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Abstract

Sm(Fe;_,Al,),, Sm(Fe;_,Al,);, Smg(Fe;_,Al,)»3, and Sm(Fe;_,Al,); crystals were grown by a modified self-flux method, and
their magnetic properties were investigated. The saturation magnetization of all compounds decreases by Al substitution. With the
Al substitution, the anisotropy field decreases in the Sm(Fe; _,Al,); and Sm(Fe;_,Al,); systems, while in cubic Sm(Fe,_,Al,), and
Smg(Fe;_Al,),; systems it increases considerably. The Curie temperatures of the compounds are dependent on the average distance

between the nearest neighbor Fe atoms.
© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Intermetallic compounds in the systems of rare-earth
and transition metal have excellent practical magnetic
properties and have been widely utilized as permanent
magnets, magnetostrictive materials, and magnetic
recording media. Among these systems, the Sm-Fe
system has been the focus of considerable attention and
extensive studies because a notable improvement in hard
magnetic properties was attained by the nitrogenation of
Sm,Fey; [1,2]. In addition to Sm,Fe;;, the compounds
SmFe,, SmFe;, SmgFe»3, and SmFe; have been reported
to exist in the Sm—Fe system [3—-10]. Although it is well-
known that these compounds show interesting magnetic
properties, further improvement in magnetic properties
is strongly required for practical use. It is well accepted
that the hard magnetic properties of intermetallic
compounds of rare-earth and transition metal are
improved by the substitution of non-magnetic elements,
such as B, Al, and N. The effects of Al substitution on
the magnetic properties of SmFe; were recently inves-
tigated using single crystalline specimens [11]. The Curie
temperature Tc of SmFe; increases with a small Al
substitution in spite of there being little change in the
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saturation magnetization M. However, it was revealed
that Al substitution is ineffective in changing the
direction of the easy axis of magnetization. Except for
studies on the effects of Al substitution on Sm,Fe;;
[12,13] and SmFe;, there has been no systematic study
about the effects of the substitution on the magnetic
properties of other compounds such as, SmFe,, SmFes,
and SmgFe,3. This seems to be due to the difficulties
in the crystal growth of these compounds. Recently, a
new technique was developed for the crystal growth
of the compounds in the Sm—Fe system by modifying
the self-flux method [14]. In this study, the effects
of Al substitution were studied systematically on
Sm(Felfolx)z, Sm(Felfolx)_q, and Sm6(F61,xA1x)23
crystals grown by the new technique.

2. Experimental

Single crystals were grown by a modified self-flux
method using excess Sm as a flux [14]. The starting
mixture was prepared by arc-melting in a zirconium-
gettered argon atmosphere using high-purity Sm
(99.9wt%), Fe (99.9wt%), and Al (99.9wt%). The
Sm:(Fe + Al) composition ratios of the starting mixture
were 55:45-60:40. The starting mixture was placed in an
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alumina crucible that had been coated with boron
nitride. The alumina crucible was further sealed in a
quartz ampoule with argon gas at 460 Torr after being
evacuated to 5 x 107> Torr. Zirconium shot was used as
an oxygen getter to prevent the oxidation of the mixture.
The ampoule was heated above the dissolution tem-
perature of the mixture (920-1000°C) in an electric
furnace. After being held at that temperature for 0.5-
6 h, the ampoule was cooled to 750-800°C at a rate of
0.4-1°C/h. The mixture was then cooled to room
temperature by turning off the electric furnace after
the slow cooling process had been completed. Exposing
the crucible to the ambient atmosphere causes the Sm-
flux to change into oxide powder within a few days,
which allows the crystals to be removed easily from the
bottom of the crucible without applying any mechanical
strain. The composition ratio of the starting mixture,
cooling temperature range, and cooling rate were
changed for each compounds. [7,9,15,16]

The chemical composition of the various crystals was
determined by electron-probe microanalysis (EPMA)
using wavelength dispersive spectrometers. The crystal
structure was characterized by X-ray powder diffraction
using CuKo radiation, and the diffraction data was
refined by the Rietveld method [17]. The crystallo-
graphic directions of the crystals were determined by the
X-ray Laue back-reflection method. Magnetization
measurements were performed using a vibrating sample
magnetometer (VSM) and a SQUID magnetometer at
temperatures from 20 to 800 K in applied magnetic fields
up to 20kOe and at temperatures from 5 to 350K in
applied magnetic fields up to 50kOe, respectively. In
order to prevent the oxidation of the specimens, high-
temperature (300-800 K) magnetization measurements
were performed on specimens that had been sealed in a
quartz sample tube after evacuation to 3 x 107> Torr.

3. Results and discussion

3.1. Crystallographic and magnetic properties of
Sm(Felfolx)2

Octahedral crystals were grown on the surface of the
flux that remained at the bottom of the crucible. The
crystals had natural surfaces with metallic luster and
were 1.0 x 1.0 x 1.0mm in size at the maximum. The
results of microanalysis indicated that the crystal had
the chemical CompOSitiOH of Sm(Feo_ggAlo'll)z. The X-
ray powder diffraction data could be fitted by assuming
a cubic MgCu,-type structure of space group Fd3m and
a lattice constant of a =0.7472nm. This value was
slightly larger than that of SmFe, (0.7425 nm) [15]. Since
the metallic bond radius of Al (0.143 nm) is larger than
that of Fe (0.124nm), the lattice constant must be
expanded by the Al substitution.

Fig. 1 shows the temperature dependence of the
magnetization measured under an applied magnetic
field of 500e. The inset of the figure shows the
temperature derivative of the magnetization. The
derivative dM/dT shows that the Curie temperature
Tc of Sm(Feg g9Aly.11)» is 600 K. This value is lower than
that of SmFe, (670K). It is well known that the 7¢ of
rare-earth and iron compounds depends on the ex-
change interaction between Fe—Fe atoms. The Al
substitution will reduce the number of Fe-Fe interac-
tions and then decrease the 7. Fig.2a shows the
magnetic-field dependence of magnetization measured
at SK by applying a magnetic field parallel to the [110],
[111], and [100] directions of the cubic crystal. The
magnetization tends to be saturated in the [110]
direction, while, in the [100] direction, it could not be
saturated up to 50kOe. These results indicate that the
easy and hard directions of magnetization are parallel to
the [110] and [100] directions, respectively. Magnetiza-
tion curves measured at 300 K are shown in Fig. 2b. The
easy and hard directions of magnetization are parallel to
the [111] and [100] directions, respectively. These results
indicate that the easy direction changes at a temperature
between 5 and 300 K. The saturation magnetization M
at 5 and 300K are 60.8emu/g and 55.0 emu/g, respec-
tively. These values are lower than those of SmFe,
(64.4emu/g at 5K and 59.8 emu/g at 300 K). This would
be due to the magnetic dilution caused by the substitu-
tion of non-magnetic Al. In general, the cubic magne-
tocrystalline anisotropy constants K; and K, can be
estimated roughly from the area enclosed by the
magnetization curves [18]. K; = —1.0 x 107 erg/cm’
and K> = —2.3 x 107 erg/em® were deduced from the
magnetization data at 300 K. Fig. 3 shows the tempera-
ture dependence of magnetizations measured in the
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Fig. 1. Temperature dependence of the magnetization measured for a
Sm(Feg g9Alg11)> crystal under applied magnetic fields of 50 Oe. The
inset shows the temperature dependence of the temperature derivative
of the magnetization.
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Fig. 2. Field dependence of magnetization measured for a
Sm(Fej goAlg.11)> crystal at SK (a) and 300K (b) in the [110], [111],
and [100] directions of the cubic crystal.

80
| Sm(FepgoAloar)2 H =50 kOe
A
OOQOOOOOM AAAAAAAA
o YOV o
60 (P ansh 00000000 AAAAA
Eﬁnﬂﬂﬂﬂ‘:‘ﬂﬂnnn °°°000A

a
"Ooboooppoooooon

)
=]
5
c S 68
S E
— 40 |
g & 66
T S el
= r® L
2 2 621 o [110]
> c L
0F Bl ., a[111]
Z 120 125 130 135 o [100]
r Temperature (K)
O 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300
Temperature (K)

Fig. 3. Temperature dependence of magnetizations measured for a
Sm(Fep goAlp.11), crystal in the [110], [111], and [100] directions under
an applied field of 50kOe. The inset shows the enlarged view near
the crossover point.

[110], [111], and [100] directions under an applied
magnetic field of 50kOe. The direction in which the
largest magnetization is observed changes from the [110]
direction to the [111] direction at 127 K, indicating that
a crossover of the easy direction of magnetization takes
place at this temperature. This crossover temperature of

Sm(Fepg9Alg 11)> is much smaller than that of SmFe,
(195K), which suggests that iron makes a great
contribution to the magnetic anisotropy of SmFe,.

3.2. Crystallographic and magnetic properties of
Sl’l’l(F€1,xAlx)3

Sm(Fe;_,Al,); crystals had a distinct natural surface
with a large hexagonal plane and a maximum size of
3.0 x 3.0 x 1.0mm. The X-ray powder diffraction data
could be fitted by assuming a rhombohedral PuNi;-type
structure of the space group of R3m and lattice
constants of ¢ =0.5198nm and ¢ = 2.4877nm in the
hexagonal description. Those values were slightly larger
than those of SmFe; (¢ = 0.5179 nm and ¢ = 2.4795 nm)
[7]. As in the case of Sm(Fe;_,Al,),, the crystal lattice
was expanded by the Al substitution. The large
hexagonal plane of the as-grown crystal was confirmed
to be the c-plane of the hexagonal crystal by the X-ray
Laue back-reflection method.

The temperature dependence of the magnetization
measured in a low field of 50e is shown in Fig. 4. The
Curie temperature of the Sm(Fego99Alg.10); crystal is
determined to be 590K from the temperature depen-
dence of dM/dT. This value is much lower than that of
SmFe; (640 K). A considerable amount of magnetiza-
tion can be observed above the T¢. This is due to the
precipitation of aFe, which is caused by the decomposi-
tion of Sm(Fegg9Alg10)3. Fig. 5 shows the temperature
dependence of the magnetization measured in the field
of 10 kOe applied parallel to the c-axis. The magnetiza-
tion increases as the temperature decreases but tends to
decrease below 120K due to a change in the easy
direction of magnetization. In the SmFe; crystal, the
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Fig. 4. Temperature dependence of the magnetization measured for a
Sm(Feg 99Alg.10)3 crystal in an applied field of 5Oe. The inset shows
the temperature dependence of the temperature derivative of the
magnetization.
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Fig. 5. Temperature dependence of the magnetization measured for a
Sm(Fej 99Alg.10); crystal in the field of 10kOe applied parallel to the
c-axis.

easy direction is parallel to the c-axis at 300 K, however,
it lies on the surface of a cone at temperatures below
160 K [7]. In order to confirm the phenomenon precisely,
the magnetic anisotropy of the Sm(Feg 99Alg 10)3 crystal
was characterized by the relation H/M = 2K;/M? +
4K, M?/M? using the data of magnetization measure-
ments [7]. The anisotropy constants, which are deter-
mined by magnetization measurements at 5 and 300 K,
are Ky =—23x10° and K, =2.7 x 10°erg/cm® and
Ky =1.7x 107 and K> = 1.5 x 107 erg/cm?, respectively.
In the hexagonal system, the easy direction of magne-
tization lies on the surface of a cone when K; <0 and
K; +2K,>0 [19], and the half-cone angle 0 is given by
the relation § = sin ™! (—K1/2K2)1/2‘ 0=40° was deduced
at 5K using the values of K and K. This value is larger
than that of SmFe3 (9:310) In the Sm(Feo'goAlo']o)g,,
the tilt of the easy direction of magnetization occurs at
120 K, which is lower than that of SmFe; (160 K). The
peculiar thermomagnetic curve observed in Fig. 5 is
easily explained by the tilt of the easy direction.

3.3. Magnetic properties of Smg(Fe;_ Al )53

Nearly cubic crystals with a natural habit and metallic
luster grew on the bottom of the crucible. The maximum
size of the crystals was about 1.0 x 1.0 x 1.0mm. The
result of EPMA indicated that the crystals had the
chemical composition of Smg(FeggeAlg14)r3. It was
confirmed by the X-ray Laue back-reflection method
that the natural surfaces of the crystal were the {111}
and {100} planes of the cubic crystal. Fig. 6 shows the
temperature dependence of the magnetization measured
in magnetic fields of 0.4 kOe. The Curie temperature of
Smg(Feg gsAlg 14)23 Wwas determined to be 480 K from the
temperature dependence of dM/dT. In spite of the Al
substitution, the 7 of Smg(Feg geAlg.14)-3 is higher than
that of Sm¢Fe,; (442 K). This is different from the cases
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Fig. 6. Temperature dependence of the magnetization measured for a
Smg(Feg gsAlg.14)23 crystal in the magnetic field of 0.4kOe. The inset
shows the temperature dependence of the temperature derivative of the
magnetization.
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Fig. 7. Field dependence of magnetization measured for a
Smg(Feg gsAlg.14)23 crystal at SK in the [111], [110], and [100] directions
of the cubic crystal.

of Sm(Fe;_,Al,), and Sm(Fe;_,Al\)s;. In the
Smg(Fei_Al,)»3 system, Al substitution seems effective
to increase the Curie temperature. The magnetization
curves measured along the three principal crystallo-
graphic directions of cubic crystal at 5K are shown in
Fig. 7. The magnetization along the [111] direction tends
to be saturated above 10 kOe, while that along the [100]
direction does not saturate up to 50kOe and seems to
require a fairly large magnetic field to saturate the
magnetization. In the Smg(Fe;_,Al,),; system, no
change of the easy and hard directions of magnetization
was observed between 5 and 300K. The saturation
magnetization M at 5 and 300K are 103 and 58.3 emu/
g, respectively. These values are smaller than those of
SmgFe,; (151 emu/g at 300K and 64.4emu/g at 5K)
[16]. As in the case of other Sm—Fe compounds,
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Table 1
Effects of Al substitution on the basic magnetic properties

Sm(Fe;_,Al,), cubic

Sm(Fe, _,Al,); rhombohedral

Smg(Fe;_,Al,),3; cubic Sm(Fe;_,Al,); [11,20] tetragonal

x=0 x=0.11 x=0 x=0.10 x=0 x=0.14 x=0 x=0.12

M, (emu/g) 59.8 55.0 80.7 70.0 64.4 583 136 83.5
Tc (K) 670 600 640 590 442 480 602 515
K, (erg/cm®) —51x10® —1.0x107  2.4x10’ 1.7 x 107 —27x10° —74x10° —87x107 —9.7x10’
K> (erg/em?) 1.7 x 106 —23%x107  22x10’ 1.5 % 107 6.3 % 10° 3.8 % 10° 1.4 x 107 3.8 %107
Hx (kOe) 12 51 72 61 6 19 110 70
saturation magnetization is decreased by the dilution of 800
the Fe sublattice. On the other hand, the anisotropy | _ Sm(Fe,,Aly),
constants of K; = —7.4 x 10° and K, = 3.8 x 10°erg/ ‘o
cm® are deduced from the magnetization curves at g 600 |
300K. This result suggests that Al substitution is o |4

R .. R . o)
effective in increasing the anisotropy constants. S Sm(FepAl)s

o = 400 - Ssm(Fe,, Al ), Smg(FerxAlx)zs
3.4. Effects of Al substitution on Sm—Fe compounds ° |
5
o @)
Table 1 shows the effects of Al substitution on the 200F o x=o
basic magnetic properties of SmfFe compounds at L 0 Al subsituted specimen (x~ 0.1)
300K except for Tc. The anisotropy fields Ha of
Sm(Fe;_,Al,), and Smg(Fe,_,Al were calculated 0 : ' : ' : : :
(Fer Al o(Fe1—xAl)zs 0.255 0.260 0.265 0.270 0275

using the relation of Ha = —(4/3){K; + (K2/3)}/ M,
while those of hexagonal Sm(Fe;_,Al,); and tetragonal
Sm(Fe;_,Al,); were deduced by the relations of Hx =
2K/ M, and Hy = —2(K + 2K>)/ M;, respectively. The
M of all compounds decreases with Al substitution.
This is thought to be due to the magnetic dilution in the
Fe sublattice. In the Sm(Fe;_,Al,); and Sm(Fe;_,Al,);
systems, Ha decreases with the substitution of Al, while,
in a cubic structure such as Sm(Fe;_,Al,), and
Smg(Fe;_Al,),3, Ha increases significantly with Al
substitution. In general, the spin moment of rare-earth
ions couples strongly with the orbital angular momen-
tum, and the magnetocrystalline anisotropy of rare-
earth compounds is thus strongly influenced by the
geometric configuration of the 4f-orbital of rare-earth
ions at low temperature. The configuration of the 4f-
orbital is determined by the geometric configuration of
ligand rare-earth ions. Therefore, when the Al substitu-
tion increases the lattice constants ¢ of Sm(Fe;_,Al,);
and Sm(Fe;_,Al,); systems, the freedom in the geo-
metric configuration of the 4f-obital of Sm’" is
increased, and then the magnetocrystalline anisotropy is
decreased. On the other hand, in the cubic
Sm(Fe;_,Al,), and Smg(Fe;_Al,)»3 systems, the config-
uration of the 4f-obital of Sm** seems to become more
stable in the [111] direction as a result of Al substitution.

Fig.8 shows the 7¢ of the Sm(Fe;_,Al)),,
Sm(Fel,xAlx)3, Sm6(Fe1,xAlx)23, and Sm(Fe,,xAlx)7
systems as a function of the average distance between
the nearest neighbor Fe atoms. The Curie temperature
increases as the Fe atomic distance increases between

Average distance between Fe-Fe atoms (nm)

Fig. 8. Curie temperature determined for various Sm-Fe compounds
as a function of the average nearest Fe-Fe distance.

0.256 and 0.262 nm (from SmFe, to SmFe,) but tends to
decrease over 0.262 nm. Moreover, in the Sm(Fe;_ Al,);
system, the T¢ is increased by the substitution of a small
amount of Al (x<0.07) [11]. However, the T decreases
when the Al substitution increases over x = 0.10. It is
well accepted that the T¢ of rare-earth and transition
metal compounds is determined by the exchange
interaction between TM atoms. The increase in T¢ can
be explained by the expansion of the nearest neighbor
Fe atomic distance, which is caused by substituting a
small amount of Al. However, the T¢ will decrease when
the number of Fe—Fe pairs is decreased by further Al
substitution. The reduction of T observed in the
Sm(Fe,_,Al,); and Sm(Fe;_,Al,), systems can also be
explained by the reduction of the number of Fe-Fe
pairs. However, the reason for the enhancement of T¢ in
the Smg(Fe;_,Al,),3 system is unclear at present, it is
necessary to investigate the preferred occupation of sites
by the Al atoms on the crystals with various Al
compositions.

4. Conclusion

Sm(Fe;_.Al,),, Sm(Fe,_,Al,)s, Smgs(Fe;_ Aly)»3, and
Sm(Fe;_,Al,); crystals were grown by a modified
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self-flux method, and their magnetic properties were
investigated. The saturation magnetization of all com-
pounds is decreased by the non-magnetic Al substitu-
tion. In the Sm(Fe;_,Al,); and Sm(Fe;_,Al,); systems,
the anisotropy field is decreased with the Al substitution,
while, in the cubic Sm(Fe,_,Al,), and Smg(Fe;_,Al,)»3
systems, it is increased significantly. The Curie tempera-
ture of these compounds seems to be dependent on the
average distance between the nearest neighbor Fe atoms.
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