯¥à âãà®© ¯ à ¬¥âà®¢ ∆a/a (5 ) ¨∆c/c (6 )
â¥âà £® «ì®© í«¥¬¥â à®© ïç¥©ª¨ ä®áä â ; à áç¥â

¯® ä®à¬ã«¥ (1) á ¯ à ¬¥âà ¬¨: α0 = 5.2 · 10−6 (5, 6 )
¨ TD = 645 (5 ) ¨ 562 K (6 ).

TmPO4. �  à¨á. 1, b ¯®ª § ë   «®£¨çë¥ § -
¢¨á¨¬®áâ¨ ∆a/a ¨ ∆c/c ¤«ï YPO4, ª®â®àë¥ ¡ã¤ãâ
¨á¯®«ì§®¢ âìáï ¤«ï ®¯à¥¤¥«¥¨ï ä®®®£® ¢ª« ¤  ¢

â¥¯«®¢®¥ à áè¨à¥¨¥.

�¥¬¯¥à âãà ï § ¢¨á¨¬®áâì ∆c/c Tm-ä®áä â 
(ªà¨¢ ï 2 ) ¯®çâ¨ «¥¥©  ¢ ¨áá«¥¤®¢ ®¬ ¨â¥à¢ «¥
â¥¬¯¥à âãà ¨ ¯à¨ ¢á¥å â¥¬¯¥à âãà å ¯à®å®¤¨â ¨¦¥

á®®â¢¥âáâ¢ãîé¥© ªà¨¢®© ¤«ï Y-á®¥¤¨¥¨ï, ¯à¨ç¥¬
â¥¬¯¥à âãà ï § ¢¨á¨¬®áâì á¨«ì® ®â«¨ç ¥âáï ®â ¤¥-
¡ ¥¢áª®©, ¤«ï ª®â®à®© å à ªâ¥à®  áëè¥¨¥ ¨¦¥

100–80K. �  ªà¨¢®© ∆a/a  ¡«î¤ îâáï è¨à®ª¨©

¬¨¨¬ã¬ ¯à¨ T ∼ 120 K ¨ ®á®¡¥®áâì â¨¯  â®çª¨

¯¥à¥£¨¡  ¯à¨ ¡®«¥¥ ¨§ª®© â¥¬¯¥à âãà¥. �®íää¨-
æ¨¥â â¥¯«®¢®£® à áè¨à¥¨ï ¢ ¡ §¨á®© ¯«®áª®áâ¨

αa = (1/a)da/dT ¬¥ï¥â § ª ¯à¨ T ∼ 120 K ¨ ¨¬¥¥â

íªáâ¥¬ã¬ ¯à¨ â¥¬¯¥à âãà¥ ∼ 30 K. �®¬ «¨¨   ªà¨-
¢ëå ∆a/a ¨ ∆c/c TmPO4 ®¡ãá«®¢«¨¢ îâ ®¡ê¥¬ãî
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 ®¬ «¨î ∆V/V = ∆c/c + 2∆a/a (ªà¨¢ ï 3 ). �â¬¥-
â¨¬, çâ® ¢® ¢á¥© ¨áá«¥¤®¢ ®© ®¡« áâ¨ â¥¬¯¥à âãà
áâàãªâãà  TmPO4 ®áâ ¥âáï â¥âà £® «ì®©, á â¥¬¯¥-
à âãà®© ¬¥ï¥âáï â®«ìª® áâ¥¯¥ì â¥âà £® «ì®áâ¨,
®¯à¥¤¥«ï¥¬ ï ¢¥«¨ç¨®© ∆c/c−∆a/a (ªà¨¢ ï 4 ).

�«ï Tb-ä®áä â   ¡«î¤ îâáï ¯®å®¦¨¥  ®¬ «¨¨
¯ à ¬¥âà®¢ à¥è¥âª¨, ¯à¨ç¥¬ ¬ £¨â®ã¯àã£¨¥ ¢ª« ¤ë
¤«ï ®¡®¨å ¨áá«¥¤®¢ ëå ä®áä â®¢ ¯à¨ ¢á¥å â¥¬¯¥-
à âãà å ®âà¨æ â¥«ìë ¤«ï ¯ à ¬¥âà  c, ® ¯®«®¦¨-
â¥«ìë ¤«ï ¯ à ¬¥âà  a ¨ áà ¢¨¬ë ¯® ¢¥«¨ç¨¥ ¤«ï

®¡®¨å ä®áä â®¢.

�á®¡¥®áâ¨ â¥¯«®¢®£® à áè¨à¥¨ï ä®áä â®¢ Tb ¨
Tm ®¡ãá«®¢«¥ë ¬ £¨â®ã¯àã£¨¬ ¢ª« ¤®¬ ��-¨® .
�â®¡ë ¢ë¤¥«¨âì ¬ £¨â®ã¯àã£¨© ¢ª« ¤ ¢ â¥¯«®¢®¥

à áè¨à¥¨¥ ¢ ç¨áâ®¬ ¢¨¤¥, ¥®¡å®¤¨¬® ª®àà¥ªâ®

ãç¥áâì ä®®ë© ¢ª« ¤. �¥â£¥®£à ä¨ç¥áª¨¥ ¨§¬¥-
à¥¨ï YPO4 ¯®§¢®«ïîâ ¢ë¤¥«¨âì ä®®ë¥ ¢ª« ¤ë

∆cph/c ¨ ∆aph/a ¤«ï ¤àã£¨å ä®áä â®¢, ¥®¡å®¤¨¬®
â®«ìª® ¢¢¥áâ¨ ¯®¯à ¢ª¨   ¨å ¨§¬¥¥¨¥ ¯® àï¤ã

��-¨®®¢. �«ï ¢¢¥¤¥¨ï ¯®¯à ¢ª¨   ¨§¬¥¥¨¥

ä®®®£® ¢ª« ¤ , ª®â®à ï ¢ ¡®«ìè¨áâ¢¥ á«ãç ¥¢

á®áâ ¢«ï¥â 10–15% ®â á ¬®£® ¢ª« ¤ , ¤®¯ãáâ¨¬®,  
 è ¢§£«ï¤, ¨á¯®«ì§®¢ âì ¤®áâ â®ç® £àã¡ë¥ ¬®¤¥«¨,
 ¯à¨¬¥à ¤¥¡ ¥¢áªãî ¬®¤¥«ì â¢¥à¤®£® â¥« .

�®£« á® ¤¥¡ ¥¢áª®© ¬®¤¥«¨, ¨â¥£à «ì®¥ â¥¯«®-
¢®¥ à áè¨à¥¨¥ ¢¤®«ì â¥âà £® «ì®© ®á¨,  ¯à¨¬¥à

∆cph/c = αc0TD

t∫
0

[
CV (t)/3R

]
dt, (1)

®¯¨áë¢ ¥âáï ã¨¢¥àá «ì®© äãªæ¨¥© â¥¯«®¥¬ª®áâ¨

¯à¨ ¯®áâ®ï®¬ ®¡ê¥¬¥ CV (t) ®â ¯à¨¢¥¤¥®© â¥¬¯¥-
à âãàë t = T/TD á ¤¢ã¬ï ¥§ ¢¨á¨¬ë¬¨ ª®íää¨æ¨-
¥â ¬¨: ¤¥¡ ¥¢áª®© â¥¬¯¥à âãà®© TD ¨ ª®íää¨æ¨¥-
â®¬ â¥¯«®¢®£® à áè¨à¥¨ï ¯à¨ ¢ëá®ª¨å â¥¬¯¥à âã-
à å αc0. �¥ áãé¥áâ¢ã¥â ¯à®áâëå ¨ ¤®áâ®¢¥àëå ä®à-
¬ã«, ¯®§¢®«ïîé¨å à ááç¨â âì ¨§¬¥¥¨¥ íâ¨å ¤¢ãå

ª®íää¨æ¨¥â®¢ ¯® ��-àï¤ã ¨§®¬®àäëå á®¥¤¨¥¨©.
� ¨¡®«¥¥  ¤¥¦ë© á¯®á®¡ ®¯à¥¤¥«¥¨ï TD ¨ αc0, ¯®-
¢¨¤¨¬®¬ã, á®áâ®¨â ¢ ¨§¬¥à¥¨¨ â¥¯«®¢®£® à áè¨à¥-
¨ï ¤«ï àï¤  ¤¨ ¬ £¨âëå ¨«¨ ¨§®âà®¯ëå (á« ¡®
 ¨§®âà®¯ëå) ��-á®¥¤¨¥¨© á ¤ ®© áâàãªâãà®© ¨
íªáâà ¯®«ïæ¨¨ íªá¯¥à¨¬¥â «ìëå ¢¥«¨ç¨.

�  à¨á. 1, b ¯à¨¢¥¤¥ë íªá¯¥à¨¬¥â «ìë¥ ¤ ë¥

¤«ï YPO4 ¨ à ááç¨â ë¥ ¯® ä®à¬ã«¥ (1) ¤«ï ãª -
§ ëå § ç¥¨© ¯ à ¬¥âà®¢ TD ¨ α0 ªà¨¢ë¥ ∆aph/a
¨ ∆cph/c. � §¡à®á íªá¯¥à¨¬¥â «ìëå ¤ ëå ¤«ï

YPO4 ¡®«¥¥ áãé¥áâ¢¥, ç¥¬ ¤«ï Tb- ¨ Tm-ä®áä â®¢,
¯®áª®«ìªã ¨§¬¥à¥¨ï â¥¯«®¢®£® à áè¨à¥¨ï ¯à®¢®¤¨-
«¨áì   ¯®«¨ªà¨áâ ««¨ç¥áª®¬ ®¡à §æ¥. �®¤ç¥àª¥¬,
çâ® ¢ ¤ «ì¥©è¥¬ ¤¥¡ ¥¢áª ï ¬®¤¥«ì ¨á¯®«ì§ã¥âáï

 ¬¨ ª ª ¯à®áâ ï ¨ ã¤®¡ ï ä®à¬  ®¯¨á ¨ï â¥¯«®¢®-
£® à áè¨à¥¨ï à¥è¥âª¨ RPO4 ¤«ï ¢¢¥¤¥¨ï ¯®¯à ¢ª¨

  ¨§¬¥¥¨¥ ä®®®£® ¢ª« ¤ , ¨ ¯®«ãç¥ë¥ § ç¥-
¨ï ¯ à ¬¥âà®¢ TD ¨ α0 ¤ «¥¥ ¨£¤¥ ¥ ¨á¯®«ì§ãîâáï

¨ ¥ ®¡áã¦¤ îâáï.

3. �¥®à¥â¨ç¥áª®¥ à áá¬®âà¥¨¥

�«ï à áç¥â  ��-¢ª« ¤  ¢ â¥¯«®¢®¥ à áè¨à¥¨¥ ¨á-
¯®«ì§ã¥¬ £ ¬¨«ìâ®¨ , ¢ª«îç îé¨© ¢ á¥¡ï £ ¬¨«ì-
â®¨  ªà¨áâ ««¨ç¥áª®£® ¯®«ï HCF ¨ ®¤®ç áâ¨çë©

¬ £¨â®ã¯àã£¨© £ ¬¨«ìâ®¨  HME. �®áª®«ìªã ¤«ï
à áç¥â  â¥à¬®¤¨ ¬¨ç¥áª¨å á¢®©áâ¢  ªâã «ìë¬ ¯à®-
áâà áâ¢®¬ äãªæ¨© ï¢«ï¥âáï ®á®¢®© ¬ã«ìâ¨¯«¥â,
§ ¯¨è¥¬ £ ¬¨«ìâ®¨  �� ç¥à¥§ íª¢¨¢ «¥âë¥ ®¯¥-
à â®àë Omn ¢ ¢¨¤¥

HCF =
∑
n,m

αnB
m
n O

m
n , (2)

£¤¥ n = 2, 4, 6 , m = 0, 4 , m 6 n, α2 = αJ , α4 = βJ ,
α6 = γJ — ¯ à ¬¥âàë �â¥¢¥á . �¨á«® ¯ à ¬¥âà®¢
�� Bmn ¤«ï â¥âà £® «ì®© á¨¬¬¥âà¨¨ à ¢® ¯ïâ¨.
�®«ë© ®¤®ç áâ¨çë© ¬ £¨â®ã¯àã£¨© £ ¬¨«ìâ®-

¨ , «¨¥©ë© ¯® ª®¬¯®¥â ¬ â¥§®à  ¤¥ä®à¬ æ¨¨
εµ [11] (¬ã«ìâ¨¯®«ì®¥ £ à¬®¨ç¥áª®¥ ¯à¨¡«¨¦¥¨¥),
¤«ï ��-¨®  ¢ ¯®§¨æ¨¨ á â¥âà £  «ì®© á¨¬¬¥âà¨¥©
®ªàã¦¥¨ï á®¤¥à¦¨â ¤¢ ¤æ âì ç¥âëà¥ ¨¢ à¨ â ; ¢
ª¢ ¤àã¯®«ì®¬ ¯à¨¡«¨¦¥¨¨ ¨å ç¨á«® ã¬¥ìè ¥âáï

¤® ¯ïâ¨. � ¬ £¨â®ã¯àã£®¬ £ ¬¨«ì®¨ ¥ ¢ ï¢®¬

¢¨¤¥ ¢ë¯¨è¥¬ «¨èì ¨¢ à¨ âë, ¯à¥®¡à §ãîé¨¥áï
¯® ¯®«®áâìî á¨¬¬¥âà¨ç®¬ã ¯à¥¤áâ ¢«¥¨î, ª®â®-
àë¥ áãé¥áâ¢¥ë ¤«ï à ááç¨âë¢ ¥¬ëå ¯®«®á¨¬¬¥-
âà¨çëå ¬ £¨â®ã¯àã£¨å ¬®¤,

HME = −
∑
n,m

αnO
m
n

(
Bα1
nmε

α1 +Bα2
nmε

α2
)
, (3)

£¤¥ Bα1
nm ¨ Bα2

nm — ¬ã«ìâ¨¯®«ìë¥ ¬ £¨â®ã¯àã£¨¥

ª®íää¨æ¨¥âë.�¨¬¬¥âà¨§®¢ ë¥ ¤¥ä®à¬ æ¨¨, ¨§®-
âà®¯ ï εα1 ¨ â¥âà £® «ì ï εα2, ¢ëà ¦ îâáï ç¥à¥§
¤¥ª àâ®¢ë ª®¬¯®¥âë â¥§®à  ¤¥ä®à¬ æ¨¨ á«¥¤ãî-
é¨¬ ®¡à §®¬:

εα1 = (εxx + εyy + εzz)/
√

3,

εα2 =
√

2/3 [εzz − (εxx + εyy)/2]. (4)

��-¢ª« ¤ ¢ â¥¯«®¢®¥ à áè¨à¥¨¥ ¬®¦®  ©â¨

®¡ëçë¬ ®¡à §®¬ ¨§ ãá«®¢¨ï ¬¨¨¬ã¬  á¢®¡®¤®©

í¥à£¨¨ F
F = EE − kBT lnZ. (5)

� áâ â¨áâ¨ç¥áª®© áã¬¬¥ Z =
∑
i

exp (−Ei/kBT ) ãà®¢-

¨ í¥à£¨¨ Ei ¤«ï ��-¨®  ¤®áâ â®ç® à ááç¨âë¢ âì
á ãç¥â®¬ £ ¬¨«ìâ®¨   �� HCF. �¯àã£ ï í¥à£¨ï

â¥âà £® «ì®£® ªà¨áâ ««  ¯à¨ ãç¥â¥ â®«ìª® ¯®«-
®áá¨¬¬¥âà¨çëå ¤¥ä®à¬ æ¨© ®¯à¥¤¥«ï¥âáï ç¥à¥§

á¨¬¬¥âà¨§®¢ ë¥ ª®¬¯®¥âë â¥§®à  ¤¥ä®à¬ æ¨¨

á«¥¤ãîé¨¬ ®¡à §®¬ [11]:

EE =
1

2
Cα1

0 (εα1)2 + Cα12
0 εα1εα2 +

1

2
Cα2

0 (εα2)2, (6)

£¤¥ Cµ0 — á¨¬¬¥âà¨§®¢ ë¥ ã¯àã£¨¥ ¯®áâ®ïë¥

à¥è¥âª¨ ¡¥§ ãç¥â  ¬ £¨âëå ¢§ ¨¬®¤¥©áâ¢¨©, á¢ï§ì
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ª®â®àëå á ¤¥ª àâ®¢ë¬¨ ª®¬¯®¥â ¬¨ Cij ¯à¨¢¥¤¥ ,
 ¯à¨¬¥à, ¢ à ¡®â¥ [12].
�«ï ¬ £¨â®ã¯àã£¨å  ®¬ «¨© ¯ à ¬¥âà®¢ a ¨ c

â¥âà £® «ì®© à¥è¥âª¨ ¢ ¬ã«ìâ¨¯®«ì®¬ ¯à¨¡«¨¦¥-
¨¨ ¯®«ãç ¥¬

∆cme(T )

c

=
∑
nm

Bα1
nm(Cα2

0 −
√

2Cα12
0 )+Bα2

nm(
√

2Cα1
0 −C

α12
0 )

√
3
(
Cα1

0 Cα2
0 − (Cα12

0 )2
) Qnm(T ),

(7)
∆ame(T )

a
=

=
∑
nm

Bα1
nm(Cα2

0 +Cα12
0 /
√

2)−Bα2
nm(Cα1

0 /
√

2+Cα12
0 )

√
3
(
Cα1

0 Cα2
0 − (Cα12

0 )2
) Qnm(T ),

(8)
£¤¥ Qnm(T )=αn〈Omn 〉=αn

1
Z

∑
i

〈i|Omn |i〉 exp(−Ei/kBT ).

�®¡áâ¢¥® ¯®«®á¨¬¬¥âà¨çë¥ ¬ £¨â®ã¯àã£¨¥ ¬®-
¤ë εα1 ¨ εα2 ¬®¦® § ¯¨á âì ç¥à¥§ ¬ £¨â®ã¯àã£¨¥

 ®¬ «¨¨ ¯ à ¬¥âà®¢ ∆cme/c ¨ ∆ame/a, ¨á¯®«ì§ãï
ä®à¬ã«ë (4). �â¬¥â¨¬, çâ® ¯à¨¢¥¤¥ë¥ ä®à¬ã«ë
á¯à ¢¥¤«¨¢ë â ª¦¥ ¤«ï à áç¥â  ¬ £¨â®áâà¨ªæ¨¨

¢¤®«ì â¥âà £® «ì®© ®á¨, ¥®¡å®¤¨¬® â®«ìª® ¯à¨

à áç¥â¥ á¯¥ªâà  ¨ ¢®«®¢ëå äãªæ¨© ��-¨®  ¤®¡ -
¢¨âì ª £ ¬¨«ìâ®¨ ã �� §¥¥¬ ®¢áª¨© ç«¥.
� ª¨¬ ®¡à §®¬, ¢ ¬ã«ìâ¨¯®«ì®¬ ¯à¨¡«¨¦¥¨¨

¬ £¨â®ã¯àã£¨© ¢ª« ¤ ¢ â¥¯«®¢®¥ à áè¨à¥¨¥ (¨
¬ £¨â®áâà¨ªæ¨ï) ®¯à¥¤¥«ï¥âáï ¨§¬¥¥¨¥¬ á â¥¬¯¥-
à âãà®© (¨/¨«¨ ¬ £¨âë¬ ¯®«¥¬) ¬ã«ìâ¨¯®«ìëå

¬®¬¥â®¢ ��-¨®®¢ Qnm, ª®â®àë¥ ¬®£ãâ ¡ëâì à ááç¨-
â ë ç¨á«¥® ¯® ¨§¢¥áâë¬ ¯ à ¬¥âà ¬ ��.
� ®â«¨ç¨¥ ®â ��-¢  ¤ â®¢ á® áâàãªâãà®© æ¨àª®-

  RVO4, ¤«ï ª®â®àëå ¤ ë¥ ¯® �� ¤®áâ â®ç®

áªã¤ë¥, ¤«ï ��-ä®áä â®¢ ¨¬¥îâáï ¤¥â «ìë¥ ¨áá«¥-
¤®¢ ¨ï í«¥ªâà®®© áâàãªâãàë ��-¨®®¢ ¬¥â®¤®¬

¥ã¯àã£®£® à áá¥ï¨ï ¥©âà®®¢ [8–10], ¨ ¯ à ¬¥âàë
�� ¬®¦® áç¨â âì  ¤¥¦® ãáâ ®¢«¥ë¬¨ ¤«ï

¡®«ìè¨áâ¢  ��-¨®®¢ ¢ áâàãªâãà¥ ä®áä â . �â®

¯®§¢®«ï¥â à ááç¨â âì ç¨á«¥® ¢á¥ ¬ã«ìâ¨¯®«ìë¥

¬®¬¥âë ¤«ï ª ¦¤®£® ��-¨®  ¨ ®æ¥¨âì ¢ª« ¤ë ¢

¯®«®á¨¬¬¥âà¨çë¥ ¬ £¨â®ã¯àã£¨¥ ¬®¤ë.
�¨á«¥ë¥ à áç¥âë ¯®ª §ë¢ îâ, çâ® ¬ã«ìâ¨¯®«ì-

ë¥ ¬®¬¥âë ç¥â¢¥àâ®£® ¨ è¥áâ®£® ¯®àï¤ª®¢ áà ¢-
¨¬ë á ª¢ ¤àã¯®«ìë¬¨ ¤«ï TbPO4 ¨ ¢ 2 ¨ 4 à § 

á®®â¢¥âáâ¢¥® ¯à¥¢ëè îâ ª¢ ¤àã¯®«ìë¥ ¬®¬¥âë

¤«ï TmPO4. �¥¬¯¥à âãàë¥ § ¢¨á¨¬®áâ¨ âà¥å ¬ã«ì-
â¨¯®«ìëå ¬®¬¥â®¢ Q20, Q40 ¨ Q60 ¤«ï ¨®®¢ Tb
¨ Tm ¢ áâàãªâãà¥ ä®áä â  ¯à¨¢¥¤¥ë   à¨á. 2.
�«ï ã¤®¡áâ¢  áà ¢¥¨ï ¤«ï Tm-ä®áä â  ¯à¨¢¥¤¥ë
ã¬¥ìè¥ë¥ § ç¥¨ï ¬ã«ìâ¨¯®«ìëå ¬®¬¥â®¢Q40

¨ Q60,   ¢¥«¨ç¨  ¨ § ª ¬ áèâ ¡®£® ª®íää¨æ¨¥â 
¢ë¡à ë â ª, çâ®¡ëQ20, Q40 ¨ Q60 ¡ë«¨ á®¨§¬¥à¨¬ë.
�ã«ìâ¨¯®«ìë¥ ¬®¬¥âë Q44 ¨ Q64 ¨ ¨å ¨§¬¥¥-
¨¥ á â¥¬¯¥à âãà®© ¤«ï ®¡®¨å á®¥¤¨¥¨© £®à §¤®

¬¥ìè¥ Q20 ¨ ¯®íâ®¬ã ¢ ¤ «ì¥©è¥¬ ®¡áã¦¤ âìáï ¥

�¨á. 2. � ááç¨â ë¥ â¥¬¯¥à âãàë¥ § ¢¨á¨¬®áâ¨ ¬ã«ì-
â¨¯®«ìëå ¬®¬¥â®¢ Q20 (1 ), Q40 (2 ) ¨ Q60 (3 ) ¤«ï ��-
ä®áä â®¢ TbPO4 (a) ¨ TmPO4 (b). �«ï TmPO4 ¯à¨¢¥-
¤¥ë § ç¥¨ï Q40 ¨ Q60, ã¬¥ìè¥ë¥ ¢ ãª § ®¥  
à¨áãª¥ ç¨á«® à §.

¡ã¤ãâ. �¥«¨ç¨ë ¬ã«ìâ¨¯®«ìëå ¬®¬¥â®¢ ¨ ¨å ¨§-
¬¥¥¨¥ á â¥¬¯¥à âãà®© ®¯à¥¤¥«ïîâáï ª®ªãà¥æ¨¥©

à §«¨çëå ç«¥®¢ ¢ £ ¬¨«ìâ®¨ ¥ ��, ª®â®àë¥ á
â®ç®áâìî ¤® ª®íää¨æ¨¥â®¢, ¯à¥¤áâ ¢«ïîé¨å á®¡®©
¯ à ¬¥âàë �� Bmn , ¨ ï¢«ïîâáï ®¯¥à â®à ¬¨ ¬ã«ì-
â¨¯®«ìëå ¬®¬¥â®¢. �â¬¥â¨¬, çâ® ¤«ï ä®áä â®¢,
ª ª ¯à ¢¨«®, ¬®¬¥â Q60 ¯®«®¦¨â¥«¥,   ¬®¬¥â Q20

®âà¨æ â¥«¥. � ª¨¥ § ª¨ ¬ã«ìâ¨¯®«ìëå ¬®¬¥â®¢
Qi0 ®¡ãá«®¢«¥ë â¥¬, çâ® ¯ à ¬¥âàë �� è¥áâ®£®

¯®àï¤ª  B0
6 ¢ ä®áä â å ®âà¨æ â¥«ìë,   ¢â®à®£®

¯®àï¤ª  B0
2 — ¯®«®¦¨â¥«ìë. � ª¨¬ ®¡à §®¬, § ª

¬®¬¥â  á®®â¢¥âáâ¢ã¥â ¬¨¨¬ã¬ã á®®â¢¥âáâ¢ãîé¥£®

ç«¥  ¢ £ ¬¨«ìâ®¨ ¥ ��. � ª ¬ã«ìâ¨¯®«ì®£®

¬®¬¥â  ç¥â¢¥àâ®£® ¯®àï¤ª  Q40 ®¯à¥¤¥«ï¥âáï ª®-
ªãà¥æ¨¥© à §«¨çëå ç«¥®¢ ¢ £ ¬¨«ìâ®¨ ¥ ��.

� á«ãç ¥ Tm-ä®áä â  â¥¬¯¥à âãàë¥ § ¢¨á¨¬®-
áâ¨ ¢á¥å ¬®¬¥â®¢ ¯®¤®¡ë (à¨á. 2, b), ¨ ¬®¦®

¨á¯®«ì§®¢ âì ¯® ªà ©¥© ¬¥à¥ ”íää¥ªâ¨¢®¥” ª¢ -
¤àã¯®«ì®¥ ¯à¨¡«¨¦¥¨¥, ¤«ï ª®â®à®£® ”íää¥ªâ¨¢-
ë©” ¬ £¨â®ã¯àã£¨© ª®íää¨æ¨¥â ¢ ¤¥©áâ¢¨â¥«ì-
®áâ¨ ï¢«ï¥âáï ¥ª®â®à®© ª®¬¡¨ æ¨¥© ª¢ ¤àã¯®«ì-
®£® ¨ ¬ã«ìâ¨¯®«ìëå ¬ £¨â®ã¯àã£¨å ª®íää¨æ¨-
¥â®¢. �«ï Tb-ä®áä â  â¥¬¯¥à âãàë¥ § ¢¨á¨¬®áâ¨
¬ã«ìâ¨¯®«ìëå ¬®¬¥â®¢ Qi0 § ¬¥â® à §«¨ç îâáï

¢ ®¡« áâ¨ ¨§ª¨å â¥¬¯¥à âãà (à¨á. 2, a), ¨ ¨§ áà ¢-
¥¨ï á íªá¯¥à¨¬¥â «ìë¬¨ ¤ ë¬¨ á«¥¤ã¥â, çâ®
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®á®¢®© ¢ª« ¤ ¢ â¥¯«®¢®¥ à áè¨à¥¨¥ ®¡ãá«®¢«¥

ª¢ ¤àã¯®«ìë¬ ¬®¬¥â®¬ ¨®  Tb.
� «¨§ íªá¯¥à¨¬¥â «ìëå ¤ ëå ¯® â¥¯«®¢®¬ã

à áè¨à¥¨î RVO4 [7] ¯®§¢®«ï¥â á¤¥« âì ¢ë¢®¤ ® â®¬,
çâ® ¤«ï ¯®«®á¨¬¬¥âà¨çëå ¬ £¨â®ã¯àã£¨å ¬®¤ ¢

¢  ¤ â å á¯à ¢¥¤«¨¢® ª¢ ¤àã¯®«®¥ ¯à¨¡«¨¦¥¨¥

¤ ¦¥ ¤«ï â¥å ��-¨®®¢, ¤«ï ª®â®àëå ¬ã«ìâ¨¯®«ìë¥
¬®¬¥âë ç¥â¢¥àâ®£® ¨ è¥áâ®£® ¯®àï¤ª®¢ § ç¨â¥«ì®

¯à¥¢ëè îâ ª¢ ¤àã¯®«ìë¥ ¬®¬¥âë. �â® ®§ ç -
¥â, çâ® ª¢ ¤àã¯®«ìë¥ ¯®«®á¨¬¬¥âà¨çë¥ ¬ £¨â®-
ã¯àã£¨¥ ª®íää¨æ¨¥âë ¡®«¥¥ ç¥¬   ¯®àï¤®ª ¯à¥¢ë-
è îâ ¬ã«ìâ¨¯®«ìë¥ ª®íää¨æ¨¥âë. �ç¨âë¢ ï, çâ®
¬ £¨â®ã¯àã£¨¥ ª®íää¨æ¨¥âë ¥ ®ç¥ì á¨«ì® ¬¥-
ïîâáï ¢ ¯à¥¤¥« å ¤ ®© áâàãªâãàë, ¯®-¢¨¤¨¬®¬ã,
á«¥¤ã¥â áç¨â âì, çâ® ¨¬¥¥â ¬¥áâ®   «®£¨ç®¥ á®®â®-
è¥¨¥ ¬¥¦¤ã ¯®«®á¨¬¬¥âà¨çë¬¨ ¬ £¨â®ã¯àã£¨-
¬¨ ª®íää¨æ¨¥â ¬¨ à §ëå ¯®àï¤ª®¢ ¤«ï à §«¨çëå

��-¨®®¢ ¨ ¤«ï ¨§®¬®àä®© áâàãªâãàë ä®áä â .
�â¬¥â¨¬, çâ® à áç¥âë ¯®«®á¨¬¬¥âà¨çëå ¬ £¨â®-
ã¯àã£¨å ª®íää¨æ¨¥â®¢ ¤«ï ªà¨áâ ««®¢ á® áâàãªâã-
à®© æ¨àª®  ®âáãâáâ¢ãîâ. �¨§ª®á¨¬¬¥âà¨çë¥ ¬ £-
¨â®ã¯àã£¨¥ ª®íää¨æ¨¥âë B1g ¨ B2g ¤«ï æ¨àª®®¢

¡ë«¨ à ááç¨â ë ¢ ¤¢ãå ¬®¤¥«ïå: áã¯¥à¯®§¨æ¨®-
®© [13] ¨ ¬®¤¥«¨ ®¡¬¥ëå § àï¤®¢ [14]. �¯à¥¤¥-
«¥®© ¨¥à àå¨¨ ª®íää¨æ¨¥â®¢ à §ëå ¯®àï¤ª®¢

¨§ íâ¨å à áç¥â®¢ ¥ ¯à®á¬ âà¨¢ ¥âáï; â¥¬ ¡®«ìè¨©

¨â¥à¥á ¯à¥¤áâ ¢«ïîâ ¨áá«¥¤®¢ ¨ï ¬ £¨â®ã¯àã£¨å

íää¥ªâ®¢, ª®â®àë¥ ®¯¨áë¢ îâáï ¨§ª®á¨¬¬¥âà¨çë-
¬¨ ¬ £¨â®ã¯àã£¨¬¨ ¬®¤ ¬¨ (â ª¨å ª ª  ®¬ «¨¨

ã¯àã£¨å ª®áâ â, ¬ £¨â®áâà¨ªæ¨ï ¨ â.¤.).

4. �¡áã¦¤¥¨¥ à¥§ã«ìâ â®¢

�«ï ¢ë¤¥«¥¨ï ¬ £¨â®ã¯àã£®£® ¢ª« ¤  ¨ ¢¢¥-
¤¥¨ï ¯®¯à ¢ª¨   ¨§¬¥¥¨¥ ä®®®£® ¢ª« ¤  ¢

ä®áä â å Tb ¨ Tm ¬ë ¨á¯®«ì§®¢ «¨ ®¯â¨¬¨§ æ¨-
®ãî ¯à®æ¥¤ãàã, ¢ ª®â®à®© ¯ à ¬¥âàë ¤¥¡ ¥¢áª®©

¬®¤¥«¨ TD ¨ α0 ¨§¬¥ï«¨áì ¢ ¯à¥¤¥« å ±20% ®â

¨å § ç¥¨© ¤«ï YPO4 â ª, çâ®¡ë à¥§ã«ìâ¨àãîé¨©

¬ £¨â®ã¯àã£¨© ¢ª« ¤ ¡ë« ¯à®¯®àæ¨® «¥ ª¢ ¤àã-
¯®«ì®¬ã ¬®¬¥âã, à ááç¨â ®¬ã ¯® ¨§¢¥áâ®¬ã ��,
  ä®®®¥ â¥¯«®¢®¥ à áè¨à¥¨¥ ¢¤®«ì ®á¥© a ¨ c
¤«ï ¨áá«¥¤®¢ ®£® ¨ Y-¢  ¤ â®¢ ®â«¨ç «®áì (¯à¨
¨§ª¨å â¥¬¯¥à âãà å) ¥ ¡®«¥¥ ç¥¬   ¥ª®â®àãî § -
¤ ãî ¢¥«¨ç¨ã δ(∆a/a)0 ¨ δ(∆c/c)0 ¯®àï¤ª  1·10−4.
�â¬¥â¨¬, çâ® ¤«ï ��-ä®áä â®¢, ª ª ¢¨¤® ¨§ à¨á. 1, b,
 ¨§®âà®¯¨ï â¥¯«®¢®£® à áè¨à¥¨ï ¬ âà¨æë ¢¤®«ì ¨

¯¥à¯¥¤¨ªã«ïà® â¥âà £® «ì®© ®á¨ ¥¢¥«¨ª  ¨ ä®-
®ë© ¢ª« ¤ ¢ ¨â¥à¢ «¥ 10–290K ¬ « ¯® áà ¢¥¨î

á ¬ £¨â®ã¯àã£¨¬ ¢ª« ¤®¬,   á«¥¤®¢ â¥«ì®, ¬ «®
¥£® ¨§¬¥¥¨¥ ¯® àï¤ã ��-¨®®¢. �â¨¬ ��-ä®áä âë
®â«¨ç îâáï ®â ��-¢  ¤ â®¢, ¤«ï ª®â®àëå ä®®ë©
¢ª« ¤ ¢¤®«ì â¥âà £® «ì®© ®á¨ ¨ ¥£® ¨§¬¥¥¨¥ ¯®

àï¤ã ��-¨®®¢ áãé¥áâ¢¥® ¡®«ìè¥ [6].
�à®¢¥àª  ¯à®æ¥¤ãàë ¡ë«  ¯à®¢¥¤¥  à ¥¥  

HoVO4 [7], ¤«ï ª®â®à®£® ¨¬¥¥âáï  ¤¥¦®¥ �� ¨

¬ £¨â®ã¯àã£¨© ¢ª« ¤ ¨¬¥¥â ïàª® ¢ëà ¦¥ãî  ®-

�¨á. 3. �á¯¥à¨¬¥â «ìë¥ ¨ à ááç¨â ë¥ ¢ ª¢ ¤àã¯®«ì-
®¬ ¯à¨¡«¨¦¥¨¨ ¬ £¨â®ã¯àã£¨¥ ¢ª« ¤ë ∆ame/a (a),
A · ∆cme/c (b), A2Q20 (c) ¤«ï TbPO4 (1 ) ¨ TmPO4 (2 ).
� ç¥¨ï ¯ à ¬¥âà®¢ A1 ¨ A2 ¯à¨¢¥¤¥ë ¢ â¥ªáâ¥

(A = A2/A1 ∼ −1, A2 ∼ −10−2).

¬ «¨î ¢ ®¡« áâ¨ ¨§ª¨å â¥¬¯¥à âãà. � £¨â®ã¯àã-
£¨¥ ª®íää¨æ¨¥âë ¤«ï HoVO4, ®¯à¥¤¥«¥ë¥ ¨§ ¬ £-
¨â®ã¯àã£¨å  ®¬ «¨© â¥¯«®¢®£® à áè¨à¥¨ï [7,15],
 å®¤ïâáï ¢ å®à®è¥¬ á®£« á¨¨ á ª®íää¨æ¨¥â ¬¨,
®¯à¥¤¥«¥ë¬¨ ¢ [16] ¨§ ¨§¬¥à¥¨ï ¯ à áâà¨ªæ¨¨

¤«ï ¬ £¨â®£® ¯®«ï ¢¤®«ì â¥âà £® «ì®© ®á¨, ¨
á ¯®«®á¨¬¬¥âà¨çë¬ ¬ £¨â®ã¯àã£¨¬ ª®íää¨æ¨-
¥â®¬ Bzz , ®¯à¥¤¥«¥ë¬ ¢ [17] ¯à¨ ¨áá«¥¤®¢ ¨¨

ã¯àã£¨å á¢®©áâ¢ HoVO4 ã«ìâà §¢ãª®¢ë¬¨ ¬¥â®¤ ¬¨.

� à¥§ã«ìâ â¥ ®¯â¨¬¨§ æ¨¨ ¡ë«¨ ®¯à¥¤¥«¥ë ª®-
íää¨æ¨¥âë ¯à®¯®àæ¨® «ì®áâ¨ ¬¥¦¤ã ¬ £¨â®-
ã¯àã£¨¬¨ ¢ª« ¤ ¬¨ ¨ ª¢ ¤àã¯®«ìë¬ ¬®¬¥â®¬

∆cme/c = A1Q20, ∆ame/a = A2Q20 (á¬. (7), (8)), ª®â®-
àë¥ à ¢ë ¤«ï TbPO4 A1 = 0.25·10−2, A2 = 0.42·10−2,
¤«ï TmPO4 A1 = 0.42 · 10−2, A2 = 0.42 · 10−2.
� £¨â®ã¯àã£¨¥ ¢ª« ¤ë ¢¤®«ì ®á¥© c ¨ a ¨ à ááç¨-
â ë¥ ª¢ ¤àã¯®«ìë¥ ¬®¬¥âë ¤«ï ä®áä â®¢ Tb ¨

Tm ¯à¨¢¥¤¥ë   à¨á. 3. �«ï ã¤®¡áâ¢  áà ¢¥¨ï

¬ £¨â®ã¯àã£¨© ¢ª« ¤ ¢¤®«ì ®á¨ c ¨ ª¢ ¤àã¯®«ì-
ë© ¬®¬¥â ¤ ë á á®®â¢¥âáâ¢ãîé¨¬¨ ¬®¦¨â¥«ï¬¨

A∆cme/c ¨ A2Q20 (A = A2/A1 ∼ −1), ¨ § ¢¨á¨¬®áâ¨
¤«ï ¤¢ãå ¨®®¢ á¬¥é¥ë ¤àã£ ®â®á¨â¥«ì® ¤àã£  ¯®

¢¥àâ¨ª «ì®© ®á¨   ¢¥«¨ç¨ã 4 · 10−4.

� ª á«¥¤ã¥â ¨§ ä®à¬ã« (7), (8) ¢ á«ãç ¥ á¯à ¢¥¤«¨-
¢®áâ¨ ª¢ ¤àã¯®«ì®£® ¯à¨¡«¨¦¥¨ï ¢ª« ¤ ��-¨®®¢
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� £¨â®ã¯àã£¨© ¢ª« ¤ ¢ â¥¯«®¢®¥ à áè¨à¥¨¥ à¥¤ª®§¥¬¥«ìëå ä®áä â®¢ TbPO4 ¨ TmPO4 111

¢ â¥¯«®¢®¥ à áè¨à¥¨¥ ®¯à¥¤¥«ï¥âáï ª¢ ¤àã¯®«ìë-
¬¨ ¬ £¨â®ã¯àã£¨¬¨ ª®íää¨æ¨¥â ¬¨ Bα1

nm = Bα1 ¨

Bα2
nm = Bα2 ¨ ¨§¬¥¥¨¥¬ ª¢ ¤àã¯®«ì®£® ¬®¬¥â 

Q20 á â¥¬¯¥à âãà®©. �â¬¥â¨¬, çâ® ¢ ®¡« áâ¨ â¥¬¯¥à -
âãà ¨¦¥ 20 K  ¡«î¤ ¥âáï ã¬¥ìè¥¨¥ ª¢ ¤àã¯®«ì-
®£® ¬®¬¥â  ¯à¨ ¯®¨¦¥¨¨ â¥¬¯¥à âãàë ¤«ï Tb-
ä®áä â ,   â ª¦¥ ¤®¯®«¨â¥«ì ï ®á®¡¥®áâì â¨¯ 
â®çª¨ ¯¥à¥£¨¡  ¤«ï Tm-ä®áä â  (¡®«¥¥ ®âç¥â«¨¢ ï
  ¯à®¨§¢®¤®© dQ20/dT ).

�®íää¨æ¨¥âë ¯à®¯®àæ¨® «ì®áâ¨ A1 ¨ A2

áà ¢¨¬ë ¯® ¢¥«¨ç¨¥ ¨ ¨¬¥îâ ®¤¨ ª®¢ë¥

§ ª¨ ¤«ï ä®áä â®¢ Tb ¨ Tm. �á¯®«ì§ãï ¤«ï

à áç¥â  ã¯àã£¨¥ ª®áâ âë ¤«ï TmPO4 ¨§ [18]
¨«¨ ¤«ï LuPO4 ¨§ [19], ¯®«ãç ¥¬ § ç¥¨ï

ª¢ ¤àã¯®«ìëå ¬ £¨â®ã¯àã£¨å ª®íää¨æ¨¥â®¢

¤«ï TbPO4 Bα1 = (−7.2 ± 1.1) · 103 K/f.u.,
Bα2 = (5.4 ± 0.7) · 103 K/f.u. ¨ ¤«ï TmPO4 Bα1 =
(−4.7 ± 0.7) · 103 K/f.u., Bα2 = (7.0 ± 1.0) · 103 K/f.u.
�«ï TbPO4 íâ¨ ¢¥«¨ç¨ë  å®¤ïâáï ¢ å®à®è¥¬

á®£« á¨¨ á ª®íää¨æ¨¥â ¬¨ Bα1 = −7 · 103 K/f.u.,
Bα2 = 4.6 · 103 K/f.u., ®¯à¥¤¥«¥ë¬¨ ¢ [20] ¨§

¨§¬¥à¥¨ï ¯ à áâà¨ªæ¨¨ ¤«ï ¤¢ãå à §«¨çëå

£¥®¬¥âà¨© ¬ £¨â®£® ¯®«ï. �â¬¥â¨¬, çâ®

¬ £¨â®ã¯àã£¨¥ ª®íää¨æ¨¥âë Bα1 ¨ Bα2

áà ¢¨¬ë ¯® ¢¥«¨ç¨¥ ¨ ¨¬¥îâ ¯à®â¨¢®¯®«®¦ë¥

§ ª¨. � «®£¨çë¥ § ª¨ ¨ ¡«¨§ª¨¥ ¢¥«¨ç¨ë

¬ £¨â®ã¯àã£¨å ª®íää¨æ¨¥â®¢ Bα1 ¨ Bα2 ¡ë«¨

¯®«ãç¥ë ¨§  ®¬ «¨© â¥¯«®¢®£® à áè¨à¥¨ï ¤«ï

��-¢  ¤ â®¢ á® áâàãªâãà®© æ¨àª®  [7].

� ª¨ ¬ £¨â®ã¯àã£¨å ¢ª« ¤®¢ ¢ â¥¯«®¢®¥ à áè¨-
à¥¨¥ ¢ ��-ä®áä â å RPO4 ¯àï¬® ¯à®â¨¢®¯®«®¦ë

 ©¤¥ë¬ à ¥¥ ¢ ��-¢  ¤ â å RVO4, çâ® á¢ï§ -
®,    è ¢§£«ï¤, á à §«¨çë¬¨ ªà¨áâ ««¨ç¥áª¨¬¨
¯®«ï¬¨ ¨ ¯à¥¦¤¥ ¢á¥£® á à §ë¬¨ § ª ¬¨ ¯ à -
¬¥âà  ¢â®à®£® ¯®àï¤ª  B0

2 [6]. �¨á«¥ë¥ à áç¥âë

¯®ª §ë¢ îâ, çâ® á¯¥ªâà ¨ ¢®«®¢ë¥ äãªæ¨¨ ��-
¨® ,   á«¥¤®¢ â¥«ì®, ¨ ¥£® ª¢ ¤àã¯®«ìë© ¬®¬¥â
¬¥ïîâáï ¯à¨ ¨§¬¥¥¨¨ § ª  íâ®£® ¯ à ¬¥âà : à á-
é¥¯«¥¨¥ ¢ëà®¦¤¥ëå ¯à¨ ªã¡¨ç¥áª®© á¨¬¬¥âà¨¨

ãà®¢¥© å à ªâ¥à¨§ã¥âáï ¨¢¥àá®© ¯®á«¥¤®¢ â¥«ì-
®áâìî ¤ã¡«¥â®¢ ¨ á¨£«¥â®¢ ¤«ï B0

2 > 0 ¨ B0
2 < 0.

� ª¨¬ ®¡à §®¬, ç«¥ ªà¨áâ ««¨ç¥áª®£® ¯®«ï αJB
0
2O

0
2

áâ ¡¨«¨§¨àã¥â ¢ ª ç¥áâ¢¥ ®á®¢®£® á®áâ®ï¨¥ á ¯®«®-
¦¨â¥«ìë¬ ª¢ ¤àã¯®«ìë¬ ¬®¬¥â®¬ Q20 = αJ 〈O0

2〉
¯à¨ B0

2 < 0 (¢  ¤ âë) ¨ á ®âà¨æ â¥«ìë¬ ¯à¨ B0
2 > 0

(ä®áä âë).

� ¡®â  ¯®¤¤¥à¦   �®áá¨©áª¨¬ ä®¤®¬ äã¤ ¬¥-
â «ìëå ¨áá«¥¤®¢ ¨© (£à â ò 95-02-04806).
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