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A basic introduction to X-ray 
crystallography 
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�
8     ���% "��5�% 
��% ����8 0�=� �	
,
    6;��� 
<��; <�1R8   ������� .    �,S ��;,

 Q ������"!	FT   U�V, "�E��( $�L?��    B	%�;, ���5	���?��� �.�> �  W�&X�� *
WY&��,Z [�	��� \&!.  

  
)�,�(  �� ��� �	
� �
�����	���
�� X-ray scattering from electrons   

$�/,����]� �% "�1�?�� "�^#� _�M� \&! W&H�  :	?�%	� _�M� Thomson 

scattering . ̀  a/3�b �)?�  :8  :,����]� �K�K��   2��� c�d� �     4��M��� "%+e f�
g�?��   "%��=��    �� "�h���2��� "1YM�� iM�,  "�?�j�17%,�2� $�5	% 
+�2 .  �� �K�C iM

     :,����]� �% "�1�?�� "�^#�     [,#� 4��M&� �F� ������ k�/ \&! .     *"��/�R "��l�/ �%
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    $�/,����]� mn�% iM�π ���,S (180o)         o)% 	C �F� *"%��=�� "�^#� i% (	H�� p(�q 
  �F1��  "�&F�&� 6E����� pr	 .,����<         ����� ����=� �%�1! ��Ls� :,����]� "��l c

   :,����t� o/��� ���� �% g�?�� 4��M�� .   *
(K�&� -�.��%u� "G�l ��; �KC b�`
        J3 "s�)1�� "�1�?�� "�^v� w?1�� (	H�� 
L7%π/2 "�,�+� (90o)      
�C��n� "�s!�� :	��, 

'	
 Lx _�M�.   
  

)�,�(�	
� �
��  ���� �� ��� X-ray scattering from atoms  
	�5�       "��M�� "�1�?�� "�^#� o� (�?% y�G �1C        
(K�� k�/ �% "�&�> <�+58 �% 

   z�C {q��� a1! |�1��    _�M��� "�,�S \&! �F��� 0 .        4��M��� 
��^ � c�+�qu� �KC :3
  g�?��         K�� _�M��� {%��Q a�V, ��} "�,�+�� 
���+� 
(K�� �% _�M��  *'(    	�C ��F�
  PE	%  ���{�M   m;( )�,�( .         ��V _�M� "�,�S �1! _�M��� {%��% "F�; :3  :	���
�,�?%   
(K�� $�/,����3 ���� ".   :3       *"���s�� $�(K&� 6C "YE	�� '(K�� _�M��� {%�	!

       ��l S�+�C� J3 $�(K�� i�� �% 
��! ���(' .       {������ (�)�!u� � "��e� �KC Kq��
_�M��� {%��% � ��?� :�n/�""l�S]� $���%�(�� " B	%�=�� �) WY&%Z.(  

  

  
 ��� ����	)
,
 .(��
 �� ���� �	���� ���� �����
 ����!� ���"� #�$� �����	 �%�&.  
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   b�l 	�_�M�       _�M��� {%��% :�G '	
 Lx   �z�7O����  :�)?e� � Kq .  b��`
 ��)��; g�?�� 4��M�� ���� :	�� �%�1! �KCo/��� ���� �%:,����t� .  

 ��� :3��            "��^#� _�M�� �	
, 
�R��% :	�� 
(K�� � �=G $�/,����]� �%  
   "�,�+� "�1�?��/2 �;�?�� 4��M��� (	H�� p(�q ��)��=�  .  ��� $�/,����]� _�M� {sFO�

/2  (�q ��%�� p        , _�M��� {%�! �% 6&����� :	���� ���E��( (	H�� �   �2��(�M�% iH=1
 6=�=e� <+T&� . L7� :3        g�?�� 4��M�� ����� ���5 ��
�?l :	�� W�;��� (	H�� * ,  �K�C

     m;( {�M�� � o)%)�,Z(         {%��� "��?�� �% 6&�����, 6=�=e� ��8+�� ���� 'K�� *
           o�% �.1�� 
(K&� 65	�� c	H&� "���� r�M�� $�/,����]� _�M� �% '(K�� _�M��� .

       �� � L7��� �K� $�/,����]� 6;�� �R��� u 65	�� c	H .      {%�	! �! "%	&��� �&� {s% :3
               c,���5 ��% "�l��% 6C, m��� ���/���% $���?l �% �2�&! {.` '(K�� _�M���

 "�
��; "��5�% .           c�	�j#� mn�� �	
�e� {�7M� "Fn/8 |%��� {q��� ")��% ��)��x ��3
 "�5	����c�F��
u� "�h�M.  

  

  
�	��� ��� )
,'.( %��*+ ��
 �� ����-	  /�$� 0123� 04245Sm+26�% 7	�8! 9% :�%� .  
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�� ��!� "�#$ �	%&
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��  
X-ray scattering from the contents of a unit cell 

�?�               pr	�� � �������� 
�l, "�&q � 
(r {� �% "��M�� "�1�?�� "�^#� mC
 6&��� _�M��� .3      ?�� "�^v� (�.F� {F�� 
(r {� :   "��M�� "�1�,    �	�
 $��5	��

  z1� {�M� ����  z�C ,8 <�          i�;�	��, ��X� 4��M�� ���� \&! ����F�!� "�,���% $�5(�� 0�
"�(K�� .         (	H��, "�?�� a�G L7�� �=�% _�M� pr	� 6H�� �KC :3  ��}, (��F�
��   a���( 

 "��.� "/(�=Q� � ����)��{�M m;( )�,�(.  
  

  
�	��� ��� )
,;.(  <=>��? +2-�"���@ �	�� A�� B��C%�D �"EF�	 G�2H	 IJ�K� .  

  

)�,*("%�&#+�� "��+��� ��-./�  The effects of the crystal lattice  

           "��)�^ ����8 6C "�=1�� "�(	&)�� "��)M&� �	�e� pr	� :3 ����O� �  "��)M���
"
	���� .      o��)^ o� "
	���� ";���� �% m
u� ���* ,   �?�% �! |�1�  $�G�� {.�� 

��
L)�       
L7V {.G $�G�?% "�(	&)�� "��)M&� �    k����� k����, "
	���� "��)M��  .
O� �� 
�^�)�� "�&A� $���%�(�� {sFa, b, c, , , γ*"
	���� "��)M�� $���%�(��,   ���  

a*, b*, c*, *, *, γ* ., ���� :	��a* $�C��� \&! ����	F!  b, cF�; :	��, *a�   6�C
��% J3 "�S�	�� "��)M�� $��	�?� {.��� "G�?% B	b, c ., �� :	�� {s���b* , c*.  
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    m;( {�M�� PE	�)�,� (  c�s%�K'        
��^�)�� $���)M��� o� ";��&� ����� 
"
	����,.   
  

  
�	 ��� ���)
,L.(�2�FM � ��1��N�%� �� /"M�F%+
��C%9=�C� B .  

  

)�,0(�
�1� ��2�� �	
���  ��&#+�� �� X-ray scattering from the crystal 

   ���� :3)������ :  �n/���WY&�  "�E����� "���F&� (      i�% ������ 
�l, "�&q
    "&%�� 
(	&� 6H�� "�(	&)�� "��)M�� .    M�� �	�l pr	� :	�� �K�   g�?�� 4��  \H�%p��1� 

���M      �� "��)M��, ������� 
�l, "�&q �% _�"
	��*    pr	� 	C a/8 '8    ��% _�M���  
     
��l, ����� 
�l, "�&q
�	V�%        pr	� :8 �F� *"
	���� "��)M�� ��=/ \&! �=G  

�	�l         �% ������ "�)^ c�q ���C�M% :	�� ������� 
�l, "�&q �  "��)M�� "H
�	� "E� .
      � a��C�M% ��} �KC :3��{�M   m;( )�,�(       �% "G�q+�� �.1! �2n� 'K��  ���{�M 

  m;()�,�(    pr	�, "��)M�� \&! ��(��%    a� {��=�� �	�e�  .     :	��� "�
�
#� 
�M�� :3
   o5r	F1�� �� � �2?�/ .      �% :	�� "
	���� "��)M�� ��=/ i;�	% :3�   "��)M���� "E�

*"�(	&)��    �1! _�M�� pr	F1�� 
�^     "
	���� "��)M�� "H=/   ���   {q�� '(K�� ��������
������� 
�l, "�&q.  
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�	��� ��� )
,O.(% P2�"��	 /�5� +21Q  9�	��� ��� )
,;(�D G�2H	 IJ�K� +2�FM R1& /�"�% .  

  

)�,3( ����
�� 4�	5 "�6	
� The structure factor equation 

          �	�e� pr	� � "�1�?�� "�^#� 
�^ \&! �R�� 
���! {%�	! ��1C .   \�&! W&H�
       ������� {%�! '(	&)�� ������� \&! �F��� 'K�� {%���� .     "��u�� a�1! L)���� ��} 

l, "�&q $��	�������� 

��l, [����� :  

)](2exp[)(
1

jj

N

j
jj lzkyhxifhklF ∑                               )�,�( 

  
 
(K�� i;	% \H��j��?��� $��R��l]�� " (xj, yj, zj) * {�%�! �� I��  _�M�� fj

  

, ��!$�(K��  	C "�&A� � N . *$�/,����]� �% ��! � ������� {%�	! B�=�  6�C,
  6H���V,�� �E��( ��   � �	�e� pr	F1� �K PE	�� �   � ��{�M   m;( )�,�( .   {�� {s}

       "�
 �� �	�l "%+l ����� {%�!|F(hkl)|
 

 w?/ (	j, (hkl).
 

    {�s% ���E��( �Y�� ��3
  

|F(hkl)|exp[i (hkl)] ��}, {s% ���� :8 F(hkl)
  

6&�� m;( 	C,.
  

    i�S	� :8 �l�� :8 �1�}    �	�e� pr	� � $��M��    � ��{�M    m�;( )�,�( 
��R�F�% :	�����+��%  .KC :3� c���G :	/�=� P�E	� Feiedel's law*:8 \&! �1� 'K��  

)()( hklFhklF .��i)�     "������ �% 
(,����� )�,� (    :8 PE	� I��F(hkl)   ����� 	C 

    �� WG���� �����)(hklF             {�s% (�	�jv� ���H��(, "�,�?��% �����=�� ��!��5 
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)()( hklhkl.      ��Y�YV k�� �KC :3 ��%,�       '(K�� _�M��� {%�! :	�� �%�1! fj  	C 
  ���% ��! ����8 .   � $�(�^]� L�7� :3�%��   O� u �	�e� $  |�1 �� WG���� ����� ����� 

fj  *�K     W)HO� u c���G :	/�; :�G ��  	�� �%�1!   _�M� ��1C :  '	
 Lx      "��l�/ ��% *
       (	H�� \&! ���F��% LR���� :	�� ¡�q8,        {�� :	��� ¢�l ���+��% "&R�F��� ������&�

 (�	j#����,+� 0 ,8  ����=% :�G F(hkl), )(hklF"�F��� k�1� 
L7�% ��Fh�� :	��  .  

  

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

  
           �	��e� pr	� � �2�;	%, "%+l {� 
�^ �% "�&F��� $�
��=�� :	���.   ���� 

 6C "&T?�� $��F��� :	�� ")
�1% P�Y.� {%�	! W�)H�h, k, l * |F(hkl)|
 

) ,8F2
  �u��

 �%F(* 
��! "G�E]�� � "F�=�� �M�� �� 
(�=|F|
  

 ,8F2
.  

  

)�,7(8	9� "�6	
� :��
���� " The electron density equation 

 (	.� :3��         g�?�� 4��M�� �	�l pr	� �% a��?l ��} '(	&)�� �����&� .  ¢�l 
   $�/,����]� :8  6C   "�1�?�� "�^#� _�M� I��  *G       � �C�C�M�� I��� $�/,����]� 62


(	.��  *%�H�"       � "H=/ {� �1! :,����]� "G�s� "F�;     l, ����� 
�l, "�&q   �% 
��
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(	&)�� .         
�l, {�� $�/,����]� ��! 6C "G�s��� $��l, :	��,8   "�)��% 0,��?�¤  
eÅ-3 . :,����]� "G�s� �! @�O�P&H.Q�¥�� ������� {%�	! :  

)](2exp[)(
1

)( lzkyhxi
hkl

hklF
V

xyz ∑                          )�,Z(  

  
        ������� {%�	! {� y	G iF�� :	�� ¢�lF(hkl)   , V    , "�&q mTl 	C  
�l

������� .   :8 �lu    (�	j#� ����8 {FM� ������� {%�	! (hkl)   k��, ��¦   $��?��� 
   ���&F! "
�=��|F(hkl)|  ���	&H% :	�� ����, . ¢�l3 "�^#� :"�1�?��  ��% 
��� :	�� 

 &)�� {%��
(	*   6H�� ��?e� :�G         y	G �
	�Q ������� 
�l, "�&q $��	��   {�%��
    $��	�X� _?��, 
(	&)��    
���1% "�&q '#)          0��n�/� 0��! $u��l � m2% �KC :3

�������( .      K��1�� a;�7�?� 'K�� ��X� _;	�� �)?�, *"G�E]��      ��1/�G *�	��e� "��� 
    $�/,����t� g%S �
	�Q 
(	V �C�M/ .       �)?� 
(r {� 
(	.� §�	M� �KC �! |�1� 

 �F� �� '(��e� S�+�Cu�,�)� � ��{�M m;( )�, (.  
  

  
�����   ��	 )
,-.(  /���� 012�     !
%34���5 !6�7+ !1"48 ��   ���9&� !
:;:        < =>?">@ '�	� 0� �A�B 

>��3 C����.  
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)�,; ("�<	%� "=>5 A mathematical relationship 

 ��� �lua��M   o������� o� 6E����� ) �,� (  ,)�,Z .( c	��    "������� )�,� (
   "�/,����]� "G�s���)   M��� {%�	! 
(	V � "�(K�� _�  *fj (     ������ {%�	! J3F(hkl) *

  �F1��c	�   "������ )�,Z (   ������� {%�	!?�!   "�/,����]� "G�s��� J3 ��� .   �K�C \F?�
 ��(	G $u	Y��Fourier transforms * K�1� 
�l�, "����%c	Y���©� B	����  ��q . :3

      "
���� "H
�	� 
(	V ��	��� 6E��( DV, �KC.   _�M�� <	��� iFTO�    ����� ) c	�
��(	G (    
(	V � ���(�� �)��, $�
���)  6?�! c	�( .     :	��� "��.�)�� "��e� � 

  
(	.��)"�=�=e�(       (	2n� ���E��( �KC �C�M�, "�	&=% 3      "������ �% B#� � ")��
 
(�^
)�,Z.(  

  

)�,? ( @��A :&�	=Bragg's law 

   i�H�?/ u��CK�� ������        :,� g�?�� 4��M�� �	�l {q��     ª���� :	/��; ��r .
  j,�^ �KC 6H���� "�
�1C    ��} ���q %�C�M
  �	�e� "%+l  .  PE	� ���{�M   m�;( 

)�,£(       "��)^ $��	�?% �% 
��X� "�^#� )       c��q �� "�S�	��� $��	�?�� �% "!	F¦
 "��)M�� ��=/(     <�1� {q��� \&! {.« 6��, *         ���! :	��� :8 ��u (�?�� y�G :�G *�� 

��%��#� �% c�	j"�5	��  . �KC '���3�¥�� a1! @�O� 'K�� ª��� :	/�; J:  
2d sin θ = nλ              )�,�(  

 
 ���� ¢�l θª��� "�,�+� *λ "�^v� 65	�� c	H�� 	C  *"�1�?�� d 6C "G�?% 

      "�S�	�% "!	F¦ � 
(,�T��� $��	�?�� o� {.��� .  ¬��=���{�M   m;( )�,£(  � :8  :	�
 % "�^#�?��1 �% "  
(	&)�� $��	�?%  .  ��K� _?�� ��3­   �	�l a/3W�;�­   :	�� ��� 

 ®G���% B���/u���         B���/� \F?% {¯, y��?�� �KC � ���E��(   ���;�� g�?�� 4��M�� �% 1 �
   ª��� a&F��
� :8 K1% .   "F�=� ��}n      :8 ª��� :	/�; �        
��l	�� ���8 \&! ��Fh�� Kq��
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 ¢�l365	�� m;�&� $��!��% '8 ::8 ��}  � � �?��%��% $h, k, l # B���/� '
-�q . :	�� c�s�� {�)
 \&!n = 2 $��	�?F&� h, k, l "�,�?% n =1$��	�?F&�  2h, 

2k, 2l �� I�� {.��� "G�?% D./.  
  

  
�������	  )
,D.(E�49 F�%�� !GH�� !"	�I9 !
�JK '�"���� �� !
L
��� !�K&� ��
� .  

  
)�,�B(4�#C  Resolution 

  �        �R�% �2¦ �1��� :	�� g�?�� 4��M�� ��G��5	���?���   ������&� ��(	V 6H��
         �� �2d� �! ���&�> :	�� a1% W=Y��� :8 mx( *"�(	&)��'�.) '�����  .      {�&� 	�C ��%


(	.��  a���8 �%,  .���l�HV�  &Y��� \H�� *     �% ±�#� "F�=��� {d      :	/��; � �2n� I�� 
ª��� .� "F�=�� �KC {��=� �	
 �% \Fn��θ�	�e� $�/��� "!	Fd . 4��^3 i% Mo K 

     �1! "!	Fd� $�/��)�� {�,θ \Fn!  25o      ª���� :	/�; 6H�� 2sin(25o)/0.71=1/dmin *
 &� ��T�1%  {)dmin (0.84Å.      {F�X� \.;#� {&Y��� :	�� λ/2     :	�� �%�1! b�` 'K�� 

sin θmax =1 . 4��^]Cu K �KC :	�� �	
 0.77 Å ��R�²i% a�&! {.Y��� {&Y�&�  
Mo K �1! θmax = 25o . o)���{�M m;( )�,¨( \&! LR����  ���=�� "�/,����]� "G�s���

�2�&! c	.Y&� 0���?�� �	�e� pr	� ¡�%.  
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_E�O! 	�"H��q  |�(�� \&! "�/,����]� "G�s��� 1 cm/ Å  :�G   {���=� �K�C
 "F�=� m����108 .!�)H/� ���� :	�� :8 67)1������5 m���� m;��� �KC �! �% .  

  

  
�����   ��	 )
,M.(  N� !6�7���      O ��
� ���� �� !9��P !
%34���>C �3>P  .   !�
� F��Qdmin 

  < =�1��
!��� �+.  

  

)�,��(�&D�� "#���  The phase problem 
             _?���, ��=G �������� {%�! $��
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