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Introduction 

Heavy rare earth (R) – transition metal (M) intermetal-
lic compounds with stoichiometric formula RM2 have 
been widely studied for scientific and practical reasons 
[2–4, 23]. The ferrimagnetic properties of these materi-
als depend on the rare earth constituent (4f5d electrons) 
as well as on the transition metal constituent (3d elec-
trons) [5]. Previously, the significance of the 3d electrons 
has been experimentally studied in the Dy(Fe1–xCox)2 
intermetallic series using the 57Fe Mössbauer effect 
[9, 10, 19]. It has been found that the magnetic hyperfine 
field μ0Hhf (μ0 is the magnetic permeability) observed 
at 57Fe nuclei treated as a function of the average num-
ber n of 3d electrons in the transition metal 3d band 
follows a Slater-Pauling type dependence [9, 10, 19]. 
With this in mind it was also interesting to test less 
known hyperfine interactions in Ho(Fe1–xCox)2 com-
pounds. Recently, R-M intermetallics are used as 
magnetostrictive constituents of novel magnetoelectric 
composites and laminates [8]. So, it is interesting to 
study Ho(Fe1–xCox)2 compounds, which can be treated as 
potential constituents of magnetoelectric materials. 

Materials and X-ray studies 

Polycrystalline materials Ho(Fe1–xCox)2 (x = 0, 0.2, 0.3, 
0.5, 0.7, 0.8, 0.9 and 1.0) were synthesized by arc melting 
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with contact-less ignition in a high purity argon atmo-
sphere, applying appropriate amounts of Ho (99.95% 
purity), Fe and Co (all 99.99% purity) metals [18]. The 
obtained ingots were annealed in vacuum at 1200 K 
for 1 h and then cooled down along with the furnace 
(approximate cooling rate: 250 K/h). 

The crystal structure of the post-annealed compounds 
was studied with standard X-ray powder diffraction 
measurements using MoKα radiation. The X-ray dif-
fractograms (Fig. 1) measured for these compounds were 
numerically analyzed using a Rietveld-type procedure 
adopting both the Kα1 (wavelength λ1 = 0.70930 Å) and 
Kα2 (wavelength λ2 = 0.71359 Å) X-ray lines [14, 15]. For 
all compounds of the tested series a clean cubic Laves 
phase with Fd3m, MgCu2-type, C15 crystal structure was 
evidenced. The C15-type Laves phase has been described 
in detail elsewhere [11]. 

It can be noted that in this crystal structure each 
transition metal atom has six transition metal atoms 
as the nearest neighbours [11]. 

As the atomic radius of Fe (rFe = 1.72 Å) is larger 
when compared to the radius of Co (rCo = 1.67 Å), the 
determined unit cell parameter, described by the fitted 
numerical formula: a(x) = (7.310 – 0.018x – 0.110x2) Å, 
reduces softly non-linearly with parameter x (Fig. 2, 
curve 1) [21]. This formula, which was obtained by using 
a least squares fitting procedure, follows the experi-
mental points satisfactorily. An appreciated maximal 
error Δa of experimental points (not presented in the 
figure) equals 0.0013 Å. The determined values for 
the borderline compounds of the studied series coincide 
satisfactorily with the existing literature data (open 
marks in Fig. 2, curve 1) [12, 13, 20, 22, 23]. 

Figure 2 also presents the calculated unit cell volumes, 
described by the numerical formula V(x) = (390.611 – 
2.449x – 17.789x2) [Å3] (curve 2), and volumes per atom 
w(x) = (16.275 – 0.102x – 0.741x2) [Å3] (curve 3). The 
observed convex deviation a(x), V(x) and w(x) from 
Vegard’s rule, which is typical for R-M intermetallics, can 
presumably be ascribed to a magnetovolume effect. 

Fig. 1. X-ray patterns of the Ho(Fe1–xCox)2 intermetallic series at 295 K. 
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Mössbauer effect 

Spectra and fitting 

The 57Fe Mössbauer effect spectra (Fig. 3), were mea-
sured at 295 K by using a standard transmission tech-
nique with a 57Co in Pd source. The spectra were fitted 

considering both the [1 0 0] easy axis of magnetization 
and the assumed random distribution of Fe and Co 
atoms in the transition metal sublattice. 

The random distribution of atoms in the sublattice 
causes different neighbourhoods of the probed 57Fe 
atoms. Specifically, iron atom can be surrounded by 
(6 – k) iron atoms and k cobalt atoms (k = 0,1,2, ..., 6) 
as the nearest neighbours. Particular Fe/Co neighbour-
hoods locally determine their own Mössbauer effect 
subspectra which contribute to the resulting measured 
Mössbauer effect pattern and thus introduce, which cor-
respond to these subspectra, local-type hyperfine inter-
action parameters. The probability of particular nearest 
neighbourhoods and thus subspectra P(6;k) = {[6!/
(6 – k)!k!]·[(1 – x)6 – kxk]} is described by the Bernoulli 
formula, here in the form adapted for the Ho(Fe1–xCox)2 
series [7]. A fitting procedure was performed, assuming 
that the amplitudes A(k) of the particular subspectra 
follow the probabilities P(6;k). 

In order to reduce the number of fitted parameters, 
neighbourhoods with probabilities of less than 0.1 of 
maximal probability were not considered. Consequent-
ly, the remaining probabilities were normalized again. 

Local hyperfine magnetic fields 

The magnetic hyperfine fields μ0Hhf corresponding to 
the individual subspectra of the Ho(Fe1–xCox)2 series 
obtained from the fitting procedure ascribed to particu-
lar numbers k are presented in Fig. 4. These μ0Hhf(k) 
dependencies, determined for particular compounds of 
the series, are marked with the x-parameter. Moreover, 
Fig. 4 (dashed line), shows the magnetic hyperfine field 
μ0Hhf, arithmetically averaged over x. The averaged 

Fig. 2. The unit cell parameters (curve 1), the unit cell vol-
umes (curve 2) and the volumes per atom (curve 3) of the 
Ho(Fe1–xCox)2 intermetallics (295 K). Open marks taken from 
the literature [12, 13, 20, 22, 23]. 

Fig. 3. 57Fe Mössbauer effect spectra of the Ho(Fe1–xCox)2 
intermetallics (295 K). 

Fig. 4. Magnetic hyperfine fields for the Ho(Fe1–xCox)2 series: 
local fields μ0Hhf labelled by x as function of k, the average 
values presented by dashed line. 
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magnetic hyperfine field μ0Hhf was fitted using the nu-
merical formula: μ0Hhf(k) = (21.326 + 2.089k – 1.004k2  
+ 0.122k3 – 0.006k4)T. 

It can be noted that the individual dependencies 
in Fig. 4 contribute to the arithmetical average de-
pendence, which, being locally originated, resembles a 
Slater-Pauling dependence. 

Figure also contains a value μ0Hhf (k = 0) obtained 
for HoFe2, the starting compound of the series. It can 
be seen that the values μ0Hhf (k = 0) determined for the 
Ho(Fe0.8Co0.2)2 and Ho(Fe0.7Co0.3)2 compounds are situ-
ated above the point for HoFe2. Additionally, the μ0Hhf 

(k = 0) value, corresponding to Ho(Fe0.7Co0.3)2, is higher 
compared to the value obtained for Ho(Fe0.8Co0.2)2. This 
tendency to grow is presumably caused by a growing 
content of Co-atoms with x in the next nearest neigh-
bour coordination. Since the number of parameters 
during the fitting procedure had to be limited, the next 
nearest coordination was not considered. 

In Fig. 5 locally originated, magnetic hyperfine field 
data are presented again. These μ0Hhf dependencies 
ascribed to the corresponding k values, are shown as 
functions of the composition parameter x. The dashed 
line, which follows the numerical formula μ0Hhf(x) = 
(19.899 + 12.106x – 4.858x2 – 20.229x3)T, corresponds 
to average magnetic hyperfine fields calculated for each 
x using the Bernoulli distribution formula [7]. Also in 
this case the average μ0Hhf dependence is similar to 
a Slater-Pauling type curve. The maximum value of the 
μ0Hhf field is situated at 0.3 < x < 0.4. Average parameters 

The average hyperfine interaction parameters, i.e. the 
isomer shift IS (with respect to armco iron foil, at 300 K), 
the magnetic hyperfine field μ0Hhf and the quadrupole 
interaction parameter QS [28], weighted by subspectra 
amplitude, which were calculated for the Ho(Fe1–xCox)2 
series at 295 K, are presented in Fig. 6. 

The isomer shift IS is described by the numerical 
formula IS(x) = (–0.099 + 0.028x – 0.059x2) mm/s 
(Fig. 6, line 1). 

The obtained isomer shift correlates linearly with the 
volume per atom, following the numerical formula IS(x) 
= [–0.744 + 0.040w(x)] mm/s, as presented in Fig. 7. 

It has been previously deduced that, in the case of 
an 57Fe nucleus, an increase in the d-electron density 
in an iron atom causes a growth in isomer shift, whereas 
an increase in s-electron density triggers a reduction in 

Fig. 5. Magnetic hyperfine fields for the Ho(Fe1–xCox)2 series: 
local fields μ0Hhf labelled by k as function of x, the average 
values presented by dashed line.

Fig. 6. Hyperfine interaction parameters of the Ho(Fe1–xCox)2 
series. Open symbols denote literature data [22].

Fig. 7. The correlation between isomer shift IS(x) and w(x) the 
unit cell volume per atom. Points labelled by x values. 
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isomer shift [17, 27]. In the studied series the isomer 
shift decreases with growing x and also reduces with a 
decreasing w-volume (Fig. 7). It can be expected that 
the reduction in the w-volume with x causes an increase 
in both d-electron and s-electron density in the Fe 
atom. As well, in the Ho(Fe1–xCox)2 series the number 
of s-electrons per atom is constant and the number of 
d-electrons per atom considerably increases with x, and 
the isomer shift decreases. This does not contradict the 
findings of other papers [17, 27]. Presumably, as a result 
of Fe/Co replacement, i.e. of the M-M atom distance 
reduction and of the growing number of 3d electrons, 
these electrons gradually approach more of a band 
character and the probability of them residing in an Fe 
atom decreases with x, reducing the isomer shift. 

The average μ0Hhf(x) dependence (Fig. 6, line 2) is 
described by the same numerical formula as used in 
Fig. 5. Figure 6 also contains fragmentary literature data 
at x = 0, which fit well to the results obtained [22]. 

The average magnetic hyperfine field follows a 
Slater-Pauling type dependence. At first, behaviour 
of a weak ferromagnetic type of the transition metal 
sublattice is observed. That is, two (weighted for Fe and 
Co contribution) 3d subbands with opposite spin are 
gradually filled up with x and the spin population of the 
majority 3d subband predominates [1]. Consequently, 
the magnetic hyperfine field across the Ho(Fe1–xCox)2 
series increases with x and the maximum value of the 
field is approached for 0.3 < x < 0.4. In this composi-
tion area the filling up of the majority 3d subband by 
3d electrons is terminated. 

Further, Co-substitution introduces behaviour of a 
strong ferromagnetic type of the M-sublattice [1]. The 
filling-up of the minority 3d subband is further contin-
ued, and, as a result, the observed field decreases gradu-
ally with x. The Curie temperatures for the Ho(Fe1–xCox)2 
series are not yet known. Only Curie temperatures for 
the borderline compounds of the series were deter-
mined, namely TC = 612 K [12, 16, 23] for HoFe2 and 
TC = 78 K [6, 24–26, 29] for HoCo2. Concerning the 
Mössbauer effect spectrum (the quadrupole doublet) for 
x = 0.9, it can be expected that the Curie temperature for 
the sample Ho(Fe0.1Co0.9)2 is below the temperature of 
measurement. The quadrupole parameter QS increases 
slightly with x and follows the numerical formula: QS(x) 
= (0.008 + 0.044x) mm/s (Fig. 6, line 3). 

Correlation among magnetic fields 

It is interesting to compare the average local magnetic 
hyperfine field μ0Hhf as a function of number k, (Fig. 4, 
dashed line) and the average μ0Hhf field as a function 
of composition parameter x (Fig. 5, dashed line). The 
points of the resulting correlation between μ0Hhf(x) and 
μ0Hhf(k) are marked by numbers x and k. 

The above-mentioned μ0Hhf(k) dependence cor-
related with μ0Hhf(x) dependence is presented as two 
sections 1 and 2, described by the numerical formulae: 
μ0Hhf(k) = [0.560 μ0Hhf(x) + 10.742]T (Fig. 8, line 1) 
and μ0Hhf(k) = [0.572 μ0Hhf(x) + 8.584]T (Fig. 8, line 2), 
correspondingly. 

It can be noted that section 1 corresponds to the 
weak ferromagnetism, and section 2 corresponds to 

the strong ferromagnetism observed in the transition 
metal sublattice. 

Summary 

Fe/Co replacement in the Ho(Fe1–xCox)2 series intro-
duces an additional 3d electron per transition metal 
atom. As a result, it reduces the lattice parameter, and 
the unit cell volume, thus reducing with x the average 
distance between the 3d transition metal nearest neigh-
bours. Consequently, the band structure, especially 
the 3d band structure, along with all observed physical 
properties, including hyperfine interactions are modi-
fied across the series. 

So, Fe/Co replacement introduces differences in the 
local surroundings of the probed iron atoms. The mag-
netic hyperfine fields μ0Hhf, corresponding to different 
Fe/Co neighbourhoods presented against the number 
k labeled by the x-parameter, create fragments of local 
type Slater-Pauling dependencies (Fig. 4). The aver-
aged μ0Hhf dependence follows a Slater-Pauling type 
curve vs. k. Each Fe/Co neighbourhood of the probed 
Fe atom, characterized by the k number, produces its 
own local μ0Hhf dependence as a function of x. These 
dependencies resemble fragments of a Slater-Pauling 
type curve (Fig. 5). The averaged dependence μ0Hhf(x), 
corresponding to the sample as bulk, has a shape typical 
of a Slater-Pauling curve. 

It is worth noticing that the average value of μ0Hhf(k) 
(taken from Fig. 4) and the average value of μ0Hhf(x) 
(taken from Fig. 5) correlate linearly, as presented 
in Fig. 8, line 1 and 2. These correlations support 
additionally the idea that locally produced magnetic 
hyperfine fields distribute following a Slater-Pauling 
type dependence, as do the average fields characteristic 
of the sample as bulk. 

Thus, it can be cautiously concluded that the local 
magnetic hyperfine field μ0Hhf obeys weak ferromag-
netism conditions (the increasing part of the curves), 
and strong ferromagnetism conditions (the decreasing 
part of the curves) in the transition metal sublattice. 
This result may be helpful both in further band type cal-
culations and in potential applications of Ho(Fe1–xCox)2 

Fig. 8. Correlations between magnetic hyperfine fields 
μ0Hhf(k) and μ0Hhf(x). Points labelled by x and k values. 
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intermetallics as, for instance, constituents of the novel 
magnetoelectric media. 
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