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The magnetic properties of Y,Fe7_x Gax and SmyFe 7_xGax for 3 < x < 7 have been
investigated using the %’ Fe Mdssbauer spectroscopy at room temperature. These
compounds have the rhombohedral ThoZnq; structure. X-ray diffraction analyses of aligned
powders show that the easy direction of magnetization is parallel to the c-axis in Y,Fe 9Gay
and Smj,Fe 4Gasz and is perpendicular to the c-axis in Y>Feq4Gas, Y,Fe1o.Gas, SmyFeq,Gas
and SmjyFe oGa;. Mdssbauer studies indicate that all the samples studied are
ferromagnetically ordered. The ®’Fe hyperfine field decreases with increasing Ga content.
This decrease results from the decreased magnetic exchange interactions resulting from
Ga substitution. The average isomer shift, §, for Y,Fe7_xGax and SmyFe 7_xGax at room
temperature is positive and the magnitude of § increases with increasing Ga content.

© 2005 Springer Science + Business Media, Inc.

1. Introduction

The R,Fe 7 compounds are not suitable for permanent
magnet materials, because the magnetic anisotropy is
planar. The substitution of nonmagnetic atoms, Ga, Al
and Si, for Fe in R,Fe 7 has a profound influence on the
magnetic properties, especially on determing the easy
magnetization direction [1-3].

For R,Fe7_.Ga, (R=7Y, Sm, Gd, Tb, Dy, Ho, Er and
Tm), the Curie temperature, T¢, first strongly increase
with increasing Ga content in spite of decreasing the
value of pp. and go through a maximum value, then
decrease with x [4-9]. Moreover, it is surprising that the
values of T increase again at a higher Ga concentration
(x > 6) for R,Fe;7_,Ga, (R =Ho and Tm) and (x > 7)
for Y,Fe7_,Ga,.

By Ga substitution for Fe, the magnetic anisotropy
changes from planar to axial at room temperature
[1]. An uniaxial anisotropy at room temperature in
R;Fe7_,Ga, is shown with high Ga concentration, at
x=6,7,8for R=Tband Dy, x =7, 8 forR =Y,
Gd and Tm and x = 8 for R = Er. Whereas for R =
Sm, the magnetic anisotropy is planar at x = 0, 7, 8
and axial at x = 3, 4. Hence, the magnetic properties
of RyFe;7_,Ga, are very interesting. In our previous
study [10], we calculated the molecular field coeffi-
cients, ngere and ngre (R = Sm, Gd, Tb, Ho and Tm),
for R,Fe 7_,Ga, and the values of ng.g. and ngmg. for
RyFe 7T, (T = Al and Si) using the experimental
values of T¢. The values of npeg. increase in spite of
the decrease of ug. for 0 <x <5 in Y,Fe7_.Ga,. The
values of ngypre have large values when the magnetic
anisotropy is axial. For 6 < x < 8, the values of g,
nyore and nrype increase strongly, which is relate to the
change of the easy magnetization direction.
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In this paper, we report the results of Mdssbauer
experiments for Y,Fe;;_.Ga, and Sm,Fe;_,Ga, and
study the effect of Ga on the magnetic properties.

2. Experimental

The samples were prepared in an induction furnace in
a purified argon atmosphere. The purities were 99.9%
for Fe, Y and Sm and 99.999% for Ga. Ingots sealed in
evacuated quartz tubes were annealed for one week at
950°C. Structural analysis was carried out using X-ray
diffraction with Fe-Ko radiation at room temperature.
To determine the easy direction of magnetization X-
ray diffraction analyses of aligned powders were per-
formed. The specimens were ground to a fine powder
and fixed in a magnetic field by a permanent magnet
for orientation in the easy magnetization direction of
the particle. When the particle has an easy basal plane
anisotropy, as confirmed by the reflected X-ray inten-
sity from the plane perpendicular to the applied field,
the (hkO) intensity increases strongly and the (001) in-
tensity diminishes. When the particle has an easy c-axis
anisotropy, the (00l) intensity increases strongly and
the (hkO) intensity diminishes. The 3’Fe Mossbauer
spectra were measured with a conventional constant-
acceleration spectrometer at room temperature. The y -
ray source was >’Co in a Rh matrix. Calibration was
made by using the spectrum of o-Fe, O3 at room tem-
perature.

3. Results and discussion

A single rhombohedral Th,Zn;7 type phase was found
for x = 3 and 7 in Y,Fe;;_,Ga,, but for x = 5
the small amount of «-Fe phase is also present. The
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Figure 1 The dependence of the lattice constant a and ¢ on the Ga
concentration for Y,Fe7_,Ga, and SmyFe|7_,Ga,.

rhombohedral ThyZn; type phase is the main phase
present with the «-Fe phase for 3 < x < 7 in
Sm,Fe ;_,Ga,. The concentration dependences of the
lattice constants a and ¢ at room temperature for
Y,Fe;_,Ga, and Sm,Fe;7_,Ga, are shown in Fig. 1.
The lattice constants, a and ¢, increased with increasing
Ga content. The increase in a is larger than that in c.
The concentration dependences of the ratio c/a
and the unit-cell volume V at room temperature for
Y,Fe;_,Ga, and SmyFe;7_,Ga, are shown in Fig. 2.
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Figure 2 The dependence of the unit cell volume, V, and c/a on the Ga
concentration for Y,Fe7_,Ga, and SmyFe|7_,Ga,.
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The values of c/a decreased and those of V increased
with increasing Ga content.

X-ray diffraction analyses of aligned powders were
performed to determine the easy direction of magneti-
zation. In Y,Fe|(Ga; and Sm,Fe4Gajs, the reflected
X-ray intensity (006) is strengthened, so the easy
direction of magnetization is parallel to the c-
axis. In Y2Fe14Ga3, Y2F€12G8.5, Sm2F612G35 and
Sm,Fe (Gay, the reflected X-ray intensities (300) and
(220) are strengthened, hence the easy direction of
magnetization is perpendicular to the ¢ axis.

For Y,Fe;yGay, the Ga atoms occupy at the 6¢, 9d,
18f and 18h sites with the occupation ratio, 0.80, O,
0.65 and 0.25, respectively [11]. For Y,Fe|,Gas, the
Ga atoms occupy at the 6c¢, 9d, 18f and 18h sites with
the occupancy 0, 0, 0.40 and 0.42, respectively [11].

The dependence of T¢ on the Ga concentration for
Y,Fe;7_,Ga, and SmyFe7_,Ga, taken from Ref. [4]
and [5], respectively is shown in Fig. 3. The values of T¢
first increase with increasing Ga content and decrease,
but it is surprising that those of T¢ increase again at a
higher Ga concentration (x > 7) for Y,Fe;_,Ga,. The
dependence of the value of 1tr. on the Ga concentration
at 15 K for Y,Fe7_,Ga, taken from Ref. [4], is also
shown in Fig. 3. The values of up. decreased with
increasing Ga content.

The Mossbauer spectra and their fitted curves for
Y,Fe;7;_,Ga, and Sm;Fe;_.Ga, at room tempera-
ture are shown in Figs 4 and 5, respectively. The
5TFe Mossbauer spectra show hyperfine split sex-
tets in Y,Fe;7_,Ga, and SmjFe;7_,Ga, revealing that
the samples are magnetically ordered for all values
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Figure3 The dependence of the Curie temperature on the Ga concentra-
tion for Y,Fe7_,Ga, and SmyFe;7_,Ga,. The dependence of the value
of upe on the Ga concentration for Y,Fe 7_,Ga, at 15 K obtained from
magnetic measurements [4] and at 77 K and room temperature obtained
from Mossbauer measurements. The value of pup. for SmyFe 7_,Ga,
at room temperature obtained from Mossbauer measurements is also
shown.
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Figure 4 Mossbauer spectra and their fitted curves for (a) YoFe14Gas,
(b) YoFe|2Gas, (c) YoFe190Gaz at room temperature.

of x and all of them have different subspectra with
different magnetic hyperfine fields. The spectra in
Sm,Fe;7_.Ga, reveal an impurity «-Fe phase and are
fitted as the superposition of five spectra of Fe at the
6c, 9d, 18f and 18h sites and, «-Fe by the least-squares
method. The spectra in Y,Fe;_,Ga, are fitted as the
superposition of four spectra of Fe at the 6¢, 9d, 18f
and 18h sites by the least-squares method.

The concentration dependences of the 3'Fe hyper-
fine fields for Y,Fe7_,Ga, and Sm;,Fe7_,Ga, at room
temperature are shown in Figs 6 and 7, respectively.
The site assignment was done as below. To assign the
components of the spectra to the iron site, we had to
consider nearest neighbour environments. The 6c site
has the largest hyperfine field since it has the largest
number of iron nearest neighbors, 13. The 9d and 18f
sites have 10 Fe nearest neighbors while the 18h site
has the smallest number of iron nearest neighbors, 9.
Hence the hyperfine field at the 18f site is larger than
that at the 18h site. The hyperfine field at the 9d site
can be distinguished from that at the 18h site by its in-
tensites of Mossbauer spectra. Hence we find hyperfine
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Figure 5 Mossbauer spectra and their fitted curves for (a) SmyFe2Gas,
(b) SmyFe 9Gas at room temperature.
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Figure 6 The dependence of the >’Fe hyperfine field and the obtained
Fe moment for Y,Fe;7_,Ga, on the Ga concentration x at room temper-
ature. The value of Y,Fe7 is obtained from ref. [14].

fields for the iron sites that decrease in the order 6¢ >
9d > 18f > 18h. The site assignment is equal to those
in SmyFe7_ Al (x =3 and 4) [12] and Sm,Fe7_,Si,
for 0 < x < 3[13].

The value of T¢ for Y,Fe 7 is 324 K and near the
room temperature. So the average 3’ Fe hyperfine field
is also small and 94 kOe [14] at room temperature. The
average °'Fe hyperfine field increases largely for 0 < x
< 3 and decrease for 3 < x < 7 by substituting Fe with
Ga, whose change is similar to the change of T¢. The
value of T for Sm,Fe ;7 is 387 K and much above the
room temperature. So the average 3’Fe hyperfine field
is large and 221 kOe [14] at room temperature.

The >"Fe hyperfine field decreases with increas-
ing Ga content for Y,Fe;_,Ga, and Sm,Fe;_,Ga,.
This decrease results from the decreased magnetic
exchange interactions resulting from Ga substitution.
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Figure 7 The dependence of the >’Fe hyperfine field and the obtained
Fe moment for SmyFe7_,Ga, on the Ga concentration X at room tem-
perature. The value of SmyFe;7 is obtained from ref. [14].
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The decrease in the average >’Fe hyperfine field in
Y,Fe;7_.Ga, and SmyFe;;_,Ga, for 3 < x < 7 are
131.2 and 57.5 kOe at room temperature, respectively.
The reason is that the values of T¢ for Y,Fe;7;_,Ga,
are smaller than those for Sm;,Fe ;_,Ga, and are near
room temperature.

The hyperfine field is, in first approximation, as-
sumed to be proportional to the magnetic moment. If
we use the hyperfine coupling constant, 150 kOe/ug,
which has been obtained from the experiments on Y-Fe
systems [15], we obtain the Fe moment at each site in
Y,Fe;7_,Ga, and SmyFe;;_,Ga, at room temperature
as shown in Figs 6 and 7, respectively. The average val-
ues of g, obtained from Md&ssbauer measurements in
Y,Fe;7_.Ga, and Sm,Fe7_,Ga, are shown with those
obtained from magnetic measurements at 15 K [4] in
Fig. 3. In Y,Fe;7_,Ga, the values of ug. decrease with
increasing temperature.

The concentration dependences of the average iso-
mer shift at room temperature for Y,Fe;;_,Ga, and
SmyFe ;_,Ga, are shown in Fig. 8. The assignment
of the hyperfine parameter set of a given sextet to
its crystallographic site obeys the relationship between
the isomer shift and the Wigner-Seitz cell (WSC) vol-
umes: the larger the WSC volume the larger the iso-
mer shift [16]. For SmyFe;7_,Si, (x = 0, 1, 2) [17]
it appears clearly that whatever x, the WSC volume
of the 6¢ site is always the largest and WSC volume
of the 9d is the smallest. The WSC volumes of the
18f and 18h sites are medium and close together. The
site assignment for Y,Fe 4Ga; follows the above ex-
planations. Upon Ga substitution of Y,Fe;7_,Ga,, the
average isomer shift, §, increases from 0.17 (x = 3) to
0.30 mm/s (x = 7).

The values of é for Y,Fe;7_Ga, at room temperature
are positive and the magnitudes of § increase with in-
creasing Ga content as shown in Fig. 8. The parameters
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Figure 8 The dependence of the average isomer shift for YoFe;7_Ga,
and SmjFe 7_,Ga, on the Ga concentration x at room temperature.
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for the linear fitting are given by the equation
8(mm/s) = 0.04x — 0.03. (1)

The volume effect on the iron isomer shift, Aé /A(InV),
where V is the unit cell volume, for Y,Fe;;_,Ga, was
4.81 mm/s compared to 1.13 mm/s for a-Fe [18] and
1.5-2.3 mm/s for R,Fe;7 and R,Fe7N3;_s at 15 K [15].
The present value is larger than those values due to the
smaller change in the cell volume. A plot of § versus the
unit cell volume reveals a perfectly linear correlation
where

(mm/s) = 5.9 x 1073 (mm/s)/A)V —4.64. (2)

Thus, the variation in § with x shown in Fig. 8 is
directly related to the expansion of the unit cell volume
upon Ga. Hence, the increase of § implies a decrease
in the s-electron density at the nucleus which can be
attributed to the expansion of the unit cell volume.

The similar tendency of the isomer shifts for
SmyFe;_,Ga, is observed. The values of § for
Sm,Fe ;_,Ga, at room temperature are positive and
the magnitude of § increase with increasing Ga content
as shown in Fig. 8. The parameters for the linear fitting
are given by the equation

d(mm/s) = 0.04x + 0.04. 3)

AS§/A(InV), where V is the unit cell volume, for
Sm,Fe7_,Ga, was 4.60 mmy/s. A plot of § versus the
unit cell volume reveals a perfectly linear correlation
where

s(mm/s) = 5.72 x 1073((mm/s)/A3V — 4.49. (4)

The change of § for Y,Fe;_.Ga, is similar to that
for Sm,Fe ;_,Ga,. For SmFe;_,B, with rhombohedral
Th,Zn,7 type phase at room temperature in our previous
paper [19],

s(mm/s) = 9.25 x 1073((mm/s)/A)V —7.27 (5)

is obtained. The change of § for SmFe;_,B, with
increasing the nuit cell volume is larger than that for
szFen,xGax.

The values of the quadrupole splittings, QS, for
Y,Fe;7;_Ga, are small and lie between —0.5 and
0.2 mm/s at room temperature. The change in the val-
ues of QS at the 9d site is large. The values of QS
for SmyFe7_,Ga, lie between —0.5 and 0.1 mm/s
at room temperature. The sign of the average values
of QS is positive for Y,Fe;7_Ga, and negative for
szFen_xGax.

4. Conclusions

The magnetic properties of Y,Fe;;_,Ga, and
SmyFe7_,Ga, for 3 < x < 7 have been investigated
using the ’Fe Mossbauer spectroscopy at room
temperature. These compounds have the rhombohedral
ThyZny7 structure. X-ray diffraction analyses of



aligned powders show that the easy direction of
magnetization is parallel to the c-axis in Y,Fe;(Gay
and SmyFe;4Ga; and is perpendicular to the c-
axis in Y,Fe;4Gaz, Y,Fe,Gas, Sm,Fe;;Gas and
Sm2F610G37.

Mossbauer studies indicate that all the samples stud-
ied are ferromagnetically ordered. The >’Fe hyperfine
field decreases for 3 < x < 7 with increasing Ga con-
tent. This decrease results from the decreased mag-
netic exchange interactions resulting from Ga substitu-
tion. The average isomer shift, §, for Y,Fe;_,Ga, and
Sm,Fe ;7_,Ga, at room temperature is positive and the
magnitude of § increases with increasing Ga content,
which implies a decrease in the s-electron density at
the nucleus that can be attributed to the expansion of
the unit cell volume.
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