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The dilute magnetic intermetallic compound (DMIC) is an extended study of the dilute magnetic semiconductor. The
giant magnetic effect and room temperature ferromagnetism are induced by doping minor 3d transition metal into REIn3
intermetallic compound. Owing to the metallic processability, the REIn3-based DMIC might have the potential application
as magnetoelectric device. In this review, the structural stability, magnetic and electric transport properties of REIn3_, Ty
(RE = rare earth; T = Co, Mn, Fe; x = 0-0.3) have been systematically summarized and analyzed.

Keywords: dilute magnetic intermetallic compounds, phase transition, magnetic properties, magnetic trans-

port
PACS: 75.50.—y, 61.50.—f, 61.66.Dk, 75.30.Hx

1. Introduction

Over the last decades, the magnetic semiconductors
have received much attention due to their potential appli-
cation on spin-electronic devices by spin modulating elec-
tric transport.l!l According to the content of magnetic ele-
ments in semiconductor, two kinds of magnetic semiconduc-
tors are classified, which correspond to the concentrated mag-
netic semiconductor (CMS) and dilute magnetic semiconduc-
tor (DMS). The early study is mainly focused on EuX (X = O,
Se) and CdCry X4 (X = S, Se) CMSs due to their unique fer-
romagnetic semiconductor characteristics.!>>! Owing to the
ferromagnetism in CMS, the band gap shows the red shift,
which causes the exchange interaction between itinerant elec-
trons and localized magnetic spins. However, the further de-
velopment and application of CMS are restricted by their low
Curie temperatures and complex preparation process.®! Thus,
the attention is changed to the magnetic atom/ion-doped III-
V, II-VI, IV-1V, and II-1I-V group semiconductors.[”~131 The
dilute magnetic semiconductor, which is formed by substitut-
ing minor magnetic ions for non-magnetic ions, has attracted
much attention due to its excellent magnetic transport prop-
erties. In recent years, the novel chalcopyrite-based DMSs
have been widely studied.!'®! The room temperature ferromag-
netism has been obtained in Cd;_,Mn,GeP,, Culn;_,Co,Te,,
and Cr-doped CuZnSe,.!'”"!°1 The ferromagnetism is sug-
gested to originate from the spin—spin interactions of 3d tran-
sition metal.l'”! The codoping of Co and Ce into CulnTe; in-
duces the room temperature ferromagnetism. The magnetiza-
tion of Culng9Ce,Cog._,Te, is enhanced, which is ascribed
to the exchanging interaction between 4f electron of Ce and
3d electron of Co. The high doping ratio of Co and Ce is ben-
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eficial for increasing saturation magnetization.?”) Mn-doped

CulnSe, semiconductors show antiferromagnetic order with

21-231 Culn;_,Co,Se, shows the

[24]

very low Néel temperature. !
superparamagnetism at room temperature.

In recent years, the interest has been growing in the
rare earth-indium (REIn3) compounds with a cubic AuCus-

e.12-271 RETn; shows remarkable features,

type crystal structur
such as heavy fermion, antiferromagnetism, superconductivity
at critical temperature or pressure, crystal field effects, Kondo
effect, and multiaxial magnetic structures.>>2’-341 Celn; be-
longs to a heavy fermion and shows unique magnetic and
electric properties such as antiferromagnetic order at 10 K,
superconductivity under applied high pressure, and Kondo
effect.’>) GdIns orders antiferromagnetically at 45 K, which
is the highest Néel temperature among the REIn3 intermetal-
lic compounds.*®! The crystal electrical-field (CEF) ground
state is a singlet for the PrIns intermetallic compound, its low-
temperature susceptibility is almost temperature-independent,
but inversely proportional to the splitting energy of the excited
states. The two electrons in the unfilled 4f shell of the Pr ions
form a multiplet with J = 4, giving rise to a magnetic mo-
ment of upgJ with g = 0.8. A remarkable feature of Prn; is a
large nuclear quadrupole interaction (e>qQ/h = +228 MHz)

¢.37:381 Ndln; is a typical 4f-localized intermetallic

at In sit
compound with a Néel temperature below 5.9 K. With the in-
creasing external magnetic field, the magnetic transformation
from the antiferromagnetic to paramagnetic occurs.**! Holn3
orders antiferromagnetically at 10.5 K and its magnetic struc-
ture is suggested to be multiaxial. The potential application of
Holnjz as a regenerator material is also expected since its ab-

normal heat capacity is associated with the antiferromagnetic

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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transition in the temperature range of 4 K-10 K.[40]

The dilute magnetic intermetallic compounds (DMIC)
can be obtained by doping minor 3d transition metal (Co, Mn
or Fe) into intermetallics.!**?1 Mn-doped EuMng 3Gay 7 or-
ders ferromagnetically at room temperature under applying a
low field of 40 Oe (1 Oe=79.5775 A/m).[*3] As for the di-
lute magnetic REIn3, the studies mainly focus on the doping
effects on the structure and magnetic properties at In site or
RE site.B144] 1t is well known that the 3d transition met-
als play an important role in magnetic materials due to their
significant contributions to the magnetization and magnetic
anisotropy by coupling with 4f electrons of the rare-earth. (46!
Since the pure Co is strongly ferromagnetic, it is expected
to improve the magnetic property of REInz by doping minor
Co. Doping of Co into REInz (RE = Pr, Nd,) induces a gi-
ant magnetic effect with Curie temperature more than room
temperature. 3438 The giant moment originates from the par-
tial substitution of non-magnetic element In by magnetic ele-
ment Co in the host material, and thus, a net moment is pro-
duced. The ferromagnetism is caused by the spin—spin inter-
actions between Co and Co or Co and RE.

The objective of this paper is to introduce a brief review
on minor doping of 3d transition metal 7 into REIn3 inter-
metallic compounds (RE = Pr, Nd, Gd, Ho; T = Co, Mn, and
Fe). The transition of the structure and magnetic properties of
RETIn;_, T, have been systematically discussed.
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2. Structural stability

As shown in Fig. 1,1363847-311 3]] the REIns alloys are
single phase with a cubic AuCusz-type structure. The cu-
bic structure is still stable by doping minor 3d transition
metal into REIn3. The single-phase region corresponds to
REIn3Mn, with x < 0.3 and REIn3;_,Co, with x < 0.1.
However, the structural stability of cubic phase reduces
with doping minor Fe into REIn;.[*”] The additional satel-
lite peaks can be observed out of solid solution region of
REIn3_,Co,. The satellite peaks can be indexed with a
hexagonal Caln,-type or GaGd,-type structure based on the
structural refinement. 363848521 In element is detected out of
RETn3_,Mn, solid solution.*°! Doping minor Fe into REIn;
induces the decomposition of the cubic phase, and In is sep-
arated from REIn3. With increasing Fe doping content, the
metaphase is observed and its structural formula is suggested
to be RE(In, Fe),.[*8

The crystallographic parameters of REIn3_, T, are sum-
marized in Table 1.03¢3847-531 According to the structural re-
finements, the main phase of REIn3_,T, crystallizes into a
cubic AuCus-type structure with a space group of Pm3m (as
shown in Fig. 2?1). Two kinds of non-equivalent crystal posi-
tions are included in one unit cell. The atomic occupations cor-
respond to the la (0, 0, 0) site for RE atoms, and the 3¢ (1/2,
1/2, 0) site for In and transition metal Co, Mn or Fe atoms.
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Fig. 1. XRD patterns of REIn3_, T, intermetallic compounds: (a) REIn3; (b) REIn3_,Co,; (c) REIn3_Mny; (d) REIny gFeq ;. The figures are adapted

from Refs. [36,38,47-51].
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Table 1. The crystal structure for REIn3_, 7, alloys.

C

Lo

Formula Symmetry Structure Ref. a
Prins cub AuCus [38]
PrIn; 9Coy | cub + hep AuCus + Calny [38]
PrIn; §Cog cub + hep AuCus + Calny [38]
PrIny 7Cog 3 cub + hep AuCujs + Calny [38]
NdInj3 cub AuCus [36] G
NdIn;.9Cog 1 cub + hep AuCus + Calny [36] G
NdIn; gCog 2 cub + hep AuCujs + Calny [36] ORe
NdIn, 7Cog 3 cub + hep AuCus + Calny [36] ®nM
GdlInz cub AuCuj [48]
GdlIn; 9Cog | cub AuCus [48]
GdIn, gCoq 2 cub + hep AuCuj + GdGa, [48]
GdIny 7Coq 3 cub + hcp AuCus + GdGa; [48]
Holnjy cub AuCus [52]
Holn, 9Cog 1 cub AuCus [51] Fig. 2. The structural frame of cubic REIn3_,T,. The figure is adapted from
Holn; 4Cog ¢ cub + ort [52] Ref. [52].
Holn; 5Coy 5 cub + ort [52]
Holng Co2.4 ort + rho [52] The structure of the metaphase is suggested as an isomor-
PrIny 9Mng 1 cub + hep AuCus + GdGa, (48] phic structure of Caln, with a space group of P63 /mmc, Z =2
PrIny §Mng » cub + hep AuCus + GdGay [48] . B
Pring 1Mng 5 cub + hep AuCus +GdGa, [48] and GdGa, with a space group of P6/mmm, Z = 1. There are
NdInz 9Mng cub AuCus [49] two non-equivalent crystal positions in a unit cell with Caln;-
NdIn; §Mng > cub AuCujy [49] . . .
NdIns 1Mng 5 cub -+ tet AuCus +In (49] type isomorphic structure, i.e., 2b (0, 0, 1/4) and 4f (1/3, 2/3,
GdlInz.9Mny | cub AuCus [50] z) crystal positions, which are occupied by 2RE and 4(In, T')
GdIny gMng » cub AuCus [50] . .
Gdlny 1Mng 5 cub AuCus (50] atoms, respectively. For GdGa-type structure, the atomic oc-
Prln, oFeq | cub + tet AuCus +In [47] cupations correspond to la (0, 0, 0) site for RE atoms and 2d
NdIn; gFeq ¢ cub + tet AuCus +In [47] . . .
Gdlny oFeq | cub + tet AuCus + In [47] (1/3,2/3, 1/2) site for In and T atoms, respectively. The lattice
GdIn, 7Fe 3 cub + tet AuCu; +In [48] parameters of the main- and meta-phases are summarized in
Holn; gFeq 1 cub + tet AuCus +1In [47] Tables 2 and 3. [47-50,52,53]
Table 2. The lattice parameters of the main phase in REIn3_, 7.
Latti A
Formula Space group attice parameter a (A) Ref.
x=0 x=0.1 x=02 x=03
PrIn;_,Co, Pm3m 4.669(0) 4.670(1) 4.670(5) 4.673(3) [38]
NdInj3_,Co, Pm3m 4.648(1) 4.655(3) 4.657(5) 4.654(7) [36]
GdlIns_,Coy Pm3m 4.6065(00) 4.6058(02) 4.6052(02) 4.6052(21) (48]
NdSn3_,Co, Pm3m 4.685(3) 4.683(2) 4.680(7) 4.680(1) [53]
SmSn3_,Co, Pm3m 4.779(3) 4.773(2) 4.762(7) 4.758(3) [53]
Priny_ Mn, Pm3m 4.6715(01) 4.6678(01) 4.6654(01) 4.6642(01) [48]
NdIn;_,Mn, Pm3m 4.741(3) 4.738(3) 4.650(2) 4.641(5) [49]
GdIns_,Mn, Pm3m 4.605(4) 4.597(0) 4.589(3) 4.580(0) [50]
Prln;_,Fe, Pm3m 4.674(6) 4.671(5) [47]
NdInj3_,Fe, Pm3m 4.659(0) 4.658(0) [47]
GdIn;_,Fe, Pm3m 4.608(1) 4.606(3) [47]
Holnjs_,Fe, Pm3m 4.569(4) 4.568(0) [47]
Table 3. The lattice parameters of the metaphase in REIn;_, T;.
Latti
Formula Space group atiee x=0.1 x=0.2 x=0.3 Ref.
parameter (A)
Prlny_,Co, PGy /mme a 4.898(1) 4.899(5) 4.902(3) [38]
¢ 7.600(5) 7.598(3) 7.592(3)
4. 4, 4.902
NdIn,_,Co, P63 /mmc ¢ 868(5) 868(6) 9023) [36]
c 7.547(5) 7.555(3) 7.557(8)
Gdln_Co, PG /mmm a 4.7695(21) 4.7731(36) (48]
c 4.0738(09) 4.0633(13)
4. 1 4.9129(07 49101
PrIn, _,Mn, P6/mmm ¢ 8898(16) 129(07) 9101(05) [48]
c 3.4728(08) 3.7808(05) 3.7800(03)
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Since the pure binary REIn; does not exist naturally,
REIn;_,T, alloy is prepared for checking its single-phase with
Caln,- or GaGd,-type structure. However, the phase identifi-
cation confirms that the single phase REIn;_, T, does not exist
at all. It implies that RE(In, Co), is metaphase, which might
originate from the crystal growing defect and separate from the
cubic phase. The phase separation in REIn3_,Co, is suspected
to be driven by the lattice distortion originated from the atomic
size effect. The substitution of Co for In could cause a large
lattice distortion and thus induces the structural reconstruction
from cubic REIn3_,Co, to hexagonal REIn;_,Co,. The pro-
jections of two structures reveal the mechanism of phase sep-
aration from the cubic REIn3 to hexagonal REIn;_,Co,. The
reconstruction originates from the rotation of (In, Co)6 hexag-
onal ring, comparing to the projection of cubic REIn3 along
[111] direction, the structural skeleton of RE(In, Co), could
be formed by rotating the (In, Co)6 hexagonal ring with an
angle of 30 along [111] direction, as shown in Fig. 3.3

b>—' ® @ b\_’ac b @
c ® ¢

o 0600 °© ®
® ¢

:ﬁ]eM :EeM
® ® ® ®

Fig. 3. The projection of cubic phase along [111] direction in REIn3 and
hexagonal phase along [001] direction in RE(In, Co),. The figures are
adapted from Ref. [36].

The atomic size can directly influence the crystal struc-
tures of materials. The phase transition and lattice distortion
in REIn3_, T, might be driven by the atomic size effect. Since
the atomic radii of Co (1.25 A), Mn (1.32 A), and Fe (1.24 A)
are quite different from that of In (1.66 A) or rare-earth atoms
(more than 1.74 A). The doping of Co, Mn or Fe induces large
lattice distortion.

In order to discuss the effect of atomic size on the struc-
tural stability of REIn3_, T, cubic phase, the effective atomic

radius ratio is defined between RE and (In, Co), RE and (In,
Mn), as well as RE and (In, Fe).[*"]
The effective atomic radius ratio equation of REInj is

R =rr/rm, (1)

where rr and rp, are the atomic radii of RE and In, respec-
tively. The range of R is from 1.08 to 1.10.
The effective atomic radius ratio equation of REIn3_, M,
is
R

Ra = 2
A <rIn,M>7 ( )

where

B3=x) rm+x-ry
3 9

(rmm) = 3)

Ra, 1R, (rmm) are the effective atomic radius ratio, the atomic
radius of RE, and the average atomic radius of In and transi-
tion metal (Co, Mn or Fe) respectively.

Table 4 shows the effective atomic radius ratio of
RETIn3_,M, compounds.'*’2] It implies that the cubic phase
can be stabilized in Ry < 1.09 for REIn;_,Co, and Rp < 1.10
for REIn;_,Mn,, respectively.

The electro-negativity difference between (In, M) and
rare earth is also considered as a correlative criterion for the
structural stability of the cubic phase. It is defined for REIn3

AXo = Xm — XgE- “
The electro-negativity difference equation of REIn3_, M is

(3—x) Xm+x-Xu

AX:
3

- XRE7 (5)

where Xy, Xgg, and X, are corresponding to the electro-
negativity of In, rare earth, and 3d transition metal, respec-
tively.

The calculated electro-negativity differences show that
the cubic phase AX ranging from 0.384 to 0.397 for
REIn3_Co, and from 0.387 to 0.424 for REIn3_,Mn,, as
listed in Table 5.147-521

Table 4. The effective atomic radius ratios of REIn3_, T alloys.

rn=1.66A,rco=125A, rvn = 1.32 A, rpe = 1.24 A

Elements R <r1n.C0> RACu Ref. <"In7Mn> RAM“ Ref. <F1n‘pe> RAFc Ref.
Pr 1.82 1.106 [38] 1.104 (48] 1.106 [47]
01 Nd 1.81 L646 1.100 [36] 1649 1.098 [49] 1646 1.100 [47]
Gd 1.79 1.087 [48] 1.086 [50] 1.087 [47]
Ho 1.76 1.069 [54] 1.069 [47]
Pr 1.82 1.115 [38] 1.112 (48]
x=02 Nd 1.81 1.633 1.108 [36] 1.637 1.106 [49]
Gd 1.79 1.096 [48] 1.093 [50]
Pr 1.82 1.124 [38] 1.119 [48]
x=03 Nd 1.81 1.619 1.118 [36] 1.626 1.113 [49]
Gd 1.79 1.106 [48] 1.101 [50]
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Table 5. The electro-negativity differences of REIn3_, 7, alloys.

Xin = 1.49, Xco = 1.70, Xyt = 1.60, Xpe = 1.64

Elements XrE AX o Ref. AXMn Ref. AXFe Ref.
Pr 1.07 0.427 [38] 0.424 [48] 0.425 [47]
=01 Nd 1.07 0.427 [36] 0.424 [49] 0.425 7
Gd 1.11 0.387 [48] 0.384 [50] 0.385 [47]
Ho 1.10 0.397 [54] 0.395 [47]
Pr 1.07 0.434 [38] 0.427 [48]
x=02 Nd 1.07 0.434 [36] 0.427 [49]
Gd 1.11 0.394 [48] 0.387 [50]
Pr 1.07 0.441 [38] 0.431 [48]
x=03 Nd 1.07 0.441 [36] 0.431 [49]
Gd 1.11 0.401 [48] 0.391 [50]

3. Magnetic properties

According to the temperature dependence of magneti-
zation, Mn-doped NdInz_Mn, (x < 0.3) cubic phase shows
the paramagnetic property at room temperature, however, a
weak ferromagnetic property is observed out of its single-
phase region.[*’! The antiferromagnetic order is observed in
REIn;_, T, (RE = Nd, Pr, Gd; T = Mn, Co) intermetallics in
low-temperature region. Mn doping into GdInjz causes the de-

crease of Néel temperature from 42.10 K to 31.66 K due to the
distortion of Gd(In, Mn)3 tetrahedron formed by Gd at cor-
ners and (In, Mn) at face centers in the unit cell. The for-
mation of the antiferromagnetic ordering might originate from
the exchanging interaction between the unpaired 4f electron
spin of RE and the surrounding conduction electrons at low
temperature.’>°! RETn, 9Cop | (RE = Pr, Nd) shows low tem-
perature antiferromagnetic order and room temperature ferro-

magnetic order with Curie temperature more than 523 K.[36-381

Table 6.Various magnetic properties for REIn3_, T alloys.

Magnetic phase at

Formula M (ug) X v (K) T. (K) Ref.
room temperature
Prlns PM 0.0118 [38]
PrIn; 9Coyg PM + FM 0.0718 0.0103 940 [38]
PrIn; gCop 2 FM 0.2272 8.91-14.73 926 [38]
PrIn; 7Cog 3 FM 0.4326 948 [38]
NdInj PM 0.01158 6.8-7 [36]
NdIn; 9Coo ; PM + FM 0.0964 0.01232 524 [36]
NdIn; §Cop 2 PM + FM 0.2237 0.01649 [36]
NdIn; 7Cop 3 FM 0.3537 [36]
GdIn3 FM 0.05013 45-48 [48]
GdlIn; 9Cog | PM + FM 0.0168 0.0492 45.69 [48]
GdlIny 9Cop | PM + FM 0.0341 0.0494 [48]
GdlIn; 9Coy | PM + FM 0.0872 0.0429 [48]
Holns PM 11 [52]
Holny 4Cog ¢ PM 0.10270 [52]
Holn; 5Coy 5 PM + FM 24.68 215 [52]
Holng Coz.4 FM 0.0641 0.11596 468 [52]
Prlny 9Mng ; PM 0.12572 [48]
Prlny sMng » PM 0.14846 [48]
PrIn2A7Mn0A3 PM 0.15920 [48]
NdIn; 9Mnyg PM [49]
NdIn; 7Mng 3 PM + FM [49]
GdIny 9Mng | PM 0.08736 40.90 [50]
GdIny §Mng » PM 0.09770 36.34 [50]
GdIny 7Mng 3 PM 0.10328 36.64 [50]
PrIn; gFeg | PM + FM 0.12781 0.00811 [47]
NdIn; gFeg PM + FM 0.14358 0.00694 [47]
GdlIn; gFeg PM + FM 0.25148 0.05130 [47]
Holn; gFeg PM + FM 0.19297 0.01019 [47]
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According to the studies on magnetic properties of
REIn3_, T, 136384730521 the magnetic properties are summa-
rized in Table 6. The magnetizing mechanisms of REIn3_, T
are different for the various magnetic phase, Langevin
model# is usually used in the ferromagnetic region:

M=Nu <coth”HkBT>, (6)
ksT uH
where M, N, i, H, and T are corresponding to the magneti-
zation, atomic numbers, moment, external field, and tempera-
ture. kg is Boltzmann constant.
In the paramagnetic region, the magnetizing curves fol-

low a linear model as given below:
M= xH, (M

where y is the susceptibility.

However, Langevin model does not work for ferromag-
netic REIn;_,Co,, a model, which is based on the original
Weiss’s model is introduced as follows:

M:Msexp(—;ll), ®)

—~
]
~
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where M is the saturation moment.
This equation could be rewritten by the Taylor series ex-

pansion algorithm as Weiss model

ai a as
St e e AU 9

M = M, (1
where a is a parameter related to the applied external field.
In the region of the mixed ferromagnetic and paramag-

netic phase, the magnetization curve follows an equation as

M:Msexp<—g> 1 xH, (10)

where the first and second terms are the contributions to mag-
netization originating from the ferromagnetic and paramag-
netic phases, respectively. The magnetization curves follow
the three models in ferromagnetic, paramagnetic and mix-

ture of ferromagnetic and paramagnetic regions, as shown in
Fig. 4.[36:4748]

(b) Gdin,_,Co.

3- i -
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(d) e
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S 31
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Fig. 4. The magnetizing curves of REIn3_, T, at room temperature, solid lines and scatters correspond to fitting and observed results, respectively. (a)
NdInsz_,Coy, (b) GdIns_,Coy, (¢) GdInz_Mn,, (d) REIn; oFeq ; (RE = Pr, Nd, Gd, and Ho). The figures are adapted from Refs. [36,47,48].

The magnetic properties of REIn3_,Co, are sensitive
to the Co doping content. With increasing Co content in
REIn;_,Co,, a mixture of ferromagnetic and paramagnetic
phase is observed in NdIn3_,Co, (x > 0.2), PrIn3_,Coy (x >
0.2), respectively. The magnetic properties are strongly cor-
related to the phase structures. The magnetic transition
from paramagnetic to ferromagnetic is caused by the phase
separation of the hexagonal phase REIn;_,Coy from cubic
phase with increasing Co content. The saturation magnetic

moment (M) also raises with the increase of Co contents

in REIn3_,Co,. The enhancement of magnetic moment of
RETn3_,Co, might be due to the partial substitution of non-
magnetic element In by 3d transition metal Co in the host
material and thus a net moment is produced. The evolution
of magnetic phases in REIn3_,Co, might result from the ex-
change interaction change from the one between the isolated
Co spins with the surrounding conduction electrons in Co-
poor region to the one between Co—Co pairs mediated by the
conduction electrons in Co-rich region. 36381 The magnetiz-
ing behaviors of REIn; 9Cop 1 show complex magnetic prop-
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erties at room temperature and follow a ferromagnetic model
for RE = La and a mixed ferromagnetic and paramagnetic
model for RE = Ce, Pr, Nd, Gd, Tb, Dy. The formation of
ferromagnetic characteristic is suggested to result from the
strong spin—spin interaction between RE and Co. It implies
that Co atoms play an important role in magnetic properties
of REIn, 9Coy ;.11 The fitted and observed REIn;_,Mn, ex-
hibit paramagnetic property. The fitted susceptibility y raises
with increasing Mn contents in REIn3_,Mn,. Fe doping into
RETIn3 induces the magnetic phase transition from paramag-
netic to ferromagnetic. REIn3_,Fe, shows a mixture of para-
magnetic and ferromagnetic properties. The ferromagnetism
of REIn;_,Fe, is suggested to be due to 3d—3d interactions be-
tween Fe atoms and 3d—s—4f indirect interactions between Fe
and rare earth atoms mediated by the conducting s electron. [47]

The electric transport of REIn3_ M, is associated with its
magnetic phase transition. It shows that the electric transi-
tion temperatures are very close to that of the antiferromag-
netic transitions.>°! In Fig. 5, the first electric phase transition
might originate from the magnetic scattering induced by the
antiferromagnetic ordering at low temperature, and the other
one at low temperature might be induced by the 3d-3d interac-
tion among the unpaired 3d electron spins of Mn at face center
sites in a unit cell.

0.30
0.6
~ . 41.66K
=) o) =
3 054 § =
E | 025 §
~ 0.44414k™ ~—
5" 2
g 0.3- £
R - 0.20 5
c ]
5 0.2 -—
g e, | [
014 © 38
1 v 1 v ) X 1 0'15
0 100 200 300

Temperature (K)

Fig. 5. The correlation of the temperature dependences of the resistivity
and the magnetization for GdIny 9Mng ;. Reproduced with permission from
Ref. [50].

A resistivity model is built for explaining the mechanism
of magneto—electronic transport based on magnetic scattering
at low temperature as given below:

p = po+AA32T~2exp(—A/T)

2/(T 2 /T\?
1+3<A)+15<A)1, (11)

where pg is the temperature-independent resistivity, A is the

X

spin-wave gap, A is related to the spin-wave velocity.

The model works for the experimental data in the tem-
perature range of 7 < 0.67y, as shown in Fig. 5. The spin-
wave gap goes up with increasing Mn content and induces the

[50

increase of electric resistivity.’%! It implies that the electric

transport is related to the magnon—electron scattering in the
antiferromagnetic ordering state.

In the high temperature region, the Stoner spin fluctuation
scattering model is listed below:

p:p]—l-ClTn7 (12)

where p; is the extrinsic resistivity, which is independent of
the temperature. a and n are the scattering coefficient and tem-
perature indices, respectively.

The resistivity is suggested to be originated only from the
Stoner spin fluctuation in high temperature region. p; goes
up with increasing Mn contents due to the magnetic scattering
effect induced by the 3d—4f magnetic interaction between Mn
and Gd. The aT" term gives a good fit to the experimental data
and probably originates from the phonon—electron scattering.
It implies that the spin flip scattering is gradually suppressed
by the phonon scattering with increasing temperature.

4. Conclusion

In this review, the studies on the structural stability and
magnetic properties of dilute magnetic REIn3_, T, (RE = Pr,
Nd, Gd, and Ho; T = Co, Mn, and Fe) intermetallic com-
pounds have been comprehensively summarized. Doping mi-
nor 3d transition metal Mn or Co into REIn3 can still stabilize
the cubic phase with a space group of Pm3m. In one unit cell,
the la crystal position is fully occupied by RE atoms and 3¢
crystal position is simultaneously and disorderly occupied by
In and T atoms. The single-phase regions of cubic REInz_, T
correspond to the doping content x ranging from 0 to 0.3 for
REIn3_,Mn, and from O to 0.1 for REIn3_,Co,. Fe doping
causes the decomposition of cubic phase. The structural stabil-
ity of the cubic phase is suggested to be related to the effective
atomic radius ratio R and electro-negativity difference AX.
The metaphase REIn;_,T, is separated from the cubic phase
out of the single-phase solid solution region, which is formed
by the rotation of the original (In, 7)6 hexagonal ring driven
by T partly substitution for In.

The REIn3_, T,
which correspond to low temperature antiferromagnetic prop-

shows complex magnetic properties,

erty for T = Mn and Co, room temperature ferromagnetic
property for T = Co or Fe, and paramagnetic property at high
temperature. The formation of the antiferromagnetic ordering
might originate from the exchange interaction between the un-
paired 4f electron spin of RE and the surrounding conduction
electrons at low temperature. The formation of ferromagnetic
characteristic is suggested to originate from the giant mag-
netic effect induced by doping strongly magnetic Fe or Co into
RETn3. The partial substitution of non-magnetic element In by
strongly magnetic element in the host material through dilute
dopants of 7, and thus, a net moment is produced. The fer-
romagnetism is caused by the spin—spin interactions between
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T and T or T and RE. The magnetic properties of REIn3_, T,
are sensitive to 7' content at room temperature. With the in-

creasing contents of 3d transition metal, the magnetic phase of

RETIn;_, T, alloys evolves from the initial paramagnetic state to

an intermediated mixture of ferromagnetic and paramagnetic,

and finally to ferromagnetic characteristics at room tempera-

ture.

The electric transitions are associated with magnetic tran-

sitions. The magneto-transport is suggested to be due to the

electron—magnon scattering at low temperature and the Stoner

spin fluctuation at high temperature.
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