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�©± ZnCl2, CrCl3·6H2O ÚRY�ÀM����, 3 4T óÀ^|eY9{��
 Cr �, ZnO D^��N¬
N, ÏL X ��û�©Û!×£>fw�º*	9æ^�Ä�¬^rO?1^5©Û�, &?
óÀ^|éÙ�*
(�9^5U�K�. (JL²: Cr �, ZnO D^��N¬NE�± ZnO �8�n ¶(�, óÀ^|äkr?¬
â)�9��ü���^, 4T óÀ^|^�eÜ¤� Cr �, ZnO D^��NäkûÐ�¿§c^5, Ù�Ú^z
rÝ (Ms) � 0.068 emu/g, ÃóÀ^|�¹e����¬¿§e¥^^5, ¿�, óÀ^|e��òD^��N�
Øp§ÝJp
 16 K.

'�c: óÀ^|, Y9{, D^��N, Cr �, ZnO

PACS: 81.40.Rs, 75.50.Pp, 75.50.Tt

1 Ú ó

D ^ � � N (diluted magnetic semiconductor,
DMS) Ó�äk>f�g^á5Ú>Öá5, ä
k`É�^1!^>�5U, ¦Ù3p�Ý�´�
5�;ì!^aAì!þfO�Å�+�kX2
,�A^cµ, �@�´��e��g^>fì�
�Ì�á� [1−3].

ZnO ´�«��°B���Ná�, B�°Ý
� 3.37 eV, ¿§-fåPU�� 60 meV, �puÙ
¦°B���Ná� (X GaN, ZnS �), ~§~Ø
e�8�n ¶(�, äkp�9½5!zÆ
½5±9`û�1>!Ø>!Ø¯!í¯�A5.
2000 c, Dietl � [4] Ú Sato � [5] ÏLnØO�ý
ÿ, ^5LÞ7á�� (transition metal, TM) �,
� ZnO Ä DMS �Uäkpu¿§�c^5. dd,
LÞx^5lf�,� ZnO ÄD^��NÚå

<��4�'5 [6−8].

éu Cr �, ZnO ÄD^��N, $^ØÓ
��Ãã���(J�3�õØ��. X Schnei-

der � [9] æ ^ zÆí � { Ü ¤ 
 Cr � , ZnO
B � â f, u y � Cr � , þ � 6 at%� � � ¬
3 1000 ◦C ò»�3$§ 5 K �=äkéf�c
^5, Ü©�¬�¹k ZnCr2O4 1��. Liu � [10]

^M�v�{��
 Cr �, ZnO ®"�¬, (
Jw« Cr ��´± +3 d�/ª�3uÄN¬
�¥, ��,ßÝ� 3 at%��¬äk¿§c^
5. Elanchezhiyan � [11] |^�ª^�í�{�
�� Zn1−xCrxO(x = 0.05, 0.15, 0.30) ���¬
Ñäk¿§c^5, ¿uy Cr ����,ßÝ
� p, Ù � Ú ^ z r Ý � �, � Cr � � ¹ þ é
p (x = 0.15, 0.30) ��¬¥¬Ñy ZnCr2O4 1
��. Hu � [12] æ^�í�{��
$ Cr ßÝ
� Zn1−xCrxO (x < 0.073) ��, Raman 1Ìw«�
¬¥�3 Cr2O3 �, ¿uy x �� Cr2O3 �¹þ�
õ, ¿@�c^5�¼����¥� �  (VZn)
k', ���¬¥ Cr ��MÝ$u 2.7 at%. Zhuge
� [13] �uy Zn1−xCrxO ���c^5�"�k
',  Satoh � [14] @�ùÚ16fßÝ�'. Chu
� [15] æ^U9{��
 Cr �, ZnO B��, �
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¬äk¿§c^5, ¿ÏL�[O�@�^55
u Cr �f 3 d >f�� O �f 2 p >f���
�ÍÜ�^. Wang � [16] |^Y9{��
 Cr �
,þ� 2%�äk¿§c^5� ZnO B��, �´
¢õ�� [17] æ^Y9{����¬¿§e%¥
^^5.

Y9{���«��B�®"á���{ä
k�A^�´u¢y!¤�$í!�f'~´u
���A:. �©3æ^Y9{�� ZnO ÄD^
��Ná��Ú\	ÜóÀ^|,ïÄ
óÀ^|
é�¬¬N(�!/mÚ^5U�K�.

2 ¢ �

2.1 ���¬¬¬���������

¢ � � � � þ ° I � 8 ì zÆÁ J k �
ú i ) � � © Û X ZnCl2, NH4Cl, CrCl3·6H2O,
NH3·H2O, ÃY¯U.

Äk, ��ßÝ©O� 2 mol/L Ú 0.02 mol/L
� ZnCl2 Ú CrCl3·6H2O M�, ±9RY�ÀM�.
Cr ���¶Â�,þ� 1%. � 6 ml ZnCl2 M�,
�Ù%\ 8ml RY�ÀM�, 2\ 6ml CrCl3·6H2O
M�, ¿�±^å�� 1 h. ,�òdc®NM��
\NÈ� 25 ml àoÍ¯LS��vÜ7�A;
¥. �µ��\¬S\9, ,§��A§Ý 453 K,
Ó�mérÝ� 4T �óÀ^|, ^|óÀªÇ
� 0.033 s−1, óÀ±Ï� 30 s, �±ð§ 4 h. �A
�.�, �Ñ�A;e%�¿§. ^�lfYÚÃ
Y¯U�EW*�¬�¥5, 2òÈ\�\ 343 K
�ó�¥ZH 8h �=���®"�¬. 3dL
§¥Ø�\óÀ^|, �¼�ÃóÀ^|�¹e
��¬; e��L§¥QØ�\óÀ^|�Ø�
, Cr3+(�± ZnCl2 �RY�ÀM�'~!W¿Ý
ØC), ��X ZnO, þ�é'^.

2.2 ���¬¬¬���©©©ÛÛÛ���LLL���

^ D/max-RC. X ��û� (X-ray diffraction,
XRD) ¤©Û�¬�¬N(�, Cu q Kα �, ó�>
Ø� 40 kV, ó�>6� 100 mA, λ � 0.15406 nm.
æ^F�>fúi� JSM-6700F .|u�×£
>fw�º (field emission scanning electron micro-
scope, FESEM) *	�¬/m9?1 EDS UÌ©
Û. |^ LakeShore7407.�Ä�¬^rO (vibrat-

ing sample magnetometer, VSM) ÿþ�¬�^5U.

3 (J�?Ø

ã 1 �X ZnO Ú3kÃóÀ^|^�eY
9Ü¤� Cr �, ZnO �¬ (©OP� ZnO, S-4T
Ú S-0T) � XRD ãÌ. lã 1(a) ¥�±wÑ, S-0T
Ú S-4T �û�¸�8�n ¶(� ZnO(JCPDS,
No. 36-1451) �IOû�ãÌ���, �¸/k
b, vkuy� Cr ��zÔ9Ù¦,��k'�
û�¸, `² S-0T Ú S-4T �¬þ�Xn ¶ ZnO
(�, (¬��, Ã²w,��, Cr lf��\vk
UCÄN ZnO �Ä�(�. ã 1(b) ´ 2 θ 3 30◦—
40◦ ����¬ XRD ãÌ�ÛÜ��ã, uyÚ
X ZnO ', S-0T Ú S-4T � (100), (002), (101) Ñ¸
 �ÑØÓ§Ý/�p�Ý £, � S-4T ' S-0T
 £ÌÝ�. Ì¸� £Ì�´du Cr3+ �,Ú
å�. Cr3+ ��» (0.63 Å) ' Zn2+ ��» (0.74 Å)
�, Ì�A�¸�p�Ý£Ä`² Cr3+ �\�

 ZnO ¬�¥, k�/¢y
 Cr3+ ��,. 3ó
À^|^�e���¬� XRD ¸  £��, `

ã 1 ®"�¬� XRD ãÌ (a) ÚÛÜ��ãÌ (b)
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²óÀ^|e���¬ Cr3+ ¢S�,þ�õ, L
²óÀ^|k|ur? Cr3+ �\� ZnO ¬�¥.

ã 2 �3kÃóÀ^|^�eY9Ü¤� Cr
�, ZnO ¬N� SEM ãÚ EDS ãÌ. lã 2(a)
Ú (b) ¥�±wÑ, S-0T Ã²w�5K/m, Ì�d
��©Ñ��G�â|¤, ��²þ�»� 100—
200 nm, �Ý� 600—800 nm, Ü©kìày�u
);  S-4T K¥y²w�5K/m, dü�kS
� “Y)G” ��¤, ��²þ�»� 150—250 nm,
�Ý� 1—2 µm, B���u��\��, Ãìà
y�u), ��"à²þ�»� 50—100 nm. '
��ã�wÑ, óÀ^|äkr?¬â����

^, ¿�N�¬âU�½����)�. ù�U´
du	\^|3 a, b, c ¶���UþØÓ¦�B
��÷�����)��ÝØ�� [18], l¦3
kóÀ^|�B��÷¶����)��ÝwÍ
\¯, 3Ù¦��þ�)��ÝÉ��½³�, �
ª��B��Uì�½����)�. óÀ^
|e��� Cr �, ZnO ¬N���ü�K´Ï
Ùg�äk^5, É^|�^u) =�. �â
ã 2(c) Ú (d) � S-0T Ú S-4T �¬¥ Cr ���¢
S¹þ©O� 0.49%Ú 0.83%, `²óÀ^|J
p
 Cr ���¢S�,Y², ùÚ XRD (J
��.

ã 2 kÃóÀ^|^�eY9Ü¤� Cr �, ZnO � SEM ã ((a) S-0T; (b) S-4T) Ú EDS ãÌ; ((c) S-0T; (d) S-4T)

ã 3 �¬�¿§^¢£�ã

ã 3 �æ^�Ä�¬^rO3¿§eÿÁ

��« Cr �, ZnO ¬N�^5U(J. dã�
�, óÀ^|e��� S-4T �¬3¿§ (298 K)
�LyÑéÐ�c^5, Ù�Ú^zrÝ (Ms)
� 0.068 emu/g; Ã^|e��� S-0T �¬3¿
§evkLyÑc^5, ¥^^5.

ã 4 � k Ã ó À ^ | e Y 9 Ü ¤ � Cr �
, ZnO ¬N�^9 (M -T ) �, dd�Ã^|
e��� S-0T �¬�Øp§Ý (Tc) � 288 K, ó
À^|e��� S-4T �¬� Tc � 304 K. S-4T
' S-0T �Øp§Ýp 16 K, `²óÀ^|�Ú\
�Jp Cr �, ZnO ¬N�Øp§Ý, k|u¼�
¿§c^5, ù���K|cÏ���Ù¦�AN
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X�(J [19−21] ��. ù´Ï�3óÀ^|��
^e, k�õ� Cr3+ ?\� ZnO ¬�¥, Cr �f
Ú O �f�m���ÍÜ�^\r [15], l��
^5Or.

ã 4 �¬�^9�

ã 5 S-0T �¬3 280 K ��^¢£�ã

ã 5 �Ã^|e��� S-0T �¬3 280 K �
�^¢£�ã. d��¬LyÑ
²w�c^51
�. lã¥��±uy, 3	\^|rÝp� 1.3 T
�, ^zrÝ� 0.031 emu/g, �E����Ú^z;

��	\^|rÝ�L 0.5 T �, Ù^zrÝ�	
\^|Ä�¤�5O\. E¤ù�y���Ï�
U´�¬¥Ó��3c^�Ú^^�, �c^��
^^��^¢£��pU\�, Ò¬�)ù��
�. �éù�¯K, Singhal �< [22] JÑ�±ÏL
[Ü��ª5©lc^��^^���z, [Üú
ªXe:

M(H) =
2Ms

π
tan−1

[
H ∓ Hc

Hc
tan

(πS

2

)]
+ χH, (1)

(1) ªm>c�Ü���Ü©O^5[Ü�¬¥
c^��^^��^¢£�, Ù¥ Ms � Hc ©
O L « c ^ � � � Ú ^ z r Ý 9 
 � å, S L
«c^���{^zrÝ��Ú^zrÝ�',
= S = Mr/Ms, χ L«^^��^zÇ. |^ (1)
ªò S-0T 3 280 K ��^¢£�©l¤c^��
^¢£� (FM) Ú^^��^z� (PM), Xã 5
¤«, dã�c^�� Ms � 0.0235 emu/g, ' S-4T
3¿§�� Ms $ 0.0445 emu/g. ��óÀ^|U

Uõ�¬�^5U, �ò Ms Jp 2 �±þ, ù�
@£D^��N�^5Jø
�«�#�g´.

4 ( Ø

�©æ^Y9{, 3 4T óÀ^|e��
 Cr
�, ZnO D^��Ná�. ïÄL²óÀ^|�
Jp Cr3+ �¢S�,Y²!r?¬â��9��
)�!Uõ Cr �, ZnO D^��Ná��^5
U, òØp§ÝJp
 16 K.

a�þ°�Æ�(�:¢�¿©ÛÿÁ¥%3á�

ÿÁ�¡�|±Ú�Ï.
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Synthesis of Cr-doped ZnO diluted magnetic
semiconductor by hydrothermal method under pulsed

magnetic field∗
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Abstract
In this study, zinc chloride, chromic chloride, ammonium hydroxide and ammonium chloride are used as the source materials

to prepare the crystalline Cr-doped ZnO diluted magnetic semiconductor by the hydrothermal method under a 4-T pulsed magnetic

field. The structures and the morphologies of the samples are characterized by X-ray diffraction and scanning electron microscope.

The magnetic analysis of the specimens is performed by vibrating sample magnetometer. The effects of pulsed magnetic field on the

microstructure and the magnetic properties of the Cr-doped ZnO are discussed. The result indicates that all the samples still have

hexagonal wurtzite structures. The pulsed magnetic field is conducive to promote the crystal growth orientation. The sample fabricated

under pulsed magnetic field exhibits good room temperature ferromagnetism. The saturation magnetization is 0.068 emu/g. However,

the sample synthesized without magnetic field shows paramagnetism at room temperature. The Curie temperature (Tc) of the Cr-doped

ZnO is increased by 16 K through the pulsed magnetic field processing.

Keywords: pulsed magnetic field, hydrothermal, Cr-doped ZnO, diluted magnetic semiconductor
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