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Abstract

In this work, we present experimental and theoretical results on SmFej>_,V, (x = 0.5-2.0) alloys with the ThMn;, (1:12)
structure as possible candidates for rare earth-lean permanent magnets. The compound with x = 2 has been previously reported
to have a Curie temperature of 330°C, saturation magnetization of about 80 Am?/kg, and anisotropy field around 9 T. We have
synthesized the SmFe;; V compound with a nearly pure 1:12 phase; the x = 0.5 compound couldn’t be synthesized. The stability
of the x = 1 compound was also confirmed theoretically by calculations of their formation enthalpies using first principles. The
newly synthesized SmFe;; V compound has a Curie temperature of 361°C and saturation magnetization of 115 Am?/kg (1.12 T).
The anisotropy field has been obtained in magnetically-oriented fine powders, and is around 11 T. These parameters make SmFe;; V

a good candidate for a new kind of high energy, rare earth-lean permanent magnets.

Keywords: rare-earth lean permanent magnets, ThMn,-type structure, iron alloys, magnetocrystalline anisotropy, ab initio

calculations, density functional theory

1. Introduction

After the discovery of RoFe4B (R=rare-earth) compounds
with excellent magnetic properties, research and development
in the field of permanent magnets has been focused almost ex-
clusively on these alloys. However, in the last decade, because
of the exponentially increasing demand for these magnets, in-
creasing cost and supply risks involving the R-metals, there has
been a renewed interest in the ThMn,-type (1:12) compounds
[1, 2, 3, 4]. These compounds contain only a 7.7% of R, com-
pared with 11.8% in RyFe 4B, and they have a non-cubic struc-
ture (tetragonal), which is a requirement for uniaxial magne-
tocrystalline anisotropy (c-axis for R=Sm and easy plane for
R=Nd). The RFe;; binary compounds do not exist in the bulk
alloy form, but can be stabilized by adding a third element such
as Ti, V, Mo, Cr, W or Si [5, 6, 7]. However, addition of this
element decreases the saturation magnetization (M) and Curie
temperature (T¢) [5, 8, 9]; because of this, it is important to
keep their concentration as low as possible. So far the 1:12
structure for the SmFe,_, V alloys has been obtained for high
V concentration (x < 1.5) and it is very difficult to synthesize as
a single-phase material[10, 11, 12]. In order to obtain high co-
ercivity (H.), it is necessary to avoid the formation of the soft-
magnetic a-Fe phase. One of the challenges for the processing
of these alloys, therefore, is to obtain a single-phase 1:12 al-
loy with the minimum V concentration. Previous results have
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reported the stabilization of 1:12 in this system for x = 2 for
samples annealed at 850-1050°C for 1-14 days and for x = 1.5
annealed at 900-1000°C for 7 days. Sugimoto et al. [13] ob-
tained a phase relation in Sm-Fe-V alloys and reported that the
1:12 phase was only stable for x > 1.4. In this work, we stud-
ied experimentally and theoretically these compounds to extend
the stability range in an effort to increase the magnetization and
anisotropy.

Theoretical calculations of magnetocrystalline anisotropy
(MAE) of R-based compounds are challenging due to involved
small numbers and therefore require very accurate numerical
methods. Calculations from first principles, within the VASP
simulation package and full-potential LMTO method, were per-
formed to study the electronic structure, the thermodynamic
stability, and magnetic properties of these compounds.

2. Methods

2.1. Experimental

Ingots of SmFe,_,Vy alloys were prepared by arc-melting
the pure metals in Ar atmosphere. The ingots were re-melted
four times to insure homogeneity. Samarium loss during the
melting was compensated by adding an appropriate excess
amount and weighing the alloy after each melting. After arc-
melting, the ingots were sealed in quartz tubes filled with Ar
and homogenized at temperatures in the range of 900-1100°C
for 1-3 days and then quenched in water. X-ray diffraction
(XRD) analysis was performed on randomly oriented powders
by using a Rigaku Ultima IV diffractometer with Cu-K,, radia-
tion in the Bragg-Brentano geometry. The annealed ingots were
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ground in a mortar and the fine powders were subsequently
mixed with an epoxy and aligned in a magnetic field of 2 T.
Magnetization curves were measured parallel and perpendicu-
lar to the alignment direction by using a vibrating sample mag-
netometer with a superconducting magnet by applying a maxi-
mum field of 12 T. Besides the magnetic measurements, x-ray
diffraction on aligned samples was performed to detect the easy
magnetization direction. The T¢ was determined by using ther-
mogravimetric analysis (TGA). In this measurement, the sam-
ple was placed inside an empty, tared TGA pan located near a
magnet. Microstructure studies were carried out with a JEOL
100C scanning electron microscope (SEM) equipped with a
backscattered electron detector and an energy dispersive x-ray
detector system (EDS). The Mdossbauer spectra were obtained
at room temperature on a conventional constant-acceleration
spectrometer with a >’Co source in Rh matrix. The resulting
spectra have been fitted with Normos and the errors were at
most 0.2 T for the hyperfine fields and 0.01 mm/s for the iso-
mer shifts. The observed linewidths in the magnetic spectra
were 0.36 mm/s. The area ratio of the absorption lines was
assumed to be 3:2:1:1:2:3 as the absorber was formed by ran-
domly oriented particles.

2.2. Theoretical

The Sm(FeV);, phase was studied from first principles. For
the electronic structure, lattice parameters and phase stability,
the Vienna Ab Initio Simulation Package (VASP) [14, 15, 16]
was used within the projector augmented wave (PAW) method
[17]. The electronic exchange and correlation effects were
treated by the generalized gradient approximation (GGA) in the
Perdew, Burke, and Ernzerhof (PBE) form [18]. A 13 atom
cell of SmFe,_,V,, where x = 1 and 2, was considered. The
plane-wave energy cut-off was set to 268 eV. The converged
k-point mesh was found to be 16x16x16 Monkhorst-Pack k-
points [19]. For the estimation of phase stability of ternary
compounds the following equation was used:

2H (SmFClz_xVx) - H(szFen)

|
AH = (7 = 2x) H (a-Fe) M

26| -2xH(V)-

where x = 1, 2 is the number of V atoms in the cell on the Fe
sublattice. The enthalpy of the SmFe>_,V, system was calcu-
lated and compared with the enthalpy of another phase stable
at these conditions (SmyFe;7) as well as with the enthalpy of
pure elements, V and a-Fe. The obtained VASP lattice param-
eters were used for the calculation of the magnetic properties
with help of the highly accurate all-electron full-potential lin-
ear muffin-tin orbital (FP-LMTO) method implemented in the
RSPt code [20, 21]. We performed integration over the Bril-
louin zone, using the tetrahedron method with Blochl’s correc-
tion [22]. The k-point convergence of the MAE for the chosen
supercell size was found when increasing the Monkhorst-Pack
mesh [19] to 24x24x24 and it was further used in all calcula-
tions. For the treatment of the 4f electrons of rare-earth Sm
atom the spin polarized core approximation was used.

3. Results and Discussion

3.1. Experimental

The XRD patterns of SmFej,_,V, alloys with different V
concentration heat-treated at 1000°C for 2 days are presented
in Fig. 1. Apart from the sample with x = 0.5, the main phase
in all the samples is ThMn,-type (space group /4/mmm), with
a very low a-(Fe,V) around 0.5-1%.
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Figure 1: XRD patterns of SmFe,_, V alloys with different V concentration
annealed at 1000°C.

For the series, the parameters a and ¢ decrease almost linearly
from 8.5302 A3 and 4.7693 A3 to 8.5205 A3 and 4.7686 A3, re-
spectively with decreasing V concentration as it can be seen in
Fig 2(a). The lattice contraction with decreasing V concentra-
tion makes the characteristic 1:12 peaks to shift slightly towards
higher angles. This is reasonable considering the atomic radius
of V (205 pm), which is larger than that of Fe (126 pm), and
this also is in agreement with the decreasing of the 1:12 cell
volume from 347.04 A3 to 346.22 A3. At x = 0.5, the rhombo-
hedral ThyZn7-type structure and a-(Fe,V) were observed, for
this concentration we performed different heat treatments in the
range of 900°C-1100°C for 1 and 3 days but it was not possible
to stabilize the 1:12 phase.

SEM backscattered images of as cast and annealed SmFe; V
samples are shown in Fig. 3. Examination of the as cast sam-
ple (Fig. 3(a) and 3(b)) revealed the existence of Sm(Fe,V),,
Sm(Fe, V)i, and a-(Fe,V) phases. The Sm(Fe,V), corresponds
to the light grey areas, the 1:12 corresponds to the dark grey
areas and a-(Fe,V) to the darker inclusions. The excess Sm ap-
pears as lighter inclusions, which are more visible in Fig. 3(b).
After annealing, no phase contrast was observed in the SEM
back scattered image (Fig. 3(c)), confirming the nearly pure
SmFe;;V phase.
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Figure 2: Variation in the structural parameters with different V concentration
x. (a) lattice parameters a and ¢ (b) cell volume V and (c) ratio ¢/a
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Figure 3: SEM backscattered images of SmFe;V (a) as cast sample at low
magnification (b) as cast sample at high magnification and (c) annealed sample.

The T¢ were determined by using a thermogravimetric anal-
yser with a magnet. An example plot, for x = 1, is shown in
the inset of the Fig. 4. When heated, the sample loses its fer-
romagnetic properties at T¢, resulting in a mass gain that can
be detected by the TGA. As Fig. 4 displays, the T¢ increases
when V concentration is reduced. The T¢ of SmFe;_,V, com-
pounds is determined by the Sm-Sm, Sm-V, Sm-Fe and Fe-Fe
exchange interactions. Among them, the Fe-Fe interactions are
the strongest, and in a first approximation they determine the or-
dering temperature. Therefore, it is reasonable that when the V
concentration is reduced, the number of Fe-Fe interactions is in-
creased and hence the ¢ is increased. The non-linearity of the
Tc dependence on V concentration is also observed. This non-
linearity behaviour has been recently predicted by T. Fukazawa
et al.[23] in RFe,_,Cr, (R = Sm, Nd and Y) at low concentra-
tions of Cr.
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Figure 4: T¢ dependence on V concentration x. The inset shows a TGA plot
forx = 1.

Fig 5. shows the isothermal magnetization curves of ori-
ented powders measured at room temperature along (//) and
perpendicular (L) to the magnetic field. The M, for x = 2
is 83 Am?/kg (0.81 T, 12.0 up/ f.u.), which is very close to
79.6 Am?/kg and 85 Am?/kg reported by Ohashi et al. [11] and
Wang et al. [24], respectively. An M, value of 115 Am?/kg
(1.12 T, 16.8 up/ f.u.) was obtained for SmFe;;V (x = 1),
which is 35% higher than M; of SmFe oV, (x = 2). Assuming
Sm about 1.5up, the magnetic moment per Fe atom would be
1.1 up/Fe (x = 2) and 1.4 ug/Fe (x = 1), which means that
magnetic moment per Fe is definitely related with the increase
of magnetization when V concentration is reduced. This has a
counterpart in the hyperfine field, as it will be discussed below.

The anisotropy field pgH4 was determined by plotting M in
the perpendicular direction as a function of [(oH) %], here a
change in the slope of the magnetization at the anisotropy field
is expected, because in this point a transition from macroscopic
to microscopic spin rotations takes place [25]. The pgH4 cor-

responds to the minimum of the —4¥___ curve shown in Fig.

dl(uoH) ]

5 (b). From these results, it can be seen that ygH4 for x = 1
is slightly higher than x = 2, that difference can be attributed
to a higher contribution from the second order anisotropy con-
stant K, for x = 1. An anisotropy field of 9.8 T was obtained
for x = 2, this value is 1 T higher than the value reported by
Grossinger et al. [26], which was determined by means of the
singular point detection method using pulsed fields. An effec-
tive anisotropy constant was determined by using the equation
HoHA =2(K; + 2K5) [ oM [27], and the MAE was determined
by calculating the area between the // and L direction curves.
These results are summarized in Table 1.



X /.l()MS M /J()HA K +2K; MAE Tc

(M (pp/fu) ()  MIm’) MIm’) (°C)
2 081 12.0 9.8 32 1.58 321
1 1.12 16.8 11.0 4.9 1.92 361

Table 1: Experimental magnetic properties of SmFe;V and SmFe(V,.
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Figure 5: (a) Magnetization curves of magnetically aligned powder particles
of SmFejgV, (x = 2) and SmFe;;V (x = 1) measured at room temperature
in parallel (//) and perpendicular (L) direction to the magnetic field. The inset
shows the XRD pattern of the oriented SmFe; V compound, indicating the easy
magnetization direction (002) along the c-axis. (b) M and dM/d[(uoH )’2] as
a function of [(uoH)~2]. The anisotropy field is determined from the derivative
minimum.

The Mossbauer spectra at room temperature for SmFe ;. V
alloys, and the fits are shown in Fig 6. The spectra were fitted
according to the local environment of each of the three crys-
tallographic Fe sites, 8i, 8 and 8 f, and considering the 8i as
the preferred site of V atoms. The choice of the 8i site for the
V atoms was based on the results of previous neutron diffrac-
tion studies in RFej»_,V, (R =Y, Tb, Er, Nd, Dy, Ho, Er)
[28, 29, 30]. A visual inspection of the spectra indicates that is
necessary to use more than three sextets to fit the spectra.

The statistical distribution of V atoms over 8i site modifies
the local environment of each 8i, 8; and 8 f Fe atom, and thus
the spectra of 8i, 8j and 8 f sites are split in a set of subspec-
tra. Each subspectrum corresponds to one different environ-
ment around Mdssbauer nuclei. The number and the relative

areas of each subspectrum was calculated from a binomial dis-
tribution [31]. The environments with probabilities lower than
3% were discarded. Nine sextets (3 for 8i, 3 for 8; and 3 for
8 f) were used to fit the spectrum for x = 1, eleven (3 for &i, 4
for §j and 4 for 8 /) for x = 1.5 and ten (4 for 8i, 3 for §; and
3 for 8 f) for x = 2. The sum of all the subspectra for a given
site is presented in each spectrum of Fig 6. The assignment of
the 8i, 8, and 8 f sites was according with Denissen et al. [32],
where the site dependence of hyperfine fields follows the con-
dition 8 >8j >8f. The linewidth and the relative subspectra
areas were fixed, and the total area of a given site, i.e. the sum
of all the subspectra of such site, was a free parameter.
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Figure 6: Room temperature Mossbauer spectra for SmFe,_, V. with differ-
ent V concentration x.

Average hyperfine fields (Bhf> and average of isomer shift
(6) of all Fe sites, as a function of V concentration x, are
listed in Table 2. As it shows, the contribution of the 8i sub-
spectra with the highest By,¢ values increases when going from
x =2 to 1. When the V concentration is reduced, the probabil-
ity of finding Fe atoms in 8i site is higher, then environments
with more adjacent Fe atoms are more likely, and the hyper-
fine fields are larger. This effect can be seen in Fig. 6, when
the Mossbauer spectrum of SmFe;gV,, appears contracted in
comparison with that of SmFe;; V. A similar behaviour was ob-



@ () (BY) (8Y) (BY)
(mmy/s) (T) (T) (T) (T)
25 206 192
20 008 210 s 103] [0.96]
15 009 220 256 217 203
269 246 234
Lo =005 250 500 1371 11.30]

Table 2: Mossbauer hyperfine parameters for SmFejo_, Vy (x = 2.0, 1.5, 1.0).
Average hyperfine field (<Bh f>), average isomer shift ((§)), and average hy-
perfine field per site. The values in brackets are assumed moments of Fe in the
different sites, in ug /Fe.

served by Sinnemann et al. in GdFe|,_, V and Denissen et al.
in YFe>_V, series [31, 32]. The increase of By,¢ values are in
agreement with the results of the magnetization measurements,
where there is an increase of the average moment per Fe atom
from 1.1 up/Fe to 1.4 up/Fe when going from x = 2 to 1.

It is usual that the experimental hyperfine fields are converted
to local moments by means of a factor (hyperfine constant),
which is considered the same for all Fe sites, and can be de-
fined as the ratio of the average hyperfine field to the average
moment per Fe atom. For SmFe;;V, using u = 1.4 up/Fe and
<Bhf> = 25.0 T, leads to a conversion factor of 18.0 T/up and
for SmFe gV, a factor of 20.0 T/up. With these factors, we
obtained the magnetic moments of Fe at different sites, as the
values listed in square brackets in Table 2.

The negative values of () indicate an increase in s electrons
charge density at the Fe nuclei in SmFe,_,V,, compared to
pure iron [32]. The (&) decreases with decreasing V concentra-
tion. This behavior could be explained in terms of a redistribu-
tion of the 4s electron charge with a slightly higher tendency to
be around the Fe atoms than V ones. When the V concentration
is reduced, the screening effect of the 4s electrons is reduced
as well, producing an increase of the s charge density at the
nucleus and hence a decrease of the isomer shift.

3.2. Theoretical calculations

Table 3 summarizes the theoretically obtained values of for-
mation of enthalpies, structural and magnetic properties of
SmFejs_,Vy (x = 1 and 2). Negative formation enthalpy indi-
cates that the structure is stable. Calculations show that with de-
creasing concentration of V from 2 to 1 the SmFe,_,V struc-
ture maintains its stability. The close numbers of the forma-
tion enthalpies with one slightly lower for the SmFe;oV; phase
might reflect the preferential stabilization of this phase. How-
ever, SmFe |V is nearly as stable as SmFe;(V;, which is con-
sistent with our experimental results.

X AHy \% cla M uoMs  MAE
(eV/u. cell) (A?) (up/fu) (T) MI/m?)

2 -0.87 339.6 05519 124 085 131

1 -0.73 3364 0.5520 15.8 1.00 166

Table 3: Theoretically obtained enthalpy of formation, cell volume, c/a ratio,
magnetization and MAE of SmFe;;V and SmFe o V,.

As one can see from Table 3, the volume of the structure
slightly reduces, but the c¢/a ratio remains almost unchanged
with the decrease of the V concentration. That is in line with
the observation made in experiment. The MAE was calcu-
lated as the energy difference between the [110] and [001]
crystallographic directions. The MAE and magnetic moment
of SmFe |V are substantially higher than those of SmFeyV,.
Theoretically obtained MAE shows the expected trend, which
was also observed in experiment. A 26% increase of MAE was
obtained when the concentration of V was reduced from 2 to
1 atom per formula unit. Theoretical values of 1.66 and 1.31
MJ/m3 for SmFe;;V and SmFeoV,, respectively, are in good
agreement with corresponding experimental values of 1.92 and
1.58 MJ/m? (see section 3.1). We observe also an increase of
the magnetization by about 18%; magnetic moment increases
due to reduction of V content, which has the spin moment
aligned antiferromagnetically to the one on Fe. From the struc-
ture, the volume decreases with decreasing V concentration.

4. Conclusions

The intrinsic magnetic properties of SmFe,_,V, are re-
ported here, both from experimental and theoretical investiga-
tions. Hyperfine field, anisotropy field, saturation magnetiza-
tion and Curie temperature were enhanced as the V concentra-
tion was reduced. Theoretically obtained structural and mag-
netic properties are in good agreement with experimentally ob-
tained values. Our experimental findings and theoretical stud-
ies suggest that the SmFe;;V compound can be stabilized into
the ThMnj;-type structure. The increased values of saturation
magnetization of 1.12 T, the large anisotropy field of 12 T, and
the moderate Curie temperature around 361°C make SmFe;;V
an interesting candidate for permanent magnets applications.
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