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Excellent mechanical properties of amorphous or glassy metals along with the capability to fabricate sub-
50-nm patterns promise their application as a futuristic material for production of various nano- or microelec-
tromechanical systems. In addition to their applications, these materials pose a lot of challenges in understand-
ing their fundamental properties because of their random structure and involvement of three or more different
kinds of atoms. The amorphous Fe-Zr system which is reported to exhibit superconductivity, ferromagnetism,
spin glass, and antiferromagnetism is an ideal system to understand. The controversial magnetic properties of
this system are still a subject of debate. In the present paper we revisited Fe-Zr system and studied their
detailed magnetic properties in the temperature range of 5–330 K. FexZr100−x �x=63, 68, 76, 86, 92, and
93 at. %� thin films were deposited on silicon �100� substrate by a cosputtering technique. The Curie tempera-
ture �Tc� is shown to increase almost linearly with an increase in Fe concentration, but it decreases rapidly for
the Fe-rich films. The films with x up to �86 at. % have a strange shape of the hysteresis loop and are shown
to exhibit perpendicular magnetic anisotropy with a stripe domain structure. Hysteresis loop shapes are corre-
lated with the magnetic structure of the films, and provide an easy understanding of magnetic properties. It has
been shown that the Fe-rich films are composed of antiferromagnetic Fe clusters which are embedded in the
ferromagnetic amorphous FeZr.
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I. INTRODUCTION

Metallic amorphous or glassy materials are gaining con-
siderable interest from a fundamental as well as an applica-
tion point of view.1 For example these materials are used as
basic building blocks for the development of nanocrystalline
materials. In magnetic tunnel junctions amorphous metals
are used to obtain the structural and interface perfection that
are difficult to achieve with the use of single crystals because
of presence of atomic steps.2 In the production of microelec-
tromechanical systems, amorphous or glassy metals seem to
provide the best chemical and mechanical properties along
with the nano- or micropatterning ability.3,4 Single step sub-
50-nm patterns have been demonstrated using the direct writ-
ing technique such as focused ion beam and mass production
of large area nanopatterns using nanoimprint.4 In order to
fully realize the potential of such materials, a better knowl-
edge of amorphous or glassy state is required, which is com-
plicated and challenging because of disorder. The disordered
structure also allows us to manipulate and tailor the average
atomic configuration, which results in unreported magnetic
properties even for the same alloy system.5–7 We have men-
tioned above that the main hurdle in understanding these
alloys is their random arrangement of atoms and in addition
to this, the formation of bulk metallic glasses or amorphous
alloys requires at least three or more different types of atoms
in a specific composition range in order to produce the struc-
tural frustration.1 The amorphous state can be obtained in
binary alloy systems, provided the alloys are fabricated in
thin film form on a substrate. Therefore thin films can pro-
vide an initial step in understanding of amorphous or glassy
metals.

Since Zr can be alloyed with all the late 3d transition
metals, Cu, Ni, Co and Fe, with a homogeneous noncrystal-

line phase, these metallic glasses present a unique opportu-
nity for understanding the random structure. As a result, a
considerable body of experimental and theoretical reports ex-
ists in literature. The Fe-Zr system which exhibits supercon-
ductivity, paramagnetism, ferromagnetism, and antiferro-
magnetism with increasing Fe content is an ideal system to
understand, despite the fact that the amorphous Fe-Zr alloys
are the most thoroughly studied quenched random-exchange
ferromagnet in bulk8–38 as well as in thin film39–52 forms.
Three different types of magnetic behavior are reported in
the case of Fe-Zr alloys: �1� ferromagneticlike, �2� re-entrant
spin glasses �RSG�, and �3� spin glasses. The Fe-rich amor-
phous films are reported to be inhomogeneous and consist of
Fe-rich spin clusters. Both ferromagnetic and antiferromag-
netic natures have been reported for these spin clusters.
However there are also some reports which showed absence
of these clusters. Therefore the origin of magnetic properties
and the existence of clusters in amorphous Fe-Zr alloys are
still unclear and are a subject of debate.53

The wide range of compositional tunability and the non-
magnetic nature of Fe-rich FeZr make it interesting from the
application point of view.49,54–56 The insertion of nonmag-
netic Fe-Zr layer in CoFe /Al2O3 /CoFe magnetic tunnel
junction is effective to enhance the tunneling magnetoresis-
tance.54 Ferromagnetic nanometer-size dots were also fabri-
cated in nonmagnetic amorphous Fe-Zr films using atomic
force microscopy.49 A write-once-read-many type of optical
disk was also demonstrated using Fe-Zr thin films.56 In view
of the above fundamental and technical interests, here we
have revisited the Fe-Zr system and systematically studied
its detailed magnetic properties in a wide compositional
range. In addition to clarifying the nature of magnetism, the
aim is also to search for the existence of spin reorientation
transition �SRT� phenomenon similar to glassy Co-Fe-Ta-B
thin films.5–7
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II. EXPERIMENT

Fe-Zr films were deposited by a dc magnetron cosputter-
ing technique. Pure Fe and Zr-metal targets �50 mm in diam-
eter� were used. The sputtering chamber was evacuated to a
base pressure of �10−5 Pa, and high-purity argon gas
�grade-1� was introduced to obtain a sputtering gas pressure
of 0.2 Pa. Films were deposited on a silicon �100� substrate
at substrate temperatures �Ts� ranging from room tempera-
ture �RT� to 300 °C. Separate dc power supplies were used
for sputtering of both the targets. Power to the Fe target was
fixed at 100 W, while power to the Zr target was varied from
0 to 100 W, to obtain different concentrations of Zr in the
Fe-Zr thin films. The distance between the target and the
substrate was fixed at �150 mm. During deposition the sub-
strate was rotated at a speed of 10 rotations per minute. All
the films were deposited for the fixed time of 1 h. The film
thickness obtained varied from �275 nm �power to Zr target
10 W� to �710 nm �power to Zr target 100 W�. The com-
positional analysis of FexZr100−x films was carried out by an
electron probe microanalysis technique at five different loca-
tions of each sample. The crystallographic information of the
films was obtained by using a Rigaku �model: RINT-Ultima
III� x-ray diffractometer �XRD�. The x-ray source used was
Cu K� radiation, and the voltage and current during mea-
surement were 40 kV and 40 mA, respectively. During mea-
surements, the x-ray source was fixed to an angle of 15°, and
the detector was moved. For each step �step width=0.05°�,
the diffracted intensity was recorded for a fixed time of 5 s.
Resistivity was measured in the temperature range of 78–450
K by using a commercial resistivity measurement system
�ResiTest 8300, Toyo Corp. Japan� configured for Van der
Pauw method. Detailed magnetic measurements in the tem-
perature range of 5–330 K were performed using a Quantum
Design superconducting magnetometer �MPMS 5S�. The
magnetic-field direction was in-plane in all the magnetic
measurements, unless it is specified as out-of-plane. In zero-
field-cooled �ZFC� measurements, the sample was cooled to
5 K from 300 K in zero magnetic field and after that a con-
stant magnetic field of 20 Oe was applied and magnetization
was measured with increasing temperature �in the case of
hysteresis loops, magnetization was measured by changing
the magnetic field at constant temperature�. For field-cooled
�FC� measurements, the sample was cooled in a constant
magnetic field of 20 Oe from 300 to 5 K and the magnetiza-
tion was measured with increasing temperature under the
same magnetic field �in the case of FC hysteresis loops, mag-
netization was measured at a constant temperature by vary-
ing the magnetic field�. The temperature dependence of ther-
moremanent magnetization �TRM� was measured after
cooling the sample in the magnetic field of 20 Oe from room
temperature �above Curie temperature� down to 5 K and then
reducing the magnetic field to zero.

III. RESULTS AND DISCUSSION

A. Structural characterization

It was observed that the Fe concentration in the films
decreases almost linearly with an increase in power to the Zr

target �Fig. 1�a��. XRD curves for FexZr�100−x�, x
=63–93 at. %, thin films deposited at RT are shown in Fig.
1�b�. A broad peak characteristic of an amorphous state can
be noticed for x=63–92 at. %. It is observed that the maxi-
mum peak intensity decreases and the peak position shifts
toward higher angles with an increase in Fe concentration in
the films. It is hard to comment on the basis of the peak
intensity, but in the present case all the x-ray measurements
were performed under similar conditions �such as same ac-
celeration current and voltage, fixed time of measurement,
same size of the samples, etc.�, therefore we can say that the
decrease in peak intensity is because of a reduction in film
thickness with increasing concentration of Fe in the film, and
is consistent with our sputtering conditions. A further in-
crease in Fe content to x=93 at. % results in the appearance
of a sharp peak at 2��44.3°, which is superimposed on a
broad peak �Fig. 1�b��. The analysis of this diffraction pattern
revealed that the Fe-Zr thin films with Fe content of
93 at. % consist of nanocrystals of �-Fe precipitated in the
remaining amorphous phase. For x=86 at. %, films were
also deposited on heated substrates with a maximum sub-
strate temperature �Ts� of �300 °C. We did not observe any
appreciable difference in the XRD patterns of the films de-
posited at elevated Ts and the films deposited at room tem-
peratures.

B. Electrical resistivity

High electrical resistivity is also reported in the case of
amorphous alloys.57 Figure 2 shows the electrical resistivity

FIG. 1. �Color online� �a� Dependence of Fe concentration in
Fe-Zr thin films with the power applied to Zr target during cosput-
tering of Fe �100 W� and Zr. �b� XRD patterns of FexZr�100−x� �x
=63, 68, 76, 86, 92, and 93 at. %� thin films showing amorphous
nature up to 92 at. % Fe in the films. All the XRD curves are
normalized by the intensity of �-Fe peak for x=93 at. %.
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measured in the temperature range of 80–350 K for
FexZr�100−x� �x=63–93 at. %� thin films. At low tempera-
tures ��80 K�, resistivity of amorphous FexZr�100−x� �x
=63 at. %� thin film is �3.4 times higher than the amor-
phous plus nanocrystalline FexZr�100−x� �x=93 at. %� thin
film �Figs. 2�a� and 2�b��. Moreover, it is �2.6 times higher
at room temperature. For amorphous films, the absolute
value of resistivity at a particular temperature depends on Fe
concentration in the film. In general, it decreases with an
increase in Fe concentration for the entire measured tempera-
ture range �Fig. 2�b��, except for the films having Fe content
of 76 and 86 at. %. A crossover in resistivity at �250 K is
observed, which results in a slightly higher value of resistiv-
ity at room temperature for x=86 at. % as compared to x

=76 at. % �Fig. 2�b��. Amorphous films also exhibit a weak
negative temperature coefficient of resistivity �TCR�. Such a
temperature variation is in contrast to the majority of metal-
lic alloys. However, in the case of amorphous or glassy met-
als both positive and negative TCR are found. It is known
that alloys composed of atoms with d electrons have high
resistivity and often exhibit negative TCR. As expected for
normal metallic systems, nanocrystalline plus amorphous
FexZr�100−x� �x=93 at. %� thin film has a positive TCR �Fig.
2�a��.

On careful examination of Fig. 2�c�, a minimum in resis-
tivity �Tm� can be noticed in the case of Fe-rich films. Fuka-
michi et al.40 reported that the resistivity minimum is at the
magnetic Curie temperature �Tc�. However, Stobiecki et al.43

did not observe any definitive correlation with Tc. For Fe
concentration less than 25 at. % they observed that the re-
sistivity decreases with an increase in temperature even up to
400 K. For Fe concentration above 75 at. %, resistivity ex-
hibits a minimum which shifts toward lower temperatures.
Our results are in good agreement with these reported results.
The minimum in resistivity is also observed in many other
amorphous or glassy magnetic systems.58

C. Magnetic characterization

1. Curie temperature (Tc)

Figure 3�a� shows the temperature-dependent magnetiza-
tion �M�T�� curves measured under in-plane magnetic fields
of 1000 Oe for x=63–86 at. % and 5000 Oe for x=92 and
93 at. % Fe in the Fe-Zr films. Under these intensities of
magnetic fields, the film magnetization was saturated or
close to saturation. All the M�T� curves have a similar shape,
however, the magnetization at room temperature is almost
zero for all the films except x=93 at. %. Moreover the x
=93 at. % film exhibits a small decrease in magnetization
around 260 K. All these observations point out that the Curie
temperature for amorphous Fe-Zr thin films is lower than
room temperature. In the case of x=93 at. % film, a signifi-
cantly high value of magnetization at room temperature re-
sults from the �-Fe precipitates, whereas the small decrease
in the magnetization at �260 K is due to the Tc of the re-
maining amorphous phase. These magnetic measurements
are consistent with our XRD measurement shown in Fig.
1�b�. In order to obtain a value of Tc, the curves shown in
Fig. 3�a� were differentiated, and the minimum in the curve
was considered as the value of Tc.

47 The variation in Tc with
Fe concentration in the films is shown in Fig. 3�b�. The Tc is
below room temperature for all the films, and a maximum
occurs at the Fe concentration between 76 and 86 at. %. The
increase in Tc with an increase in Fe concentration in the
films is normal in the case of ferromagnetic materials; how-
ever, the opposite trend observed in Fig. 3�b� for the Fe-rich
films is unusual. A similar trend in the variation of Tc with Fe
concentration has also been reported for ribbons and thin
films of amorphous Fe-Zr alloys.11,40,43 The observed de-
crease in Tc at higher concentrations of Fe was explained on
the basis of antiferromagnetic exchange interactions that can
emerge in Fe-rich amorphous alloys. However the maximum
in Tc was reported to occur at a Fe concentration of

FIG. 2. �Color online� Temperature dependence of resistivity �a�
for nanocrystalline plus amorphous thin films �x=93 at. %�, �b� for
amorphous thin films, and �c� for amorphous films normalized by
the resistivity at 80 K. The figure shows low resistivity and positive
TCR for nanocrystalline plus amorphous, and high resistivity along
with negative TCR for amorphous Fe-Zr thin films.
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�85 at. % which is slightly higher as compared to the
present study. The reason for this deviation seems to be the
presence of stress in the films because deposition of the films
at heated substrate resulted in a significant increase in Tc. For
example, Tc of the FexZr�100−x� �x=86� film increases from
237 K for the film deposited at RT to 280 K for the film
deposited at Ts=300 °C.

It is worth discussing the correlation between Tc and
temperature-dependent resistivity minimum �Tm� observed in
Fig. 2 for Fe-rich thin films. For x=86 at. %, Tm is 280 K
and Tc is 237 K. For x=92 at. % Tm is 210 K and Tc is 195
K. As Tm is broad in this compositional range, the uncer-
tainty in determination is large. Therefore we can say that
both the Tm and Tc are close to each other for Fe-rich Fe-Zr
amorphous thin films. These observations suggest that the
resistivity minimum around Tc is related to the magnetic be-
havior. There were attempts to explain this behavior by con-
sidering additional contribution from spin-dependent
electron-magnon scattering to the electrical resistivity in ad-
dition to the structural disorder scattering.32

2. Type of magnetism—Ferromagnetic, spin glass, re-entrant?

Three different types of magnetic behavior have been re-
ported in the case of Fe-Zr alloys: �1� ferromagneticlike al-
loys characterized by the Tc, �2� RSG characterized by two
transition temperatures, Tc denoting a transition from para-
magnetic to ferromagnetic state and Tf from ferromagnetic to

spin-glass �SG� state, and �3� spin glasses, where only one
transition from paramagnetic to spin-glass state occurs at Tg.
The most useful measurements to infer the intrinsic magnetic
behavior are ZFC/FC and TRM measurements.59–62 Figure 4
shows the ZFC and FC curves along with TRM measured by
applying an in-plane magnetic field of 20 Oe for amorphous
FexZr�100−x� �x=63, 76, 86, and 92 at. %� thin films. It can be
noticed that both the ZFC and FC curves depart from each
other right from the Tc. In amorphous �frustrated� systems
the deviation between ZFC and FC is governed by spin dy-
namics and is usually observed below the onset of
freezing-in of the magnetic moments. The cusp of ZFC may
be governed by local anisotropy fields acting on the magnetic
moments. The spins may be frozen in directions governed by
their local anisotropy or by the external magnetic field if the
system is cooled down from a temperature higher than freez-
ing temperature �Tf� in zero or nonzero fields, respectively,
leading to a difference in ZFC and FC magnetization.

In the case of spin glass, the difference in FC and ZFC
magnetization is expected to coincide with TRM, i.e.,60–62

MFC�T,H� = TRM�T� + MZFC�T� − 0, �1�

where 0 represents the zero level of magnetization. The de-
viation from this behavior may arise from anisotropy. As
evident from Fig. 4, there is a significant difference in the FC
and �ZFC+TRM� magnetizations, suggesting that the amor-
phous Fe-Zr thin films studied in the present case are not
pure spin glasses. Another characteristic feature observed in
the case of spin glasses is the continuous decay of TRM with
increasing temperature up to Tf, which is again absent in the
present case.62 The sharp rise and the saturation in TRM with
decreasing temperature are characteristic of a ferromagnetic
phase. However, after saturation in TRM below Tc, an insig-
nificant decrease can be noticed with a further decrease in
temperature for the films having Fe contents up to 76 at. %
�Figs. 4�a� and 4�b��. This low temperature decrease in TRM
becomes significant with a further increase in Fe concentra-

FIG. 3. �Color online� �a� Temperature-dependent magnetization
curves for FexZr�100−x� �x=63, 68, 76, 86, 92, and 93 at. %� thin
films measured in in-plane saturating magnetic field, and �b� varia-
tion in Curie temperature �Tc� with Fe concentration for amorphous
Fe-Zr thin films, showing a rapid decrease in Tc for Fe-rich thin
films.

FIG. 4. �Color online� ZFC, FC, TRM, and ZFC+TRM curves
measured under an in-plane magnetic field of 20 Oe for amorphous
FexZr�100−x� �x= �a� 63, �b� 76, �c� 86, and �d� 92 at. %� thin films.
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tion �Fig. 4�c�� in the films. The most Fe-rich film �x
=92 at. %� exhibits two clear steps in TRM, one at Tc and
another around 75 K �named as TRE�. This type of behavior
was observed in the case of re-entrant magnets.

In the reported literature it has been established that the
Fe-rich Fe-Zr amorphous alloys have two magnetic transi-
tions: a paramagnetic to ferromagnetic at Tc, and from ferro-
magnetic to re-entrant �RE� state at low temperatures.53 The
RE state is proposed to be a mixed state in which long-range
ferromagnetic order coexists with the spin-glass order, but
the exact nature of ferromagnetic and spin-glass order still
remains a highly controversial issue, and found four model
descriptions.53 The first approach considers the magnetic mi-
crostructure consisting of antiferromagnetic Fe spin clusters,
and the ferromagnetic Fe-Zr matrix in which these spin
clusters freeze randomly below re-entrant transition
�TRE�.11,14,17,23 The second model13 depicts the spin system
for T�Tc as comprising of an infinite three-dimensional fer-
romagnetic matrix and finite ferromagnetic spin clusters with
noncollinear spin structure embedded in a spin-canted ferro-
magnetic matrix, which freeze in random directions for T
�TRE. According to the third model,18 the amorphous Fe-Zr
alloy is a wandering axis ferromagnet in which noncollinear
magnetic moments are ferromagnetically correlated but the
local magnetic axis changes throughout the sample. The
fourth model34 mentions that the spin system is composed of
ferromagnetically correlated longitudinal �z-axis� spin com-
ponent, and strongly fluctuating transverse component �xy�.
As the temperature is lowered below Tc transverse spin com-
ponents cooperatively freeze in random orientations in the xy
plane at T�TRE�Txy and coexist with collinear ferromag-
netic order along z direction. In Sec. III C 3 we will try to
understand a model that is applicable for the present case.

3. Bloch law

It is well known that the homogeneous glassy or amor-
phous ferromagnets follow the Bloch’s law63,64

M�T� = M�0��1 − BT3/2� , �2�

where M�0� is the saturation magnetization at 0 K, and B is
the characteristic constant of spin wave, and is related to the
spin wave stiffness constant D as

B = 2.612
1

M�0�� kb

4�D
�3/2

. �3�

Figure 5�a� shows the reduced magnetization M�T� /M�0� as
a function of T3/2 for all the amorphous Fe-Zr thin films. It
can be seen that the FexZr�1−x� �x=63, 68, and 76� obey
Bloch’s law in the temperature range up to �0.5Tc. From the
slope of the straight line, we obtained B=3.31�10−4, 2.15
�10−4, and 1.48�10−4 for x=63, 68, and 76, respectively.
These values are 2 orders of magnitude larger than the crys-
talline Fe �B=3.4�10−6 K−3/2�. The difference in the values
of B between the crystalline and the glassy ferromagnets
originates from the structural differences. It has been found
that in an amorphous alloy the disordered atomic structure
leads to an increase in spin wave density of states at low
excitation energies. Consequently, the value of B is larger in

the amorphous state compared to the crystalline one.63,64

Thus, the high value of B and the dominance of Bloch law in
a very large temperature range are the characteristics of a
homogeneous glassy or amorphous ferromagnet. However,
the Fe-rich films �x=86 and 92� do not follow Bloch’s law
and are not simple ferromagnetic. Kaul13 found that the x
=90 alloy behaves like a weak itinerant ferromagnet in that it
exhibits a T2 decrease in magnetization with temperature.
However, Beck and Kronmuller65 showed that the T2 depen-
dence gives a way to a T3/2 law if the measurements are
made in the field �0.37 T. It is to be noted that in the
present case the measurements were made in the magnetic
field of 0.5 T.

Takahashi66 reported a new spin fluctuation theory for
weak itinerant electron ferromagnets, in which quantum spin

FIG. 5. �Color online� �a� Reduced magnetization M�T� /M�0�
as a function of T3/2 �fitting to Bloch’s law� for amorphous
FexZr�100−x� �x=63, 68, 76, 86, and 92 at. %� thin films, showing
excellent linear fitting up to x=76 at. %, and �b� �M /M5 K�2 vs
�T /Tc�4/3 and �T /Tc�2 for x=86 and 92 at. %, showing linear fit to
T2 at low temperatures and T4/3 below Tc in a large temperature
range indicating weak itinerant electron ferromagnetism for Fe-rich
films.
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fluctuations �zero-point spin fluctuations� are considered. Ac-
cording to this theory, M�T�2 follows the T4/3 dependence in
a wide temperature range below Tc except for very low tem-
peratures, at which T2 dependence is observed. Figure 5�b�
shows the �M /M5 K�T��2 vs �T /Tc�4/3 and �T /Tc�2 for Fe-
rich amorphous FexZr�1−x� �x=86 and 92� thin films. It can be
noticed that the square of magnetization shows a T2 depen-
dence at lower temperature and T4/3 dependence in the wide
temperature range below Tc. Based on the above results and
the discussion it can be inferred that the amorphous Fe-Zr
thin films with Fe contents up to 76 at. % are ferromagnetic,
whereas the Fe-rich films exhibit weak itinerant electron fer-
romagnetism.

4. Magnetic hysteresis—existence of perpendicular
magnetic anisotropy

Figure 6�a� shows the hysteresis loops measured at 5 K
for the FexZr�100−x� �x=63, 68, 76, 86, and 92� thin films. A
strange shape of the hysteresis loops for x�86 at. % in the
films can be observed. Noticeable characteristics of these
hysteresis loops are low values of reduced remanence
�Mr /Ms: Mr remanence magnetization, and Ms saturation
magnetization� and coercivity �Hc�, and a linear increase in
magnetization from Mr to Ms. To our knowledge, this type of
hysteresis loop shape has not been reported in the case of
amorphous Fe-Zr alloys. However, in other materials such
types of hysteresis loops have been observed, and named as
“transcritical hysteresis loops.”5–7,67 The magnetization be-
havior of a transcritical type hysteresis loop is governed by
the two processes: �1� alignment of in-plane magnetization at
low fields by domain-wall motion, and �2� rotation of per-
pendicular magnetization in the film plane at higher fields.
We also examined other systems which showed similar hys-
teresis loop shapes at room temperature by magnetic force
microscopy �MFM�.6,7 In all the cases, well-defined stripe
domain patterns were observed. The bright and dark con-
trasts of stripe domain patterns in MFM image are due to
magnetization canted upward or downward out of the film
plane. Another reason for bright and dark contrasts in MFM
image may be due to an oscillating magnetization with an
in-plane component, and an out-of-plane component that pe-
riodically changes sign. The volume fraction of in-plane
magnetization and out-of-plane magnetization can be quali-
tatively inferred from the hysteresis loop. A careful exami-
nation of hysteresis loops shown in Fig. 6 for amorphous
Fe-Zr thin films revealed that only 15–20% of the saturation
magnetization of the films reverses suddenly at low magnetic
fields. Majority of magnetization reverses its direction lin-
early with magnetic field. These observations suggest that
the FexZr�100−x� �x�86 at. %� thin films exhibit perpendicu-
lar magnetic anisotropy with a stripe domain structure below
RT. The existence of perpendicular magnetic anisotropy was
also confirmed from the hysteresis loops measured by apply-
ing the magnetic field in the out-of-plane of the films. As an
example, the hysteresis loops near origin for the FexZr�100−x�
�x=86 at. %� thin film measured at 100 K in out-of-plane
and in-plane directions are shown in Fig. 6�b�. It can be
noticed that the value of Hc ��110 Oe� is higher in out-of-
plane direction compared to in-plane ��20 Oe�. The hyster-

esis loops in out-of-plane direction exhibit almost linear
variation in magnetization with field and the magnetization
saturates over 1.5 T �inset of Fig. 6�b��. This behavior is
because of strong demagnetization effects, and is also ob-
served in other systems.6,7

Amorphous or glassy alloys are expected to behave iso-
tropic with respect to their structure and properties. How-
ever, thin films prepared by evaporation or sputtering some-
times show a columnar structure that can lead to magnetic
anisotropy in the films. The column orientation in vapor-
deposited films is related to the vapor incidences and can be
explained in terms of self-shadowing. However, in our ex-
perimental capabilities, we could not detect any columnar
growth structure in these films. In amorphous or glassy al-
loys, unlike crystalline materials, symmetry is absent and
principally each atom constitutes a structural unit. These ma-
terials do not exhibit long-range order such as crystals, but
short-range order which extends over a range of neighbor
shells of atoms up to a distance of about 1 nm is well known.
The existence of short-range order seems to be responsible

FIG. 6. �Color online� �a� In-plane hysteresis loops measured at
5 K for amorphous FexZr�100−x� �x=63, 68, 76, 86, and 92 at. %�
thin films, and �b� zoom in of in-plane and out-of-plane hysteresis
loops near origin for amorphous FexZr�100−x� �x=86 at. %� thin
films at 100 K. The inset shows the complete hysteresis loops; a
linear variation in magnetization with field in out-of-plane direction
is because of strong demagnetization effects.
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for the perpendicular magnetic anisotropy in amorphous
Fe-Zr thin films.

5. Spin clusters

Another interesting feature which can be noticed from
Fig. 6�a� is a rapid increase in coercivity for Fe-rich films. In
order to understand it, we measured hysteresis loops at dif-
ferent temperatures. Figure 7�a� shows the hysteresis loops
measured at different temperatures for Fe-Zr thin films with
Fe content of 63 at. %. It can be noticed that the transcritical
hysteresis loop shape persists almost up to Tc, however, be-
fore going to the paramagnetic state, hysteresis loop shape
becomes normal. We observed a similar hysteresis behavior
for Fe contents up to 86 at. % in the films, however, this is
different for x=92 at. % �Fig. 7�b��. Variation in Hc with
temperature for all the Fe-Zr thin films is shown in Fig. 7�c�.
It can be noticed that for Fe concentrations up to 76 at. % in
the films, Hc decreases almost linearly with an increase in
temperature. A rapid increase in Hc at low temperatures is
noticed in the case of films having Fe concentrations
	86 at. % and can be fitted to the following equation �Fig.
6�a�; solid lines are the fit�:23

Hc = Hc�
�e−�T. �4�

On careful examination of hysteresis loops shown in Figs.
7�a� and 7�b�, one can also notice a difference in high-field
behavior. The magnetization does not saturate even in the
field of 5 kOe and exhibits noticeable high-field susceptibil-
ity in the case of Fe-rich films, whereas for a lower concen-
tration of Fe in the films, magnetization attains saturation in
the field of �0.5 kOe. Similar to the present observations,
an exponential temperature variation of Hc and finite high-
field susceptibility were also reported in the literature for
amorphous Fe-rich Fe-Zr alloys.22,23 The origin of this be-
havior was suggested as the freezing-in of the Fe-rich re-
gions or spin clusters at low temperatures, which act as pin-
ning centers for the domain-wall motion. Existence and
magnetism �ferro- or antiferro-� of these clusters were
strongly debated �as we mentioned above that magnetic be-
havior of Fe-Zr alloys gained four model descriptions�.

Based on our understanding of the reported literature and
the present magnetic data, it seems that the Fe-rich Fe-Zr
films are composed of antiferromagnetic Fe-rich spin clus-
ters, and the ferromagnetic Fe-Zr matrix in which these spin
clusters freezes randomly below re-entrant transition �TRE�.
Rapid increase in Hc at lower temperatures is due to freezing
of these clusters, which act as pinning centers for the
domain-wall motion. We have mentioned that the initial
magnetization �low field� is governed by the rapid alignment
of in-plane magnetization by domain-wall motion. If these
nonmagnetic frozen Fe clusters really exist, they should af-
fect the shape of the hysteresis loop at low fields. A careful
examination of the hysteresis loops measured at 5 K reveals
that the magnetization change from negative to positive or
vice versa is very rapid �straight� at lower concentrations of
Fe ��86 at. %� in the films, whereas it becomes slower
�rounding of hysteresis loop� in the Fe-rich films �x
�86 at. %� �Fig. 6�a��. This can be easily understood on the
basis of hindrance in domain-wall motion produced by the

frozen nonmagnetic Fe clusters. Moreover, if these clusters
really freeze below TRE, we should also see the changes in
the hysteresis loop shape below and above TRE. In fact we
can observe such changes very clearly in the case of the
Fe-Zr films with x=86 at. %, and the results are shown in
Fig. 8. The rounding of the hysteresis loop shape near the
origin observed at 5 K tends to vanish in the hysteresis loops
measured at 50 K, and finally it disappears above TRE

FIG. 7. �Color online� �a� In-plane hysteresis loops measured at
different temperatures for �a� lowest concentration of Fe �x
=63 at. %�, �b� highest concentration of Fe �x=92 at. %� in amor-
phous Fe-Zr thin films, and �c� variation in Hc with temperature for
amorphous FexZr�100−x� �x=63, 68, 76, 86, and 92 at. %� thin films,
showing almost linear behavior up to x=76 at. % �as shown in
inset� and exponential behavior for Fe-rich films �x�76 at. %�.
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�75 K �loop at 100 K�. This is consistent with unfreezing
of Fe clusters.

The antiferromagnetic nature of Fe clusters can be in-
ferred from the zero-field-cooled and field-cooled hysteresis
measurements. The exchange interaction between ferromag-
netic and antiferromagnetic materials has often been ob-
served to lead to a phenomenon called “exchange bias.” In
the hysteresis loop, it manifests itself as a shift of field-
cooled hysteresis loop toward the negative field axis �nega-
tive x axis� and an increase in loop width.68 Figure 9 shows
the zero-field-cooled and field-cooled hysteresis loops mea-
sured at 5 K for the Fe-Zr thin films with a Fe concentration
of 63 and 92 at. %. Presence of exchange bias for Fe-rich
�Fig. 9�b�� and absence of exchange bias for lower concen-
tration Fe �Fig. 9�a�� in Fe-Zr thin films can be noticed.

Recently we have observed the SRT phenomenon from
in-plane single-domain-like state to out-of-plane multido-
main with increasing temperature and film thickness. Amor-
phous structure along with stress in the film was shown to
govern this phenomenon.5–7 Although Fe-Zr thin films are
also in an amorphous state, we do not observe SRT in Fe-Zr
thin films investigated in the temperature range of 5–330 K.
It should be noted that the shape of the hysteresis loops ob-
served in the case of amorphous Fe-Zr thin films is similar to
glassy Co-Fe-Ta-B thin films after SRT temperature.5–7 The
absence of SRT in amorphous Fe-Zr thin films may be be-
cause of inhomogeneous structure or the low SRT tempera-
ture below 5 K.

IV. CONCLUSIONS

Magnetic and electrical properties of FexZr�100−x� �x=63,
68, 76, 86, 92, and 93 at. %� thin films deposited by a
cosputtering technique were studied in the temperature range
of 5–330 K. The films are amorphous up to Fe contents
of 92 at. %. A slight increase in Fe concentration
��93 at. %� results in the precipitation of �-Fe nanocrystals
in the amorphous phase. Completely amorphous films ex-
hibit higher electrical resistivity compared to crystalline
films. The amorphous films showed weak negative TCR in
contrast to the nanocrystalline film which exhibited positive

TCR. Resistivity minimum was observed in Fe-rich films,
but it does not have any correlation with the Curie tempera-
ture. The Tc of amorphous Fe-Zr thin films increases with an
increase in Fe contraction up to �80 at. % and further in-
crease in Fe content results in a decrease in Tc. FexZr�100−x�
films are magnetically homogeneous for x�86 at. % and
exhibit perpendicular magnetic anisotropy with a stripe do-
main type of magnetic structure. For these films Hc varies
linearly with temperature. The Fe-rich films are inhomoge-
neous, and are made up of Fe-rich antiferromagnetic spin
cluster embedded in the ferromagnetic Fe-Zr amorphous ma-
trix. An exponential variation of Hc with temperature was
observed. The Fe-rich films also exhibit weak itinerant elec-
tron ferromagnetism. The existence of special “transcritical
type” hysteresis loops �perpendicular magnetic anisotropy�
for Fe-Zr thin films allows an easy understanding of mag-
netic structure of highly controversial Fe-rich Fe-Zr amor-
phous thin films. Featureless surface topography with high
concentration of nonmagnetic Fe at room temperature in the
films can be useful for fabrication of magnetic storage and
magnetic nanostructures by local crystallization.

FIG. 8. �Color online� Blowup of hysteresis loops near origin
measured at different temperatures for Fe concentration of 86 at. %
in amorphous Fe-Zr films, showing rounding of hysteresis loop
shape near origin observed at 5 K disappeared at 100 K.

FIG. 9. �Color online� �a� ZFC and FC hysteresis loops mea-
sured at 5 K for �a� lowest concentration of Fe �x=63 at. %� and
�b� highest concentration of Fe �x=92 at. %� in amorphous Fe-Zr
thin films. Figure shows presence of exchange bias for Fe-rich and
absence of exchange bias for low concentration of Fe in amorphous
Fe-Zr thin films.
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