
Intr oduction

The study of magnetism in amorphous transition metal
alloys with random mixture of competing exchange
interactions has captured the attention of scientists[1]. The
introduction of disorder, i.e., the random addition of
antiferromagnetic (AFM) exchange interactions in the
ferromagnetic (FM) Heisenberg system leads to a loss
of FM order through the exchange frustration. At lower
levels of exchange frustration, the system displays
characteristics of both long-range FM order and spin-
glass (SG) order. On warming such systems from low
temperature, the SG order melts at a temperature T

SG

followed by the loss of FM order at T
C
.

Although such behaviour has been observed in
number of systems, the amorphous alloys are found to
be most suitable for the systematic study of these
phenomena. Among various systems, amorphous (a-)
Fe

90
Zr

10
 alloy exhibits a reentrant phenomenon (RSG),

i.e., a transition from paramagnetic (PM) to FM state at
a temperature, T

C
, followed by another transition from

FM to SG like state at lower temperature, T
SG

. The
reentrant transition from the FM state to the SG like state
has been explained on the basis of spin canting in infinite
range model with Heisenberg spins[2] and infinite 3D
ferromagnetic network with finite spin clusters model[3].
Increasing Fe by 3 at% in a-Fe

90
Zr

10
 leads to a

composition close to multi-critical point and doesn’t
allow one to study RSG behaviour in detail[4,5]. The
replacement of Fe by other transition metal or metalloid
elements in a-Fe

90
Zr

10
 alloy drastically changes the

magnetic state[6] depending on nature of the substituting
elements. The replacement of Mn exhibits RSG
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We report the study of ac susceptibility, magnetization and magnetoresistivity in the temperature range of 4.2 K to 300 K
and in the magnetic field up to 6 Tesla on amorphous Fe90-xMnxZr10 (x = 0~16) alloys. All the samples exhibit clear
reentrant magnetic phase transition behaviour. The magnetic parameters such as coercivity, local magnetic anisotropy and
high-field susceptibility are found to increase with Mn concentration. The magnetoresistivity study shows that remarkable
effects due to magnetic ordering are present and the magnitude of spontaneous resistive anisotropy decreases with increas-
ing Mn concentration. The present observations suggest that the antiferromagnetic coupling increases significantly with
Mn concentration and described by an exchange frustration model. The obtained results provide conclusive evidence of
weak-itinerant ferromagnetism for all the samples of present investigation.
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behaviour over a wide range of concentration and are
suitable for the study of RSG[7]. The controversy
surrounding the transition from PM to FM state in these
alloys has been well debated[8]. However, the exact nature
of the low temperature transition T

SG
 and that of RSG

state has eluded clear-cut understanding so far.

Also, the low temperature galvanomagnetic
properties of amorphous alloys and nanocrystals
dispersed amorphous matrix have become a subject of
renewed interest[9,10] due to the observation of giant
magnetoresistance in some mixed exchange interaction
systems. While the magnetoresistance (MR) of these
alloys is predicted to be sensitive only to changes in
magnetic correlation on a scale of order of electron mean
free path, the magnetization depends on both short and
long-range FM orders as well as on the rotation of FM
domains as a response to applied magnetic field. Hence,
the study of MR not only provides a unique way to obtain
several important and fundamental parameters related
to electron-transport properties, but also reveals
complementary information about microscopic
magnetization.

Thus, in the present investigation we report
systematic temperature and field dependent magnetic and
magnetoresistivity and ac susceptibility (ACS)
measurements on a-Fe

90-x
Mn

x
Zr

10
 (x=0~16) alloys to

understand (i) low temperature magnetic behaviour and
(ii) relationship between magnetic interactions and
electron-scattering mechanisms.

Experimental Details

Amorphous ribbons of Fe
90-x

Mn
x
Zr

10
 (0<x<16) about

1-2 mm wide and 20-30 µm thick were prepared by melt-
spinning technique. The amorphous nature of the samples
was confirmed through X-ray diffraction study. A
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detailed composition analysis was determined through
EDAX method and it was found to be close to the nominal
composition of the alloy ingots. The thermoremanent
and thermomagnetization measurements at different
temperatures and fields were carried out on a single long
ribbon sample using Quantum Design (MPMS model)
SQUID magnetometer with a sensitivity of 10-11 A m2

and vibration sample magnetometer (Oxford, Maglab
model) with the sensitivity of 10-10 A m2 for all samples
over the temperature range 4.2 K to 300 K at various
constant applied field values up to 5 MA/m. ACS
measurement was carried out using the mutual induction
method with field ranging from 80 to 4000 A/m and with
frequency range from 80 Hz to 1 kHz. The set point
temperature for each measurement was controlled with
an accuracy of 20 mK by means of a proportional,
integral, and derivative controller mechanism using Lake-
Shore temperature controller. The resistivity
measurements under zero-field and in-field were
performed at a constant current of 10 mA in applied fields
of up to 4 MA/m over the temperature range of 4.2 to
300 K employing the standard four probe dc technique.
Considerable care was taken to ensure that the current-
voltage contacts were collinear so that no Hall voltage
component contributed to the magnetoresistive
anisotropy. The magnetoresistance measurement was
performed at various temperatures in both longitudinal
and transverse geometries over the field range 0 to 4
MA/m.

Results and Discussion

Magnetization

Figure 1 shows the real (χ’) and imaginary (χ’’)
components of ACS for a-Fe

90-x
Mn

x
Zr

10
 (x=0, 8, and 16)

in an externally applied field of 1600 A/m with 80 Hz
frequency. This figure clearly shows that all the samples
studied in the present investigation exhibit well-defined
RSG behaviour below room temperature. The broad
nature of the ACS curve results in large uncertainty in
determining both low and high temperature transitions.
In order to obtain the correct values of T

SG
 and T

C
, the ac

field dependent [40 A/m (o), 400 A/m (x), and 1600 A/m
(+)] measurements were performed close to the transition
temperatures at constant (80 Hz) frequency, as shown in
figure 2 for a-Fe

86
Mn

4
Zr

10
 alloy. It could be clearly seen

that the sharpness of the χ’ peak observed close to
transition temperatures are suppressed in higher applied
ac fields. In addition, the lower transition temperature
shifts to further lower temperature, while no significant
shift has been observed in the high temperature transition
with increasing ac field. The transition temperatures are
obtained by extrapolating the field dependence of ACS
data to zero-field. These data suggest that as Mn
concentration increases, the FM region becomes
narrower due to the decrease and increase in T

C
 (7 K/

at.% Mn) and T
SG

 (3 K/at.% Mn), respectively. The

Figure 1: The real (χ’) and imaginary (χ’’) components of ac
susceptibility data measured in an applied field of 1600 A/m with
80 Hz frequency for a-Fe

90-x
Mn

x
Zr

10
 (x = 0, 8, 16) alloys

frequency dependence of ACS data, as shown in
figure 3, indicates the presence of spin-glass transition
which seems to be a mixed state rather than a pure spin-
glass state. These observations are in good agreement
with the dc magnetization measurements[11] where the
spontaneous magnetization does not go to zero at any
temperature below T

C
 and the observation of freezing

temperature provides conclusive evidence for the
existence of a mixed-phase at low temperature. There
are two ways in which a dopant can actively change the
magnetization: (i) to change the Fe moment and (ii) to
introduce the exchange interaction/frustration and drive
the magnetic structure into collinear/non-collinear state.
In order to understand the effect of Mn doping at low
temperature, the field dependent magnetization curves
were measured for all the samples at 4.2 K and depicted
in figure 4. All the samples exhibit non-saturation
behaviour at high-field region. The values of T

C
 and Fe

magnetic moment (inset of Fig. 4) decrease with
increasing Mn concentration. This suggests a possible
presence of competing exchange interactions, which
drives the system into non-collinear structure.

To understand the development of competing
exchange interactions, the isothermal magnetization
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Figure 2: The real (χ’) and imaginary (χ’’) components of ac
susceptibility data measured in an applied field of 40 A/m (o),
400 A/m (×), and 1600 A/m (+) with 80 Hz frequency for
a-Fe

86
Mn

4
Zr

10
 alloy.

Figure 3: The imaginary ((χ’’) component of ac susceptibility data
measured in an applied field of 1600 A/m with different frequencies
80 Hz (-o-), 330 Hz (-×-) and 733 Hz (-*-) for
a-Fe

80
Mn

10
Zr

10
 alloy

Figure 4: The magnetic isotherms for a-Fe
90-x

Mn
x
Zr

10
 alloys. The

magnetization axis is normalized with respect to the magnetization
values at 5.2 MA/m for x=0. Inset: The composition dependent
average magnetic moment and Curie temperature of
a-Fe

90-x
Mn

x
Zr

10
 alloys

curves at different temperatures for all the samples were
measured and depicted in figure 5 for Fe

82
Mn

8
Zr

10
 alloys

together with temperature dependent coercivity data. The
coercivity (Fig. 5b) starts to develop below T

C
, however,

a rapid increase is observed only just below T
SG

 where
the ACS data shows the rapid decrement in its signal.
In order to determine the high-field susceptibility
(χ

HF
) and local magnetic anisotropy (ζ), the

magnetization curve is fitted by an analytical expression
M(H) = χ

HF
H+M(0)(1–ζH–φ) which describes the

approach of magnetization saturation[12]. Here M(0)
defines the magnetization at zero-field and the local
magnetic anisotropy is due to the pinning of AFM with
FM spins. The calculated values of ζ is found to increase
with Mn concentration, as shown in figure 6a and the
χ

HF
, so-called ‘single domain susceptibility’, exhibit a

steep fall (Figure 6b) for temperatures just below T
C
 and

attains a lower stable value at low temperatures. This is
a typical character of the weak-itinerant ferromagnet[13,14].
The large value of χ

HF
 is another indication of itinerant

character, which might be caused by the flipping of
weakly coupled AFM spins under high magnetic field.

The coexistence of AFM and FM states could be
identified through distance dependence Fe-Fe exchange
interactions in Fe-Zr alloys[15]. It is well known that the
spin moment on Fe atoms has a tendency to couple
negatively when Fe atoms are densely packed.
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Figure 6: (a) The local magnetic anisotropy constant as a function
of Mn concentration for a-Fe

90-x
Mn

x
Zr

10
 alloys and

(b) the high-field susceptibility as a function of temperature for a-
Fe

82
Mn

8
Zr

10
 alloy.

Theoretical calculations also suggest that the amplitude
and sign of local magnetic coupling depends strongly
on the surrounding environments[16]. The Fe rich
amorphous alloys seem to have a considerable amount
of local atomic spin clusters based on nearly 12 fold
coordinated dense random structure[17], which supports
the presence of AFM exchange interactions. The
replacement of Fe by small amount of Mn substitution
would lead to the decrement in Fe-Fe pairs, but the
substitution of Mn forms an AFM coupling between Fe
and Mn (though AFM coupling between Fe-Mn is weaker
than Fe-Fe), which has a tendency to reduce the magnetic
moment and T

C
 as observed in the present investigation.

The presence of AFM coupling regions is also evident
from Mossbauer studies[18], where the development of a
low-field peak has been observed in the hyperfine field
distribution with increasing Mn concentration. This AFM
coupling, arising from Fe-Fe and Fe-Mn exchange
interactions, may lead to the non-collinear behaviour and
might be responsible for the decrease in T

C
 and increase

in ζ and χ
HF

.

Magnetoresistivity

Since the MR provides a simple way to obtain (i) the
relationship between magnetic interactions and electron-
scattering mechanisms and (ii) the magnetic contribution
to resistivity, the study of temperature and field
dependence of MR have been discussed in the section
below.

Figure 7 shows the longitudinal MR (LMR) and
transverse MR (TMR) as a function of applied field for
all the samples at selected temperatures: T<T

SG
,

T
SG

<T<T
C
, and T>T

C
. The MR calculated in the present

investigation is defined as

... (1)

where ρ(H,T) is the resistance of the sample under the
magnetic field at a particular temperature and (⊥) ()
indicates the field applied in the transverse (longitudinal)
direction. In all cases, it is seen that LMR is positive
(solid circles in Fig. 7) and the magnitude of LMR
decreases with increasing Mn concentration. This
reduction could be attributed to the formation of zero-
field regions in the sample due to an increase in AFM
spins. In fact, the effect of competing interactions could
be clearly observed in the form of a zero-field tail in a
hyperfine field distribution[19]. The observed MR is
smaller in the SG region than in the FM region and above
T

C
 it becomes progressively smaller and takes on an

approximate H2 dependence. On the other hand, the TMR
is negative (open circles in Fig. 7) at low field and crosses
over to positive values at higher fields resulting in a
minimum in TMR. The initial steep decrease (increase)

Figure 5: (a) Magnetic isotherms at different temperatures and
[b] temperature dependent coercivity for a-Fe

82
Mn

8
Zr

10
 alloy.

ρ(H,T)–ρ(0,T)
ρ(0,T)( ) = [ ]∆ρ

ρ (⊥) or () (⊥) or ()

 

➝
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of TMR (LMR) seems to be related to the FM character
of the sample as it disappears above the Curie
temperature.

The spontaneous resistive anisotropy (SRA)
measures the difference in the resistivity of a
ferromagnetic metal in zero induction when the
magnetization is parallel or perpendicular to the current
direction, as described by

... (2)

The determined values of SRA based on eqn.(2) is
plotted as a function of temperature in figure 8. Here,
we have not observed any nonzero SRA above T

C
. This

is anticipated since the system is far from its FM state
and the applied field is not adequate to induce any
appreciable changes in the polarization of spins at this
temperature. On the other hand, a nonzero SRA is
observed below T

C
. The obtained SRA decreases not only

with increasing Mn concentration, but also with
increasing temperature for a particular concentration.
According to the two-current-conduction model for
weak-itinerant ferromagnetic system, the spin-up and
spin-down electrons conduct in parallel and the SRA is
a consequence of the anisotropic d↑–d↓ mixing caused

by the spin-orbit interaction[20]. Calculations based on
this model yield the following expressions for the SRA,

... (3)

Where, ρ 0
↑ and ρ 0

↓ are the residual resistivity for spin-
up and spin-down electrons respectively. The value of γ‘
is estimated to be 0.01 for Fe and Ni based alloys. The
eqn. (3) provides a criterion for determining whether a
given alloy is a strong or a weak ferromagnet as follows
(a strong ferromagnet has holes only in the d↓ band while
a weak ferromagnet has holes and electrons in both d↑and
d↓ bands): ρ 0

↓ and ρ 0
↑ possesses comparable values for a

weak ferromagnet since vacant states are available in
both d↑and d↓ for s electrons to make transitions, whereas
the values of ρ 0

↓ greatly exceeds that of ρ 0
↑ in a strong

ferromagnet because s-d scattering is allowed only for
spin down electrons as there are no vacant d↑ states at
the Fermi level. The variation of SRA with temperature
can be understood in the following general terms: As
the temperature increased, thermal fluctuations compete
with the exchange splitting, leading to equalization in
the sub-band occupations, i.e., the difference between
the two terms in the numerator of eqn. (3) decreases.
This process evolves continuously until T

C
 is reached, at

which point the static exchange splitting collapses and
the SRA vanishes. The decrease of the SRA with
increasing Mn concentration indicates that the exchange
splitting decreases as the Mn concentration increases.
From the above discussion, it is tempting to suggest the
possible existence of a non-collinear spin structure in
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Figure 7: Longitudinal (●) and transverse (o) magnetoresistance
as a function of field for a-Fe

90-x
Mn

x
Zr

10
 alloys obtained at different

temperatures: T<T
SG

, T
SG

<T<T
C
, and T>T

C
.

Figure 8: Spontaneous resistive anisotropy as a function of
temperature for a-Fe

90-x
Mn

x
Zr

10
 alloys

∆ρ
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the present series. Particularly, below T
C
, the variation

of the high-field susceptibility for all samples shows
behaviour that is typical for weak-itinerant ferromagnets.

Finally, we focus our attention on the relation
between the SRA and magnetization, defined as

... (4)

where M is the magnetization taken from the
magnetization data and z and n are constants. Figure 9
shows the relation between the SRA and magnetization
for Fe

86
Mn

4
Zr

10
 alloys at different temperatures. The

value of n increases from 2 in the intermediate-
temperature range and has a peak value of approximately
(n=) 5 around T

C
. One may understand this behaviour

by considering that as T
C
 is approached, the effect of the

magnetic field on transport properties are dominated by
the short range order which would be different from
magnetization that is determined by long-range
behaviour.

Conclusion

We have studied the temperature and field dependence
of magnetization, low-field ac susceptibility and
magnetoresistivity of amorphous Fe

90-x
Mn

x
Zr

10
 (x=0-16)

alloys. These studies indicate that the spin-freezing
temperature is affected by Mn substitution. The magnetic

Figure 9: The relation between spontaneous resistive anisotropy
and magnetization at different temperatures 4.2 K (o), 100 K (*)
and 200 K (×) for a-Fe

86
Mn

4
Zr

10
 alloy

parameters obtained from the magnetization data and
spontaneous resistive anisotropy data suggest that the
antiferromagnetic coupling increases significantly with
Mn concentration and results in more frustration which
is described in terms of presence of competing exchange
interaction between ferromagnetic and antiferromagnetic
states. All the samples support the weak-itinerant
ferromagnetic nature.
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