
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 8 (2012) 087501

���{{{¿¿¿ p ... Hg1−xMnxTe üüü¬¬¬ (x > 0.17) ���
KKK^̂̂>>>{{{ÅÅÅnnnïïïÄÄÄ*
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( 2011 c 5 � 29 FÂ�; 2011 c 12 � 23 FÂ�?Uv )

ïÄ^5��N¥K^>{�)Åné�(n)16f�^5lfm� sp-d ^���^´�~��. Ï
LC§ (10—300 K) ^Ñ$ÚC§ (5—300 K) ^zÇ¢�ïÄ
�X�ØÓ Mn ¹þ�{¿ p . Hg1−xMnxTe

ü¬ (x > 0.17) �K^>{Ú^^Or�A. ¢�(JL²ÙK^>{�§Ý�'XÚ^zÇ�§Ý�'X
Ä���, üöÑ�¹��¥�ê.Cz�§Ý¼ê exp(−K/T ). �â^5��N�,�U?nØ, �{¿ p

. Hg1−xMnxTe ü¬3$^|��SÑyK^>{�A�Ì�ÔnÅn�	^|�^z�A¦�ÉÌ,�½ÉÌ

.åP^4zf�k�>lU~�.

'�c: ^5��N, K^>{, ^^Or, g^©�

PACS: 75.50.Pp, 75.47.–m, 73.43.Qt, 71.70.Gm

1 Ú ó

HgMnTe ´�«;.�ÄB� Mn Ä/ - 3x
^5��Ná�. �Ã	\^|�, HgMnTe �>
fU�(�Ú��N5�� HgCdTe �q, ¿�®
A^3ù	1>&ÿì!u1�4+Ú��N-
1ì�+� [1−5]. ���3	\^|½É�1-u
�, du^5 Mn2+ lf (g^o^Ý S = 5/2, ;
�^Ý L = 0) �ÅO�Óâ
��zÜÔ HgTe

¥� Hg2+ lf �, HgMnTe ÐyÑNõÛA�
Ôn�A, X$§^^Or�A [6−8]!K^>{�
A [9,10]!^|p�ý�N-7á�C [11]!ã Fara-

day ^=�A [12]!1�^z [13] ±9^4zf�
A�. ù
Ôn�AÑåu16f�^5lf
m�g^���^ (sp-d Ú d-d ^�p�^), ¿
ò HgMnTe �>Æ!1ÆÚ^Æ5�*dÍÜ3
�å. Ó�, ù
�A��?�ÚJ,ykì�5
U!mu#����Ng^ì�±9¢y��þ
fO�Jø
�U. Ïd, Cc5�X<�é��

Ng^>fÆïÄ,��FÃìO, HgMnTe á�
#É�<��'5ÚïÄ [14−18].

�c^5 (D^) ��N¥���ïÄ�:´
�>f�^5lf^Ým� sp-d ^���^K�
á�1>A5Ú^ÆA5�ÔnÅn. ^5��N
¥�K^>{�A´ sp-d ^���^����«
�^Ñ$y�. ,, ®k�ïÄ(Jé Mn Ä^
5��N¥K^>{�A�)�ÔnÅn�3õ
«ØÓ�n), �ÊH�É�)º�.Ì�kn«.

1�«´��g^©��. [19−21], =r� sp-d ^
���^¬����3	^|¥©��ü�f�,

©OéAuþg^�Úeg^�, 3r^|^�
e, duf��î©�, ¦�¤�U? EF Ú[
£>��é �u)
Cz, üö¤�)�nÜ(
J��
K^>{�A. 1�«´g^�=�[�
. [22], 3T�.¥, ^5��N�>�Ç´d “�
~” Ú “�~” [£Å��z�,“�~” a��16
f3[£���Xg^u)�=,  “�~” a��
16fÙg^3[£��±ØC. 3$§f^|e,
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�C� Mn2+ lfg^��c^Sü�, ÏdåP
u^5lfìq¥�16f3a��¬�)g^
�=, d� “�~” a��zÌ�>�Ç. �^|
Or½§Ý,p�, �C� Mn2+ lfg^ªuÚ
	^|Ó��ü�, �c^S�»�, d� “�~”

a�é>�Ç��z´Ì��, �´ùü«[£Å
�m�¿�'X��K^>{�AÑy. 1n«´
^5,�>lUCz�. [11,23], $§>�ÇÌ�
5g^5,��>lL§, du^z�A, ^5�
�N¥^5,��>lU EA ¬�X^|�O\
~�, ½lÅ¼ê�Ý©Û, ^|�O�òÚå
^5,�Å¼ê��m*Ð, ��åP16f3�
mþ�´¢ya�[£¿º�Ñ�õ�Ñi16
fë��>, Ly�^>{�^|�O�~�.

3 HgMnTe ü¬¥, >ÆïÄuyÙK^>{
�A�^|�Cz1�� Mn �¹þÚ�>a.
k', ~X, ��Y p .�¬�^>{3f|��
S�X^|O�üN~�, "�Y½K�Y·
Ü.�>�¬�^>{3^|O���½��â
m©~� [24−26]. ,, äN´=«ÔnÅ�Ì�

 HgMnTe K^>{�ÑyÚCz5Æ, ®k�>
ÆïÄ(Jvk�Ñ���½þ©ÛÚy². �u
	^|UÓ�K� d-d Ú sp-d ^���^, ü��
>ÆïÄJ±�ÑK^>{�)�O(�Ï, Ï
�A(Ü^Æ¢�(J?1é'©Û. 3�©¥,

·�|^C§>ÆÿÁÚC§^ÆÿÁ�(Ü�
Ãã5½þïÄ�X� Mn ¹þ x > 0.17 (g^À
æ=C4� [27]) � p . HgMnTe ü¬ÑyK^>
{�Ì�ÔnÅn.

2 �¬��ÚÿÁ

�©¤^� HgMnTe ü¬�¬æ^l�eü
�R� Bridgman �{ (�\^=) )�, ¿3L Hg

í¨¥ò»?n. ¢�¥���
Ê«ØÓ Mn

¹þ� Hg1−xMnxTe ü¬�¬, ¿éÙC§>Æ
ÚC§^ÆA5?1
ïÄ. ùÊ«�¬�?Ò
Ú�A� Mn ¹þ x ��¬ A (x = 0.184)!�
¬ B (x = 0.191)!�¬ C (x = 0.203)!�¬ D

(x = 0.207)!�¬ E (x = 0.258). 3¢�ÿÁc, ¤
k�¬Ñk²LV¡�1Úï�±¼�1'L¡,

,�E�3ßÝ� 3%��`UM�¥@¡ 3 min

�m, ±Ø�L¡��z�ÚÅ��ú�, �ªþ

Ý� 250 µm. X ��û� (XRD) ¢�(Jy²�
©¤^�¬�ü¬(�.

3C§ Hall >Æ¢�¥, æ^ Van der Pauw �
{ÿÁ
þãÊ��¬�C§^Ñ$A5, Ù¥
§Ý T �Cz��� 10—300 K, ^|�^aA
rÝ B �Cz��� 0—1.4 T. >ÆÿÁ���,

ÏL�Å¦�KÕ[Ô����¬m/¤ûÐ�
î0�>, Å:�»�u 0.5 mm. C§>Æ¢�
(Jy²ùÊ��¬�>ÆA5þ��{¿ p .
�>, �3 T = 300 K ���ÇßÝ p þ3 1016—

1017 cm−3 ��S. 3C§^Æ¢�¥, æ^"|
e%{ÿÁ
Ù¥ü��¬ (�¬ B Ú�¬ D) �
C§^zÇ�, ¤^ÿÁ¤ì�{I Quantum

Design úi)��nÜÔ5ÿÁXÚ, §ÝCz�
�� 5—300 K, 	^|rÝ� 16000 A/m.

3 (J9?Ø

Äk½Â^>{ ρMR �

ρMR(B) =
∆ρ

ρ0
=

ρxx(B) − ρ0

ρ0
, (1)

ª¥, ρxx � Hall >ÆÿÁ¥�¬�p�>{Ç,

ρ0 �"^|e�¬� ρxx ��, B �	^|�^a
ArÝ. C§ Hall ¢�(JL²: 3 T = 10—

300 K § Ý � � Ú B = 0—1.4 T ^ | � � S,

Hg1−xMnxTe ü¬�¬ A!�¬ B!�¬ C!�
¬ D Ú�¬ E þ�r p .�> (ÉÌßÝ NA �
�u�ÌßÝ ND), � ρxy-B �þ��� (ρxy

��¬�î�>{Ç). �´ ρxx %�X	^|
OrüN~�, = ρMR(B) �K�, LyÑK
^ > { � A. � â (1) ª, � ± O � Ñ ù Ê � p

. Hg1−xMnxTe ü¬�¬3ØÓ§ÝeK^>
{�^|�Cz(J.

ã 1 ¤«� p . Hg1−xMnxTe ü¬ (�¬ A!
�¬ B Ú�¬ C) 3$§e�;.K^>{¢
� ( J Ú [ Ü  �. © Û ã 1 � �: � § Ý �
,�ð½��, p . Hg1−xMnxTe ü¬�K^>
{ ý é � þ � 	 ^ | � O r  ü N O �, � ÷
v |ρMR(B)| ∝ B2 [Ü'Xª, �*�[Ü(J
Xã 1(d) ¤«; �	^|�,�ð½��, p

. Hg1−xMnxTe ü¬�K^>{ýé�þ�X§
Ý,p×�~f, 3�Ó§ÝÚ�Ó^|e, p

. Hg1−xMnxTe ü¬�K^>{ýé��X Mn
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¹þ�O�~�.

�
½þ©ÛïÄ p . Hg1−xMnxTe ü¬¥
K^>{�§Ý�Cz5Æ, ©OJ�ÑþãÊ�
�¬3ð½^aArÝ (B = 1.4 T)!ØÓ§Ýe
�K^>{�, ¿xÑ��¬�C§K^>{�,

Xã 2 ¤«.

dã 2 ��: Ê��¬�K^>{ýé�Ñ�
§Ý�,p×�~��P~1��q, =z��
¬�C§K^>{�þ�3��P~=C§Ý
:. �§Ý$ud§Ý:�, K^>{ýé��§
Ý�,p:ì~�; �§Ýpud§Ý:�, K
^>{ýé��§Ý,p�ú~�. éùÊ��¬
�C§K^>{�?1[Üuy, K^>{ýé
��§Ý�P~1�÷vXeL�ª:

|ρMR(B0, T )| =
∆ρ(T )
ρ0(T )

=
C

1 + aT exp(−b/T )
, (2)

ª¥ C, a Ú b �[Üëê�þ�u". [Ü¤�
(JXã 2 ¤«. ò (2) ª3p§e?1�6Ð
m��

C

1 + aT exp(−b/T )

=
C

1 + aT

(
1 − b

T
+

1
2!

b2

T 2
− 1

3!
b3

T 3
+ · · ·

)
≈ C

1 + aT

(
1 − b

T

)
=

C/a

T + (1/a − b)

=
C ′

T + T0
. (3)

ã 1 p . Hg1−xMnxTe ü¬K^>{ ρMR �^aArÝ B Cz�¢�(JÚ[Ü� (a) �¬ A � ρMR-B �;

(b) �¬ B � ρMR-B �; (c) �¬ C � ρMR-B �; (d) �¬ B � ρMR-B2 �
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ã 2 p . Hg1−xMnxTe ü¬K^>{ ρMR �§Ý T Cz�¢�(JÚ[Ü� (a) �¬ A � ρMR-T �; (b) �¬ B

� ρMR-T �; (c) �¬ C Ú�¬ D � ρMR-T �; (d) �¬ E � ρMR-T �

ØJuy, (3) ª�Cq(J�^zÇ� Curie-

Weiss ½ Æ L � ª ä k � Ó � / ª. ù ` ² p

. Hg1−xMnxTe ü¬¥�K^>{�A�Ù^
zA5�m�3;�'é.

�
?�Ú)ºþãC§ Hall ¢�¥�K^
>{A5, ¿(½ p . Hg1−xMnxTe ü¬�)K^
>{�ÔnÅn, ·�±�¬ B Ú�¬ D �~é p

. Hg1−xMnxTe ü¬�C§^zÇA5?1
ï
ÄÚ©Û.

ã 3 ��¬ B Ú�¬ D �C§^zÇ¢�(
JÚ[Ü�, ã¥�^zÇ´�â��¬��
þÚÿÁ^|rÝ?1
8�?n���ýé
�. dã 3 ��, 3p§«� (T > 50 K), �¬ B Ú
�¬ D �^zÇ�ê�þ���, =ÎÜ Curie-

Weiss ½Æ χ(T ) = C/(T + T0), Ù¥ T0 � Curie-

Weiss §Ý; 3$§«� (T < 50 K), �¬ B Ú�

¬ D �^zÇ�ê�%m© l Curie-Weiss ½
Æ, Ñy^^Ory�, äNLy���e��
� Curie-Weiss §Ý T0 ªCu�:.

éuã 3 ¤«3$§eÑy�^^Ory
�, �,3D^��N¥®�*ÿ�¿?1
�
� [6−8], �´L�éuù«^^Ory���vk
�ÑLO(�)ÛL�ª, �´½5/^ Brillouin

¼êÐmª¥�pg�5`². ��½5�)º�
$§edu Mn2+ lfm��c^���^ru
9�ÄU, Ïd Mn2+ lfmò*dÍÜ/¤�c
^ìq, ¿� u�c^ìqSÜ� Mn2+ lf´
?ug^È(G�, ù��á��k� Mn2+ lf
ßÝ~�, l3$§^zL§¥¥yÑ^^Or
�A [7,28].

·��ïÄL², �¬ B Ú�¬ D �C§^z
Ç� (�)$§e�^^OrÜ©) �±^eª
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?1O(�½þ£ã:

χ(T ) =
C

T + T0 exp(−K0/T )
, (4)

ª¥, �¬ B �[Üëê T0 = 177 K Ú K0 =

5.2 K, �¬ D �[Üëê T0 = 214 K Ú K0 =

5.1 K. [Ü(JXã 3(a) Úã 3(c) ¤«.

ã 3 p . Hg1−xMnxTe ü¬�C§^zÇ χ(T ) ¢�(JÚ[Ü� (a) �¬ B � χ-T �; (b) �¬ B � χ−1-T �;

(c) �¬ D � χ-T �; (d) �¬ D � χ−1-T �

3 (4) ª ¥, ² ; � Curie-Weiss § Ý T0

� T0 exp(−K0/T ) (K0 > 0) ¤��. Ïd, 3�
3^^Or�A�^5á�¥, Curie-Weiss §Ý´
���§ÝCzUC�ëþ. � T → ∞ � (é
Ap§�/), (4) ª��6Ðmª2g£8�ÙG
� χ(T ) = C/(T + T0) /ª (Curie-Weiss ½Æ).

'� (2) Ú (4) ª��, üö�L�ª�~a
q, Ñ¹k�� exp(−K/T ) �ê.�§ÝP~Ï
f, �3p§4�eüö��6CqÐmªþ£
8� Curie-Weiss ½ÆL�ª. ,	, é'©Û p

. Hg1−xMnxTe ü¬ (±�¬ B Ú�¬ C �~) �

C§K^>{�ÚC§^zÇ���, üö
Ø��§ÝCz�/GÚª³�q, �Ñ�3
��ê��C�=C§Ý: (� 50 K �m), �§
Ý$uT=C§Ý:�^zÇÚK^>{þ×
�O�. ù
>ÆÚ^Æ¢�(Jp�<y
 p

. Hg1−xMnxTe ü¬�K^>{�Aåu Mn2+

lf�^z�(J, �K^>{����^zÇ�
���3Ó�'é.

3^5��N¥��K^>{�AÌ�kn
«ÔnÅn, =�� (½d�) g^©�!g^�=
�[Ú^5,�>lUCz. e¡�[©Û�{

087501-5
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¿ p . Hg1−xMnxTe ü¬ÑyK^>{�Ì�Ô
nÅn.

Äk, ��½d�g^©�p�K^>{�
A�ÔnÅnXe [11,19−21,29]: 3	^|¥, å
u sp-d ���^� Zeeman ©�ò��ü�g^
f��m�16f#©Ù, ù¦¤�U? EF

þ£![£> �UC, l��K^>{�Ñ
y. =�¤�U? EF  u��½d�S�, 1
6f3g^f�¥�#©ÙâU�²w/U
C¤�U? EF Ú[£>� �¿�)K^>{
y�. �'�¢�ÚnØO�(JL² [19,20,30],

TÅn�)�K^>{�/G�E,, ¿ØÎ
Ü ρMR(B) ∝ B2 L�ª.

3��N¥, ¤�U? EF Ï~ uB�S, �
�Ù?\��½d�SÌ�kü«�/, ©O�p
,�ßÝ�{¿��NÚr^|Úå�U�ãg
^©�. 3 p . Hg1−xMnxTe ¥, �â�Ô�Cq
Úü16f�., ¤�U? EF ��ÇßÝ p m�
'X� [31]

p(T ) =
4π(2m∗

h)3/2

h3

×
∫ Ev

−∞

(Ev − E)1/2

1 + exp[(EF − E)/(kBT )]
dE, (5)

ª ¥, h � Ê K � ~ ê, T � § Ý, � Ç k �
� þ m∗

h ≈ 0.45 me
[32], me � g d > f � �

þ. � â (5) ª � �, 3 ¿ § N C, � Ç ß Ý p
u 1019 cm−3 �, ¤�U? EF âU?\d�S
u){¿. T(J��u�©�¬3 Hall ¢�¥
�Ñ�¿§�ÇßÝ� (1016—1017 cm−3), L²
�©�¬�¤�U? EF  uB�S��{¿ p

. Hg1−xMnxTe.

é u n . � ¬, d u > f � k � � þ m∗
e

(HgMnTe ¥ m∗
e �;.�� 0.01me

[2]) Ï~'�
Ç�k��þ�éõ, ù¦�3�Ó16fßÝ
e��'d��N´Ñy{¿. Ïd, ��½d
��g^©�Å�·Üu)º n .p,�ßÝ^
5��N�K^>{�A, �Ø´���{¿ p

. Hg1−xMnxTe ü¬3f^|eÑyK^>{y
��Ì��Ï. �,, f^|e�d�g^©�¬
���pd�º� �¿~�ÉÌ,��k�>
lU EA, ùéK^>{�A�´¬k�þK�.

Ùg, XJ´ Aggarwal � [22] �g^�=�[
Å�Ì�
 p . Hg1−xMnxTe ü¬�K^>{�

A, K�Ç[£Ç�^|Ú§Ý�Cz1�AT
�K^>{�C^|ÚC§1�aq. TÅ�@
�, �^|½§ÝCz�K^>{�A5g16f
� “�~” [£ (g^���±ØC) � “�~” [
£ (g^��Ñy�=) m�¿�. �´þãÊ��
¬�C§ Hall ¢�(JL², 3 B = 0—1.4 T �
^|��S, ð½§Ýe��Ç[£ÇÄ��^|
rÝÃ', ¿��Ç[£Ç�C§�/G�K^
>{�C§�/G�«O��, Xã 4 ¤«.

ã 4 �¬ A!�¬ B!�¬ C!�¬ D Ú�¬ E �$^|�
Ç[£Ç µh �§Ý T �Cz

ã 4 L²: 3 p . Hg1−xMnxTe ü¬¥, $^
|e��Ç[£Ç�X§Ý�,p¥yÑkO�
�~��ª³, =�3��4��, ��X Mn ¹þ
�O��Ç[£Ç4��� �oN�p§��
£Ä. ÏL©Ûuy, �Ç[£Ç3$§e�C§
A5ÎÜ>l,�Ñ�Å�!3p§e�C§A
5ÎÜ(Æ(fÑ�Å�. Ïd, �Ç�g^�=
�[Å�Ó�Ø´�� p . Hg1−xMnxTe ü¬Ñ
yK^>{�A�Ì��Ï.

��, �â Wojtowicz � [11] JÑ�^5,�
>lUCzÅ��±Ün)º3 p . Hg1−xMnxTe

ü¬¥*ÿ��K^>{¢�(J. 3^5��N
¥, 16fg^ (>fÚ�Ç) �^5lfg^m
� sp-d ^���^��^5,� (�ÌÚÉÌ) �
>lU¬�X§Ý!^5��ßÝÚ	^|rÝ
�CzUC, Ù>lU?3	^|�^e¬Ñy
g^©�, �3$§e�ò/¤åP^4zf (�
n)�]�c^g^ìq½ “c^Æ”[23,33,34]. ±
ÉÌ,��~, �^5��N¥�ÉÌ,�½ÉÌ
.åP^4zf>lU?Ñyg^©��, �«g
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^���U? �ò�ld�º, ��g^��
�U? �ò�Cd�º. ,	, d�3f^|
¥ � Zeeman © � � ¦ � d � º   � þ £ [35].

3�Ó§Ýe, ùü��Aò��ÉÌ,��k
�>lU EA ~���N´u)9>l, Xã 5

¤«.

ã 5 ^5��N¥dÉÌU?g^©�Úd� Zeeman ©���ÉÌ>lU EA ~��n«¿ã (a) B = 0 �, ÉÌU?
�üU?; (b)B 6= 0 �, ÉÌU?Úd�Ñyg^©�¿��ÉÌ>lU EA ~�

�â Dietl � [36] �^5,�U?nØ, �±?
�Ú��ùü�U?m�©�må ∆0 �^aAr
Ý B �m�'X�

∆0 =
β

gMnµB
M0(B) + g∗hµBB,

M0(B) = χ(T )B,
(6)

ª¥, β ��Ç� Mn2+ lfm� p-d ��È©~
ê, gMn Ú g∗h ©O� Mn2+ lfÚ�Ç� g Ïf,

µB �À�^f, χ(T ) �^zÇ. ©Û (6) ª��,

O�	^|½^zÇÑ¬O\ÉÌ,� (½ÉÌ.
åP^4zf) >lU?�g^©�må, ù¦�
ÉÌ,��k�>lUØä~�, ¿���ÇßÝ
�X^|O�,p, lÚåK^>{�A. 3
ð½§Ýe, K^>{�A�^|�O�Or;

3ð½^|e, K^>{�A�6u^zÇ���.

ùÜn/)º
3 p . Hg1−xMnxTe ü¬¥K^
>{�A�^|�O�Or±9�^zÇ��
�3Ó�'é�¢�(J.

4 ( Ø

ÏLC§ Hall ¢�ÚC§^Æ¢��(Ü�
�{ïÄ
�{¿ p . Hg1−xMnxTe ü¬�C§
K^>{A5Ú$§^^OrA5. ¢�(Jw«,

3 p . Hg1−xMnxTe ü¬¥, ÙK^>{�§Ý�
'XÚ^zÇ�§Ý�'XÄ���, üöÑ�¹
��¥�ê.Cz�§Ý¼ê exp(−K/T ). ùL
²�{¿ p . Hg1−xMnxTe ü¬3$^|��S
ÑyK^>{�A�Ì�ÔnÅn�	^|�^
z�A��ÉÌ.,�½ÉÌ.åP^4zf�
k�>lU~�.

a�Ü�ó��Æ�0�Û�ÇÚ�7Æ¬��©ó

�)� HgMnTe ü¬�¬, a�¥I�Æ�þ°EâÔn

ïÄ¤��²²BïÄ
Ú�ýÆ¬Jø XRD ÿÁ, a�

uÀ���Æ�/¡À�ÇÚÁd�Æ¬Jø^ÆÿÁ.
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Abstract

It is important to study the mechanism of negative magnetoresistance (MR) in magnetic semiconductors for the correct under-

standing of the sp-d interactions between carriers and magnetic ions. In this work, temperature-dependent Hall effect (10—300 K) and

magnetic susceptibility (5—300 K) are measured for the study of negative MR and paramagnetic enhancement of nondegenerate p-type

Hg1−xMnxTe (x > 0.17) monocrystal. As temperature decreases, both negative MR and susceptibility show the same behaviors, each

of which contains an exponentially changing temperature function exp(−K/T ). According to the theory of impurity energy level in

semimagnetic semiconductor, magnetic field can lead to the spin-splitting of acceptor level and result in reducing the binding energy of

acceptors, which is responsible mainly for the negative MR in nondegenerate p-type Hg1−xMnxTe monocrystal.
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