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a b s t r a c t

Cr3−xCoxSi alloys were studied using muon spin relaxation (�SR) and scanning electron microscopy (SEM)
techniques. The ferromagnetism observed in non-annealed samples is due solely to cobalt precipitates.
Majority of cobalt builds into the A15-type of lattice upon annealing and enhances only its paramagnetic
susceptibility. Dynamics of muons in the alloys show a nonmonotonic behaviour with temperature in
vailable online 21 March 2010
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the temperature range between 150 and 200 K. This effect is likely to be due to the localization of the
positive muon at specific interstitial positions in the A15 structure.

© 2010 Elsevier B.V. All rights reserved.
-ray diffraction
r3Si

. Introduction

Measurements of magnetic properties of Cr3−xTMxSi where
M is Fe, Co and Ni show a puzzling behaviour. As-cast samples
repared by arc melting technique exhibit weak ferromagnetic
ehaviour for Fe doping at x = 0.3 (and not at x = 0.02, 0.1, 0.2) [1],
or Co doping at x = 0.02, 0.1, 0.2, and not at x = 0.3 [1,2]. It was
hecked that doping with Ni leaves the sample in paramagnetic
tate (unpublished).

Positive muons may locate at interstitial positions in the crys-
al structure, and when no electronic magnetic moments are
resent they are depolarized by the surrounding nuclear magnetic
oments. Muons may also diffuse, and their depolarization rate is

hen reduced by motional narrowing [3]. For these reasons muons
erve as an excellent probe to study even weak magnetic properties.

Even for systems as simple as bcc structures quite complex
uon dynamics are observed. For example, the studies [4] of Nb

howed that the depolarization rate of muons exhibit a two-cusp

tructure below ambient temperature, while decreasing to zero at
igh temperatures. This behaviour was explained by the trapping
f muons by a large concentration of defects at low tempera-
ure (first cusp), detrapping by thermal agitation and motional

∗ Corresponding author. Tel.: +48 857457214; fax: +48 857457223.
E-mail address: pzal@alpha.uwb.edu.pl (P. Zaleski).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.03.119
narrowing, binding to deeper traps at moderate temperatures (the
second cusp), diffusion at high temperatures and motional narrow-
ing again [4].

Muon spin rotation experiments were performed on Co-doped
Cr3Si samples to test the origin of ferromagnetic behaviour. Nei-
ther oscillations typical for a ferromagnetic matrix in zero external
magnetic field experiments nor a minima in the depolarization rate
typical for a Lorentzian distribution of the magnetic field typical for
disordered magnetic systems were observed [2] for x < 0.2. Instead,
the shape of the depolarization rate changes systematically with
Co concentration and with temperature. This behaviour cannot be
explained by static dipolar interactions of muons with nuclear mag-
netic moments of Co.

The results from experimental investigations carried out for
larger Co concentrations (x = 0.3, 0.5) are presented. The samples
have also been studied by means of scanning electron microscopy.
A change of sample properties under annealing and X-ray inves-
tigations allows us to formulate a basic explanation of magnetic
behaviour and muon dynamics in Co-doped Cr3Si samples.

2. Samples
The samples were prepared by melting Cr, Co and Si elements
in an arc furnace on a water-cooled copper support under an argon
atmosphere cleaned by a titanium getter. The X-ray diffraction
measurements with K� radiation of Cu on annealed samples (900 ◦C

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:pzal@alpha.uwb.edu.pl
dx.doi.org/10.1016/j.jallcom.2010.03.119
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ig. 1. XRD pattern for samples x = 0.3, x = 0.5 and x = 1 measured with K� radiation
f Cu.

uring 24 h) showed that x = 0.1 sample is almost a single A15
hase, while additional crystallographic phases could be observed
or samples x = 0.3 and 0.5 (Fig. 1). Because of small intensity we
ould not identify the additional phase. The lattice parameters of
15 phase measured for x = 0.1, 0.3 and 0.5 are a = 4.5574 (1), 4.5563

2) and 4.5556 (4) Å, respectively. The reported value for pure Cr3Si
s a = 4.555 Å [5].

The magnetic hysteresis loop previously observed [1] in as-cast
amples turned out to disappear after the sample annealing. This
s shown in Fig. 2 for the x = 0.2 sample which was annealed at
00 ◦C for 24 h. Magnetization measurements do not show a hys-
eresis loop down to 10 K. This indicates that ferromagnetism is

ost likely concerned with cobalt precipitates. When it builds
nto the lattice of Cr3Si, the ferromagnetism disappears and the
aramagnetic susceptibility shows an increase only. Evidence that
obalt alloys with Cr3Si for the samples measured is confirmed
y the muon spin rotation measurements carried out during this
tudy.

. Scanning electron microscopy results
The SEM experiment was carried out at Technical Univer-
ity of Białystok using Scanning Microscope Hitachi S-3000N. The
amples were polished before SEM experiment. The same sam-
les were used in the �SR experiment (see Section 4) and their

ig. 2. Magnetization curves of as-cast and annealed (900 ◦C during 24 h) x = 0.2
amples.
Compounds 498 (2010) 5–12

images (Fig. 3) show that the samples consist of two phases.
X-ray fluorescence measurements indicate that for the x = 0.3 sam-
ple local compositions are Cr1.91Co1.30Si0.79 (light fields in Fig. 3a
and c) and Cr3.02Co0.13Si0.85 (dark fields in Fig. 3a and c). For the
x = 0.5 sample compositions are: Cr1.61Co1.45Si0.94 (light fields) and
Cr2.97Co0.11Si0.92 (dark fields) (Fig. 3b and d).

The fractions of light to dark fields in SEM images were esti-
mated by the standard procedure of covering them with a regular
grid and counting how many grid elements belong to each frac-
tion. The result is that light fields occupy (9.2 ± 0.9)% of the sample
volume for x = 0.3 and (22 ± 2)% in the case of the x = 0.5 sample.

SEM images of the x = 0.3 and 0.5 samples do not change after
annealing (900 ◦C 24 h), see Fig. 3c and d. SEM image of x = 0.1
is shown in Fig. 3e for comparison: no patterns of dark and
light fields are seen. The measured composition of this sample is
Cr2.93Co0.12Si0.95. The change in the contrast in Fig. 3e, as well as
presence of black spots in Fig. 3a–d, is not correlated with local
composition and corresponds to the surface morphology only.

4. �SR experiment

The �SR experiment was carried out using the MUSR beam line
at the ISIS muon facility, located at the Rutherford Appleton Labora-
tory in the UK. The �SR technique involves implantation of ∼4 MeV
100% spin polarized positive muons, into the first few hundred
micrometers of the sample. The interaction of the muon magnetic
moment with the local magnetic field Hloc results in a precession
with the Larmor frequency ω� = ��Hloc, where �� is the gyromag-
netic ratio of the muon (2� × 136 kHz/mT). Having a half-life time
t1/2 = 2.2 �s, most of the muons decay in the first microseconds after
the implantation, each of them emitting a positron preferentially
in the direction of the muon spin at the time of decay. Evolution
of the total muon spin polarization is measured by positron detec-
tors positioned upstream (forward) and downstream (backward)
relative to the sample position. The decay asymmetry, A(t), can be
defined as follows:

A(t) = NF (t) − ˛NB(t)
NF (t) + ˛NB(t)

(1)

where NF and NB are the instantaneous number of events in the for-
ward and backward detectors at time t, and ˛ is a setup-dependent
correction factor. From A(t) information about Hloc can be deduced.

The as-cast samples were cut into slices and put on a silver
holder mounted in helium cryostat. The surface of the holder was
not fully covered by the sample, so a fraction of the muon beam
was implanted into silver. In order to estimate the fraction of muons
stopping in the x = 0.3 sample, an experiment in external transverse
magnetic field 2 mT using a holder made of Fe2O3 was carried out.
The muon spin rotation spectrum of Fe2O3 has an asymmetry equal
to zero because of the fast depolarization rate in the large local
magnetic fields. In the case of silver, very small nuclear dipolar
magnetic fields exist, so the muon spins may rotate under influ-
ence of the external magnetic field only. Therefore two spectra
were measured, the first for sample located on the hematite holder,
and next for a silver plate with size about 7 cm × 5 cm located
on the same hematite holder. The results of these measurements
are shown in Fig. 4a. The amplitudes of the measured spectra are
(0.19 ± 0.01) in the x = 0.3 sample case, and (0.26 ± 0.01) when the
measurements are performed for silver. These ratios show that the
fraction of muons which stop in the sample is 73 ± 7%. The value
of external transverse magnetic field in this experiment was large

enough and the internal magnetic field at the muon sites practi-
cally does not contribute to the muon depolarization. Additional
confirmation of this fact is shown in Fig. 4b. Spectra of the x = 0.3
sample on the Ag holder and Ag holder itself measured in trans-
verse field 0.2 mT show similar asymmetry. Therefore there are no
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ig. 3. Images from SEM: (a) for as-cast x = 0.3 sample, (b) for as-cast x = 0.5 samp
ample. The focus on the image (b) is two time greater than in other.

arge internal fields at the muon site in the sample. All samples
ere measured in zero external magnetic field in the temperature

ange 10–400 K. Typical spectra for the x = 0.5 sample are shown in
ig. 5. A systematic increase of the depolarization rate is observed
s the temperature is reduced from 400 to 200 K (Fig. 5). This can be
asily understood in terms of a reduction in the hopping rate with
emperature. However, rather unexpected decrease of the depolar-
zation rate (especially for x = 0.3), see Fig. 6 appears between 200
nd 100 K. Possible mechanism for such behaviour will be discussed
n the following sections.

. Analysis of �SR experiment

The interpretation of previously measured depolarization rate
n Cr3−xCoxSi with x = 0, 0.1 and 0.2 was presented in [2], and was

uantitatively explained by the interaction of muon spins with Co
uclear dipolar fields and by the muon diffusion.

The quantitative spectra analysis was performed within the
ramework of the model proposed by Hayano et al. [6]. In this model
ne assumes a Gaussian distribution of the internal magnetic fields
for annealed x = 0.3 sample, (d) for annealed x = 0.5 sample, (e) for as-cast x = 0.1

and a certain frequency of muon jumps between lattice positions.
Internal field dynamics, resulting either from muon hopping from
site to site or from the fluctuating internal fields, can be accounted
for within the strong collision approximation [7]. This approxima-
tion is based on two assumptions. The first is that the local field
changes its direction at a time t according to a probability distri-
bution p(t) = exp(−�t); � = 1/� where � is correlation time of the
field fluctuation. The second is that the field after such a “collision”
is chosen randomly from the distribution P(Hloc) and is entirely
uncorrelated with the field before the collision; Hloc is the internal
field.

Because of the presence of fraction of muons with a small
depolarization rate (among them the fraction implanted in the Ag
holder), a linear combination of a Dynamic Kubo–Toyabe function
(GDKT

z (t)) [6] and a non-relaxing fraction was fitted to the experi-
mental data:
G(t) = A + BGDKT
z (t) (2)

where A and B are constants. Parameters A and B are linearly
dependent, the sum of A and B is equal to asymmetry at t = 0.
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ig. 4. (a) Spectra of Fe2O3, sample x = 0.3 attached to Fe2O3 plate, and Ag holder
ttached to Fe2O3 plate, (b) spectra of x = 0.3 sample on Ag holder and Ag holder
tself measured in external transverse field 2 mT.

epresentative examples of fits of (2) are shown by solid lines in
ig. 6. The width of Gaussian distribution and frequency of diffu-
ion jumps at selected temperatures obtained from fits are shown
n Table 1 (previously measured results [2] for x = 0, 0.1, 0.2 are also
ncluded for consistency). A systematic increase of the width of the

istribution � and decrease of the jump rate with Co concentration
re obtained. The good quality fits can be obtained only when both
arameters � and � are free during the fitting procedure.

able 1
a) Width of Gaussian distribution [in mT] and (b) jump rate [in MHz] for Cr3−xCoxSi
amples.

5 K 100 K 200 K 300 K 400;K

(a)
X = 0 0.16 ± 0.01 0.11 ± 0.01 0.06 ± 0.01 0.05 ± 0.01 0.06 ± 0.02
X = 0.1 0.78 ± 0.30 0.30 ± 0.02 0.21 ± 0.02 0.24 ± 0.02 0.22 ± 0.03
X = 0.2 0.40 ± 0.01 0.35 ± 0.02 0.29 ± 0.02 0.33 ± 0.02 0.21 ± 0.02
X = 0.3 0.41 ± 0.01 0.41 ± 0.01 0.37 ± 0.01 0.37 ± 0.01 0.30 ± 0.01
X = 0.5 0.47 ± 0.01 0.47 ± 0.01 0.41 ± 0.01 0.40 ± 0.01 0.34 ± 0.01

(b)
X = 0 30.0 ± 1.0 19.3 ± 1.0 7.5 ± 7.5 7.5 ± 7.5 15.0 ± 1.0
X = 0.1 16.0 ± 2.0 15.5 ± 1.5 7.6 ± 1.5 9.6 ± 1.5 15.3 ± 1.7
X = 0.2 10.0 ± 0.5 9.3 ± 1.2 4.4 ± 0.5 5.9 ± 1.0 7.3 ± 1.0
X = 0.3 1.34 ± 0.06 2.04 ± 0.06 3.97 ± 0.06 4.16 ± 0.06 5.48 ± 0.06
X = 0.5 1.23 ± 0.06 2.18 ± 0.06 3.22 ± 0.06 3.26 ± 0.06 6.47 ± 0.06
Fig. 5. Spectra for x = 0.5 sample measured at different temperatures.

Before going to more advanced quantitative analysis, a function
containing a stretched exponential:

G = A + B e−(	t)ˇ
(3)

was fitted to the measured spectra. In Eq. (3) ˇ were chosen as a
constant for given x, and 	 and A were free, temperature dependent
parameters. The value of the parameters ˇ for given x were adjusted
as the averages taken from pre-fits with all free parameters and
amount to 2.78 for x = 0.3 sample and 1.99 for x = 0.5 sample. The
fits revealed that the temperature dependence of the depolariza-
tion rate occur for both samples (x = 0.3 and 0.5). It is nonmonotonic
at the same temperature range, see Fig. 7 in which previously mea-
sured results [2] for x = 0.1 and x = 0.2 are also included. A similar
temperature behaviour is observed for constant A, see Fig. 8. The
most pronounced nonmonotonic behaviour of A is observed for
x = 0.3. It can also be easily seen in Fig. 6.

6. Estimation of static distribution of nuclear dipolar
interactions

Muons are likely to localize at interstitial positions of metallic
crystals. In the A15 structure there are only three nonequivalent
interstitial positions shown in Fig. 9, abbreviated by X, Y and Z. Each
one is formed by four atoms at corners of nonregular tetrahedron.
Interstitial position Z located at the main diagonal with coordinates
(
, 
, 
)a, where 
 = 5/24 = 0.208 is of particular interest. For these
interstitials, the distance to the four neighbouring atoms (1Si, 3Cr)
is 5/24 × 31/2a = 0.361a, the largest distance to the four atoms in
the A15 structure. In the unit cell there are four Z-type interstitial

positions located at main diagonal with coordinates 
, 1/2 ± 
, 1 − 
.
The interstitial positions with coordinates 
 and 1/2 − 
 are located
close to each other and the five corner atoms (2Si and 3Cr) of these
positions form a cage (see Fig. 9) which is a candidate for muon
location.
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Table 2
Properties of interstitial positions in A15 structure; a is lattice parameter; convention for coordinate (column 2) is that Si is at (0, 0, 0) position in the cubic unit cell.

Interstitial position Coordinates Distance to nn atoms nn atoms in Cr3Si a6

∞∑
1/r6 for Cr sublattice a6

∞∑
1/r6 for Si sublattice

X 5/32 (2, 1, 0) a 5
√

5
32 a 3Cr, 1Si 1829 605.4

Y 1/4 (2, 1, 0) a
√

2
4 a 4Cr 2157.2 146.5

Z 5/24 (1, 1, 1) a 5
√

3
24 a 3Cr, 1Si 1545.3 539.9

Fig. 6. �SR spectra for samples x = 0.1, x = 0.3 (a) and x = 0.5 (b). Solid lines show
typical fits, see Eq. (2). Spectrum of x = 0.1 sample is shown for comparison.

Fig. 7. The temperature dependence of depolarization rate (see Eq. (3)) for sample
x = 0.3 and 0.5. The lines are guides for the eyes only.
Fig. 8. Values of the constant A in Cr3−xCoxSi alloys (see Eq. (3)). The lines are guides
for the eyes only.

Other interstitial positions are characterised in Table 2 and
shown in Fig. 9. The width of the Gaussian distribution was cal-
culated for the various interstitials using formula [6,8]:

�KT =
√∑

j

cj �2
KT (j) (4)

where

�2
KT (j) =

(
�0

)2
j(j + 1)�2

j �2
�h̄2 4

(
1 + 3 j + 1/2

) ∞∑
r−6
i

(5)

4� 9 8 j(j + 1)

i=1

The coefficient cj is the weight depending on the concentration
of elements in the given phase and natural isotopic abundance. The
parameters in (4) and (5) are: j – nuclear spin of the elements, � j

Fig. 9. Interstitial positions in A15 Structure.
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8. Discussion

Initially [2] �SR experiments in Co-doped Cr3Si were motivated
by the detection of a small magnetization in the Cr3−xCoxSi host. The
Fig. 10. gCo
z (t) spectra extracted of Co-rich phase

nuclear gyromagnetic ratio, ri – the distance between interstitial
osition and the lattice site i. The formula (4) enables �2

KT to be
etermined for each sublattice (Cr, Si, and Co). The value of expres-

ion a6
0

∞∑
r−6
i

for all different interstitial positions (Fig. 9) for the

15 structure are collected in Table 2. The calculated widths of the
istribution for x = 0.1 sample with the A15 structure are collected

n Table 3.

. Estimation of the depolarization rate in Co-rich phase

SEM results for Cr rich phases in both x = 0.3 and x = 0.5 samples
ndicate that their composition is close to that of Cr3−xCoxSi with
= 0.1. This rather accidental result permits an estimation of the
epolarization rate of the Co-rich phase. It follows from Section
that 1 − s fraction of the muon beam hits the sample, while s

raction of the beam hits the silver plate. The depolarization rate
f muons stopping in silver holder is negligible. Thus the observed
symmetry for the x = 0.1 sample is

Cr(t) = A0(s + (1 − s)gCr
z (t)) (6)

here gCr
z (t) is the zero field relaxation function of Cr rich phase

nd A0 is a setup related experimental factor corresponding to the
symmetry at time t = 0. The x = 0.3 sample, may be regarded as frac-
ion (1 − c) of Cr rich sample (dark fields in Fig. 3a and c) and fraction
of the Co-rich phase (light fields in Fig. 3a and c), whose zero field

ongitudinal relaxation function is gCo
z (t). Thus the observed asym-
etry for both the x = 0.3 and x = 0.5 samples may be approximated
y:

Co(t) = A0(s + (1 − c)(1 − s)gCr
z + c(1 − s)gCo

z (t)) (7)

able 3
idth of the field distribution [mT] calculated for various interstitial position for

= 0.1 sample.

Cr2.9Co0.1Si

X 0.159
Y 0.170
Z 0.146
q. (8)) for x = 0.3 sample (a) and x = 0.5 sample (b).

From the Eqs. (6) and (7) gCr
z (t) may be eliminated and gCo

z (t) is

gCo
z (t) = ACo(t) − (1 − c)ACr(t)

A0c(1 − s)
− s

1 − s
(8)

The values of the function gCo
z (t) should be between 1 and 0.

It was possible to estimate the shape of gCo
z (t) using c = 0.38 and

s = 0.2 for the x = 0.5 sample at all temperatures, see Fig. 10. The
procedure fails for the x = 0.3 sample because the content of the Co-
rich phase is small. The dynamic Kubo–Toyabe function was fitted
to the estimated gCo

z (t) spectra. The width of distribution and the
jump rates are shown in Figs. 11 and 12, respectively. The width
of the distribution of the Co-rich component gCo

z (t) is systemati-
cally larger than the width of the whole x = 0.5 sample, as expected.
Interestingly, the nonmonotonic behaviour shown in Fig. 11 is not
as pronounced as those shown in Fig. 14. This observation suggests
that nonmonotonic behaviour relates rather to the A15 phase and
not to the Co-rich phase.
Fig. 11. Width of field distribution fitted for gCo
z (t).
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T = 200 K the muon depolarization rate is smaller than at T = 100 K.
One possible explanation is that mobile muons at T = 100 K are
trapped by a low concentration of traps lower in energy than traps
at interstitial positions.
Fig. 12. Jump rate fitted for gCo
z (t).

xperiments performed on samples with x = 0 and 0.1 revealed that
he muon depolarization rate can be explained by nuclear dipolar
elds alone, and we were therefore able to exclude the presence
f electronic type magnetization in the host. However, the as-cast
amples with x = 0.02, 0.1 and 0.2 show a nonzero magnetization,
hile the sample with x = 0.3 exhibits zero magnetization. To the

est of our knowledge, the ternary phase diagram Cr–Co–Si is not
nown, and therefore results of SEM are of key importance for
xplaining the observed behaviour. The binary Cr–Si phase dia-
ram shows a relatively narrow region where a single A15 phase is
ormed [9]. The width depends on temperature and is about 5% of
he concentration range. When a small amount of Cr is replaced by
o, we may still expect that a single A15 phase is formed. During
rystallization of Cr–Co–Si A15 phase from the melt, a small amount
f Co3Si may precipitate because of its low melting temperature
1960 K for Cr3Si and 1483 K for Co3Si) [9]. Below T = 1467 K Co3Si
s unstable and decomposes to �-Co and �-Co2Si [9]. The fraction of
hese phases is so small that they are not detected by X-ray diffrac-
ion and in SEM experiment. Because �-Co is ferromagnetic, these
nhomogeneities are detected by the magnetization measurement.
nnealing causes homogenization of the sample and ferromagnetic
egions disappear via diffusion processes.

For larger Co concentrations in the Cr3−xCoxSi system, x > 0.2,
e enter into a thermodynamically stable two phase region, seen

learly by the SEM images and the X-ray diffraction pattern. Dur-
ng crystallization from the melt in the two phase region, a typical
endrite structure of approximate composition Cr3−xCoxSi x ≈ 0.1 is

nitially formed, while the remaining liquid finally forms the other
rystallographic phase rich in Co. The candidate for the structure
f the second phase seen as the light fields in Fig. 3a–d is Co2Si
9] with part of Co substituted by Cr, or Cr5Co3Si2 [10]. Both Co2Si
nd Cr5Co3Si2 are not ferromagnetic and their presence probably
revents formation of �-Co inhomogeneities.

Although the muon relaxation spectra of measured samples
hanges systematically with temperature and concentration, their
hapes cannot be regarded as rich in information. One may doubt
hat postulating the model (2) and performing a fit with three free
arameters (jump rate, width of the Gaussian distribution and a
onstant), which usually are strongly correlated, it is possible to
e convinced that muon dynamics change at a certain tempera-
ure. Previously [2] we tried to interpret data using the simplest

hysical picture, essentially postulating that the nuclear dipolar
eld distribution is constant and that the jump rate increases with
emperature. The most convincing result showing that we observe
ome nonmonotonic behaviour of the depolarization rate is pre-
ented in Fig. 7. Parameterization is done by variation of two
Fig. 13. Jump rate in Cr3−xCoxSi alloys.

parameters only. Thus we are also convinced that nonmonotonic
jump rate presented in Fig. 13 corresponds to physical processes
and not to mathematical artefact.

The hop rate, �, of the muon is of the order of MHz. During
its half-life time t1/2, of the order of �s, muon performs about
�t1/2 diffusion jumps. Assuming that it is random walk, muon
travels an average distance of a(�t1/2)1/2, which is of the order of
7–18 Å. Thus it is unlikely that a significant fraction of muons dif-
fuse from one crystallographic phase to another. Some important
information can be extracted from the temperature dependence
shown in Figs. 7, 8, 13 and 14. We observe clear anomalies for the
x = 0.3 and x = 0.5 samples and a less pronounced nonmonotonic
behaviour for x = 0.1 and x = 0.2 (Figs. 7 and 8) over the same temper-
ature range. Also, the most pronounced nonmonotonic behaviour of
muon dynamics (Figs. 7, 8, 13 and 14) is observed for sample x = 0.3
and not for x = 0.5. This suggests that anomalous behaviour is rather
a property of the Cr3−xCoxSi system with the A15 structure and
depends on Co concentration. This conclusion is consistent with
results of the analysis of Co-rich phase performed in the previous
section.

Experiments indicate some similarity between the behaviour
shown in Fig. 6 and that discussed in the introduction [4]. At
Fig. 14. Width of the Gaussian distribution of magnetic field in Cr3−xCoxSi alloys.
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ig. 15. Geometrical properties of interstitial position in the A15 structure, where x
s the coordinate on the line connecting centers of two nearest interstitial positions
see Table 2), d is the distance between the point with coordinate x and the nearest
tom, a is unit cell size. Zero of the x coordinate was set at the minimum of d/a.

Another possibility can follow from the specific structure of the
nvestigated system; as discussed earlier, a pair of Z-type of inter-
titial positions form a prism or Z–Z cage, see Fig. 9. From Fig. 15 it
s clear that because of geometrical reasons, the Z–Z cage is a can-
idate muon localization; however within this cage the muon may
orm a coherent state or may perform fast vibrations between two
-type interstitial positions. In each case the dipolar field sensed
y muon spin in the Z–Z cage is averaged and is smaller than the

ocal fields in the X and Y or Z interstitial positions. This behaviour –
esulting in a decrease of the depolarization rate – will result in an
ffective change of the constant A in the fitted function, since Eq. (2)
s just an approximation and not a precise description of the muon
ynamics. When the temperature is raised to approximately 200 K

ocalized Z–Z states are excited and the muon also jumps between
, Y and Z interstitial positions. The frequency of jumps is much
maller than the frequency of vibrations in the Z–Z cage and thus

he depolarization rate increases.

Although systematic changes of the width of the static mag-
etic field distribution with temperature (Fig. 14) are observed,
his is most probably a result of the simplification used in (2) for
he description of the complicated muon dynamics. More impor-

ig. 16. Widths of the Gaussian field distribution estimated from fits (Eq. (8)) at
ifferent temperatures. The lines correspond to the width of the Gaussian field dis-
ribution at three different interstitial sites (X, Y, and Z) in the Cr3Si resulting from
uclear dipolar interactions (Eq. (4)).

[
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tant, however, the widths obtained for the series of Cr3−xCoxSi up to
x = 0.5 show, on average a similar trend to the estimated widths. A
similar trend to the estimated widths of the static dipolar fields.
The widths of the field distribution estimated at different tem-
peratures are collected together in Fig. 16. The values obtained
from fits (Eq. (2)) show a clear dependence on x and are system-
atically larger than the results of an estimation based on Eq. (4).
This effect can arise from strong correlation between the width
�KT and jump rate �. Indeed, an increase of �KT will result in
an increase of the depolarization rate, while an increase of the
jump rate � results in a decrease of the depolarization rate. If the
spectra are flat, the increase of �KT can be compensated by an
increase of the jump rate, �, resulting in a similar shape of the fitted
function.

Naturally the questions arise about the possibility of fitting the
spectra by applying constraints to Eq. (2) and keeping constant the
width of the distribution and parameter A, changing only the fre-
quency of the diffusion jumps. We could not obtain, however, fits
of good quality under such assumptions. The expression (2) is thus
the effective description of the observed spectra, although this does
not contain details of the muon dynamics as described for example
in [4].

9. Conclusions

The ferromagnetic properties of as-cast samples with x ≤ 0.2 are
explained by the presence of Co-rich impurities originating from
�-Co. Sample annealing leads to formation of a regular Cr3−xCoxSi
alloy. The �SR experiment performed on paramagnetic samples
with x = 0.3 and 0.5 shows anomalies in muon dynamics. The pres-
ence of a nonmonotonic behaviour was demonstrated by fitting
the stretched exponentials and dynamic Kubo–Toyabe functions.
The existing nonmonotonic behaviour over the same temperature
excludes artefacts caused by correlation between parameters. A
clear cusp in the jump rate is observed in the temperature range
150–200 K for x = 0.3 and 0.5 samples. Muon experiments with
Fe2O3 enable an estimation of the shape of muon depolarization
rate for Co-rich crystallographic phase. It was argued that non-
monotonic behaviour is rather property of A15 phase and not
Co-rich phase detected in x = 0.3 and 0.5 samples by X-ray and
SEM techniques. The nonmonotonic behaviour of the jump rate is
interpreted as the trapping of muons at moderate temperatures
(150–200 K). It is suggested that a possible trap for the positive
muon is the Z–Z cage. A systematic decrease of muon jump rate �
with increase of Co concentration x is observed.
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