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Abstract. The aim of the presented paper is to study an influence of replacement of Fe atoms by Si atoms in
quasibinary Sc(Fe;_,Si,), Laves phases on their structural and magnetic properties. Powder X-ray diffraction
(XRD) and neutron diffraction (ND) measurements carried out at different temperatures from 4.3 K up to
about 700 K revealed that samples were single phase with cubic C15 structure for Si concentration x from 0.05
to 0.20 and hexagonal C14 structure for higher concentration. The results of ’Fe Mossbauer measurements
showed that the Sc(Fe,-,Si,), compounds with x < 0.30 are ferrimagnetic at 4.3 K. At temperature 80 K in the
samples with x = 0.20 and 0.30, a magnetic cluster spin-glass state has been observed, as ferrimagnetic long-
-range order disappears. Such picture was supported by the results of ND measurements carried out at 8 K,
which confirmed the lack of long-range order for x above 0.10 and an occurrence of hyperfine field distributions
in the corresponding Mossbauer spectra. At room temperature, samples with x > 0.20 became paramagnetic. A
substitution of Si atoms for Fe ones leads to a decreasing of mean values of hyperfine magnetic fields in samples
under investigation. From the neutron diffraction pattern analysis of Sc(Fe00Sio10).Fe magnetic moment was
determined as to be equal to 1.5 pp at 8 K. Combining this result with a value of hyperfine magnetic field on
"Fe probes, the hyperfine coupling constant A in Sc(Fe,qCuy10)» phases is estimated at about 11.6 T/pp at 8 K.
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Introduction

For long-time issues concerning the onset of mag-
netism in concentrated substitutional ternary alloys
was a matter of interest [1]. In particular, such type
compounds belonging to pseudobinary A (Fe;_,M,),
Laves-phase class reveal a large diversity of magnetic
state varying from ferro- or antiferromagnetism via a
spin cluster and spin-glass regime to the paramagnet-
ic state for most of the Fe replacing elements, being
either a metal or a metalloid (e.g. Al, Si) [2]. A few
common features of investigated materials strongly
affect their magnetic behavior. The first of them
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leads to a higher coordination number of Fe atoms
(z = 6) and potentially to magnetic topological
frustrations, cluster spin-glass and spin glass state.
The second essential factor is chemical and crystal-
lographic disorder as a result M/Fe substitution.
These factors can be the origin of the spin or cluster
spin-glass magnetic ordering. The next crucial prop-
erty of investigated compounds is a shape of their
d-electrons local density of states (LDOS) curves.
Due to strong 3d-3d hybridization, LDOS consists
of many sharp and narrow peaks near the Fermi level
[3]. The latter feature stimulates rather a strong
influence of substitution of M atoms for Fe ones on
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the magnetic properties of the investigated samples.
In the quasibinary system Sc(Fe;_,Siy)., the starting
compound ScFe, crystallizes in the hexagonal C36
Laves-phase structure and it is a weak itinerant
electron ferrimagnet with Tc = 653(5) K [4]. Ac-
cording to the Sc-Fe-Si ternary diagram, members of
quasibinary system with 0.02 <x <0.04 have a cubic
C15 structure. In the concentration range between
0.04 and 0.17, the cubic C15 and hexagonal C14
structures coexist. For the concentration x > 0.17,
the stable pure hexagonal C14 phase occurs [5].
On the other hand, an existence of ScSi, compound
theoretically proposed in [6] has not been univocally
experimentally confirmed up to now. In the ScFe,,
Fe atoms occupy three non-equivalent positions:
6g, 6/ and 4f (space group P6s;/mmc) and have
magnetic moments equaling 1.31(1), 1.78(1), and
1.52(1) up at room temperature (RT), respectively.
The mean value of hyperfine magnetic field in this
compound amounts to 18.2(2) T [7]. In the regular
cubic C15 structure, Fe atoms occupy only one type
of available sites: 16d (space group Fd3m) with the
point symmetry 3m and form regular tetrahedrons
connected via their corners. Six Fe and Sc (8a posi-
tions) atoms surround each Fe atom composing its
nearest neighborhood. The investigated compounds
showing ferrimagnetic properties belong to the class
of materials called itinerant magnets [8]. One of the
important characteristics of these materials is that
the amplitude of the local spin fluctuation varies
significantly with temperature, [9], or with local
concentration fluctuations.

The aim of the presented study was to examine
the influence of Si substitution for Fe on structural
and magnetic properties of Sc(Fe;_,Si,), compounds
for selected concentrations. In particular, depen-
dence of hyperfine interaction parameters, Tc and
Fe magnetic moments on concentration x were of
special interest to us.

Experimental details

Intermetallic compounds of Sc(Fe;_,Si,), for x <
0.30 in the polycrystalline form were prepared by
arc melting stoichiometric amounts of high-purity
scandium, iron and copper under an inert argon
atmosphere. The ingots were annealed in vacuum at
about 1100 K for 72 hours to ensure their homogene-
ity. The crystallographic structures of the samples
were examined by means of X-ray powder diffrac-
tion with CuK, radiation. The XRD patterns were
obtained in the approximate 20 range of 33-80° in
steps of 0.03°. The Mossbauer spectra of powdered
samples were recorded at 4.3 K, 80 K and room tem-
perature using a constant acceleration spectrometer
and °’Co(Rh) source. Two different physical models
were used to fit experimental spectra: (i) discrete
model in which the number of subspectra and their
relative contributions were determined on the ba-
sis of crystallographic information on Fe sites and
number of local surroundings of them originating
from binomial distribution of Si atoms, respectively,
and (ii) hyperfine field distribution model for x >

0.20 and spectra measured at 80 K. The obtained
spectra were generally analyzed under the assump-
tion that the energy of the quadrupole interaction is
small compared to the hyperfine magnetic splitting
(eQV./4 uBy; << 1). In the discrete set of sextets
model, only the nearest neighbors were taken into
account because merely replacement of the Fe atom
in near neighborhood has significant influence and
may be registered with satisfactory reliability. The
solving of static Hamiltonian calculations for mixed
magnetic and quadrupole interactions procedure
was used in cases in which this assumption could not
have been applicable. The isomer shift (IS) values
are given in relation to o-Fe at room temperature.

For the samples with x = 0.10, 0.20, and 0.30,
neutron powder diffraction measurements were car-
ried out in the temperature range from 8 to 700 K. The
DN2 time-of-flight diffractometer at the fast-pulsed re-
actor IBR2 in the Frank Laboratory of Neutron Phys-
ics, Joint Institute for Nuclear Research was used. The
X-ray and neutron diffraction patterns were analyzed
using the FULLPROF program based on the Rietveld
method. A convolution pseudo-Voigt with double
exponential function was chosen to generate the line
shape of the diffraction peaks. In the final run, the
following parameters were refined from the XRD and
ND data: scale factor, unit cell parameters, positional
coordinates of atoms, thermal factors and addition-
ally for ND magnitude and orientation of the Fe and
Sc ferrimagnetically ordered magnetic moments. The
neutron coherent scattering lengths for Sc, Fe, and Al
were taken as equal to 12.3 fm, 9.45 fm, and 7.72 fm,
respectively. In the ND patterns of Sc(Fe,_,Si,),, one
pair of (111) and (101) peaks at d ~ 4.05 g with the
strong dependence of their intensity on temperature
was found (see Fig. 5). For these peaks, nuclear scat-
tering contributions from different atoms at different
crystallographic sites cancel each other out to a large
extent and have almost purely magnetic character.
This fact allows us to determine the magnitude of the
Fe and Sc ordered magnetic moments.

Results and discussion

The obtained XRD patterns of the samples with
indicated concentration x are shown in Fig. 1. The
lattice parameter a of the cubic phases obey Vegard’s
law and only slightly decreases from 7.0340(3) A for
x = 0.05 to 7.0236(6) A for x = 0.20 (see middle
panel on left side of Fig. 1). Small admixtures of
Sc,0; (below 3-5%) were detected in ND measure-
ments (see Fig. 5).

Mossbauer measurements performed at 4.3 K
revealed that all investigated samples are ferromag-
netic. All observed magnetic sextets are slightly
asymmetric. In the regular cubic C15 phase, Fe/Si
atoms occupy only one type of site: 16d with the point
symmetry 3 m. However, there are two magnetically
non-equivalent types of Fe positions in this struc-
ture for which an easy magnetization axis <111>
makes the angles 6 of 70°32' (site Type I) or 0° (site
Type II) with the principal axis of the electric field
gradient. A population ratio of these sites is equal
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Fig. 1. XRD patterns of Sc(Fe,-,Si,), samples for the indicated concentrations x.

to 3:1, respectively. In such a case, two different
mean quadrupole shifts eq; and eqn (Where gq =
QS(3cos?6 — 1)/2 and the ratio eqi/equ is equal
to —1:3) for sextet components corresponding to
those are expected. Such situation is valid for all
investigated at different temperatures quasibinary
cubic phases in which ferromagnetic order exists. It
means that the direction of the easy magnetization
axis is not changed when Fe atoms are replaced with
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Fig. 2. The fitted ’Fe Mossbauer spectra of Sc(Fe;_,Si,)»
measured at liquid nitrogen temperature (left) and the de-
rived discrete or quasi-continuous hyperfine field distribu-
tions (right) of Sc(Fe;_,Si,), (0.05 <x < 0.3) compounds.

Si ones. For the hexagonal Sc(Fe7,Sips0). sample,
Fe/Si atoms occupy two kinds of crystallographic
sites: 6/ and 2a with the point symmetries mm?2
and 3m, respectively. In this structure, the popula-
tion ratio of the sites is also equal to 3:1 but angles
between an easy magnetization axis <001> and
local principal axes of the electric field gradient are
equal to 90° (64 site) or 0° (2a site). It gives a ratio
of eqen and gq o, values —1:2. In the fitting procedure
performed, the population ratios of the sites and
corresponding quadrupole shift value ratios for all
sextets were fixed.

Figure 2 shows the Mossbauer spectra of
Sc(Fe;-,Si,), in the 0.05 < x < 0.30 ranges measured
at 80 K. The right panel of Fig. 2 shows the contri-
butions of sextets of intensity larger than 5% for
samples with x = 0.05 and 0.10 where discrete statis-
tical model is applicable. In the case of two samples
with higher x, a good fit could be obtained only by
fitting hyperfine field distributions p(By). A linear
correlation between IS and hyperfine magnetic field
was assumed. When the temperature increases, the
shape of the spectra changes toward the one that is
largely influenced by relaxation phenomena. Hence
it should be necessary to take into account both
phenomena, that is, relaxation and By distribution.
The form of spectra at 80 K point to the existence of
magnetic clusters with the distribution of relaxation
times, evolving with decreasing temperature. An ex-
act value of the freezing temperature corresponding
to the time constant of the Mossbauer experiment
(t=2 x 107%s) cannot be deduced but the blocking
temperatures of the different clusters should be dis-
tributed around freezing temperature Ty.. Formation
of magnetic clusters and micromagnetic behavior
at low temperatures were observed earlier in ana-
logical pseudobinary phases many times [10-12].
For the sample with higher x, the p(By) distribu-
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Fig. 3. The dependence of the mean *’Fe hyperfine mag-
netic fields, <By;>, at 4.3 K on Si concentration.

tion curves generally are composed of roughly two
broad Gaussian peaks centered around ~2.3 T and
~6.6 T for SC(Feo.goSiolzo)z and ~2.6 T and ~6.5T
for Sc(Feo 70Sig30)2 alloys. Their standard deviations
are equal to approximately 1.9 and 7.3 T, and 3.5
and 6.2 T, respectively. The latter has approximately
two times greater area than the former for x = 0.20,
and 1.5 times greater for x = 0.30. Such form of
hyperfine field distributions suggests non-uniform
character of the cluster spin-glass ordering being, to
some extent, reflection of two different types of Fe
crystallographic sites. In order to check a tendency
to change the freezing temperature of spin clusters
Tt., the additional M6ssbauer measurements were
performed for the Sc(Fegs5Sip1s). sample. At room
temperature, the respective spectrum (not shown
here) was very similar to the spectra for samples
showing spin clustering and has hyperfine field
distribution with the average value of <By;> =
8.36(19) T. This result proves that T}, have tended to
increase with decreasing extent of substitution of Si
atoms for Fe ones in the studied samples.

At room temperature the samples with x > 0.20
are paramagnetic. Their Mossbauer spectra were fit-
ted by means of discrete sets of doublet components,
of which the number and relative contributions result
from binominal distribution for the given x value.

The calculated mean values *’Fe hyperfine
magnetic field, By, at 4.3 K are shown in Fig. 3 as
a function of Si concentration. This dependence
has linear character with a slope of about —46 T
per Si atom. Moreover, from detailed analysis of
hyperfine magnetic fields values for individual local
surroundings, it results that the substitution of one
Si atom for Fe atom in the nearest neighborhood of
"Fe nuclear probes decreases the mean hyperfine
magnetic field by about 3.5 T.

In the investigated samples, nearly axially
symmetric electric field gradients give average
values of quadrupole splitting (QS) changing from
—0.496(10) mm/s for x = 0.05 to —0.320(10) mm/s
for x = 0.30.

In Fig. 4, the mean IS dependence on the con-
centration at room temperature is given. IS increases
almost linearly from about —0.19(1) mm/s for ScFe,
up to —0.04(1) mm/s for the Sc(Fe70Sips0). sample.
This increase is the largest one of among other M
atom for which measurements had been carried out
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Fig. 4. Mean isomer shift dependence on Si concentration
x at room temperature.

and is due to, mainly, a large electronegativity of Si
(1.74 in Allred Rochow scale). If the calibration of the
observed IS in terms of total s-electron density given
in the paper [13] is used, it can be derived, based
on IS change, that the replacement of Fe by 30% Si
reduces the average s-electrons charge at the nuclear
probe 5’Fe by about 0.1 electrons.

The neutron diffraction (ND) patterns of
Sc(Fe;_,Si,), (x =0, 0.1, 0.2 and 0.3) recorded at
8 K are shown in Fig. 5. For sample with x = 0.10
v ! ' I v ] v I
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Fig. 5. ND patterns of Sc(Fe,_,Si,) for x = 0.10, 0.20 and
0.30 at 8 K. The points represent experimental data, the
full lines show calculated pattern. The short vertical marks
below the diffraction pattern for x = 0.10 indicate the cal-
culated nuclear Bragg peak positions (the upper-most row)
and the magnetic ones (lower row) for quasibinary phase.
The third row shows nuclear Bragg peaks position for Sc,O:s.
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Fig. 6. The temperature dependence of Fe magnetic mo-
ments obtained from ND patterns for the Sc(Fep9Sig.10)2
sample. The solid line represents a least-square fit of the
expression predicted in the framework of SCR theory of
spin fluctuations [9].
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ND measurements in the wide range of temperature
from 8 to about 700 K have been performed. On the
basis of these measurements, mean Fe magnetic
moments and their temperature dependences were
determined. Curie temperature T was estimated
from the fitting to experimental data a curve result-
ing from self-consistent renormalized (SCR) theory
of spin fluctuations [9] (see Fig. 6). The values of
Tc for pure ScFe, and the quasibinary samples as a
function of x are shown in Fig. 7. The points for x =
0.06 and 0.25 are taken from a paper [14] in which
Tc is determined from ac-susceptibility measure-
ments. Curie temperature monotonically decreases
from 650(5) K for ScFe, to about 90 K for x = 0.30.

Thanks to the use of two independent methods
Mossbauer spectroscopy (MS) and neutron diffrac-
tion (ND) to determine magnetic moments of Fe
atoms and >’Fe hyperfine fields in the Sc(Fe40Sio.10)2
Laves phase it was possible to estimate a hyperfine
coupling constant A. The obtained value of about
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Fig. 7. The variation of the Curie temperature T values
in Sc(Fe,-,Si,), series determined by extrapolation of the
SCR theory curve fitted to the ’Fe mean hyperfine magnet-
ic fields temperature dependences. The T temperatures
for samples with x = 0.06 and 0.25 are taken from a paper
[14] in which T¢ are determined from ac-susceptibility
measurements. The dashed line is a guide for eyes.

11.6(1.2) T/ug at 8 K is in the limits of error inde-
pendent on temperature.

Conclusions

It is possible to obtain a single-phase quasibinary
Sc(Fe,-,Si,), Laves phases by a conventional arc-
-melting method. Presented XRD and ND studies
confirmed a sequence of the structural changes
from C36 type structure for ScFe, via C15 type for
0.05 < x < 0.20 to C14 type in Sc(Feq70Sigs0)2- In
the Sc(Fe;_,Si,), samples with x < 0.10, direct first-
-order transition from ferromagnetic to paramag-
netic state occurs. In contrast, for samples with
x = 0.20 and 0.30, an intermediate cluster spin-
-glass state is revealed between ferromagnetic and
paramagnetic states. Short-range exchange frustra-
tions caused by a random Si/Fe substitutions to-
gether with the triangular in-plane lattice symmetry
are the reasons leading to such kind of magnetic
state in non-diluted magnets. The lack of a long-
-range magnetic order down to 8 K was concluded
from neutron diffraction measurements. Unfortu-
nately, due to high background, it was impossible
to obtain from our ND measurements any informa-
tion on neutron diffuse scattering and the magnetic
short-range order.

The linear decrease of the average hyperfine mag-
netic field with increasing x in Sc(Fe,_,Si,), may be
qualitatively explained by the increase of 3d band
occupation at Fermi level.
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