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�´ ²¨§ ¤ ´´ÒÌ ³ £´¨É´μ£μ ¤¨Ë· ±Í¨μ´´μ£μ · ¸¸¥Ö´¨Ö
´¥°É·μ´μ¢ ´  ¶μ²¨±·¨¸É ²² Ì ¸ ¶μ³μÐÓÕ ¶·μ£· ³³Ò VMRIA

‚ ‹�” �ˆŸˆ ´  ·¥ ±Éμ·¥ ˆ��-2 ¢¥¤ÊÉ¸Ö ¨¸¸²¥¤μ¢ ´¨Ö  Éμ³´μ° ¨ ³ £-
´¨É´μ° ¸É·Ê±ÉÊ·Ò ±·¨¸É ²²μ¢. „²Ö μ¡· ¡μÉ±¨ ¤¨Ë· ±Í¨μ´´ÒÌ ¸¶¥±É·μ¢ ¸ ¶μ-
³μÐÓÕ ³¥Éμ¤  �¨É¢¥²Ó¤  ¤μ²£μ¥ ¢·¥³Ö ¨¸¶μ²Ó§μ¢ ²¸Ö ¶ ±¥É MRIA (Multiphase
RIetveld Analysis). ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢¢¥¤¥´  ¢ ¤¥°¸É¢¨¥ ´μ¢ Ö ¢¥·¸¨Ö ¶ -
±¥É  Å ¶·μ£· ³³  VMRIA, ±μÉμ· Ö ´ ¶¨¸ ´  ´  Ö§Ò±¥ ¢¨§Ê ²Ó´μ£μ μ¡Ñ¥±É´μ-
μ·¨¥´É¨·μ¢ ´´μ£μ ¶·μ£· ³³¨·μ¢ ´¨Ö DELPHI. �μ³¨³μ Ê¤μ¡´μ£μ ¨´É¥·Ë¥°¸ 
¤²Ö ¢Ò¶μ²´¥´¨Ö μ¡· ¡μÉ±¨ ¤¨Ë· ±Í¨μ´´ÒÌ ¸¶¥±É·μ¢ ¢ ¶·μ£· ³³Ê ¢±²ÕÎ¥´  ²-
£μ·¨É³  ´ ²¨§  ±μ²²¨´¥ ·´ÒÌ ³ £´¨É´ÒÌ ¸É·Ê±ÉÊ·. ‚ · ¡μÉ¥ ¶·¨¢μ¤ÖÉ¸Ö μ¡Ð¨¥
¸¢¥¤¥´¨Ö μ ¶·¨³¥´¥´¨¨ ³¥Éμ¤  �¨É¢¥²Ó¤  ¤²Ö μ¡· ¡μÉ±¨ ¤¨Ë· ±Í¨μ´´ÒÌ ¸¶¥±-
É·μ¢, μ¡¸Ê¦¤ ÕÉ¸Ö μ¸μ¡¥´´μ¸É¨  ´ ²¨§  ³ £´¨É´ÒÌ ¸É·Ê±ÉÊ· ¨ ¨¸¶μ²Ó§μ¢ ´¨Ö
¶·μ£· ³³Ò VMRIA.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨§¨±¨ ¨³. ˆ.Œ. ”· ´± 
�ˆŸˆ.
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Zlokazov V.B., Bobrikov I. A., Balagurov A.M. P10-2007-118
Program VMRIA for Analysis of Powder Magnetic
Neutron Diffraction Data

At the IBR-2 pulsed reactor at FLNP, JINR, investigations of the atomic and
magnetic structure of crystals are carried out. For the analysis of the obtained
diffraction spectra with the help of the Rietveld method, the program package MRIA
(Multiphase Rietveld Analysis) has been used for a long time. At the present time
a new version of this package, VMRIA, is in operation. This version is developed
using the visual object-oriented programming language DELPHI. Apart from being a
very convenient interface for the interaction with the user, the program contains the
algorithm for the analysis of collinear magnetic structures. In the paper, the general
information about analysis of diffraction spectra by the Rietveld method is given,
and speciˇc features of the magnetic structure analysis by the program VMRIA are
discussed.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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‚‚…„…�ˆ…

�·μ£· ³³  VMRIA, ´ ¶¨¸ ´´ Ö ´  Ö§Ò±¥ ¢¨§Ê ²Ó´μ£μ μ¡Ñ¥±É´μ-μ·¨¥´É¨-
·μ¢ ´´μ£μ ¶·μ£· ³³¨·μ¢ ´¨Ö DELPHI, · §· ¡μÉ ´  ± ± Ê¤μ¡´Ò° ¨´É¥·Ë¥°¸
¤²Ö μ¡· ¡μÉ±¨ ´¥°É·μ´´ÒÌ ¤¨Ë· ±Í¨μ´´ÒÌ ¸¶¥±É·μ¢ μÉ ¶μ²¨±·¨¸É ²²μ¢. ˆ¸-
Ìμ¤´ Ö ¢¥·¸¨Ö ¶·μ£· ³³Ò, ´ §Ò¢ ¢Ï Ö¸Ö MRIA (Multiphase RIetveld Analysis)
[1], ¶·¥¤´ §´ Î ² ¸Ó ¶·¥¨³ÊÐ¥¸É¢¥´´μ ¤²Ö μ¡· ¡μÉ±¨ ¸¶¥±É·μ¢, ¨§³¥·¥´´ÒÌ
´  ËÊ·Ó¥-¤¨Ë· ±Éμ³¥É·¥ ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö (”„‚�), · §³¥Ð¥´´μ³ ´  μ¤-
´μ³ ¨§ ¶ÊÎ±μ¢ ·¥ ±Éμ·  ˆ��-2 ¢ ‹�” �ˆŸˆ, ¨ ¨¸¶μ²Ó§μ¢ ² ¸Ó ¤²Ö ÊÉμÎ´¥´¨Ö
 Éμ³´μ° ¸É·Ê±ÉÊ·Ò ¶μ²¨±·¨¸É ²²μ¢ ¸ ¶μ³μÐÓÕ ³¥Éμ¤  �¨É¢¥²Ó¤ . „²Ö  ´ -
²¨§  ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò ¶μÉ·¥¡μ¢ ²μ¸Ó ¢±²ÕÎ¨ÉÓ ¢ ¶·μ£· ³³Ê ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¨°  ²£μ·¨É³. ‡  μ¸´μ¢Ê ¡Ò²μ ¶·¨´ÖÉμ μ¶¨¸ ´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ³ £´¨É´μ£μ
¤¨Ë· ±Í¨μ´´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢, ¶·¥¤²μ¦¥´´μ¥ ¢ · ¡μÉ¥ [2] ¨ μÉ²¨Î Õ-
Ð¥¥¸Ö μÉ  ²£μ·¨É³ , ·¥ ²¨§μ¢ ´´μ£μ ¢ Ï¨·μ±μ ¨§¢¥¸É´μ° ¶·μ£· ³³¥ FullProf
[3]. ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·¨¢μ¤ÖÉ¸Ö μ¡Ð¨¥ ¸¢¥¤¥´¨Ö μ¡ ¨¸¶μ²Ó§μ¢ ´¨¨ ³¥Éμ¤ 
�¨É¢¥²Ó¤  ¤²Ö μ¡· ¡μÉ±¨ ¤¨Ë· ±Í¨μ´´ÒÌ ¸¶¥±É·μ¢ ¨ ¤ ´μ μ¶¨¸ ´¨¥ ´¥±μÉμ-
·ÒÌ μ¸μ¡¥´´μ¸É¥° ¨¸¶μ²Ó§μ¢ ´¨Ö VMRIA ¤²Ö ¶μ²ÊÎ¥´¨Ö ¨´Ëμ·³ Í¨¨ μ ³ £-
´¨É´μ° ¸É·Ê±ÉÊ·¥ ±·¨¸É ²²μ¢ ±μ²²¨´¥ ·´μ£μ É¨¶ , É. ¥. Ë¥··μ-,  ´É¨Ë¥··μ-
¨²¨ Ë¥··¨³ £´¨É´μ°.

1. „ˆ”��Š–ˆ���›‰ ‘�…Š’�, ‘��’‚…’‘’‚“�™ˆ‰ �’�Œ��‰
‘’�“Š’“�… Š�ˆ‘’�‹‹�

‚ ¸²ÊÎ ¥ Î¨¸Éμ Ö¤¥·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°É·μ´μ¢ ¸  Éμ³ ³¨ ¢¥Ð¥¸É¢ 
¨´É¥´¸¨¢´μ¸ÉÓ ¤¨Ë· ±Í¨μ´´μ£μ ¸¶¥±É·  μÉ ¶μ²¨±·¨¸É ²² , ¶·¥¤¸É ¢²¥´´μ£μ
¢ Ï± ²¥ ³¥¦¶²μ¸±μ¸É´ÒÌ · ¸¸ÉμÖ´¨°, μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê²μ°

I(di) = Cn

∑

hkl

jhklLhkl|Fhkl,nuc |2R(dhkl − di) + Ib(di), (1)

£¤¥ dhkl Å ³¥¦¶²μ¸±μ¸É´μ¥ · ¸¸ÉμÖ´¨¥ ¤²Ö ¤¨Ë· ±Í¨μ´´μ£μ ¶¨±  ¸ ´ ¡μ·μ³
¨´¤¥±¸μ¢ Œ¨²²¥·  (hkl); di Å É¥±ÊÐ¥¥ §´ Î¥´¨¥ ³¥¦¶²μ¸±μ¸É´μ£μ · ¸¸ÉμÖ-
´¨Ö; Cn Å ´μ·³¨·ÊÕÐ Ö ±μ´¸É ´É ; jhkl Å Ë ±Éμ· ¶μ¢Éμ·Ö¥³μ¸É¨; Lhkl Å
Ë ±Éμ· ‹μ·¥´Í ; Fhkl,nuc Å Ö¤¥·´Ò° ¸É·Ê±ÉÊ·´Ò° Ë ±Éμ·; R(dhkl − di) Å
ËÊ´±Í¨Ö, μ¶¨¸Ò¢ ÕÐ Ö Ëμ·³Ê ¶¨± ; Ib Å Ëμ´μ¢ Ö ¨´É¥´¸¨¢´μ¸ÉÓ, ¸Ê³³ 

1



¡¥·¥É¸Ö ¶μ ¢¸¥³ ¶¨± ³ (hkl), ¤ ÕÐ¨³ ¢±² ¤ ¢ ¨´É¥´¸¨¢´μ¸ÉÓ ¢ ÉμÎ±¥ i. ‚
¸²ÊÎ ¥ ¨¤¥ ²Ó´μ£μ ¶μ²¨±·¨¸É ²²  R ¸μ¢¶ ¤ ¥É ¸ ËÊ´±Í¨¥° · §·¥Ï¥´¨Ö ¤¨-
Ë· ±Éμ³¥É· . Šμ´±·¥É´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö Ë ±Éμ·  ‹μ·¥´Í  § ¢¨¸¨É μÉ ³¥Éμ¤ 
¨§³¥·¥´¨Ö ¤¨Ë· ±Í¨μ´´μ£μ ¸¶¥±É· . � ¶·¨³¥·, ¢ ¸²ÊÎ ¥ ³μ´μÌ·μ³ É¨Î¥¸±μ£μ
¶¥·¢¨Î´μ£μ ¶ÊÎ±  Lhkl ∼ d3/sin 2θ, £¤¥ 2θ Å Ê£μ² · ¸¸¥Ö´¨Ö, ¶·¨ ±μÉμ·μ³
· ¸¶μ²μ¦¥´ ¤¨Ë· ±Í¨μ´´Ò° ¶¨±. �·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ³¥Éμ¤  ¢·¥³¥´¨ ¶·μ²¥É 
Lhkl ∼ d4/sin2 θ, ¶·¨Î¥³ d ¸¢Ö§ ´μ ¸ ´μ³¥·μ³ ¢·¥³¥´´μ£μ ± ´ ²  ¸μμÉ´μÏ¥-
´¨¥³

Ni = const (l/τ)di sin θ, (2)

£¤¥ l Å ¶·μ²¥É´μ¥ · ¸¸ÉμÖ´¨¥; τ Å Ï¨·¨´  ± ´ ² ; θ Å Ê£μ² �·Ô££ . Šμ´-
¸É ´É  ¢ (2) μ¶·¥¤¥²Ö¥É¸Ö ¸μμÉ´μÏ¥´¨¥³ const = 2m/h, £¤¥ m = 1674, 9543×
10−27 £ Å ³ ¸¸  ´¥°É·μ´ ; h = 6, 626176·10−27 Ô·£ · ¸³ Å ¶μ¸ÉμÖ´´ Ö �² ´± ,
¨ ¥¸²¨ l ¢Ò· ¦¥´μ ¢ ³¥É· Ì, τ Å ¢ ³¨±·μ¸¥±Ê´¤ Ì,   d Å ¢  ´£¸É·¥³ Ì, Éμ
const = 505, 557.

‘É ´¤ ·É´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¸É·Ê±ÉÊ·´μ£μ Ë ±Éμ·  ¥¸ÉÓ

Fhkl,nuc =
∑

j

njbj exp [2πi(hxj + kyj + lzj)]Tj , (3)

£¤¥ nj ¨ bj Å Ë ±Éμ· § ¶μ²´¥´¨Ö ¨ ±μ£¥·¥´É´ Ö ¤²¨´  · ¸¸¥Ö´¨Ö ¤²Ö
j-£μ  Éμ³ ; (x, y, z)j ¨ Tj Å μÉ´μ¸¨É¥²Ó´Ò¥ ±μμ·¤¨´ ÉÒ ¨ É¥¶²μ¢μ° Ë ±Éμ·
(Ë ±Éμ· „¥¡ ÖÄ‚ ²²¥· ) ¤²Ö j-£μ  Éμ³ . ‚ ¸²ÊÎ ¥ ¨§μÉ·μ¶´μ£μ ¶·¨¡²¨¦¥´¨Ö
¤²Ö É¥¶²μ¢ÒÌ ±μ²¥¡ ´¨°  Éμ³μ¢ Ë ±Éμ· „¥¡ ÖÄ‚ ²²¥·  μ¡ÒÎ´μ § ¶¨¸Ò¢ ¥É¸Ö
¢ Ëμ·³¥ Tj = exp (−Bj/4d2), £¤¥ Bj = 8π2〈u2

j〉, 〈u2
j〉 Å ¸·¥¤´¨° ±¢ ¤· É

 ³¶²¨ÉÊ¤Ò ±μ²¥¡ ´¨° j-£μ  Éμ³ . ‘Ê³³  (3) ¡¥·¥É¸Ö ¶μ ¢¸¥³  Éμ³ ³ ¢ Ô²¥-
³¥´É ·´μ° ÖÎ¥°±¥ ±·¨¸É ²² .

�·¨ ÊÉμÎ´¥´¨¨ ¸É·Ê±ÉÊ·Ò ±·¨¸É ²²  ¸ ¶μ³μÐÓÕ ³¥Éμ¤  �¨É¢¥²Ó¤  ³¨´¨-
³¨§¨·Ê¥É¸Ö ËÊ´±Í¨μ´ ²

χ2 =
∑

i

ωi[I(di) − J(di)]2, (4)

£¤¥ I(di) ¨ J(di) Å · ¸¸Î¨É ´´Ò¥ ¶μ (1) ¨ Ô±¸¶¥·¨³¥´É ²Ó´μ ¶μ²ÊÎ¥´´Ò¥
§´ Î¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ¢ ÉμÎ±¥ di; ωi Å ¢¥¸ i-° ÉμÎ±¨. ‘Ê³³  (4) ¡¥·¥É¸Ö ¶μ
¢¸¥³ ÉμÎ± ³, ¨§³¥·¥´´Ò³ ¢ ± ±μ³-Éμ ¨´É¥·¢ ²¥ ³¥¦¶²μ¸±μ¸É´ÒÌ · ¸¸ÉμÖ´¨°.
� · ³¥É· ³¨ ËÊ´±Í¨μ´ ² , ¶μ¤²¥¦ Ð¨³¨ ÊÉμÎ´¥´¨Õ, ³μ£ÊÉ ¡ÒÉÓ ¶ · ³¥É·Ò
Ô²¥³¥´É ·´μ° ÖÎ¥°±¨, ¢Ìμ¤ÖÐ¨¥ ¢ dhkl, Ë ±Éμ·Ò § ¶μ²´¥´¨Ö ¶μ§¨Í¨° nj , ±μ-
μ·¤¨´ ÉÒ  Éμ³μ¢ (x, y, z)j ¨ ¢¥²¨Î¨´Ò Bj . �μ¤·μ¡´μ¥ μ¶¨¸ ´¨¥ ³´μ£μÎ¨¸²¥´-
´ÒÌ μ¸μ¡¥´´μ¸É¥° ³¥Éμ¤  �¨É¢¥²Ó¤  ¨ ¶·¨³¥·Ò ¥£μ ¶·¨³¥´¥´¨Ö ¸μ¤¥·¦ É¸Ö ¢
±´¨£¥ [4]. �¸´μ¢´Ò³¨ § ¤ Î ³¨ ¶·μ£· ³³ μ¡· ¡μÉ±¨ Ö¢²ÖÕÉ¸Ö ¢¢μ¤ Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, § ¤ ´¨¥ ¨´Ëμ·³ Í¨¨ μ ¸É·Ê±ÉÊ·¥, μ·£ ´¨§ Í¨Ö ¶·μÍ¥¸¸ 
³¨´¨³¨§ Í¨¨ ËÊ´±Í¨μ´ ²  (4) ¨ ¶·¥¤¸É ¢²¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ · ¸Î¥É .
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2. ‘’�“Š’“��›‰ ”�Š’�� „‹Ÿ Œ�ƒ�ˆ’��ƒ�
„ˆ”��Š–ˆ����ƒ� ��‘‘…Ÿ�ˆŸ

‚§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê  ´μ³ ²Ó´Ò³ ³ £´¨É´Ò³ ³μ³¥´Éμ³ ´¥°É·μ´  ¨
³ £´¨É´Ò³ ³μ³¥´Éμ³  Éμ³  Ö¢²Ö¥É¸Ö ³ £´¨É´Ò³ ¤¨¶μ²Ó´Ò³. ‘¥Î¥´¨¥ Ê¶·Ê-
£μ£μ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö, ¸¢Ö§ ´´μ£μ ¸ ÔÉ¨³ ¢§ ¨³μ¤¥°¸É¢¨¥³, ³μ¦¥É ¡ÒÉÓ
· ¸¸Î¨É ´μ ·¥Ï¥´¨¥³ ·¥²ÖÉ¨¢¨¸É¸±μ£μ Ê· ¢´¥´¨Ö „¨· ±  ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³
¶μÉ¥´Í¨ ²μ³ ³ £´¨É´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°É·μ´  ¨  Éμ³ . ‚ ¶·¥¤¶μ²μ¦¥´¨¨
· ¢¥´¸É¢  ´Ê²Õ μ·¡¨É ²Ó´μ£μ ³μ³¥´É   Éμ³  ±μ£¥·¥´É´ÊÕ  ³¶²¨ÉÊ¤Ê ³ £´¨É-
´μ£μ · ¸¸¥Ö´¨Ö ´  ±μ²²¨´¥ ·´μ° ¸É·Ê±ÉÊ·¥ ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥
(¸³., ´ ¶·¨³¥·, [5]):

bm = CmP (Q){sn · S − (sn · e)(S · e)}, (5)

£¤¥ Cm = 2e2γ/(mec
2); γ = −1, 913 Å  ´μ³ ²Ó´Ò° ³ £´¨É´Ò° ³μ³¥´É ´¥°-

É·μ´  (¢ Ö¤¥·´ÒÌ ³ £´¥Éμ´ Ì); P (Q) Å ³ £´¨É´Ò° Ëμ·³Ë ±Éμ·  Éμ³  (Ëμ·³-
Ë ±Éμ· ¸¶¨´μ¢μ° ¶²μÉ´μ¸É¨), Ö¢²ÖÕÐ¨°¸Ö ËÊ·Ó¥-¶·¥μ¡· §μ¢ ´¨¥³ μÉ · ¸¶·¥-
¤¥²¥´¨Ö ¸¶¨´μ¢μ° ¶²μÉ´μ¸É¨ ´¥¸¶ ·¥´´ÒÌ Ô²¥±É·μ´μ¢; Q = 2πH Å ¢¥±Éμ·
· ¸¸¥Ö´¨Ö; H Å ¢¥±Éμ· μ¡· É´μ° ·¥Ï¥É±¨, ¶·¨Î¥³ |H| = 1/dhkl; sn Å ¸¶¨´
´¥°É·μ´ ; S Å ¸¶¨´  Éμ³ ; e = Q/Q = H/H Å ¥¤¨´¨Î´Ò° ¢¥±Éμ· · ¸¸¥Ö´¨Ö.
”μ·³Ê²  (5) ´ ¶¨¸ ´  ¤²Ö ¸²ÊÎ Ö μ¶·¥¤¥²¥´´μ° μ·¨¥´É Í¨¨ ¸¶¨´μ¢ ´¥°É·μ´ 
¨  Éμ³ . …¸²¨ ¶ÊÎμ± ´¥°É·μ´μ¢ ´¥ ¶μ²Ö·¨§μ¢ ´, É. ¥. μ·¨¥´É Í¨¨ ±sn ¢¸É·¥Î -
ÕÉ¸Ö · ¢´μ¢¥·μÖÉ´μ, Éμ ´¥μ¡Ìμ¤¨³μ ¢Ò¶μ²´¨ÉÓ Ê¸·¥¤´¥´¨¥ ¶μ ´¨³. ‘É·μ£ Ö
¶·μÍ¥¤Ê·  ¶μ²ÊÎ¥´¨Ö μ¡Ð¥£μ ¢Ò· ¦¥´¨Ö ¤²Ö ¸¥Î¥´¨Ö ³ £´¨É´μ£μ · ¸¸¥Ö´¨Ö
´¥°É·μ´μ¢ ¨ ¥£μ Ê¸·¥¤´¥´¨Ö ¢ ¸²ÊÎ ¥ ´¥¶μ²Ö·¨§μ¢ ´´μ£μ ¶ÊÎ±  ¶·¨¢¥¤¥´ ,
´ ¶·¨³¥·, ¢ ±´¨£¥ [6]. Š ± ·¥§Ê²ÓÉ É, ¤²Ö j-£μ  Éμ³  ±μ£¥·¥´É´ÊÕ  ³¶²¨ÉÊ¤Ê
³ £´¨É´μ£μ · ¸¸¥Ö´¨Ö ´  ±μ²²¨´¥ ·´μ° ¸É·Ê±ÉÊ·¥ ³μ¦´μ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥
(¶μ¤¸É ¢²ÖÖ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ±μ´¸É ´É)

bm,j = 0, 539P (Q)Sj |m − e(m · e)|(¢ ¥¤¨´¨Í Ì 10−12 ¸³), (6)

£¤¥ m Å ¥¤¨´¨Î´Ò° ¢¥±Éμ· ¢ ´ ¶· ¢²¥´¨¨ ³μ³¥´É   Éμ³ ; Sj Å ¸¶¨´ j-£μ
 Éμ³  ¢ ¥¤¨´¨Í Ì � ¢ ¸³Ò¸²¥ ³ ±¸¨³ ²Ó´μ° ¶·μ¥±Í¨¨ ´  μ¸Ó ±¢ ´Éμ¢ ´¨Ö
(´ ¶·¨³¥·, S = 1/2 ¤²Ö μ¤´μ£μ Ô²¥±É·μ´ ).

�μ²Ó§ÊÖ¸Ó (6), ¢Ò· ¦¥´¨¥ ¤²Ö ³ £´¨É´μ£μ ¸É·Ê±ÉÊ·´μ£μ Ë ±Éμ·  ³μ¦´μ
§ ¶¨¸ ÉÓ ¢ ¢¨¤¥,  ´ ²μ£¨Î´μ³ (3),   ¨³¥´´μ

Fhkl,mag = Mhkl

∑

j

Sjμj exp [2πi(hxj + kyj + lzj)]Tj , (7)

£¤¥ ¸Ê³³  ¡¥·¥É¸Ö ¶μ ¢¸¥³ ³ £´¨É´Ò³  Éμ³ ³ (¸ ±μμ·¤¨´ É ³¨ xj , yj , zj)
¢ ÖÎ¥°±¥, Mhkl = |m − e · (m · e)| = |sin η|; η Å Ê£μ² ³¥¦¤Ê ´ ¶· ¢²¥´¨¥³
³ £´¨É´ÒÌ ³μ³¥´Éμ¢  Éμ³μ¢ m ¨ ¢¥±Éμ·μ³ e; μj = 0, 539 · P (Q). ‚ (7) ¨ ¤ -
²¥¥ ³ £´¨É´Ò° Ëμ·³Ë ±Éμ· ¶·¥¤¶μ² £ ¥É¸Ö ¨§μÉ·μ¶´Ò³. „²Ö ±μ²²¨´¥ ·´ÒÌ
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³ £´¨É´ÒÌ ¸É·Ê±ÉÊ· (É. ¥. Ë¥··μ-,  ´É¨Ë¥··μ- ¨²¨ Ë¥··¨³ £´¨É´ÒÌ) ´ ¶· -
¢²¥´¨¥ ³ £´¨É´ÒÌ ³μ³¥´Éμ¢ m μ¤¨´ ±μ¢μ ¤²Ö ¢¸¥Ì  Éμ³μ¢ ¸ ÉμÎ´μ¸ÉÓÕ ¤μ
§´ ± , ±μÉμ·Ò° ÊÎ¨ÉÒ¢ ¥É¸Ö §´ ±μ³ ¢¥²¨Î¨´ Sj .

3. „ˆ”��Š–ˆ���›‰ ‘�…Š’� �’ Š�ˆ‘’�‹‹� ‘
Š�‹‹ˆ�…����‰ Œ�ƒ�ˆ’��‰ ‘’�“Š’“��‰

„²Ö ´¥¶μ²Ö·¨§μ¢ ´´ÒÌ ´¥°É·μ´μ¢ ¨´É¥·Ë¥·¥´Í¨Ö ³¥¦¤Ê Ö¤¥·´Ò³ ¨ ³ £-
´¨É´Ò³ · ¸¸¥Ö´¨¥³ μÉ¸ÊÉ¸É¢Ê¥É, É. ¥. Ö¤¥·´Ò° ¨ ³ £´¨É´Ò° ¸É·Ê±ÉÊ·´Ò¥ Ë ±-
Éμ·Ò ¸±² ¤Ò¢ ÕÉ¸Ö ±¢ ¤· É¨Î´μ. �μ¸±μ²Ó±Ê ¢¸¥ ³´μ¦¨É¥²¨, ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö
¶¥·¥Ìμ¤  μÉ ¸É·Ê±ÉÊ·´μ£μ Ë ±Éμ·  ± ¨´É¥´¸¨¢´μ¸É¨, Ö¢²ÖÕÉ¸Ö μ¤¨´ ±μ¢Ò³¨
¤²Ö Ö¤¥·´μ£μ ¨ ³ £´¨É´μ£μ ¢±² ¤μ¢, Éμ ³μ¦´μ ´ ¶¨¸ ÉÓ

I(di)=Cn

∑

hkl

jhklLhkl(|Fhkl,nuc |2+M2
hkl|Fhkl,mag |2)R(dhkl−di)+Ib(di), (8)

£¤¥ ¢¥²¨Î¨´  M2
hkl = sin2 η ¤²Ö Ê¤μ¡¸É¢  ¢Ò´¥¸¥´  μÉ¤¥²Ó´μ,   Fhkl,mag ¥¸ÉÓ

¸Ê³³  ¨§ (7).
�·¨  ´ ²¨§¥ ¶μ²¨±·¨¸É ²²μ¢ ¢¥²¨Î¨´  sin2 η ¤μ²¦´  ¡ÒÉÓ Ê¸·¥¤´¥´  ¶μ

μ·¨¥´É Í¨Ö³ ±·¨¸É ²²¨Éμ¢, É. ¥. ¶μ Ô±¢¨¢ ²¥´É´Ò³ ´ ¡μ· ³ ¨´¤¥±¸μ¢ Œ¨²-
²¥· , ¨ ÔÉμ Ê¸·¥¤´¥´¨¥ § ¢¨¸¨É μÉ ¸¨´£μ´¨¨ ±·¨¸É ²² . �Î¥¢¨¤´μ, ÎÉμ ¢ ¢Ò¸μ-
±μ¸¨³³¥É·¨Î´ÒÌ ¸É·Ê±ÉÊ· Ì ¢μ§´¨± ¥É ´¥μ¤´μ§´ Î´μ¸ÉÓ μ·¨¥´É Í¨¨ ³μ³¥´É 
μÉ´μ¸¨É¥²Ó´μ ±·¨¸É ²²μ£· Ë¨Î¥¸±¨Ì μ¸¥°, ¸¢Ö§ ´´ Ö ¸ É¥³, ÎÉμ ¶¨±¨ ¸ · §-
´Ò³¨ ¨´¤¥±¸ ³¨ Œ¨²²¥·  ¨³¥ÕÉ μ¤¨´ ±μ¢Ò¥ dhkl. � ¶·¨³¥·, ¤²Ö ±Ê¡¨Î¥¸±μ°
¸¨´£μ´¨¨ ´¥¢μ§³μ¦´μ μ¶·¥¤¥²¨ÉÓ, ¢¤μ²Ó ± ±μ° ¨§ μ¸¥° ÖÎ¥°±¨ ´ ¶· ¢²¥´ ³μ-
³¥´É, É ± ± ± ¶¨±¨ (100), (010) ¨ (001) ¸²¨¢ ÕÉ¸Ö ¢ μ¤¨´. „²Ö ¸¨´£μ´¨° ¸
¢Ò¤¥²¥´´μ° ¶μ¢μ·μÉ´μ° μ¸ÓÕ (É¥É· £μ´ ²Ó´μ°, £¥±¸ £μ´ ²Ó´μ°, ·μ³¡μÔ¤·¨Î¥-
¸±μ°) ´¥¢μ§³μ¦´μ μ¶·¥¤¥²¨ÉÓ μ·¨¥´É Í¨Õ ³μ³¥´É  ¢ ¶²μ¸±μ¸É¨, ¶¥·¶¥´¤¨-
±Ê²Ö·´μ° μ¸¨. ”μ·³Ê²Ò ¤²Ö 〈M2

hkl〉, ¢Ò¢μ¤ ±μÉμ·ÒÌ μ¸´μ¢ ´ ´  ¸É ´¤ ·É´ÒÌ
Ëμ·³Ê² Ì £¥μ³¥É·¨Î¥¸±μ° ±·¨¸É ²²μ£· Ë¨¨, ¶·¨¢¥¤¥´Ò ¢ [2] ¤²Ö ¢¸¥Ì ¸¨´£μ-
´¨°, ±·μ³¥ ³μ´μ±²¨´´μ° ¨ É·¨±²¨´´μ°. � ¶·¨³¥·, ¤²Ö ±Ê¡¨Î¥¸±μ° ¸¨´£μ´¨¨
〈M2

hkl〉 = 2/3, É. ¥. ´¥ § ¢¨¸¨É μÉ (hkl),   ¤²Ö ·μ³¡¨Î¥¸±μ° ¸¨´£μ´¨¨

〈M2
hkl〉 = 1 − (h2a∗2cos2 ϕa + k2b∗2cos2 ϕb + l2c∗2cos2 ϕc)d2, (9)

£¤¥ ϕa, ϕb, ϕc Å Ê£²Ò ³¥¦¤Ê ´ ¶· ¢²¥´¨¥³ ³ £´¨É´μ£μ ³μ³¥´É   Éμ³  ¨
μ¸Ö³¨ a, b, c ¸μμÉ¢¥É¸É¢¥´´μ; a∗, b∗, c∗ Å ¶ · ³¥É·Ò μ¡· É´μ° ÖÎ¥°±¨; d =
1/Hhkl.

�¥ ²Ó´ Ö ¸¨ÉÊ Í¨Ö ³μ¦¥É ¡ÒÉÓ ¥Ð¥ ¡μ²¥¥ ´¥μ¶·¥¤¥²¥´´μ°, É ± ± ± ´¥°-
É·μ´´Ò¥ ¶μ·μÏ±μ¢Ò¥ ¤¨Ë· ±Éμ³¥É·Ò, ¶·¥¤´ §´ Î¥´´Ò¥ ¤²Ö ¨§³¥·¥´¨Ö ³ £-
´¨É´ÒÌ ¤¨Ë· ±Í¨μ´´ÒÌ ¸¶¥±É·μ¢, ± ± ¶· ¢¨²μ, ´¥ μ¡² ¤ ÕÉ ¢Ò¸μ±μ° · §·¥-
Ï ÕÐ¥° ¸¶μ¸μ¡´μ¸ÉÓÕ. � ¶·¨³¥·, ¢ ¸²ÊÎ ¥ ·μ³¡¨Î¥¸±μ° ¸¨´£μ´¨¨  ´ ²¨§
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¨´É¥´¸¨¢´μ¸É¥°, ¢ ¶·¨´Í¨¶¥, ³μ¦¥É ¶·¨¢¥¸É¨ ± μ¶·¥¤¥²¥´¨Õ Ê£²μ¢ ϕa, ϕb,
ϕc, ´μ Éμ²Ó±μ ¥¸²¨ · §²¨Î¨¥ ¢ ¶¥·¨μ¤ Ì a, b ¨ c ¤μ¸É ÉμÎ´μ ¢¥²¨±μ. ‚ ¸²Ê-
Î ¥ ¶¸¥¢¤μ¸¨³³¥É·¨¨, ´ ¶·¨³¥·, ¡²¨§±¨Ì §´ Î¥´¨° ¶¥·¨μ¤μ¢ a, b ¨ c ¶·¨
¶¸¥¢¤μ±Ê¡¨Î¥¸±μ° ¸¨³³¥É·¨¨,  ±±Ê· É´Ò°  ´ ²¨§ ¨´É¥´¸¨¢´μ¸É¥° ¶¥·¥±·Ò-
¢ ÕÐ¨Ì¸Ö ¶¨±μ¢ ¨´μ£¤  ³μ¦¥É ¶μ³μÎÓ ¢ μ¶·¥¤¥²¥´¨¨ ´ ¶· ¢²¥´¨Ö ³μ³¥´É .
’ ±, ¨§ ¢Ò· ¦¥´¨Ö ¤²Ö M2

hkl ¸²¥¤Ê¥É, ÎÉμ μÉ¸ÊÉ¸É¢¨¥ ³ £´¨É´μ£μ ¢±² ¤  ¢ ¶¨±
(hkl) μ§´ Î ¥É, ÎÉμ ³μ³¥´É ´ ¶· ¢²¥´ ¢¤μ²Ó (¨²¨ ¡²¨§±μ) ± Hhkl. � μ¡μ·μÉ,
³ ±¸¨³ ²Ó´Ò° ³ £´¨É´Ò° ¢±² ¤ ¢ ¶¨± (hkl) μ§´ Î ¥É, ÎÉμ ³μ³¥´É ´ ¶· ¢²¥´
¢ ¶²μ¸±μ¸É¨, ¶¥·¶¥´¤¨±Ê²Ö·´μ° Hhkl.

4. ‘�…–ˆ”ˆŠ� “’�—�…�ˆŸ Œ�ƒ�ˆ’��‰ ‘’�“Š’“�›

�·¨ μ¶¨¸ ´¨¨ ³ £´¨É´μ£μ · ¸¸¥Ö´¨Ö ±μ£¥·¥´É´ Ö ¤²¨´  Ö¤¥·´μ£μ · ¸-
¸¥Ö´¨Ö § ³¥´Ö¥É¸Ö Ëμ·³Ë ±Éμ·μ³ P (Q), É. ¥. ¢¥²¨Î¨´μ°, § ¢¨¸ÖÐ¥° μÉ ¶¥-
·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ . „²Ö ¡μ²ÓÏ¨´¸É¢  ³ £´¨É´ÒÌ ¨μ´μ¢ μ´¨ μ¶·¥¤¥²¥´Ò ¢
´¥§ ¢¨¸¨³ÒÌ Ô±¸¶¥·¨³¥´É Ì ¨ § ´¥¸¥´Ò ¢ É ¡²¨ÍÒ. „²Ö Ë¥··μ³ £´¨É´ÒÌ
¸É·Ê±ÉÊ· Ö¤¥·´ Ö ¨ ³ £´¨É´ Ö Ô²¥³¥´É ·´Ò¥ ÖÎ¥°±¨ ¸μ¢¶ ¤ ÕÉ ¨ ³ £´¨É´μ¥
· ¸¸¥Ö´¨¥ ¤ ¥É Éμ²Ó±μ ± ±μ°-Éμ ¤μ¶μ²´¨É¥²Ó´Ò° ¢±² ¤ ¢ ¨´É¥´¸¨¢´μ¸ÉÓ ¤¨-
Ë· ±Í¨μ´´ÒÌ ¶¨±μ¢ μÉ  Éμ³´μ° ¸É·Ê±ÉÊ·Ò. ‚ ¸²ÊÎ ÖÌ  ´É¨Ë¥··μ- ¨ Ë¥·-
·¨³ £´¨É´ÒÌ ¸É·Ê±ÉÊ· ¢μ§³μ¦´  ¸¨ÉÊ Í¨Ö, ±μ£¤  ¢μ§´¨± ÕÉ ¤¨Ë· ±Í¨μ´´Ò¥
¶¨±¨, ¨´É¥´¸¨¢´μ¸ÉÓ ±μÉμ·ÒÌ μ¶·¥¤¥²Ö¥É¸Ö Éμ²Ó±μ ³ £´¨É´Ò³ ¶μ·Ö¤±μ³, É ±
± ± ¨Ì Ö¤¥·´Ò° ¸É·Ê±ÉÊ·´Ò° Ë ±Éμ· · ¢¥´ ´Ê²Õ. � ¶·¨³¥·, ¢μ§´¨±´μ¢¥´¨¥
¢ ¸²ÊÎ ¥ ¶·¨³¨É¨¢´μ° μ¤´μ Éμ³´μ° ¸É·Ê±ÉÊ·Ò  ´É¨Ë¥··μ³ £´¨É´μ£μ ¶μ·Ö¤± 
§ ¢¥¤μ³μ ¶·¨¢μ¤¨É ± ¶μÖ¢²¥´¨Õ ³ £´¨É´ÒÌ ¤¨Ë· ±Í¨μ´´ÒÌ ¶¨±μ¢, ¸μμÉ¢¥É-
¸É¢ÊÕÐ¨Ì Ê§² ³ μ¡· É´μ° ·¥Ï¥É±¨ ¸ ¶μ²ÊÍ¥²Ò³¨ ¨´¤¥±¸ ³¨ (hkl), É. ¥. É ³,
£¤¥ Ö¤¥·´Ò¥ ¶¨±¨ μÉ¸ÊÉ¸É¢ÊÕÉ. �·μ¸É· ´¸É¢¥´´ Ö ¸¨³³¥É·¨Ö  Éμ³´μ° ¨ ³ £-
´¨É´μ° ¸É·Ê±ÉÊ· É ±¦¥ ³μ¦¥É ¡ÒÉÓ · §²¨Î´μ°, É ± ± ± ¸¨³³¥É·¨Ö ³ £´¨É´μ°
¸É·Ê±ÉÊ·Ò μ¶·¥¤¥²Ö¥É¸Ö Éμ²Ó±μ Î ¸ÉÓÕ  Éμ³μ¢. 
Éμ μ§´ Î ¥É, ÎÉμ ³¥Éμ¤  ´ -
²¨§  ¤ ´´ÒÌ ³ £´¨É´μ° ¤¨Ë· ±Í¨¨ ¤μ²¦¥´ ¤μ¶Ê¸± ÉÓ ¨¸¶μ²Ó§μ¢ ´¨¥ Ô²¥³¥´-
É ·´ÒÌ ÖÎ¥¥± · §´μ£μ · §³¥·  ¨ · §´ÒÌ ¶·μ¸É· ´¸É¢¥´´ÒÌ £·Ê¶¶ ¤²Ö μ¶¨¸ ´¨Ö
Ö¤¥·´μ° ¨ ³ £´¨É´μ° ¸μ¸É ¢²ÖÕÐ¨Ì ¤¨Ë· ±Í¨μ´´μ£μ ¸¶¥±É· .

‚ ´¥±μÉμ·ÒÌ ¸²ÊÎ ÖÌ ¶·¥μ¡· §μ¢ ´¨Ö ¸¨³³¥É·¨¨ ³μ¦´μ μ¸ÊÐ¥¸É¢²ÖÉÓ,
¨¸¶μ²Ó§ÊÖ ®Î¥·´μ-¡¥²Ò¥¯ (ÏÊ¡´¨±μ¢¸±¨¥) £·Ê¶¶Ò ¸¨³³¥É·¨¨, ÎÉμ  ¢Éμ³ É¨Î¥-
¸±¨ μ¡¥¸¶¥Î¨¢ ¥É ÊÎ¥É §´ ±  ¢¥²¨Î¨´ Sj . �μ²¥¥ μ¡Ð¨³ ¶μ¤Ìμ¤μ³ ± μ¶¨¸ ´¨Õ
³ £´¨É´μ° ¸¨³³¥É·¨¨ ±·¨¸É ²²μ¢ Ö¢²Ö¥É¸Ö ¶μ¤Ìμ¤, μ¸´μ¢ ´´Ò° ´  É¥μ·¨¨ ´¥-
¶·¨¢μ¤¨³ÒÌ ¶·¥¤¸É ¢²¥´¨° ±·¨¸É ²²μ£· Ë¨Î¥¸±¨Ì £·Ê¶¶, ±· É±μ¥ ¨§²μ¦¥´¨¥
±μÉμ·μ£μ ¸μ¤¥·¦¨É¸Ö ¢ · ¡μÉ¥ [7]. ‘¨³³¥É·¨°´Ò¥ ¸μμ¡· ¦¥´¨Ö μ¡Ö§ É¥²Ó´μ
¤μ²¦´Ò ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò, ¥¸²¨ ³ £´¨É´ Ö ¸É·Ê±ÉÊ·  § · ´¥¥ ´¥ ¨§¢¥¸É´ ,
¶·¥¦¤¥ ¢¸¥£μ ¤²Ö Éμ£μ, ÎÉμ¡Ò ´¥ ¡Ò²¨ ¶·μ¶ÊÐ¥´Ò ± ±¨¥-²¨¡μ ¢μ§³μ¦´Ò¥
¢ ·¨ ´ÉÒ. �¤´ ±μ ¶·¨ ·¥ ²¨§ Í¨¨ ¶·μ£· ³³Ò VMRIA ¶·¥¤¶μ² £ ²μ¸Ó, ÎÉμ
³μ¤¥²Ó ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò ¨§¢¥¸É´  ¨ É·¥¡Ê¥É¸Ö ²¨ÏÓ ¶·μ¢¥¸É¨ ¥¥ ÊÉμÎ´¥-
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´¨¥. ‚ ÔÉμ³ ¸²ÊÎ ¥ ³μ¦´μ μÉ± § ÉÓ¸Ö μÉ ¸²μ¦´ÒÌ ¸¨³³¥É·¨°´ÒÌ  ²£μ·¨É³μ¢
¨ ¨¸¶μ²Ó§μ¢ ÉÓ ¢ ·¨ ´É ®·ÊÎ´μ°¯ · ¸¸É ´μ¢±¨ ³ £´¨É´ÒÌ  Éμ³μ¢ ¨ § ¤ ´¨Ö
´ ¶· ¢²¥´¨Ö ¨Ì ³ £´¨É´μ£μ ³μ³¥´É .

�·¨ ÊÉμÎ´¥´¨¨ ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò ±·¨¸É ²²  ¸ ¶μ³μÐÓÕ ³¥Éμ¤  �¨É-
¢¥²Ó¤  ¢ ¶·μ£· ³³¥ VMRIA μ´  § ¤ ¥É¸Ö ± ± ¤μ¶μ²´¨É¥²Ó´ Ö ±  Éμ³´μ°
¸É·Ê±ÉÊ·¥ Ë § . ‘μμÉ´μÏ¥´¨¥ ³¥¦¤Ê Ö¤¥·´μ° ¨ ³ £´¨É´μ° ÖÎ¥°± ³¨ Ê¸É -
´ ¢²¨¢ ¥É¸Ö ¶μ²Ó§μ¢ É¥²¥³ § ¤ ´¨¥³ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¢Ö§¥° ³¥¦¤Ê ¶ · ³¥-
É· ³¨. Šμμ·¤¨´ ÉÒ μ¤´¨Ì ¨ É¥Ì ¦¥  Éμ³μ¢ ¢ ³ £´¨É´μ° ¨ Ö¤¥·´μ° Ë § Ì
Ö¢²ÖÕÉ¸Ö μ¤¨´ ±μ¢Ò³¨ ²¨¡μ ²¨´¥°´μ-§ ¢¨¸¨³Ò³¨ ¢ ¸²ÊÎ ¥ ¨§³¥´¥´¨Ö Ô²¥-
³¥´É ·´μ° ÖÎ¥°±¨ ³ £´¨É´μ° Ë §Ò. �  ¶ · ³¥É·Ò  Éμ³μ¢ ¤μ²¦´Ò ¡ÒÉÓ ´ ²μ-
¦¥´Ò § ¢¨¸¨³μ¸É¨, μ¶·¥¤¥²Ö¥³Ò¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ¶·¥μ¡· §μ¢ ´¨Ö³¨ £·Ê¶¶
¸¨³³¥É·¨°. ‚ ¶·μ£· ³³¥ VMRIA ÔÉμ ³μ¦¥É ¡ÒÉÓ ¸¤¥² ´μ  ¢Éμ³ É¨Î¥¸±¨, ¸
¨¸¶μ²Ó§μ¢ ´¨¥³ ¸¶¥Í¨ ²Ó´μ° μ¶Í¨¨.

Š ± ¶· ¢¨²μ, μ¶·¥¤¥²¥´¨¥ ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò ±·¨¸É ²²  ¶·μ¨¸Ìμ¤¨É ¢
¤¢  ÔÉ ¶  (¸³., ´ ¶·¨³¥·, [7]). �  ¶¥·¢μ³ ÔÉ ¶¥ ¢Ò¤¥²ÖÕÉ¸Ö ¤¨Ë· ±Í¨μ´´Ò¥
¶¨±¨, ¢ ¨´É¥´¸¨¢´μ¸ÉÖÌ ±μÉμ·ÒÌ ¥¸ÉÓ ³ £´¨É´Ò° ¢±² ¤. �μ ¨´¤¥±¸ ³ Œ¨²²¥· 
ÔÉ¨Ì ¶¨±μ¢ ´ Ìμ¤¨É¸Ö ¢μ²´μ¢μ° ¢¥±Éμ· ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò, μ¶·¥¤¥²¥´´Ò°
¢ μ¡· É´μ° ·¥Ï¥É±¥ ±·¨¸É ²²  ¨ ´ §Ò¢ ¥³Ò° μ¡ÒÎ´μ ¢¥±Éμ·μ³ Œ‘ ¨²¨ ¢¥±-
Éμ·μ³ · ¸¶·μ¸É· ´¥´¨Ö K, ÎÉμ § Î ¸ÉÊÕ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ Ê¸É ´μ¢¨ÉÓ ¥¥ É¨¶.
‘¢Ö§Ó ³¥¦¤Ê ´ ¶· ¢²¥´¨Ö³¨ ³μ³¥´Éμ¢ ± ±μ£μ-Éμ ¨¸Ìμ¤´μ£μ  Éμ³  ¢ ´Ê²¥¢μ°
ÖÎ¥°±¥ ¨  Éμ³  ¢ n-° ÖÎ¥°±¥ ¸ ¶μ³μÐÓÕ ¢¥±Éμ·  Œ‘ § ¤ ¥É¸Ö ¸μμÉ´μÏ¥´¨¥³

Sn = S0 · exp (2πiKTn), (10)

£¤¥ Tn Å ¢¥±Éμ·Ò É· ´¸²ÖÍ¨¨, ´ ¡μ· ±μÉμ·ÒÌ ¢±²ÕÎ ¥É ¨ ¢¥±Éμ·Ò Í¥´É·¨-
·ÊÕÐ¨Ì ÖÎ¥°±Ê Ê§²μ¢. �  ¢Éμ·μ³ ÔÉ ¶¥  ´ ²¨§¨·ÊÕÉ¸Ö ¨´É¥´¸¨¢´μ¸É¨ ¤¨-
Ë· ±Í¨μ´´ÒÌ ¶¨±μ¢ ¤²Ö μ¶·¥¤¥²¥´¨Ö ¸μ¡¸É¢¥´´μ ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò, ÎÉμ
¢±²ÕÎ ¥É ÊÉμÎ´¥´¨¥ ¢¥²¨Î¨´ ³ £´¨É´ÒÌ ³μ³¥´Éμ¢ Sj ¨ ¨Ì μ·¨¥´É Í¨¨ μÉ´μ-
¸¨É¥²Ó´μ μ¸¥° Ô²¥³¥´É ·´μ° ÖÎ¥°±¨. ” ±Éμ·Ò § ¶μ²´¥´¨Ö ¶μ§¨Í¨° ¤μ²¦´Ò
¡ÒÉÓ ¶·¨ ÔÉμ³ Ë¨±¸¨·μ¢ ´Ò.

5. ���…„…‹…�ˆ… �����‚‹…�ˆŸ Œ�ƒ�ˆ’��ƒ� Œ�Œ…�’�

„²Ö μ¶·¥¤¥²¥´¨Ö ´ ¶· ¢²¥´¨Ö ³ £´¨É´μ£μ ³μ³¥´É , É. ¥. Ê£²μ¢ ³¥¦¤Ê m ¨
μ¸Ö³¨ ±·¨¸É ²²μ£· Ë¨Î¥¸±μ° ¸¨¸É¥³Ò ±μμ·¤¨´ É a, b, c, ´¥μ¡Ìμ¤¨³μ Ê¤μ¡´Ò³
μ¡· §μ³ ¢±²ÕÎ¨ÉÓ Ê£²Ò ¢ ¢¥²¨Î¨´Ê sin2 η, ±μÉμ· Ö ¢Ìμ¤¨É ¢ ¢Ò· ¦¥´¨¥ ¤²Ö
¨´É¥´¸¨¢´μ¸É¨ (Ëμ·³Ê²  (8)). „²Ö ÔÉμ£μ ¢ ¶·μ£· ³³¥ VMRIA ¨¸¶μ²Ó§Ê¥É¸Ö
³¥Éμ¤, ¶·¥¤²μ¦¥´´Ò° ¢ · ¡μÉ¥ [2].

�Ê¸ÉÓ ¢¥±Éμ· H0 = (h0k0l0) ¸μ¢¶ ¤ ¥É ¶μ ´ ¶· ¢²¥´¨Õ ¸ ³ £´¨É´Ò³ ³μ-
³¥´Éμ³ m. ’μ£¤  Ê£μ² ηhkl Ö¢²Ö¥É¸Ö Ê£²μ³ ³¥¦¤Ê ¢¥±Éμ· ³¨ Hhkl ¨ H0. Š ±
¨§¢¥¸É´μ, ¢¥±Éμ· (hkl) μ¡· É´μ° ·¥Ï¥É±¨ ¶μ ´ ¶· ¢²¥´¨Õ ¸μ¢¶ ¤ ¥É ¸ ´μ·-
³ ²ÓÕ ± ±·¨¸É ²²μ£· Ë¨Î¥¸±μ° ¶²μ¸±μ¸É¨ ¸ É ±¨³¨ ¦¥ ¨´¤¥±¸ ³¨ Œ¨²²¥· .
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�É¸Õ¤  ¸²¥¤Ê¥É, ÎÉμ Ê£²Ò ³¥¦¤Ê ¢¥±Éμ· ³¨ H ¨ H0 ¢ μ¡· É´μ³ ¶·μ¸É· ´¸É¢¥
¨ ´μ·³ ²Ö³¨ ± ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ ±·¨¸É ²²μ£· Ë¨Î¥¸±¨³ ¶²μ¸±μ¸ÉÖ³ μ¤¨´ -
±μ¢Ò. �·¨ ÔÉμ³ ´¥ ¨£· ¥É ·μ²¨ Éμ, ÎÉμ ¢¥±Éμ· H0 ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ³μ¦¥É
¨³¥ÉÓ ´¥Í¥²μÎ¨¸²¥´´Ò¥ ±μμ·¤¨´ ÉÒ. „²Ö μ¶·¥¤¥²¥´¨Ö Ê£²  ³μ¦¥É ¡ÒÉÓ ¨¸-
¶μ²Ó§μ¢ ´μ ¸± ²Ö·´μ¥ ¶·μ¨§¢¥¤¥´¨¥ ¢¥±Éμ·μ¢, ±μÉμ·μ¥ ¢ ¸ ³μ³ μ¡Ð¥³ ¸²ÊÎ ¥
É·¨±²¨´´μ° ¸¨´£μ´¨¨ ¨³¥¥É ¢¨¤

(H · H0) = a∗2hh0 + b∗2kk0 + c∗2ll0 + a∗b∗cos γ∗(hk0 + h0k)+
+ a∗c∗cosβ∗(lh0 + l0h) + b∗c∗cosα∗(kl0 + k0l). (11)

‘ ¤·Ê£μ° ¸Éμ·μ´Ò (H · H0) = H · H0cos η, É. ¥.

cos η = (H · H0)dd0, (12)

£¤¥ d0 = (H0 · H0)−1/2 ¨ d = (H · H)−1/2 μ¶·¥¤¥²ÖÕÉ¸Ö ¸μμÉ´μÏ¥´¨Ö³¨ É¨¶ 
(11). ’ ± ± ± sin2 η = 1−cos2 η, Éμ É¥³ ¸ ³Ò³ ³Ò ¶μ²ÊÎ ¥³ ¶ · ³¥É·¨Î¥¸±ÊÕ
§ ¢¨¸¨³μ¸ÉÓ sin η μÉ (h0k0l0). „²Ö μ¶·¥¤¥²¥´¨Ö Ê£²μ¢ ³¥¦¤Ê H0 ¨ ±μμ·¤¨-
´ É´Ò³¨ μ¸Ö³¨ ±·¨¸É ²²  a*, b* ¨ c* ¨¸¶μ²Ó§ÊÕÉ¸Ö Ëμ·³Ê²Ò, ¸²¥¤ÊÕÐ¨¥
¨§ (11):

cos(∠{m, a∗}) = (a∗2h0 + a∗b∗k0cos γ∗ + a∗c∗l0cosβ∗)d100d0,

cos(∠{m, b∗}) = (b∗2k0 + a∗b∗h0cos γ∗ + b∗c∗l0cosα∗)d010d0, (13)

cos(∠{m, c∗}) = (c∗2l0 + c∗b∗k0cosα∗ + a∗c∗h0cosβ∗)d001d0,

£¤¥ d0 = (m · m)−1/2.
‚ ¤¥°¸É¢¨É¥²Ó´μ¸É¨ § ¤ ´¨¥ Ê£²μ¢ ¸ ¶μ³μÐÓÕ ¶²μ¸±μ¸É¥° ¢ μ¡· É´μ³

¶·μ¸É· ´¸É¢¥ ¸¢μ¤¨É Î¨¸²μ ¶ · ³¥É·μ¢ ± ³¥´¥¥ Î¥³ 3. 
Éμ ¶·μ¨¸Ìμ¤¨É ¶μ-
Éμ³Ê, ÎÉμ cos η ¢ (12) ´¥ ³¥´Ö¥É¸Ö ¶·¨ § ³¥´¥ ¢¥±Éμ·  H ´  ¢¥±Éμ· λH, £¤¥
λ Å ¶·μ¨§¢μ²Ó´Ò° ±μÔËË¨Í¨¥´É; ÔÉμ μ§´ Î ¥É, ÎÉμ ¨´Ëμ·³ Í¨Õ μ cos η
´¥¸ÊÉ ²¨ÏÓ ¢§ ¨³´Ò¥ μÉ´μÏ¥´¨Ö h0, k0 ¨ l0, ¨§ ±μÉμ·ÒÌ Éμ²Ó±μ ¤¢  ´¥§ ¢¨-
¸¨³Ò. „²Ö ¢Ò¸μ±μ¸¨³³¥É·¨Î´ÒÌ ¸¨´£μ´¨° ¨Ì ¡Ê¤¥É ¥Ð¥ ³¥´ÓÏ¥, ´ ¶·¨³¥·,
¤²Ö ±Ê¡¨Î¥¸±μ° ¸¨´£μ´¨¨ ³μ¦´μ ¢Ò¡· ÉÓ ²Õ¡Ò¥ Î¨¸²  h0, k0, l0 ¨ § Ë¨±¸¨-
·μ¢ ÉÓ ¨Ì. “£μ² ¢ ÔÉμ³ ¸²ÊÎ ¥ ´¥ μ¶·¥¤¥²Ö¥É¸Ö, ´μ ¤¨Ë· ±Í¨μ´´Ò° ¶·μË¨²Ó
¢ÒÎ¨¸²Ö¥É¸Ö ¶· ¢¨²Ó´μ.

�μ± ¦¥³, ÎÉμ ¤²Ö ±Ê¡¨Î¥¸±μ° ¸¨´£μ´¨¨ ¸·¥¤´¥¥ §´ Î¥´¨¥ sin2 η ¥¸ÉÓ 2/3.
ˆ§ (12) ¸²¥¤Ê¥É, ÎÉμ ¢ ÔÉμ³ ¸²ÊÎ ¥ cos η = (hh0 + kk0 + ll0)a∗2dd0. „ ²¥¥
´ ¤μ ¶·μ¸Ê³³¨·μ¢ ÉÓ cos2 η ¶μ ¢¸¥³ Ô±¢¨¢ ²¥´É´Ò³ ´ ¡μ· ³ (hkl). ’ ±μ¢Ò³¨
¡Ê¤ÊÉ ¢¸¥ ¶¥·¥¸É ´μ¢±¨ ¨´¤¥±¸μ¢ ¶·¨ ¢¸¥¢μ§³μ¦´ÒÌ ¢ ·¨ ´É Ì ¨Ì §´ ±μ¢,
¢¸¥£μ 24 ±μ³¡¨´ Í¨¨ É·μ¥±. ‘Ê³³¨·ÊÖ ¨Ì, ¶μ²ÊÎ ¥³, ÎÉμ

〈cos2 η〉 = 8(h2 + k2 + l2)(h2
0 + k2

0 + l20)a
∗4d2 · d2

0/24 = 1/3, (14)

É ± ± ± ¸³¥Ï ´´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¸μ±· ÉÖÉ¸Ö, (h2 + k2 + l2)a∗2d2 = 1 ¨
(h2

0 + k2
0 + l20)a

∗2d2
0 = 1,   〈sin2 η〉 = 1 − 〈cos2 η〉.
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‚ · ¡μÉ¥ [2] ¶·¨¢¥¤¥´Ò Ëμ·³Ê²Ò, ¸¢Ö§Ò¢ ÕÐ¨¥ 〈cos2 η〉, (h0,k0,l0) ¨ Ê£²Ò
¢ ¶·Ö³μ³ ¶·μ¸É· ´¸É¢¥ ϕa, ϕb, ϕc ³¥¦¤Ê ´ ¶· ¢²¥´¨¥³ ³ £´¨É´μ£μ ³μ³¥´É 
 Éμ³  ¨ μ¸Ö³¨ a, b, c ¤²Ö ¢¸¥Ì ¸¨´£μ´¨°, ±·μ³¥ ³μ´μ±²¨´´μ° ¨ É·¨±²¨´´μ°.
�μ, ¸É·μ£μ £μ¢μ·Ö, Ö¢´μ § ¤ ´´Ò¥ ¶ · ³¥É·Ò ϕa, ϕb, ϕc ¨§¡ÒÉμÎ´Ò ¤²Ö ²Õ¡μ°
¸¨´£μ´¨¨, ¢±²ÕÎ Ö ¨ ´¨§±μ¸¨³³¥É·¨Î´Ò¥. �μ± ¦¥³, ÎÉμ ³¥¦¤Ê ´¨³¨ ¸ÊÐ¥-
¸É¢Ê¥É ¸¢Ö§Ó, μ¡Ê¸²μ¢²¥´´ Ö É¥³, ÎÉμ ¶μ²μ¦¥´¨¥ ²Õ¡μ° ÉμÎ±¨ ¢ ±μμ·¤¨´ É´μ³
±¢ ¤· ´É¥ μ¤´μ§´ Î´μ μ¶·¥¤¥²Ö¥É¸Ö ¤¢Ê³Ö Ê£² ³¨ ¨ ¤²¨´μ° ²ÊÎ , ¸μ¥¤¨´ÖÕ-
Ð¥£μ ¥¥ ¸ ´ Î ²μ³ ±μμ·¤¨´ É. „²Ö ·μ³¡¨Î¥¸±μ° ¸¨´£μ´¨¨ ¸¨¸É¥³  (13) ¨³¥¥É
¢¨¤

cosϕa = a∗2h0d100d0 = a∗h0d0, cosϕb = b∗2k0d010d0 = b∗k0d0,

cosϕc = c∗2l0d001d0 = c∗l0d0. (15)

’μ£¤ 

cos2 ϕa + cos2 ϕb + cos2 ϕc = a∗2h2
0d

2
0 + b∗2k2

0d
2
0 + c∗2l20d

2
0 =

= d2
0(a

∗2h2
0 + b∗2k2

0 + c∗2l20) = 1. (16)


Éμ ¸μμÉ´μÏ¥´¨¥ ´ ±² ¤Ò¢ ¥É ¸¢Ö§Ó ´  Ê£²Ò ¢ ·μ³¡¨Î¥¸±μ° ¸¨´£μ´¨¨, ¨§ ±μ-
Éμ·μ° ¶μ ¤¢Ê³ ¨§¢¥¸É´Ò³ Ê£² ³ μ¶·¥¤¥²Ö¥É¸Ö É·¥É¨°. �´ ²μ£¨Î´ Ö (ÌμÉÖ ¨
¡μ²¥¥ £·μ³μ§¤± Ö) ¸¢Ö§Ó ¸ÊÐ¥¸É¢Ê¥É ¨ ¤²Ö ¶·μ¨§¢μ²Ó´μ° (¢ Éμ³ Î¨¸²¥ ¨ É·¨-
±²¨´´μ°) ¸¨´£μ´¨¨, É ± ± ± ¢¸¥£¤  ¸ÊÐ¥¸É¢Ê¥É ´¥¢Ò·μ¦¤¥´´ Ö ³ É·¨Í  ¶¥·¥-
Ìμ¤  μÉ ±μ¸μÊ£μ²Ó´μ° ¸¨¸É¥³Ò ±μμ·¤¨´ É ± ¶·Ö³μÊ£μ²Ó´μ°, ±μÉμ· Ö ²Õ¡ÊÕ
ÉμÎ±Ê ¨¸Ìμ¤´μ£μ ¶·μ¸É· ´¸É¢  ¶¥·¥¢μ¤¨É ¢ ÉμÎ±Ê ´μ¢μ£μ, Ê¦¥ ¸ ¶·Ö³μÊ£μ²Ó-
´μ° ³¥É·¨±μ°. �μ ÔÉ¨³ ´μ¢Ò³ ±μμ·¤¨´ É ³ ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ ´μ¢Ò¥ Ê£²Ò
¤²Ö ¨¸Ìμ¤´μ£μ ¢¥±Éμ·  (h0k0l0), ¤²Ö ±μÉμ·ÒÌ, ¥¸É¥¸É¢¥´´μ, ¡Ê¤¥É ¸¶· ¢¥¤²¨¢ 
Ëμ·³Ê²  (16). �μ¤¸É ¢²ÖÖ ¢ ´¥¥ § ¢¨¸¨³μ¸É¨ ´μ¢ÒÌ Ê£²μ¢ μÉ ¸É ·ÒÌ, ¶μ²ÊÎ ¥³
¸¢Ö§Ó ³¥¦¤Ê Ê£² ³¨ ¢ ±μ¸μÊ£μ²Ó´μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É.

ˆ¸¶μ²Ó§μ¢ ´¨¥ ¶ · ³¥É·μ¢ (h0k0l0) ¢³¥¸Éμ (ϕa, ϕb, ϕc) Ö¢²Ö¥É¸Ö ´¥ Éμ²Ó±μ
¡μ²¥¥ Ê´¨¢¥·¸ ²Ó´Ò³, ´μ ¨ ¡μ²¥¥ Ê¤μ¡´Ò³ ³¥Éμ¤μ³ ¤²Ö § ¤ ´¨Ö ¸¢Ö§¥° ³¥¦¤Ê
¶¥·¥³¥´´Ò³¨. �²£μ·¨É³ § ¤ ´¨Ö ¶ · ³¥É·μ¢ (h0k0l0) ³μ¦¥É ¡ÒÉÓ ¸²¥¤ÊÕÐ¨³.
�·¥¤¶μ²μ¦¨³, ÎÉμ ¶·μ¥±Í¨¨ ³ £´¨É´μ£μ ³μ³¥´É  ´  ±μμ·¤¨´ É´Ò¥ μ¸¨ ¶·Ö-
³μ° ÖÎ¥°±¨ · ¢´Ò mx, my, mz. ’μ£¤  ¨Ì ³μ¦´μ ¢§ÖÉÓ ¢ ± Î¥¸É¢¥ ´ Î ²Ó´ÒÌ
§´ Î¥´¨°, É. ¥. ¶μ²μ¦¨ÉÓ h0 = mx, k0 = my, l0 = mz. ’ ± ± ± ¤²Ö ´¨§±μ¸¨³-
³¥É·¨Î´ÒÌ ¸¨´£μ´¨° ´¥§ ¢¨¸¨³Ò³¨ ¨§ ÔÉ¨Ì ¶ · ³¥É·μ¢ Ö¢²ÖÕÉ¸Ö Éμ²Ó±μ ¤¢ ,
Éμ μ¤¨´ ¨§ ÔÉ¨Ì ¶ · ³¥É·μ¢ ¤μ²¦¥´ ¡ÒÉÓ § Ë¨±¸¨·μ¢ ´. „²Ö ¸¨´£μ´¨° ¢ÒÏ¥
·μ³¡¨Î¥¸±μ° § Ë¨±¸¨·μ¢ ÉÓ ´ ¤μ ¤¢  ¨§ ´¨Ì,   ¤²Ö ±Ê¡¨Î¥¸±μ° Å ¢¸¥ É·¨.

�μ³¨³μ μ¶·¥¤¥²¥´¨Ö μ·¨¥´É Í¨¨ ³ £´¨É´μ£μ ³μ³¥´É  μÉ´μ¸¨É¥²Ó´μ μ¸¥°
±μμ·¤¨´ É Ô²¥³¥´É ·´μ° ÖÎ¥°±¨ ¨´μ£¤  ¢ ¦´μ §´ ÉÓ ¥£μ μ·¨¥´É Í¨Õ μÉ´μ-
¸¨É¥²Ó´μ ¢¥±Éμ·  · ¸¶·μ¸É· ´¥´¨Ö K. � ´¥° ³μ¦´μ ¸Ê¤¨ÉÓ ¶μ ¨´É¥´¸¨¢´μ-
¸É¨ ³ £´¨É´ÒÌ ¶¨±μ¢. � ¶·¨³¥·, ¢ ¸²ÊÎ ¥  ´É¨Ë¥··μ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò
¸ K = (1/2, 0, 0) ¨´É¥´¸¨¢´μ¸ÉÓ ³ £´¨É´μ£μ ¶¨±  (1/2, 0, 0) ¡Ê¤¥É ³ ±-
¸¨³ ²Ó´μ°, ¥¸²¨ m ⊥ K, ¨ · ¢´  ´Ê²Õ, ¥¸²¨ m ‖ K. �¤´ ±μ ¢ ¸²ÊÎ ¥
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¸¨³³¥É·¨Î´ÒÌ ·¥Ï¥Éμ± �· ¢¥ ÔÉ  ¨´Ëμ·³ Í¨Ö ´¥ ¶μ§¢μ²Ö¥É Ê§´ ÉÓ μ·¨¥´É -
Í¨Õ ³μ³¥´É  μÉ´μ¸¨É¥²Ó´μ ¸¨¸É¥³Ò ±μμ·¤¨´ É, É ± ± ± ´ ¶· ¢²¥´¨¥ ¢¥±Éμ· 
K μ¸É ¥É¸Ö ´¥μ¶·¥¤¥²¥´´Ò³.

6. ��ˆŒ…� “’�—�…�ˆŸ Œ�ƒ�ˆ’��‰ ‘’�“Š’“�›

‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³μÉ·¨³ μ¡· ¡μÉ±Ê ´¥°É·μ´´μ£μ ¤¨Ë· ±Í¨μ´´μ£μ
¸¶¥±É·  ¸μ¸É ¢  (Nd0,544Tb0,456)0,5Sr0,5MnO3 (NTS ¤ ²¥¥), ¨§³¥·¥´´μ£μ ´ 
¸¶¥±É·μ³¥É·¥ DMC (¨¸ÉμÎ´¨± SINQ, PSI) ¶·¨ É¥³¶¥· ÉÊ·¥ 10 Š. �·¥¤Ò¤ÊÐ¨¥
·¥´É£¥´μ¢¸±¨¥ ¨ ´¥°É·μ´´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö ¶μ± § ²¨, ÎÉμ ¢ ÔÉμ³ ¸μ¸É ¢¥ ¶·¨
´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ¸μ¸ÊÐ¥¸É¢ÊÕÉ ¤¢¥ ±·¨¸É ²²¨Î¥¸±¨¥ Ë §Ò ¸ μ¤¨´ ±μ¢μ°
¶·μ¸É· ´¸É¢¥´´μ° £·Ê¶¶μ° (Pnma), ´μ ¸ · §²¨Î´Ò³¨ ¶ · ³¥É· ³¨ Ô²¥³¥´É ·-
´μ° ÖÎ¥°±¨. „²Ö Ë §Ò P1: a = 5, 4160(2), b = 7, 6311(2), c = 5, 4283(2) �A.
„²Ö Ë §Ò P2: a = 5, 4377(4), b = 7, 5175(5), c = 5, 4682(4) �A. ” §  P1 ¸ÊÐ¥-
¸É¢Ê¥É ¢μ ¢¸¥³ ¤¨ ¶ §μ´¥ É¥³¶¥· ÉÊ·, Éμ£¤  ± ± P2 ¢μ§´¨± ¥É ¶·¨ T < 170 Š.
„ ´´Ò¥ ¶μ ³ £´¨É´μ° ¢μ¸¶·¨¨³Î¨¢μ¸É¨ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ μ ¢μ§³μ¦´μ³ ¸μ¸Ê-
Ð¥¸É¢μ¢ ´¨¨ ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì Ë¥··μ³ £´¨É´μ° (FM) ¨  ´É¨Ë¥··μ-
³ £´¨É´μ° (AFM) Ë §. �μÖ¢²¥´¨¥ ¨´É¥´¸¨¢´μ£μ ¤μ¶μ²´¨É¥²Ó´μ£μ ¤¨Ë· ±Í¨-
μ´´μ£μ ¶¨±  ¸ ¨´¤¥±¸ ³¨ Œ¨²²¥·  (0 1 0) ¨  ´ ²¨§ ¨´Ëμ·³ Í¨¨, ¶μ²ÊÎ¥´´μ°
¶·¨ ¨¸¸²¥¤μ¢ ´¨¨ ¶μÌμ¦¨Ì ¸μ¸É ¢μ¢ [8, 9], ¤ ²μ ¢μ§³μ¦´μ¸ÉÓ ¶·¥¤¶μ²μ¦¨ÉÓ,
ÎÉμ ¶·μ¨§μÏ²μ FM ¨ AFM �-É¨¶  Ê¶μ·Ö¤μÎ¥´¨¥ ³ £´¨É´ÒÌ ³μ³¥´Éμ¢ ¨μ´μ¢
³ ·£ ´Í . �´ ²¨§ ¢μ§³μ¦´ÒÌ ¢ ·¨ ´Éμ¢ ¤²Ö AFM�-¸É·Ê±ÉÊ·Ò ¶μ± § ², ÎÉμ
¸³¥´  ´ ¶· ¢²¥´¨Ö ³μ³¥´É  ¶·μ¨¸Ìμ¤¨É ¢¤μ²Ó μ¸¨ b,   ¨³¥´´μ,  Éμ³Ò Mn
¸ ±μμ·¤¨´ É ³¨ (0 0 0) ¨ (0 0,5 0) ¨³¥ÕÉ ³μ³¥´ÉÒ, ´ ¶· ¢²¥´´Ò¥ ¶·μÉ¨-
¢μ¶μ²μ¦´μ. ‚ ÔÉμ³ ¸²ÊÎ ¥ Ô²¥³¥´É ·´Ò¥ ÖÎ¥°±¨ ±·¨¸É ²²¨Î¥¸±μ° ¨ AFM�-
¸É·Ê±ÉÊ· ¸μ¢¶ ¤ ÕÉ. ‡ ¤ Î  μ¡· ¡μÉ±¨ ¸¶¥±É·μ¢ § ±²ÕÎ ¥É¸Ö ¢ ¢ÒÖ¸´¥´¨¨,
± ±¨³ ±·¨¸É ²²¨Î¥¸±¨³ Ë § ³ ¸μμÉ¢¥É¸É¢ÊÕÉ FM- ¨ AFM-Ê¶μ·Ö¤μÎ¥´¨Ö, ¨ ¢
μ¶·¥¤¥²¥´¨¨ ´ ¶· ¢²¥´¨Ö ¨ ¢¥²¨Î¨´ ³ £´¨É´ÒÌ ³μ³¥´Éμ¢.

�¥·¢Ò³ Ï £μ³ Ö¢²Ö¥É¸Ö ¢¢μ¤ ¤¨Ë· ±Í¨μ´´ÒÌ ¤ ´´ÒÌ ¢ ¶ ³ÖÉÓ ¶·μ£· ³³Ò
VMRIA, ¤²Ö Î¥£μ ¢ ³¥´Õ File ¨¸¶μ²Ó§Ê¥É¸Ö ±μ³ ´¤  Input the Spectrum. ‡ É¥³
¢ ·Ö¤¥ μ±μ´ Ê± §Ò¢ ÕÉ¸Ö Ëμ·³ É ¤ ´´ÒÌ, £· ´¨ÍÒ μ¡· ¡ ÉÒ¢ ¥³μ£μ ¨´É¥·-
¢ ² , ´ Î ²Ó´Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ ¶μ²ÊÏ¨·¨´Ò ¶¨± , ¶μ·Ö¤μ± ¶μ²¨´μ³ 
¤²Ö § ¤ ´¨Ö Ëμ´  ¨ ´¥±μÉμ·Ò¥ ¸¶¥Í¨Ë¨Î¥¸±¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶ · ³¥-
É·Ò. „²Ö · ¡μÉÒ ¸μ ¸¶¥±É·μ³ NTS μÉ³¥Î ÕÉ¸Ö ¶Ê´±ÉÒ: ASCII threes [X, Y,
Error]; Angular distribution. „²Ö § ¤ ´¨Ö ¶μ²ÊÏ¨·¨´Ò ¶¨±μ¢ ³μ£ÊÉ ¡ÒÉÓ μ¸É -
¢²¥´Ò ¶·¥¤² £ ¥³Ò¥ ¶·μ£· ³³μ° §´ Î¥´¨Ö ¶ · ³¥É·μ¢,   ¤²Ö μ¶¨¸ ´¨Ö Ëμ´ 
μ¶É¨³ ²Ó´Ò³ Ö¢²Ö¥É¸Ö ¶μ²¨´μ³ É·¥ÉÓ¥£μ ¶μ·Ö¤± . Š·μ³¥ Éμ£μ, ´¥μ¡Ìμ¤¨³μ
§ ¤ ÉÓ ¤²¨´Ê ¢μ²´Ò, ¶·¨ ±μÉμ·μ° ¨§³¥·Ö²¸Ö ¤¨Ë· ±Í¨μ´´Ò° ¸¶¥±É·. �·¨
±μ··¥±É´μ³ Ê± § ´¨¨ ¤ ´´ÒÌ VMRIA ·¨¸Ê¥É ¨§³¥·¥´´Ò° ¸¶¥±É·.

‘²¥¤ÊÕÐ¥¥ ¤¥°¸É¢¨¥ Å ¢¢μ¤ ±·¨¸É ²²¨Î¥¸±¨Ì ¨ ³ £´¨É´ÒÌ ¶ · ³¥É·μ¢
¸É·Ê±ÉÊ·Ò Î¥·¥§ ¶Ê´±É ³¥´Õ Rietveld ¨ ¶μ¤¶Ê´±É Enter Crystal Info: ±μ²¨Î¥-
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¸É¢μ Ë § ¢ μ¡· §Í¥, ¸¨³³¥É·¨Õ ¨ ¶ · ³¥É·Ò Ô²¥³¥´É ·´ÒÌ ÖÎ¥¥± Ë §,  Éμ³-
´ÊÕ ¸É·Ê±ÉÊ·Ê, ¶ · ³¥É·Ò ¤²Ö ³ £´¨É´μ° Ë §Ò, ±μ··¥±É¨·ÊÕÐ¨¥ ¶ · ³¥É·Ò.
„²Ö μ¡· ¡μÉ±¨ ¸¶¥±É·  NTS § ¤ ÕÉ¸Ö Î¥ÉÒ·¥ Ë §Ò: ¤¢¥ ±·¨¸É ²²¨Î¥¸±¨¥ P1
¨ P2 (μ¡¥ ¢ £·Ê¶¶¥ Pnma), ¤¢¥ ³ £´¨É´Ò¥ (FM ¨ AFM). „²Ö § ¤ ´¨Ö FM-Ë §Ò
¨¸¶μ²Ó§ÊÕÉ¸Ö É¥ ¦¥ ¶ · ³¥É·Ò Ô²¥³¥´É ·´μ° ÖÎ¥°±¨ ¨ É  ¦¥ ¸¨³³¥É·¨Ö, ÎÉμ
¨ ¤²Ö μ¤´μ° ¨§ ±·¨¸É ²²¨Î¥¸±¨Ì Ë §. �¥μ¡Ìμ¤¨³μ ¶·μ¢¥·¨ÉÓ μ¡  ¢ ·¨ ´É 
(P1 ¨²¨ P2) ¨ μ¸É ¢¨ÉÓ ÉμÉ, ÎÉμ ¤ ¥É ²ÊÎÏ¥¥ ± Î¥¸É¢μ μ¡· ¡μÉ±¨ ¸¶¥±É· .
Š·μ³¥ Éμ£μ, ´¥μ¡Ìμ¤¨³μ ÊÎ¥¸ÉÓ, ÎÉμ ¢ NTS ±·μ³¥ ³ ·£ ´Í  Ë¥··μ³ £´¨É´μ
Ê¶μ·Ö¤μÎ¨¢ ÉÓ¸Ö ³μ£ÊÉ ·¥¤±μ§¥³¥²Ó´Ò¥ Ô²¥³¥´ÉÒ (Nd/Tb).

„²Ö § ¤ ´¨Ö AFM-Ë §Ò ¸ ³Ò³ ´ ¤¥¦´Ò³ ¸¶μ¸μ¡μ³ Ö¢²Ö¥É¸Ö ¨¸¶μ²Ó§μ-
¢ ´¨¥ ¶·μ¸É· ´¸É¢¥´´μ° £·Ê¶¶Ò P1 ¨ § ¤ ´¨¥ ¢ ´¥° ¶μ²μ¦¥´¨°  Éμ³μ¢ ¨
´ ¶· ¢²¥´¨Ö ³ £´¨É´ÒÌ ³μ³¥´Éμ¢ ¢·ÊÎ´ÊÕ. „ ´´Ò¥ μ ³ £´¨É´ÒÌ  Éμ³ Ì
¢±²ÕÎ ÕÉ ¨Ì · ¸¶μ²μ¦¥´¨¥ ¢ Ô²¥³¥´É ·´μ° ÖÎ¥°±¥, É¥¶²μ¢Ò¥ ¶ · ³¥É·Ò ¨
§ ¸¥²¥´´μ¸ÉÓ, ±μÉμ· Ö ¤μ²¦´  ¸μ¢¶ ¤ ÉÓ ¸ § ¸¥²¥´´μ¸ÉÓÕ É¥Ì ¦¥  Éμ³μ¢ ¢
±·¨¸É ²²¨Î¥¸±μ° Ë §¥, ¶·¥¤¶μ² £ ¥³ÊÕ ¢¥²¨Î¨´Ê ³ £´¨É´μ£μ ³μ³¥´É .

„²Ö · ¸Î¥É  ³ £´¨É´μ£μ ³μ³¥´É  ·¥¤±μ§¥³¥²Ó´μ£μ  Éμ³  ³μ¦´μ ¨¸¶μ²Ó-
§μ¢ ÉÓ Ëμ·³Ë ±Éμ· ¤²Ö ¨μ´  Nd3+, ¤²Ö · ¸Î¥É  ³ £´¨É´μ£μ ³μ³¥´É  ³ ·-
£ ´Í  Å Ëμ·³Ë ±Éμ· ¨μ´  Mn3+. ”μ·³Ë ±Éμ·Ò ¤²Ö ÔÉ¨Ì ± É¨μ´μ¢ § Ï¨ÉÒ
¢ ¶·μ£· ³³¥ ¨ ¢¢μ¤ÖÉ¸Ö  ¢Éμ³ É¨Î¥¸±¨ ¶μ¸²¥ § ¶μ²´¥´¨Ö ¶μ²Ö § ·Ö¤  ¨μ´ . ‚
¸²ÊÎ ¥ ´¥μ¡Ìμ¤¨³μ¸É¨ ¨Ì ³μ¦´μ ¶μ¶· ¢¨ÉÓ. „²Ö Ê± § ´¨Ö ¶·μÉ¨¢μ¶μ²μ¦´μ
´ ¶· ¢²¥´´ÒÌ ³ £´¨É´ÒÌ ³μ³¥´Éμ¢ ¢ AFM-Ë §¥ ¶¥·¥¤ ¢¥²¨Î¨´μ° ³ £´¨É´μ£μ
³μ³¥´É  ¸É ¢ÖÉ¸Ö §´ ±¨ ®+¯ ¨ ®Ä¯.

„²Ö ¶¥·¥Ìμ¤  ± μ¡· ¡μÉ±¥ ¸¶¥±É·  ´¥μ¡Ìμ¤¨³μ ¢μ°É¨ ¢ ³¥´Õ Rietveld, ¢Ò-
¡· ÉÓ ¶Ê´±É Rietveld ˇt ¨ ¤ ²¥¥ Prepare the Rietveld analysis. ‘ ¶μ³μÐÓÕ ÔÉμ°
μ¶¥· Í¨¨ ¸μ§¤ ¥É¸Ö ³ ¸¸¨¢ ¶ · ³¥É·μ¢, ´¥μ¡Ìμ¤¨³Ò° ¤²Ö  ´ ²¨§  ¸¶¥±É·  ¶μ
³¥Éμ¤Ê ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éμ¢ (Œ�Š). „¨ ¶ §μ´ £· ´¨Í, ¢´ÊÉ·¨ ±μÉμ·ÒÌ
¨¸±μ³Ò¥ ¶ · ³¥É·Ò ¡Ê¤ÊÉ ¢ ·Ó¨·μ¢ ÉÓ¸Ö, Ê± §Ò¢ ¥É¸Ö ¢ ¶·μÍ¥´É Ì μÉ ´ Î ²Ó-
´μ° ¢¥²¨Î¨´Ò. ‚ μÉ±·Ò¢Ï¥°¸Ö É ¡²¨Í¥ ³μ¦´μ ¨§³¥´ÖÉÓ £· ´¨ÍÒ ¢ ·Ó¨·μ¢ -
´¨Ö ¶ · ³¥É·μ¢ ¨ ¸μ§¤ ¢ ÉÓ ¸¢Ö§¨ ³¥¦¤Ê ´¨³¨. „²Ö μ¡· ¡μÉ±¨ ¸¶¥±É·  NTS
¶·¨· ¢´¨¢ ÕÉ¸Ö ³ ¸ÏÉ ¡´Ò¥ ±μÔËË¨Í¨¥´ÉÒ ±·¨¸É ²²¨Î¥¸±¨Ì ¨ ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¨Ì ¨³ ³ £´¨É´ÒÌ Ë §, ¶ · ³¥É·Ò, § ¤ ÕÐ¨¥ Ï¨·¨´Ê ¶¨±μ¢, ¶ · ³¥É·Ò
Ô²¥³¥´É ·´ÒÌ ÖÎ¥¥± ¨ ±μμ·¤¨´ É  Éμ³μ¢. ‚ ·Ó¨·Ê¥³ Ö ¢¥²¨Î¨´  ³ £´¨É´μ£μ
³μ³¥´É  § ¤ ¥É¸Ö ¶ · ³¥É·μ³ OccMag, ±μÉμ·Ò° · ¢¥´ ¶·μ¨§¢¥¤¥´¨Õ § ¸¥²¥´-
´μ¸É¨ ³ £´¨É´μ£μ  Éμ³  ¨ ¢¥²¨Î¨´Ò ¥£μ ³ £´¨É´μ£μ ³μ³¥´É . “± § ´¨¥ Make
the Rietveld analysis μÉ±·Ò¢ ¥É ¤¨ ²μ£μ¢μ¥ μ±´μ, ¢ ±μÉμ·μ³ ´ ¸É· ¨¢ ÕÉ¸Ö ¶ -
· ³¥É·Ò, Ê¶· ¢²ÖÕÐ¨¥ ¶·μÍ¥¸¸μ³ ¸Î¥É : ±μ²¨Î¥¸É¢μ ¨É¥· Í¨°, · §³¥· Ï £ ,
¤¥³¶Ë¥· ¨ ´¥±μÉμ·Ò¥ ¤·Ê£¨¥. „²¨É¥²Ó´μ¸ÉÓ ¸Î¥É  § ¢¨¸¨É μÉ ±μ²¨Î¥¸É¢  Éμ-
Î¥± ¢ Ô±¸¶¥·¨³¥´É ²Ó´μ³ ¸¶¥±É·¥, § ¤ ´´μ£μ Î¨¸²  ¨É¥· Í¨° ¨, ¢ ³¥´ÓÏ¥°
¸É¥¶¥´¨, μÉ ±μ²¨Î¥¸É¢  ¢ ·Ó¨·Ê¥³ÒÌ ¶ · ³¥É·μ¢.

�·μ£· ³³  μ¡¥¸¶¥Î¨¢ ¥É ¶μ²´ÊÕ ¢Ò¤ ÎÊ ·¥§Ê²ÓÉ Éμ¢ ¸Î¥É , ¢¨§Ê ²¨§ Í¨Õ
· ¸¸Î¨É ´´μ£μ ¸¶¥±É· , ¢μ§³μ¦´μ¸ÉÓ ¶·μ¤μ²¦¥´¨Ö ¸Î¥É  ¸ ´μ¢Ò³ Î¨¸²μ³ ¨É¥-
· Í¨° ¨²¨ ±μ··¥±Í¨Õ ± ±¨Ì-²¨¡μ ¶ · ³¥É·μ¢ ¨ ¶μ¢Éμ·¥´¨¥ · ¸Î¥É .
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„¨Ë· ±Í¨μ´´Ò° ¸¶¥±É·, ¨§³¥·¥´´Ò° ¶·¨ T = 10 Š ¨ μ¡· ¡μÉ ´´Ò° ¶μ ³¥Éμ¤Ê �¨É-
¢¥²Ó¤  ¸ ¢±²ÕÎ¥´¨¥³ Î¥ÉÒ·¥Ì Ë §: ¤¢ÊÌ ±·¨¸É ²²¨Î¥¸±¨Ì (P1 ¨ P2), Ë¥··μ³ £´¨É-
´μ° (FM) ¨  ´É¨Ë¥··μ³ £´¨É´μ° �-É¨¶  (AFM). �μ± § ´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉμÎ±¨,
¶·μ¢¥¤¥´´ Ö Î¥·¥§ ´¨Ì · ¸Î¥É´ Ö ±·¨¢ Ö ¨ · §´μ¸É´ Ö (¢´¨§Ê) ±·¨¢ Ö. ‚¥·É¨± ²Ó´Ò¥
ÏÉ·¨Ì¨ Ê± §Ò¢ ÕÉ · ¸Î¥É´Ò¥ ¶μ²μ¦¥´¨Ö ¤¨Ë· ±Í¨μ´´ÒÌ ¶¨±μ¢ ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì
Ë § Ì

�¡· ¡μÉ±  ¸¶¥±É·  NTS ¢ · §²¨Î´ÒÌ ¢ ·¨ ´É Ì ¶μ± § ² , ÎÉμ ¶·¨ T =
10 K ¢ μ¡· §Í¥ ¤¥°¸É¢¨É¥²Ó´μ ¶·¨¸ÊÉ¸É¢ÊÕÉ ¤¢¥ ³ £´¨É´Ò¥ FM- ¨ AFM-
Ë §Ò. �·¨Î¥³ FM-¸μ¸ÉμÖ´¨¥ ¢μ§´¨± ¥É ¢ ¨¸Ìμ¤´μ° ±·¨¸É ²²¨Î¥¸±μ° Ë §¥
P1, AFM�-¶μ·Ö¤μ± ¸μμÉ¢¥É¸É¢Ê¥É ´μ¢μ° Ë §¥ P2. ‘·¥¤´¥¥ §´ Î¥´¨¥ ³ £´¨É-
´μ£μ ³μ³¥´É  ³ ·£ ´Í  ¢ FM-Ë §¥ ¸μ¸É ¢¨²μ μFM = 1, 68±0, 07 μB , ÎÉμ ¶μÎÉ¨
¢ ¤¢  · §  ³¥´ÓÏ¥ ´μ³¨´ ²Ó´μ° ¤²Ö ¸μ¸É ¢  ¸ Mn3+/Mn4+ = 1/1 ¢¥²¨Î¨´Ò
3,5 μB . 
ÉμÉ Ë ±É £μ¢μ·¨É μ ´¥¶μ²´μ³ Ê¶μ·Ö¤μÎ¥´¨¨ ³ £´¨É´ÒÌ ³μ³¥´Éμ¢
Mn ¢ μ¡Ñ¥³¥ Ë §Ò P1. � μ¡μ·μÉ, ³ £´¨É´Ò° ³μ³¥´É Mn ¢ AFM-Ë §¥ P2
μ± § ²¸Ö ¡²¨§μ± ± ´μ³¨´ ²Ó´μ° ¢¥²¨Î¨´¥, μAFM = 3, 38 ± 0, 06 μB . � ¶· -
¢²¥´¨¥ ³μ³¥´Éμ¢ ¸μ¢¶ ¤ ¥É ¸ μ¸ÓÕ c ÖÎ¥°±¨ ¢ μ¡¥¨Ì P1- ¨ P2-Ë § Ì. ‘Éμ¨É
¶μ¤Î¥·±´ÊÉÓ, ÎÉμ μ¡· ¡μÉ±  ¤¨Ë· ±Í¨μ´´ÒÌ ¸¶¥±É·μ¢ ¢Ò¶μ²´Ö² ¸Ó ¢ ¤¢ÊÌ-
Ë §´μ° ±·¨¸É ²²¨Î¥¸±μ° ³μ¤¥²¨, ÎÉμ ¶μ§¢μ²¨²μ ´¥§ ¢¨¸¨³μ μ¶·¥¤¥²¨ÉÓ ± ±
μ¡Ñ¥³Ò, § ´ÖÉÒ¥ ± ¦¤μ° Ë §μ°, É ± ¨ ¢¥²¨Î¨´Ò ³ £´¨É´ÒÌ ³μ³¥´Éμ¢ ¢ ´¨Ì.
Š Î¥¸É¢μ μ¡· ¡μÉ±¨ ¸ÊÐ¥¸É¢¥´´μ Ê²ÊÎÏ¨²μ¸Ó ¶μ¸²¥ ¢¢¥¤¥´¨Ö Ë¥··μ³ £´¨É-
´μ£μ Ê¶μ·Ö¤μÎ¥´¨Ö ³μ³¥´Éμ¢ ·¥¤±μ§¥³¥²Ó´ÒÌ  Éμ³μ¢ (Nd/Tb) ¢ Éμ³ ¦¥, ÎÉμ
¨ ¤²Ö Mn, ´ ¶· ¢²¥´¨¨. ‚¥²¨Î¨´  ¸·¥¤´¥£μ ³ £´¨É´μ£μ ³μ³¥´É  ¤²Ö Nd/Tb
¸μ¸É ¢¨²  μFM = 2, 7 ± 0, 2 μB . �¥§Ê²ÓÉ É μ¡· ¡μÉ±¨ ¶μ± § ´ ´  ·¨¸Ê´±¥.

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤¤¥·¦±¥ �μ¸¸¨°¸±μ£μ Ëμ´¤  ËÊ´¤ ³¥´É ²Ó´ÒÌ
¨¸¸²¥¤μ¢ ´¨°, £· ´É º06-02-16032.
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