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Abstract. First- and second-order anisotropy constants,K1 andK2, have been determined
on aligned samples of Y2Fe17−xGax (x = 0 to 7.5) compounds by measuring magnetization
and torque curves at temperatures between 4.2 and 300 K. Low-field ac susceptibility has been
studied from 80 K to room temperatures. It has been found that a partial substitution of Ga
for Fe in Y2Fe17 initially decreases the absolute value of anisotropy constants thus indicating
a weakening of the easy plane character of the Fe anisotropy. The Fe anisotropy becomes
uniaxial for a Ga concentration slightly above 6.5 atoms fu−1. A strengthening of the uniaxial
anisotropy with further increase of Ga concentration is indicated by an increase inK1, determined
by torque measurements at room temperatures. The results show the important changes which
Fe anisotropy undergoes when Fe atoms are partially substituted by Ga in R2Fe17 compounds.
They can be used to separate the anisotropy contributions from the Fe sublattice and the R
sublattice in R2Fe17−xGax compounds with magnetic R and thus determine the influence of Ga
on the magnetic anisotropy in these materials.

1. Introduction

The rare earth–iron compounds of the composition R2Fe17 have attracted much attention
as possible high-performance permanent magnets. In recent years many efforts towards
overcoming the two severe drawbacks to the possible application of these materials—their
low Curie temperatures and their room-temperature easy plane anisotropies—have been
made. The future of R2Fe17 materials seems bright, as indicated by the discovery of the
interstitial compound Sm2Fe17Nx [1], which exhibits strong uniaxial magnetic anisotropy
and has a Curie temperature 280 K higher than that of the parent compound. More recently
it has been found that the substitution of some Ga for Fe in R2Fe17 can effectively increase
the Curie temperature and induce a room-temperature uniaxial anisotropy [2–10].

The anisotropy energy for hexagonal crystals is represented by the phenomenological
expression:

Ea = K1 sin2 θ +K2 sin4 θ +K3 sin6 θ +K ′3 sin6 θ cos 6φ + . . . (1)

whereθ andφ are the polar and azimuthal angles of the magnetization relative to thec-axis
of the crystal andKi are the anisotropy constants. The terms with sin6 θ may be neglected.
Then according to the magnitudes and signs ofK1 andK2, three phases are found: easy
axis whenK1 > 0 andK1+K2 > 0; easy ‘cone’ whenK1 < 0 andK1+2K2 > 0 and easy

0953-8984/98/184035+10$19.50c© 1998 IOP Publishing Ltd 4035



4036 Ll M Martinez et al

plane whenK1 > 0 andK1+K2 < 0, orK1 < 0 andK1+ 2K2 < 0. WhenK1 dominates
the anisotropy energy, then its sign will determine the type of anisotropy:K1 is negative
for easy plane anisotropy and positive for easy axis.

To a first approximation, the total first-order magnetocrystalline anisotropy constant
K1 is a sum ofK1(R) andK1(Fe), the first anisotropy constant of the rare earth and the
iron sublattices, which have a different temperature dependence. It is well established that
K1(Fe) is negative for R2Fe17 compounds for all temperatures belowTc. Usually, the R
ion anisotropy is expressed by the product of the electric field gradient, represented by the
second-order crystal field parameterA0

2, and the temperature-dependent quadrupole moment
of the rare earth ion which is the product of the second-order Steven coefficientαj and the
quantity 3〈J 2

z 〉 − J (J + 1) where〈〉 denotes a thermal average. A negative product of both
quantities gives characteristic uniaxial anisotropy withK1(R) > 0.

To explain the change of anisotropy type upon Ga substitution in Sm2Fe17 (αj > 0 for
Sm) an enhancement in the magnitude ofA0

2 is claimed in [2], while in [10] a reversal in
sign ofA0

2 is assumed to explain this change in R2Fe17 compounds with R having negative
αj . However, x-ray study [6] indicates that a change of anisotropy type takes place also
for Y2Fe17−xGax (Y is non-magnetic)—a fact which emphasizes that the change in the Fe
sublattice anisotropy upon Ga substitution must be also taken into account in analysing the
anisotropy in R2Fe17−xGax compounds. Here we report the anisotropy constants of the Fe
sublattice in the Y compounds as a function of Ga concentration and temperature.

2. Experiment

Y2Fe17−xGax (x = 0, 1, 2, 3, 4, 5, 6, 6.5, 7, 7.5) ingots were prepared by arc melting and
subsequent annealing as described in [6]. The ingots were homogenized at 1273 K in an
argon atmosphere for 24 h and then quenched to room temperature, resulting in a single-
phase compound of the 2:17-type structure. Room-temperature magnetic anisotropy type
was determined from x-ray diffraction patterns of aligned samples. For magnetic anisotropy
studies cylindrical samples (l = 10 mm,d = 3 mm) were prepared by mixing 15–20% fine
powder (particle size under 15µm) with epoxy resin, followed by alignment in a 1 T
magnetic field in two different ways, depending on the type of room-temperature magnetic
anisotropy. For alignment of easy axis materials (x = 7 and 7.5) and for easy cone material
(x = 6.5) a static magnetic field was applied. For the easy plane materials (x = 0 to 6) a
rotating field was used [11] in a device where a cylindrical tube with the mix is fixed on a
rotating axis, connected to a motor, in a static field of an electromagnet applied normal to the
axis of rotation. This procedure insures that the magnetically hardc-axes of all crystallites
are collinear. Magnetization curves were measured at fixed temperatures using a SQUID
magnetometer equipped with a 5 T superconducting magnet, with the field applied in the
easy or hard magnetization direction. Assuming non-interacting particles with a spherical
shape the data are corrected using a demagnetization factorN = 1/3. Torque curves were
measured at room temperatures using a torque magnetometer with an electromagnet in a
field up to 1.3 T applied in the plane containing thec-axis. The samples were cut in the
form of a disc with thec-axis along the diameter. While the field is turned around the disc
axis the torque is measured by optical means. AC susceptibility as a function of temperature
was measured after cooling the samples from room temperatures to 80 K using a Lake Shore
susceptometer. The ac field of 80 A m−1 rms and frequency 111 Hz was applied along the
cylinder axis to reduce the demagnetizing field effect.
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Figure 1. Sucksmith–Thompson plots of Y2Fe17−xGax at 4.2 K.

3. Results and discussion

3.1. Magnetization curves

The constantsK1 andK2 are determined from the magnetization curves, measured in the
hard direction, using the Sucksmith–Thompson method [12]. When the magnetization
processes are determined only by domain magnetization rotation, which is the dominant
mechanism when the field is applied in the hard magnetization direction, and if onlyK1

andK2 are considered the following expressions are valid:

H

M c
= −2K1+ 4K2

µ0M2
s

+ 4K2

M4
s

M2
c +N

(
K1 < 0

)
(2)

for the case of easy plane anisotropy, and

H

Mab

= 2K1

µ0M2
s

+ 4K2

µ0M4
s

M2
ab +N

(
K1 > 0

)
(3)

for the case of easy axis anisotropy, whereMc andMab are the magnetization along the
crystallographicc-axis and theab-plane,H is the applied field,N the demagnetizing factor
andMs is the saturation magnetization.

Ms can be easily determined from the magnetization curves using the law of approach
to saturation. PlottingM2 againstH/M using the first-quadrant data, a linear region is
observed, as shown in figure 1 for some selected curves. The existence of a linear part in
Sucksmith–Thomson plots supports our conjecture of neglecting the higher-order terms in
(1). The linear part was fitted by the expressionH/M = AM2+ B.

To obtainK1 from the fit, two different expressions should be used. For easy axis
samples

K1 = µ0M
2
s

2
(B −N) K2 = Aµ0M

4
s

4
. (4)
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For easy plane samples, the expression becomes

K1 = µ0M
2
s

2

(
N − B − AM2

s

)
K2 = Aµ0M

4
s

4
. (5)

According to these expressions,K2 is independent of the demagnetizing factor, whileK1

depends on it.
The data obtained forK1 andK2 for x 6 6.5 are listed in table 1. TheK1 data agree

with results reported by Liet al for x < 6 [13]. As mentioned above they are calculated
assuming a demagnetizing factorN = 0.33, i.e. assuming non-interacting particles with a
spherical shape (to take into account the influence of non-spherical shape an error of±0.03
can be included). This should be a good approximation when the concentration of magnetic
particles is low. In the opposite case, when the particle concentration is high enough and the
interactions between the particles cannot be neglected a demagnetizing factor determined
by the sample geometry should be used. In the latter case the calculated|K1| values will
be about 15% bigger than in the former. An approach for determiningN which takes into
account the powder to epoxy ratio has been proposed in [14]. Using this approach values
of N between 0.320 and 0.329 have been found for the different samples, which is very
close to the value for non-interacting spherical particles.

Table 1. Saturation magnetization and anisotropy constants of Y2Fe17−xGax determined from
the magnetization curves.

Ga content T µ0Ms K1 K2

(atoms fu−1) (K) (T) (MJ m−3) (MJ m−3)

0 5 1.71 −3.47 1.03
77 1.64 −2.52 0.67

300 1.09 −0.62 0.16
1 5 1.52 −2.80 0.73

77 1.45 −2.28 0.73
300 1.10 −0.62 0.153

2 5 1.37 −2.30 0.65
77 1.35 −1.72 0.49

300 1.09 −0.67 0.164
3 5 1.23 −0.95 0.296

77 1.19 −0.88 0.282
300 1.03 −0.44 0.110

6 5 0.82 −0.30 0.103
77 0.80 −0.28 0.097

300 0.59 −0.12 0.040
6.5 5 0.75 0.002 0.045

77 0.73 0.004 0.042
300 0.50 0.000 0.024

The anisotropy field is the minimum field needed to rotate the magnetic moments
from the easy to the hard direction. The expressions obtained according this definition
areHa = (2K1+4K2)/µ0Ms for easy axis anisotropy, andHa = 2K1/µ0Ms for easy plane
anisotropy.

The values ofK1 andK2 obtained for Y2Fe17 are in good agreement with those obtained
from measurements on aligned samples [15]. The calculated values ofHa are plotted in
figure 2. For Y2Fe17 and Y2Fe16Ga1 our data agree well with those determined by the
singular point detection technique [16], except for the value for Y2Fe17 at 300 K.
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Figure 2. Concentration dependence of anisotropy field at 5 K (◦) and 300 K (•) of
Y2Fe17−xGax . The data points at 300 K forx > 6 are calculated from the torque data for
K1 andK2. The data determined by the singular point detection technique [15] are given by
(×) and (+) symbols. The lines are guides for the eye.

3.2. Torque curves

It must be noted that, as a consequence of the vanishing anisotropy for the samples with
Ga concentrations higher thanx = 6.5, the magnetization curves measured both in the hard
and easy direction almost coincide, indicating that the data for the anisotropy constants
determined from the magnetization curves are not reliable. In this case torque curves were
measured to determine the anisotropy constants at room temperature for compounds with
Ha low enough to be obtainable in our torque magnetometer fields of 1.3 T. The torque, in
the plane containing thec-axis, can be described as

L(θ) = −dEa/dθ = −2K1 sinθ cosθ − 4K2 sin3 θ cosθ

−6
(
K3+K ′3 cos 6φ

)
sin5 θ cosθ + . . . . (6)

Using a least-squares routine, the Fourier coefficients can be determined from

L(θ) = b0/2+ b2 sin(2θ)+ b4 sin(4θ)+ b6 sin(6θ)+ . . . . (7)

The basal plane anisotropy,K ′3 must be determined from a measurement ofL(θ) in the
a–b-plane on a monocrystal. As the oriented samples under study are isotropic in the plane
normal to thec-axis, it is not possible to obtainK3 andK ′3 separately. Considering only
the first two terms ofL(θ), K1 andK2 can be determined from the appropriate relations
between the Fourier coefficients and the anisotropy constants:

K1 = −b2− 2b4

K2 = 2b4.
(8)

Torque curves were measured in two ways: as a function ofθ at a constant field
and as a function of field at a constant angle. The saturated values of the torque,Ls ,
were obtained by extrapolation according to the dependenceL(H) = Ls(1 − C/H 2),
which fits the experimental curvesL(H) at fields higher than 0.8 T. The torque curves
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Figure 3. Torque curves of Y2Fe17−xGax , measured in the plane containing thec-axis.
The torque curves, calculated from the anisotropy constants, using the expressionLcalc =
−(K1 +K2) sin 2θ + (1/2)K2 sin 4θ , are shown by the solid line.

L againstθ for some of the samples are given in figure 3. The torque curvesLs(θ)

were analysed by a standard Fourier analysis. The anisotropy constants were calculated
using (8). The torque curves, calculated from these constants, using the expression
Lcalc = −(K1 + K2) sin 2θ + (1/2)K2 sin 4θ , derived from (6) are shown by the solid
line in figure 3. Negligible values ofK3 andK ′3 are inferred by the agreement between the
corrected torque curvesLs(θ) andLcalc(θ) (the curves are calculated using the obtained
values ofK1 andK2). The error in the anisotropy constants from neglecting the higher-
order Fourier coefficients is estimated to be less than 10%. The values obtained forK1 and
K2 are given in table 2.

Table 2. Anisotropy constants of Y2Fe17−xGax at room temperature determined by torque
measurement.

Ga content K1 K2

(atoms fu−1) (MJ m−3) (MJ m−3)

6 −0.125 0.030
6.5 −0.034 0.003
7 0.020 0.004
7.5 0.035 0.004

3.3.K1 andK2 as a function of Ga concentration

The concentration dependence ofK1 andK2 at various temperatures is shown in figure 4.
K1 at 5 K decreases monotonically becoming less negative with Ga concentration, and
thus indicating a weakening of the easy plane character of the Fe anisotropy which is
characterized by a negative value ofK1. The Fe anisotropy becomes uniaxial for Ga
slightly above 6.5 atoms fu−1 at which pointK1 changes sign (see the inset in figure 4).
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Figure 4. Concentration dependence of the anisotropy constants at 5 and 300 K. The torque
data are plotted in the inset. The lines are guides for the eye.

The compound withx = 6.5 has an easy cone type of anisotropy according to the results of
x-ray analysis [6] at room temperature. It should be kept in mind that the alignment of such
a powder in a static field would produce a sample in which thec-axes of the individual grains
are around the direction of the aligning field, along a cone with half-angle equal to the easy
cone angle of the compound. In this case, the obtained values forK1 andK2, and hence
for Ha, have to be regarded as effective values for the sample, different from the intrinsic
values for the compound. At room temperatures, figure 4,K1 does not change noticeably
until x = 3, as a consequence of the rise inTc in this region ofx [6], but it decreases with a
further increase of Ga before changing sign, as observed at low temperatures. It can be seen
from the torque data plotted in the inset of figure 4 that an increase of Ga concentration,
above the value at which the change of the anisotropy type takes place, results in a slight
increase inK1, i.e. in a strengthening of the uniaxial anisotropy, although the decrease of
Tc with x for this region of Ga concentration [6] has the opposite effect.K2 is positive and
decreases with Ga concentration for all temperatures. It is worth noting that the obtained
values ofK1 andK2 fulfil the conditions required for easy axis and easy plane anisotropy.

It is well known that Fe atoms occupy four non-equivalent sites in the rhombohedral
Th2Ni17-type structure adopted by Y2Fe17−xGax [6] (for x = 2 and 3 the Th2Ni17 structure
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coexists with the Th2Zn17-type structure). For a compound with different crystallographic
sites for the 3d ions, the first-order anisotropy constantK1 can be expressed [17] by
K1 = niKi

1, whereni is the number of 3d ions in the sitei andKi
1 is the corresponding

contribution of that site to the anisotropy constantK1. Such a model has been applied in
[18] to Y2Fe17 andKi

1 have been found to have the values of−0.17,+0.35,−1.14, and
+0.60 MJ m−3 on Fe 18f, 18h, 9d and 6c sites, respectively. Neutron diffraction studies
[10] of Y2Fe17−xGax (R = Nd and Tb) indicate that Ga completely avoids the 9d sites,
occupies the 6c ‘dumbbells’ site only at high values ofx and strongly prefers the 18f site
at high values ofx. TakingKi

1 as constants with Ga substituting Fe and considering the
change of totalK1 as a result of the absence of Fe atoms, will give an opposite trend of the
K1–x relation to that found experimentally. In fact the replacement of Fe by Ga changes the
local anisotropy because the charge distribution around each Fe site and therefore its electric
field gradient are different compared to Y2Fe17. Taking the Fe 9d site as an example, it
has four nearest-neighbour Fe 18h atoms in the samea–b-plane, four Fe 18f atoms in the
plane parallel to thec-axis, and two Fe 6c and two Y 6c atoms out of thea–b-plane where
the Fe 9d atoms are situated. The Fe 9d–18f and Fe 9d–18h distances are quite close to
each other (2.459̊A and 2.429Å, respectively), as are the bond angles of Fe 18f–9d–18f
(59.26◦) and 18h–9d–18h (62.04◦). The electric field gradient contributed by the Fe 18f and
Fe 18h atoms to the Fe 9d site nearly cancel. The in-plane anisotropy of Fe 9d in Y2Fe17

is mainly due to the out-of-plane 6c atoms. This suggests that Fe 18f will also favour the
a–b-plane but Fe 18h will favour thec-axis as the easy magnetization directions on Fe 9d
sites. When Fe is replaced by Ga, supposing Ga has a negative charge, the opposite is true.
At high Ga concentration, the effect of the 18f and 6c sites can surpass that of the 18f site
due to their higher Ga occupation and therefore the easy magnetization direction of the Fe
9d site changes froma–b-plane intoc-axis. The other Fe sites may have similar changes
but with less effect because of the absence of Fe atoms on these sites. Therefore, the total
anisotropy can change from negative in Y2Fe17 into positive in Y2Fe17−xGax . The possible
change in the Fe band structure caused by Ga substitution could also be responsible for
such a change.

3.4. AC susceptibility

For all samples the real component of the ac susceptibility changes smoothly with
temperature and no spin reorientation transitions are detected, not even for the sample
with x = 6.5 for which such a transition might be expected.

When the field is applied along the hard magnetization direction, the susceptibility is
contributed mainly by domain magnetization rotation processes. For easy axis samples

χ⊥ = µ0M
2
s

2K1
. (9)

For easy plane samples

χ⊥ = µ0M
2
s

2K1+ 4K2
. (10)

If the above two expressions are compared with (2) and (3), used to determine the anisotropy
constants, the zero-order parameter from the fit,B, can be directly related toχ⊥.

χ⊥ = 1

B −N . (11)

As for K1 determination, the result depends onN . The bigger the value ofB the lower the
relative error inχ⊥, induced by the demagnetization factor, is.
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Figure 5. Ac suceptibility at 300 K as a function of Ga concentration. The line is a guide for
the eye.

Measured susceptibility (corrected withN = 0.3) is compared in figure 5 with the
room-temperature susceptibility, calculated according to (9) and (10), and using the data
for the anisotropy constants, listed in tables 1 and 2. As expected, the susceptibility
initially increases with increasing Ga concentration because of vanishing anisotropy and after
exceeding the critical concentration at which a change of anisotropy takes place decreases
because of the increase ofK1.

4. Conclusions

Substitution of Ga for Fe in Y2Fe17−xGax initially decreases the anisotropy constants
thus indicating a weakening of the easy plane character of the Fe anisotropy. The Fe
anisotropy becomes uniaxial for Ga concentration slightly above 6.5 atoms fu−1 at which
the first anisotropy constantK1 changes sign and becomes positive. A strengthening of the
uniaxial anisotropy with further increase of Ga concentration is indicated by an increase
in K1, determined by torque measurements at room temperatures. The results show the
important changes which Fe anisotropy undergoes when Fe atoms are substituted by Ga
in Y2Fe17 compounds. The present results can be used to separate the contribution of the
two sublattices in R2Fe17−xGax compounds where R is a magnetic rare earth, and thus to
determine the influence of Ga on the magnetic anisotropy in these compounds.
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