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The electrical and magnetic properties of Feg 5A¢ 5 alloys are presented, where the A corresponds to various
compositions of the elements: A = (Al Si, V, Cr, Co, Ga, Ni, Ge). The system is closely related to the known
family of high entropy alloys. The samples were synthesized by arc melting and/or melt spinning technique and
exhibit a regular type of crystal structure. Lattice parameters are systematically smaller than the estimates based
on metallic radiuses of the elements. Temperature dependences of resistivities show maxima for some compositions.
This behavior is consistent with results of electronic structure calculations, where a low density of states at the Fermi
level were predicted. Also the measured magnetic moments are in good agreement with results of calculations. It
is thus presented that some physical properties can be designed by appropriate choice of the chemical composition

within the same simple structure.
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1. Introduction

Structural order in the multicomponent alloys has been
characterized by many orders of parameters, difficult to
fully control. The limiting case of a partially ordered
system is obviously a fully disordered alloy. The inten-
tion of the actual study is to investigate a system with
regular structure and compositions close to some Heusler
systems. Our earlier studies of a bcc Fe,A;_, system
with average atom formed by A = (Al, V, Si and Cr)
for a sample with z = 0.4 [1] show the non-monotonic
temperature dependence of resistivity. New family of al-
loys Feg5A¢.5 was prepared to investigate the influence
of various compositions of the A, as well as methods for
preparing alloys with structural, electrical and magnetic
properties. Our recent electronic structure calculations
indicated the possibility of modifying the electronic prop-
erties by changing the A composition within the same bcc
structure. In particular, a narrow pseudo-gap of density
of states at the Fermi level has been theoretically pre-
dicted.

The investigated systems are closely related to the
known family of high entropy alloys (HEA) [2], typically
composed of more than five metallic elements of equal
concentrations forming a simple, single, crystalline phase.
On the other hand, our system is similar to the family of
Heusler type alloys, recently intensively studied.

2. Experimental

The polycrystalline materials Feg 5A(.5 were prepared
by repeated melting of Fe (99.95% purity), and A = [V,

Al, Si, Co, Ga, Cr, Ni, Ge] (all 99.99% purity) in an arc
furnace with argon atmosphere protection. Subsequently,
parts of these ingots were melted in argon atmosphere
and rapid cooled by melt spinning technique. The linear
velocity of the copper wheel was 16 m/s. Compositions
of the synthetized alloys are Fegs5Aly.15Vo.225510.125
— #1,  FeosAlo125Vo.125510.125Cro.125  —  #2,
Feo.5Co0.133Ga0.068Cro.063 Vo.061Alo.058Nio.052Geo.0345i0.031
— #3, and methods of preparation: arc melting (am)
and melt spinning (ms). Properties of samples are shown
in Table 1.

TABLE I

Properties of samples: lattice parameter [A] — #A,
resistivity at 30 [10?uQcm] — #B, Magnetic moment at
10 K [ps/fu.] — #C

sample | preparation #A #B #C
l-am #1, am 2.846(1) | 1.4(1) | 0.03 (1)
2-am #2, am 2.845(1) | 4.8(1) | 0.18(1)
1-ms #2, ms 2.847(1) | 1.2(1) | 0.23(1)
2-ms #3, ms 2.874(2) | 3.0(3) | 0.78(2)

Powder X-ray diffraction (XRD) spectra were mea-
sured at room temperature on a laboratory Rigaku-—
Denki D/MAX RAPID II-R diffractometer attached with
a rotating anode Ag K, tube (A = 0.5608 A), an inci-
dent beam (0 0 2) graphite monochromator and an image
plate in the Debye—Scherrer geometry. The pixel size was
100 pm x 100 pm. Sample was placed inside glass cap-
illaries (0.3 mm in diameter). Measurements were per-
formed for both sample-filled and empty capillaries and

(999)


http://dx.doi.org/10.12693/APhysPolA.126.999

1000

the intensity for the empty capillary was then subtracted.
The beam width at the sample was 0.3 mm. The two-
dimensional diffraction patterns were converted into the
one-dimensional intensity data using suitable software.
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Fig. 1. Powder X-ray diffraction pattern for arc melt

and melt spinning prepared samples.

In most of the samples, weak superstructure diffraction
peaks are present: see, for example, Fig. 1 (1-am, 2-am),
where at 20 = 9.8° and at 20 = 11.3°, formation of DOj3
type of structural order can be seen. For quantitative
characteristic diffraction patterns have been refined by
FullProf routine [3]. For unequivalent sublattices of the
DOs-type structure, abbreviated traditionally by (A, C),
B and D [4], average number of electrons were determined
from the intensities of the superstructure maxima (see
Table II).

TABLE II

The average number of electrons per atom in the sites A,
C, B and D for DOs-type of crystalline structure.

Sample Average number of electrons per atom
site A, C site B site D
l-am | 21.875 | 25.6440.24 | 21.26+0.21 | 14.9640.12
2-am 22.25 | 25.97£0.20 | 21.9140.25 | 15.14£0.26
1-ms 22.25 | 26.07+0.29 | 22.48+0.24 | 14.38+0.12
2-ms | 25.345 | 25.574+0.97 | 25.144+1.09 | 25.124+2.03

We had clear results that samples rich in Al, Si and
V (1l-am, 2-am, 1-ms) show a tendency to form a DOgs
type of superstructure, where three sublattices show on
average, different number electrons per atom. Sample ab-
breviated 2-ms contains many elements with nearly equal
concentration to the A component, and the formation of
the superstructure is greatly suppressed.

It can be expected that the measured lattice parameter
should correspond to the metallic radiuses of the compo-
nents, as a consequence of empirical Vegard law.

Assume that the lattice constants a of the FegsAqs
alloys can been expressed as a linear combination of the

K. Perzynska et al.

®cq(1), data of [5]

~
2
N

Oeq.(2), data of [5]
Acq(2), data of [6]

~
1)
S

~
»
]

Latice Parameter by Vegar's Law [A]

o4
%
S

N
%
®
o
Y
&

2.85 2.87 2.88 2.88

2.86 .86 2.87
Experimental Latice Parameter [A]

Fig. 2. Correlation between measured lattice parame-
ters and the estimates based on metallic radiuses of the
elements. Solid line corresponds to the perfect agree-
ment of the both values.
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Fig. 3. Magnetization curves (M-H loops) of investi-

gated samples at 300 K. Inset: for comparison at 10 K
(experimental accuracy less then size of a point).

metallic radiuses of the elements

4 n
a=—=>Y nr;, (1)
L=

where n; is a normalized molar content, while r; is the
metallic radius of the element. Because the metallic ra-
dius in not well defined property, we present two different
estimates based on the data given in [5, 6]. It is clear
that the measured values are systematically smaller by
few percent than both estimates, Fig. 2. Similar results,
i.e. estimates larger than measured values, are obtained
when the lattice parameter is averaged by atomic vol-
umes

=1

We conclude that the measured parameters of our alloys
are smaller by a few per cent from the estimates, irrespec-
tive of the method of estimation as well as the metallic
radiuses’ references (see Fig. 2). The difference ranges
from 4 up to 6%.

Magnetization was measured with vibrating sample
magnetometer (VSM) at 10 K and in a magnetic field
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up to 1.2 T (Fig. 3). The shape of the magnetization
curves indicates for soft magnetic properties. The values
of spontaneous magnetization Mg are shown in Table I.

An increase of spontaneous magnetization with an in-
creasing variety of elements of the A, especially in Co and
Cr has been observed. However, for samples 2-am and 1-
ms temperature dependences of magnetisation with mag-
netic field (field cooling, FC) and without magnetic field
(zero field cooling, ZFC) show a ferromagnetic transition
(indicated by arrows in Fig. 4). At low temperatures,
where curves ZFC and FC do not overlap, we observe
irreversibility (see Fig. 4).
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Fig. 4. Magnetization measured under FC and ZFC
conditions (at 50 Gs) for two samples prepared by dif-
ferent methods (2-am, 1-ms; experimental accuracy less
then size of a point). The arrows indicate the tempera-
ture of ferromagnetic transition.
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Fig. 5. Temperature dependence of resistivity in all

samples. Inset: enlarged p/prr scale showing non-
typical metallic behaviour (experimental accuracy less
then size of a point). Fe data from Ref. [7] are included
for comparison.

The electrical resistivity was measured by a standard
dc four-terminal method over the temperature range from
24 to 300 K. In order to check repeatability, the resistivity
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versus temperature was measured during the heating and
cooling runs for all samples. The uncertainty of the ab-
solute value of the resistivity was estimated to be about
5% (uncertainty in dimensions), while the reproducibil-
ity of the measurements turned out to be better than
0.5%. These values have to be treated with care because
we have observed in a case of sample 2-ms that three
different pieces from the same ingots show differences in
resistivity by factor of 2, revealing inhomogeneities like
cracks or holes.

Temperature dependence of the relative electrical re-
sistivity p(T)/prr for FegsAlg.15625Vo.21875510.125 (1-
am) shows an almost linear increase with temperature
(Fig. 5), typical for metals. The negative slope of the re-
sistivity can be observed for sample 2-ms, while for other
samples broad maxima are observed in the p(T)/pgrr.
The maxima for samples prepared by the melt spinning
technique are located at higher temperatures than the
maximum for samples prepared by arc melting (see Fig. 5
— inset).

3. Electronic structure calculations

First principle spin-polarized calculations have been
carried out using the full potential — linearized aug-
mented plane waves with local orbitals (FP-LAPW+lo)
method implemented in Wien2k code [8].  Details
of method are presented in [1, 9]. Different con-
centrations of dopants: F80_5A10,15625V0_21875Sio,125
—  #4,  FeosAlo125Vo0.125510.125Cro.125  —  #5,
Feo.5C00.125Ga0.0625Cr0.0625 V0.0625Al0.0625Nio.0625Ge0.03125510.03125
— #£6, Table III, chosen close to the experimental con-
centrations, were considered. Ordered and disordered
structures were calculated using a supercell with 64
atoms.

TABLE III

Total magnetic moment M, [ug/f.u.] calculated for com-
positions similar to that used in experiments at 0 K.

Composition M,

#4 ordered 0.033
#75 ordered 0.245
#5 disordered 0.240
#06 disordered 0.804

When Fe is doped with Al, V and Si, the alloy #4
is almost nonmagnetic, with a total magnetic moment
0.033 pp/fu. (Table III). If Al, V and Si are partially
replaced by Cr, it leads to an increase of total magnetic
moment to about 0.24 up/f.u., almost not depending on
the ordering degree of the alloy. The ordered #5 alloy
exhibits a total magnetic moment of 0.245 pp/f.u., while
the presence of disorder slightly diminishes the total mag-
netic moment to the value of 0.240 pp/f.u. Although
disorder almost does not influence on the magnetic prop-
erties of the alloy, some essential changes are visible in
the density of states of #5 near the Fermi level (Fig. 6).
The last considered composition #6 is a metallic ferro-
magnet with a total magnetic moment of 0.804 ugp/f.u.
Essentially higher than for previous compounds, the total
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magnetic moment is connected mainly with the presence
of Co and Cr.
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Fig. 6. Total densities of states of the ordered and dis-

ordered #5 alloy.
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Fig. 7. Total densities of states of the alloys: a) #4,
b) #6.

The increased value of the total magnetic moment cor-
responds to the effect of Co DOS, which is visible par-
ticularly in Fe-Co alloys [10]. Majority Co d states are
almost fully occupied, whereas minority main maximum
is located above the Fermi level. It leads to an increase
of the spin polarization of the alloy and essentially higher
total magnetic moment.

The total densities of states of #4 exhibit pseudo-gaps
below the Fermi level, which are slightly mutually shifted
for the opposite spins directions (Fig. 7a). The total
number of occupied majority states is almost equal to the
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total number of occupied minority states, thus the alloy
is almost nonmagnetic. However, electronic spin polar-
ization at the Fermi level is relatively high and equals
about 0.65. When doping atoms are partially replaced
by Cr, new majority states appear below the Fermi level
(Fig. 6). If the ordered alloy is considered, the pseudo-
gap for the minority spin channel is about 1.5 times wider
than for the disordered alloy. #6 is a metallic ferro-
magnet (Fig. 7b) with a complex band structure con-
nected with the different nonequivalent surroundings of
the atoms.

4. Results and discussion

Samples containing 50% at Fe with a regular crys-
tal structure were synthesized and the remaining 50%
of other elements serve as a kind of control parameter
modifying the electronic structure. Two different meth-
ods of synthesis, arc melting and melt spinning, result
in similar structural characteristics, formation of a DOj3
type of superstructure enhanced by a large content of Al,
Si and V elements. Formation of the superstructure is
reduced when the number of different elements in sample
composition is large (sample 2-ms).

The metallic radius of an atom is an empirical rule
based on the observation that the lattice parameters of
the elements and compounds can be explained with rea-
sonable precision assuming uncompressible atoms. In the
case of real disordered alloys, one expects the presence of
local strains and a sort of competition between individ-
ual different radiuses. Our results show that the presence
of many constituents and structural disorder within the
regular structure lead to apparent contraction of the lat-
tice, by an order of a few percent. One may argue that
estimates of the lattice parameter depend on the kind of
averaging, and their determination is not unique. How-
ever, the estimated results presented in Fig. 2 are always
larger than the measured values irrespectively of the type
of averaging Eqs. (1) or (2), or the data of metallic ra-
diuses determined by various authors. Our result remains
in agreement with simulations and observations for high
entropy alloys [11].

Investigated alloys are ferromagnetic in the entire tem-
perature range. Moreover, the room temperature mag-
netic moments estimated from measurements are of the
same order like for HEA [12, 13].

The temperature dependence of resistivity indicates for
electron transport properties not typical for metals. This
result corresponds well to the results of electronic struc-
ture calculations, where a low density of states at the
Fermi level was obtained for some compositions. The
correctness of the assumed theoretical model was further
confirmed by agreement between magnetic moments both
calculated and measured at low temperatures.

Theoretical calculations show that V content promotes
the formation of a pseudo-gap, e.g. the low density of
states at Fermi level. On the other hand, in Fe-based
Heusler alloys containing V, the Fermi level is located
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at a pseudo-gap [9, 14, 15], while the temperature de-
pendence of resistivity is typical for metals [16-18]. The
effect of the strong influence of defects on the resistivity
of V [19, 20] is known; however the role of a structural de-
fect in explaining the observed maxima (Fig. 5 — inset)
remains unclear.

The observed anomalous temperature dependence of
electrical resistivity (semiconductor-like behaviour —
Fig. 5 — inset) is consistent with that reported by
Nishino et al. [21, 22] in series of pseudobinary alloys
in which Fe atoms are partly replaced by other 3d transi-
tion elements. The substitution of 3d elements to the left
of Fe in the periodic table, seems to be responsible for
the occurrence of the negative temperature dependence
of the resistivity [21].

The appearance of the broad peak in p(T)/prr at 150
180 K suggests that two competing mechanisms govern
the electrical transport in the investigated samples. For
T < 150-180 K, we observe a positive temperature coef-
ficient of resistivity (TRC), suggesting that p(7T') is domi-
nated by intrinsically metallic nature. The negative slope
of p(T) for T > 120-180 K indicates that thermally ac-
tivated behaviour is dominant due to an increase in the
density of carriers across the pseudo-gap. The plots of Inp
versus 1/T (p — resistivity, T — temperature) for the
data in the temperature interval 150-300 K (the tempera-
ture range depends on the sample) becomes almost linear,
and an energy gap A of about 1-10 meV is tentatively ob-
tained for samples: 2-am, 1-ms and 2-ms, assuming that
they are semiconducting. The obtained values of the en-
ergy gap are the same as estimated by Okulov et al. [23],
but significantly smaller (by one order) than ones ob-
tained for Heusler-type alloys [19, 20, 24, 25]. The small
values of A suggest that the densities of states of the
investigated samples exhibit a pseudo-gap rather than a
real energy gap. Such a result is consistent with our band
structure calculations.

In a case of the sample 2-ms, which is a metallic fer-
romagnet with a complex band structure connected with
the different nonequivalent surroundings of the atoms,
the resistance maximum has disappeared, and the resis-
tivity increases with a decrease of temperature. The re-
sistivity reaching the value of about 300 uQcm at 30K
shows a remarkable negative temperature dependence in
the whole examined temperature range.

The maximum of p(T') for samples (e.g. 1-ms) pre-
pared by the melt spinning technique was detected at
higher temperatures than the maximum for samples (e.g.
2-am) prepared by arc melting (see Fig. 5 — inset). The
temperatures of magnetic transition (marked by arrows
in Fig. 4) are in good correlation with the temperature
maximum on p(7T')/prr for these samples.

The similarity to HEA is confirmed by values of resis-
tivity at room temperature. For all investigated samples
obtained values are in good agreement with that obtained
for HEA by Zhang et al. [13].
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5. Conclusions

e Measured lattice parameters are systematically
lower by a few percent than the values estimated
from the metallic radiuses of the elements.

e The electronic structure calculations indicate for a
possibility of tailoring electrical and magnetic prop-
erties by changing the composition within the same
regular structure. In particular, a deep minimum
in the density of states close to the Fermi level (a
pseudo-gap) has been theoretically predicted. Fur-
thermore, in some systems depending on composi-
tion and ordering degree, the pseudo-gap for one
direction of spin was more pronounced.

e For some alloys the semiconductor-like behaviour
of the temperature dependence of the electrical re-
sistivity p(T") has been observed. The resistivities
for all investigated samples at low temperature are
higher than for the pure iron and are of the same
order value or higher than for HEA.

e Magnetic moments estimated from both experi-
mental measurements and the theoretical calcula-
tions are in good agreement for all samples.
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