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1. INTRODUCTION

The Cu

 

1 

 

−

 

 

 

x

 

Mn

 

x

 

 binary alloy belongs to materials
that are characterized by a clear correlation of collec-
tive processes in crystalline and magnetic subsystems
[1]. In these materials, there exists a close relationship
between the martensitic transformation of the crystal
lattice and the antiferromagnetic ordering of magnetic
moments of manganese atoms. For example, the tem-
peratures of the martensitic and antiferromagnetic
transitions in copper–manganese alloys virtually coin-
cide with each other, even though they depend sub-
stantially on the manganese concentration and the
degree of homogeneity of the alloy [2].

Numerous experimental findings generalized in the
review by Vinta

 

œ

 

kin et al. [1] give grounds to believe
that, in these materials, martensitic transformations
(structural transitions of the diffusionless collective
type) are induced by the anisotropy of the exchange
interaction at temperatures 

 

T

 

 < 

 

T

 

N

 

 (where 

 

T

 

N

 

 is the
temperature at which there arises an antiferromag-
netic ordering of Mn atoms). The particular interest
expressed by researchers in the study of Cu

 

1 

 

−

 

 

 

x

 

Mn

 

x

 

binary alloys is explained by the fact that they are typ-
ical representatives of shape memory materials [3].

Banerjee and Majumdar [4] thoroughly investigated
the magnetic properties of the Cu

 

1 

 

−

 

 

 

x

 

Mn

 

x

 

 alloys by mac-
roscopic methods over a wide range of Mn concentra-
tions (

 

x

 

 = 0.05–0.83). The experimental data obtained
were used to construct the magnetic phase diagram of the
Cu

 

1 

 

−

 

 

 

x

 

Mn

 

x

 

 alloys. It was assumed that a superparamag-
netic phase can exist in these materials.

In our earlier works [5, 6], the muon spin relax-
ation technique was used with advantage to examine
disordered magnetic states and spin dynamic pro-
cesses of non-spin-wave nature. The spin-glass state

in the Cu

 

1 

 

−

 

 

 

x

 

Mn

 

x

 

 alloys at concentrations 

 

x

 

 < 0.1 was
investigated using the muon spin relaxation technique
by Uemura et al. [7]. The alloys with higher concen-
trations of Mn magnetic atoms (

 

x

 

 > 0.1) were studied
by this technique in our previous work [8]. For the first
time, it was assumed that there can exists a new mag-
netic phase transition before the transition to the spin-
glass state. In the present work, we investigated the
Cu

 

1 

 

−

 

 

 

x

 

Mn

 

x

 

 alloys over a wide range of concentrations
of Mn magnetic atoms. In this case, special attention
was focused on the measurements of the concentra-
tions themselves.

2. SAMPLE PREPARATION, EXPERIMENTAL 
TECHNIQUE, AND RESULTS

In this work, the magnetic properties of homoge-
neous copper–manganese alloys Cu

 

1 

 

−

 

 

 

x

 

Mn

 

x

 

 were stud-
ied by the muon spin relaxation technique on the syn-
chrocyclotron at the Konstantinov Institute of Nuclear
Physics of the Russian Academy of Sciences (Gatch-
ina, St. Petersburg, Russia) and at the Paul Scherrer
Institute (Switzerland). Samples were homogenized
by quenching in water after their heat treatment in a
muffle furnace at a temperature of 1100 K for 100 h.

In our experiments, we measured the time distribu-
tions of positrons 

 

N

 

e

 

(

 

t

 

) that were formed as a result of
the decay 

 

µ

 

+

 

  

 

e

 

+

 

 + 

 

ν

 

e

 

 +  (the muon lifetime is 

 

τ

 

µ

 

≈

 

 2.2 

 

µ

 

s) and emitted in the direction of the initial muon
polarization (polarized muon beams were used) in a
time window 

 

∆

 

t

 

 

 

≈

 

 4.5

 

τ

 

µ

 

 after each muon was stopped in
the sample, as well as the integrated yields of these
positrons [9]. The time distributions were approxi-
mated by the function

 (1)

ν̃µ

Ne t( ) N0 1 a0G t( )+[ ] t/τµ–( ),exp=
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where the normalization constant 

 

N

 

0

 

 and the maximum
asymmetry 

 

a

 

0

 

 characterize the experimental conditions
specific for each sample and do not depend on the muon
depolarization. The muon spin relaxation function 

 

G

 

(

 

t

 

)
determined from the time distribution 

 

N

 

e

 

 reflects the
effect of local magnetic fields on the muon spin at the
site of its stopping. In particular, we have 

 

G

 

(

 

t

 

) = 1 in the
absence of depolarization and 

 

G

 

(

 

t

 

) = 0 for nonpolarized
muons.

Figure 1 presents the normalized integrated yields
of positrons for samples with different concentrations
of manganese atoms 

 

N

 

e

 

(norm) = (

 

n

 

e

 

/

 

n

 

0

 

 – 1)/

 

a

 

0

 

. This
integrated yield does not depend on the sample geom-
etry, parameters of the muon spin relaxation setup,
and muon beam polarization and provides a general
model-independent information on muon depolariza-
tion under local magnetic fields. The parameters 

 

n

 

0

 

and 

 

a

 

0

 

 were determined at a temperature considerably
higher than the temperature of the transition to the
magnetically ordered phase.

Specifically, the normalized integrated yield

 

N

 

e

 

(norm) measured for the Cu

 

0.2

 

Mn

 

0.8

 

 sample at tem-
peratures 

 

T

 

 > 330 K in zero magnetic field tends to
unity. This circumstance suggests the absence of
muon depolarization in the far paramagnetic range, in
which the frequency of oscillations of electronic
moments is too high (~10

 

12

 

 Hz) for their magnetic
field to change substantially the muon polarization.
The paramagnetic state is also indicated by the com-
plete depolarization of muons in a relatively weak
transverse external magnetic field of ~580 Oe. In the
temperature range 320–290 K, the normalized inte-
grated yield 

 

N

 

e

 

(norm) changes drastically and then
reaches a value of ~1/3. This suggests that the sample
transforms into a magnetically ordered state with an
isotropic (on a local, cluster, or domain level) orienta-
tion of static internal local magnetic fields. This
behavior is in good agreement with the phase diagram
previously proposed in [4], according to which the
antiferromagnetic transition at 

 

T

 

N

 

 ~ 300 K occurs in a
homogeneous alloy with the concentration 

 

x

 

 = 0.8.
The normalized integrated yield 

 

N

 

e

 

(norm) equal to 1/3
is retained to 

 

T

 

 

 

≈

 

 200 K. With a further decrease in the
temperature, the normalized integrated yield

 

N

 

e

 

(norm) decreases sharply almost to zero. This indi-
cates that, in the given temperature range, there arises
a strong dynamic depolarization of muons. The tem-
perature dependence of the normalized integrated
yield 

 

N

 

e

 

(norm) in the range 200–20 K is characteristic
of frustrated magnets, which undergo transition to a
low-temperature spin-glass state through an interme-
diate magnetically ordered phase with a long-range
order. In this case, the dynamic polarization is associ-
ated with the transformation of the magnetic structure
in the transition range [5].

The temperature dependences of the normalized
integrated yield 

 

N

 

e

 

(norm) for the samples with the
concentration 

 

x

 

 = 0.17, 0.25, and 0.45 are also plotted
in Fig. 1. The normalized integrated yield 

 

N

 

e

 

(norm)

for these samples decreases drastically with a
decrease in the temperature due to the strong depolar-
ization of muons. Since the normalized integrated
yield 

 

N

 

e

 

(norm) decreases almost to zero, the inference
can be made that the arising local magnetic fields have
a fluctuation character and are rather high. Moreover,
the normalized integrated yield 

 

N

 

e

 

(norm) for the sam-
ple with the concentration of manganese atoms 

 

x

 

 =
0.45 initially decreases to a small value and then
remains virtually unchanged over a wide temperature
range (from 200 to 60 K). This suggests to some
extent that, in the given temperature range, the sample
is in a specific phase state characterized by a fast spin
dynamics. As the temperature decreases (

 

T

 

 < 60 K),
the normalized integrated yield 

 

N

 

e

 

(norm) increases
gradually to ~1/3, which corresponds to the transition
of the sample to the isotropic magnetic phase with a
slow spin dynamics.

It should be noted that the dependence of the nor-
malized integrated yield 

 

N

 

e

 

(norm) on the concentra-
tion 

 

x

 

 of magnetic manganese atoms exhibits one
more feature. The rate of change in the normalized
integrated yield 

 

N

 

e

 

(norm) with a variation in the tem-
perature in the high-temperature transition range is
identical for all samples with concentrations x = 0.17–
0.60. This indicates once again that the same physical
processes occur in the alloys and that the characteris-
tics obtained are not associated with the specific qual-
ity of the samples. The transition temperature
increases with an increase in the concentration of
magnetic atoms to x = 0.45. A further increase in the
concentration of magnetic atoms is accompanied by a
decrease in the transition temperature. For example,
the transition temperature for the sample with the con-
centration x = 0.60 is approximately equal to that for
the sample with the concentration x = 0.25. A similar
dependence of the transition temperature on the con-
centration x was observed by Banerjee and Majumdar
[4]. This effect was explained by the corresponding
change in the size of antiferromagnetic clusters.
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Fig. 1. Temperature dependences of the normalized inte-
grated yield Ne(norm) of positrons for samples with differ-
ent concentrations of magnetic atoms Mnx.
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The analysis of the time spectra Ne(t) demonstrates
that the experimental data cannot be described using
simple relaxation functions. In the paramagnetic
range, the experimental data are well described by the
relaxation function

 (2)

However, as the temperature of the first magnetic tran-
sition is approached (this can be judged from the drastic
increase in the relaxation rate λ), the description of the
experimental data requires the use of the relaxation
function in the form of the sum of two exponential
functions; that, is

 (3)

where a1 + a2 = 1, G(t) is the dimensionless relaxation
function varying from 0 to 1, and λD and λ are the
dynamic relaxation rates for the corresponding exponen-
tial functions. The experimental data are best described
using constant parameters a1 = 1/3 and a2 = 2/3.

At temperatures below 100 K, the experimental
data for the samples can be described by the following
relaxation function:

 (4)

For λD � λ, this form of the relaxation function G is
consistent with the spin-glass model. In this case, the
parameter λD corresponds to the relaxation associated
with the occurrence of fluctuating random fields. The
parameter ∆ is connected to the static fields.

A more complex relationship for the relaxation
function was proposed by Uemura et al. [7]. However,
when describing the time spectra Ne(t) for samples
with high manganese concentrations (x > 0.2), the
form of the relaxation function represented by expres-
sion (4) is more preferential.

G t( ) λt–( ).exp=

G t( ) a1 λDt–( )exp a2 λt–( ),exp+=

G t( ) 1/3 2/3 1 ∆t–( ) ∆t–( )exp+[ ] λDt–( ).exp=

The behavior of the relaxation functions for the
Cu0.55Mn0.45 sample with a variation in the tempera-
ture is illustrated in Figs. 2 and 3. It can be seen from
these figures that a virtually complete depolarization
of the muon ensemble is observed in the temperature
range 240–120 K. The relaxation function decreases
only when the temperature of the sample decreases
below a temperature of 100 K. At a temperature of
20 K, the relaxation function asymptotically
approaches a value of ~1/3, which corresponds to the
isotropic orientation of quasi-static local magnetic
fields.

The temperature dependences of the parameters λ,
λD, and ∆ are shown in Fig. 4. There are two magnetic
phase transitions. The first transition in the sample is
observed at a temperature of ~200 K, and the second
transition occurs at temperatures in the range 150–
130 K.
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Fig. 2. Relaxation functions for the Cu0.55Mn0.45 sample at
different temperatures in the range 170–300 K. One channel
on the time scale corresponds to 0.625 ns. The origin of the
scale is located at the 274th channel.
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Fig. 3. Relaxation functions for the Cu0.55Mn0.45 sample at
different temperatures in the range 20–170 K. One channel
on the time scale corresponds to 0.625 ns. The origin of the
scale is located at the 274th channel.
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It should be noted that the static-field parameter ∆ can
be obtained by processing the experimental data only in
the case where ∆ > λD. Note also that a decrease in the
parameter λD leads to an increase in the reliability for
determining the static-field parameter ∆.

Therefore, the results obtained demonstrate that, in
the homogeneous alloys Cu1 − xMnx over a wide range
of concentrations, there exists a phase transition to a
specific magnetic state at temperatures in the range
100–200 K. This phase arises irrespective of the type
of the high-temperature state, i.e., the paramagnetic or
antiferromagnetic state. The new phase is character-
ized by a considerable nonuniformity of local fields
due to the absence of a long-range magnetic order.

3. DISCUSSION AND CONCLUSIONS

Thus, the data obtained make it possible to comple-
ment substantially the magnetic phase diagram of the
homogeneous copper–manganese alloys Cu1 − xMnx
(Fig. 5). This phase diagram takes the form character-
istic of systems with competing exchange interactions
[5].

In the phase diagram depicted in Fig. 5, the solid
line indicates the boundaries between the paramag-
netic (P), antiferromagnetic (AF), and spin-glass (SG)
states according to the data available in the literature
[1, 2, 4, 7]. Points 1 and 2 correspond to the results
obtained in the present work for the high- and low-
temperature transitions, respectively. The dot-dashed
line represents the conventional boundary of the exist-
ence of the new phase state between the paramagnetic
and spin-glass phases. As can be seen from Fig. 5, the
concentration dependence T(x) does not contradict the
tendency of the change in the temperature TG of the
transition to the spin-glass state for concentrations x <
0.15. The largest temperature range between two tran-
sitions is observed at concentrations x ~0.5. The
experimental results indicate that the new phase is
characterized by a fast spin dynamics not only in the
vicinity of the transition but also at lower tempera-

tures up to the temperature of the transition to the
spin-glass state. The analysis of the experimental data
obtained allows us to assume that two magnetically
ordered phases can be formed in the Cu1 − xMnx binary
alloys at relatively high concentrations of magnetic
manganese atoms in the temperature range from 250
to 20 K. At higher temperatures (above 100 K), there
arises a state with a fast spin dynamics and fluctuating
random fields. In this state, the parameters λD and ∆
are of the same order of magnitude. The experimental
data obtained can be described using complex relax-
ation functions G [relationships (3), (4)]. At a temper-
ature of ~70 K, the transition to the spin-glass phase
without fluctuating random fields, i.e., the conven-
tional spin-glass phase, is observed in the alloys for all
the concentrations under investigation.
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