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Abstract. The synthesis of materials, crystal structure and ’Fe Mossbauer effect studies at 77 K were performed for
intermetallics Tby,;Dyy73(FeiCo,),. The starting compound Tb,»; Dy, 7;Fe; of this Fe/Co substituted series is known as
Terfenol-D. XRD measurements evidence a pure cubic Laves phase C15, MgCu,-type. The determined unit cell parameter
decreases across the series. Co substitution introduces a local area, in the subnanoscale, with random Fe/Co neighbourhoods
of the 'Fe atoms. Mossbauer effect spectra for the Tby,;Dy,13(Fei_.Co,), series collected at 77 K consist of a number of
locally originated subspectra due to random composition of Fe and Co atoms in the nearest neighbourhood. Hyperfine
interaction parameters: isomer shift, magnetic hyperfine field and a quadrupole interaction parameter were obtained
from the fitting procedure of the spectra, both for the local area and for the sample as bulk. As a result of Fe/Co substi-
tution, a Slater-Pauling type curve for the average magnetic hyperfine field vs. Co content in the Tby Dy 7;(Fe.Coy).
series is observed. It is found that the magnetic hyperfine fields corresponding to the local area sorted out against Co
contribution in the Fe/Co neighbourhoods also create a dependence similar to the Slater-Pauling type curve.
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Introduction

Heavy rare earth (R) — transition metal (M) compounds
with formula RM, have been widely studied for scientific
and practical reasons [2—4, 28]. The ferrimagnetism of
these intermetallics depends on both the rare earth
constituent (4f5d electrons) and the transition metal
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curve [11, 12, 26].

Additionally, it has been found that the Curie tem-
perature Tc(n), as a result of Fe/Co substitution, also
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especially strong magnetostriction has been derived in
the Tby,;Dy,sFe, compound, often called Terfenol-D
[6, 7, 30].

Recently, both Terfenol-D and other intermetal-
lics of the series Tb,Dy;_Fe, have been widely used as
strongly magnetostrictive constituents of composites
with piezoceramics in order to obtain materials with
a giant magnetoelectric effect [10, 18, 19, 31].

Fe/Co substitution in RFe, type compounds changes
the number n of 3d electrons in the M sublattice,
strongly influencing the 3d-band and thus the magnet-
ism, and the hyperfine interactions. It was, therefore,
interesting to study the influence of the 3d-band elec-
tron population on the magnetism of the 3d-sublattice
and especially on the hyperfine interaction parameters
in Terfenol-D type compounds with Co substitution.
Specifically, it was interesting to study systematically
by the Mdssbauer effect the Tby,;Dyo 73(Fe,..Co,), in-
termetallics with Terfenol-D as the starting compound
of this Fe/Co substituted series, which can be treated
as potential constituents of composite and laminate
magnetoelectric materials [10, 18, 19, 31].

Materials and X-ray studies

Polycrystalline intermetallics Tbg,;Dyo73(Fei.Co,),
(x=0,0.1,...,0.9 and 1.0) were synthesized by arc melt-
ing with contact-less ignition in a high purity argon
atmosphere using appropriate amounts of Tb (99.9%),
Dy (99.9%), Fe and Co (99.99% purity) [25]. For the
sake of homogenization, the obtained ingots were an-
nealed in vacuum at 1200 K for 12 h and then cooled
down along with the furnace (cooling: approximately
250 K/h).

The post-annealed compounds were micromilled
and their phase homogeneity and crystal structure
were studied with standard X-ray powder diffraction
measurements (XRD) using MoK, radiation. The X-ray
patterns obtained for these compounds were analyzed
using a Rietveld-type procedure adopting both the
K., (wavelength %, = 0.70930 A) and K., (wavelength
A = 0.71359 A) lines [21, 22]. A clean cub1c Fd3m,
MgCu,-type, C15 crystal structure was observed for all
the studied compounds. The C15-Laves phase crystal
structure has been described in detail elsewhere [17].

It can be added that in the C15 crystal structure each
transition metal atom is surrounded by six transition
metal atoms as nearest neighbours [17].

Since the atomic radius of Fe (g, = 1.72 A) is larger
as compared to the corresponding radius of Co (rc, =
1.67 A) the unit cell parameter described by the fol-
lowing numerical formula: a(x) = (-0.104x>- 0.029x
+ 7.337) A decreases softly non-linearly with cobalt
content x (Fig. 1, curve 1) [27]. This formula is used
to follow the experimental points and is obtained by
a least squares fitting procedure. The values of the
studied series coincide satisfactorily with the existing
fragmentary literature data (open points in Fig. 1) [8
13-15, 20, 32]. The unit cell volume is described by the
following numerical formula: V(x) = (-17.143x*-4.295x
+ 394.950) A3 and it decreases softly non-linearly like
the lattice parameter with increasing cobalt content x
(Fig. 1, curve 2). The convex deviation a(x) and V(x)
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Fig. 1. The unit cell parameters (curve 1) and the unit cell
volumes (curve 2) of the Tby,;Dyys;(Fe;..Co,), intermetallic
system (300 K). Open points taken from literature [8, 13-15,
20, 32].

from Vegard’s rule, i.e. from linear dependence, is
observed as being typical of R-M intermetallics. It
is expected that presumably a magnetovolume effect
introduces this convex deviation.

5’Fe Mossbauer effect
Spectra and analysis

The >Fe Mossbauer patterns, presented in Fig. 2, were
collected at 77 K by using a standard transmission tech-
nique with a ’Co source in Pd. Spectra characteristic
of the [100] easy axis of magnetization were fitted, as-
suming the random distribution of the Fe/Co atoms in
the transition metal sublattice.

The random distribution of the Fe/Co atoms in the
transition metal sublattice introduces different neigh-
bourhoods of the probed iron atom; it can be surrounded
by (6-k) iron atoms and k cobalt atoms (k = 0,1,2,...,6)
as nearest neighbours. Particularly Fe/Co surrounding
determines locally its own subspectrum contributing to
the resulting measured Mossbauer effect pattern and,
therefore, introducing its proper hyperfine interaction
parameters. The probability of particular neighbour-
hoods and thus subspectra P(6;k) = {[6! / (6 — k)!k!]-
‘(1 - x)™* x*} is described by the Bernoulli distribu-
tion, in this case adapted for the intermetallic formula
Tby27Dyo.13(Fe1.Coy), [9]. During the fitting procedure,
it was assumed that intensities A (k) of particular sub-
spectra follow the probabilities P(6;k).
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Fig. 2. "Fe Mossbauer effect transmission spectra of the
Tb0_27DY()_73(Fel_XCOx)z intermetallics (77 K).

Surroundings with probabilities less than 0.1 of
maximal probability were not considered. For this
reason, the remaining considered probabilities were
normalized again.

Local hyperfine magnetic fields

The magnetic hyperfine fields, poHu:, corre-
sponding to particular subspectra of the series
Tby27Dyo7(FeiCo,), determined from the fitting pro-
cedure treated as functions of number & are presented
in Fig. 3. The individual dependencies, poHy, against
k, obtained for particular compounds and, therefore,
labelled with the x-parameter, are presented in the
figure. Additionally, Fig. 3 (dashed lines 1 and 2) shows
the arithmetically averaged magnetic hyperfine fields,
woHy, against the number k& of Co atoms in the nearest
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Fig. 3. The fitted magnetic hyperfine field p,Hy, labelled with
x as function of k for the Tby 7Dy, 7;(Fe .Co,), series; averaged
values — dashed lines 1 and 2.
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Fig. 4. The poH,: magnetic hyperfine fields vs. x of the

Tby.2sDyo73(Fe..Co,), series determined at different k values.

The average values — dashed line.

neighbourhood. It can be noticed that both the indi-
vidual dependencies and the average dependence as a
function of k resemble the Slater-Pauling curve. Dashed
lines 1 and 2 in Fig. 3 are described by the numerical
formulae poHwe(k) = (0.71k + 23.79)T and poHw(k) =
(-1.27k + 27.18)T, correspondingly.

It is interesting to present the fitted particular, or
locally originated, magnetic hyperfine field data again
in Fig. 4. In this case the dependencies of the local
woHy: fields, ascribed to the corresponding k values,
treated as functions of the composition parameterx, i.e.
determined for different compounds, are presented in
the figure. The dashed line presents the average of the
magnetic hyperfine fields calculated using the Bernoulli
distribution formula [9].

Average hyperfine interaction parameters

The average hyperfine interaction parameters weighted
by the subspectra intensities, which follow the Bernoulli
distribution, i.e. the isomer shift IS (with respect to iron
metal, at 300 K), the magnetic hyperfine field pHy: and
the quadrupole interaction parameter QS [29], deter-
mined across the Tby,;Dyo 7;(Fe,..Co.), series at 77 K,
are presented in Fig. 5.

The isomer shift IS is described by the numerical
formula IS(x) = (-0.130x> 4+ 0.098x + 0.025) mm/s
(Fig. 5, line 1). For x = 0 almost the same value of IS
has been obtained elsewhere [24].

The average poHy: dependence is presented as two
sections described by the numerical formulae: pH(x)
= (9.30x + 22.11)T (Fig. 5, line 2.1) and peHue(x) =
(-9.26x + 28.11)T (Fig. 5, line 2.2). Figure 5 also con-
tains fragmentary literature data [23, 24].

The experimental pattern forx = 0.9 has been fitted
considering also the subspectrum corresponding to the
non-magnetic surrounding (k = 6) with the zero mag-
netic hyperfine field. Black points in Fig. 5 presented
forx = 0.9 are the average values corresponding to the
magnetic surroundings, whereas the open points pres-
ent the average values calculated considering also the
non-magnetic case.

A Slater-Pauling type dependence is observed for
the average magnetic hyperfine field. At first, a weak
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Fig. 5. Hyperfine interaction parameters: the isomer shift IS
(line 1), the magnetic hyperfine field pHy (lines 2.1 and 2.2)
and the quadrupole interaction parameter QS (line 3) of the
Tbo27Dyoss(Fe.Co,), series. Rhomboids denote literature
data [16, 23, 24].

ferromagnetic type behaviour of the M-sublattice ap-
pears. This means that two 3d subbands with opposite
spin are not filled up [1]. The magnetic hyperfine field
across the Tby 7Dy 73(Fe.Co,), series grows with x and
the maximum value of the field is approached atx =
0.3. At this composition, the filling up of the majority
3d subband by 3d electrons is terminated.

At higher Co-substitution, a strong ferromagnetic
type behaviour of the M-sublattice is observed [1]. The
filling up of the minority 3d subband still proceeds and
the observed field decreases gradually with x. Since
for the Tby,;Dyy 73(Fe;..Co,), compounds mostly Curie
temperatures are relatively high, it is expected that
magnetic moments at 77 K are not specially distanced
from their magnetic saturation [8, 15, 20, 24].

The quadrupole parameter QS changes slightly with
x and can be described by the numerical formula: QS(x)
= (0.027x + 0.031) mm/s (Fig. 5, line 3). The parameter
QS for x = 0 fits well to the literature value [16].

The determined hyperfine interaction parameters
coincide satisfactorily with those fragmentary data
already known in the literature [16, 23, 24].

Correlation between magnetic fields

A comparison of the average local magnetic hyperfine
field poHye as a function of k, (Fig. 3) and poHy as a
function ofx, the bulk type average magnetic hyperfine
field (function of x, Fig. 5) is the subject of interest.
Namely, in Fig. 6 the correlation between pH¢(x) and

The k-values, a sort of local composition parameters
in the nearest neighbourhood used for presentation of
Fig. 6, are calculated using the proportion rulex:1 =k:6
where, as mentioned previously, six denotes the number
of the nearest neighbours surrounding the studied Fe
atom, and k is the average number of Co atoms (not
necessarily an integral number) in the neighbourhood [4,
17, 28]. The used k-value imitates locally the bulk compo-
sition parameter x of the Tby /Dy 73(Fe,.Coy), series.

The pHii(k) dependence correlated with poHni(x)
dependence can be divided into two sections 2.1 and
2.2 (sections numbered as in Fig. 5) described by the
numerical formulae: woHe(k) = (0.41 poHue(x) + 14.86)T
(Flg 6, line 21) and H()th(k) = (079 },llof(X) + 477)T
(Fig. 6, line 2.2), correspondingly.

Considering Figs. 3 and 5, it can be seen that, sec-
tion by section, a linear correlation between poHp(k)
and poHy(x)-values appears (Fig. 6). As mentioned
above, section 2.1 corresponds to what may be called
the weak ferromagnetism, whereas section 2.2 cor-
responds to strong ferromagnetism of the transition
metal sublattice.

Summary

Co-substitution in the Tby Dy, 7:(Fei.Co,), series
introduces a number of essential changes. First of
all, it introduces an additional 3d electron per atom
into the transition metal sublattice. Next, it decreases
the lattice parameter and the unit cell volume with x,
and thus decreases the average distance between the
nearest neighbour 3d-atoms. These changes strongly
influence the band structure, especially the 3d band
structure and, in consequence, all the observed physical
properties, including hyperfine interactions observed
at iron nuclei.
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Here, it is interesting to summarize the following
aspect of Co-substitution. Namely, Co-substitution
leads to differences in the local neighbourhoods of the
probed iron atoms. Consequently, the local character
of the magnetic hyperfine field is demonstrated, each
Fe/Co neighbourhood of the probed Fe atom introduces
its own local poHy: dependence as a function of x, re-
sembling the Slater-Pauling curve (Fig. 4). Moreover,
the magnetic hyperfine fields poHy corresponding
to the different Fe/Co neighbourhoods also create local
type Slater-Pauling dependencies against the number
k (Fig. 3). Thus, considering the above data and the
fact that the magnetic hyperfine field approximately
scales the magnetic moment, the local character of the
3d-magnetic moment and consequently of the 3d-band
in these intermetallics can be deduced.

As a result of Fe/Co substitution, the average value
of magnetic hyperfine field pyH treated as a function of
the composition parameter x, calculated for the sample
as bulk, creates a Slater-Pauling dependence (Fig. 5).

It is interesting to see that the correlation between
the average value of poHy(k) (taken from Fig. 3) and the
average value of pyHn(x) (taken from Fig. 5) constitute,
section by section, linear dependencies, as presented in
Fig. 6. These correlations also suggest that the locally
originated magnetic hyperfine fields ascribed to the
sub-nanoscale area distribute following a Slater-Pauling
dependence.

Both the magnetic fields, average pHy: as a function
of x and pHyr as a function of &, correspond to weak
ferromagnetism for x < 0.3 and k < 2, and to strong
ferromagnetism forx > 0.3 and k > 2 in the transition
metal sublattice. This result can be helpful both in band
type calculations and for practical applications of the
Terfenol-D type Tby /Dy, s(Fe;.Co,),compounds, which
can be potentially treated as particulate constituents of
the magnetoelectric composites.
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