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Abstract To understand the mechanism of first-order
magnetic phase transition in ordered FeRh thin films, the
magnetic properties and first-order antiferromagnetic
(AFM)—ferromagnetic (FM) phase transition behavior of
single-crystal FeRh thin film are investigated in detail. The
first-order magnetic phase transition is seen at a tempera-
ture of around 120 °C during heating and 145 °C cooling
processes in perpendicular direction. The M-H loops
measured isothermally amidst the AFM-FM transition
regime show an opening at high magnetic field, which
indicate a reversible AFM-FM transition induced by
magnetic field. The clusters of the FM phase nucleate in the
AFM matrix heterogeneously and vice versa during the
first-order phase transition and the mechanism of nucle-
ation and growth kinetics of the first-order magnetic phase
transition in ordered FeRh thin film is quite similar to that
of the crystallization of solids described by the Avrami
model.

This article was presented in the ICAM2009 symposium of
E-Magnetic Materials at the Nanoscale by Mr. Yuxin Wang.

W. Lu (X)) - Y. Wang - B. Yan

School of Materials Science and Engineering, Shanghai Key
Laboratory of D&A for Metal-Functional Materials, Tongji
University, 200092 Shanghai, China

e-mail: weilu@tongji.edu.cn

Y. Wang
e-mail: smallmonkey859 @sina.com.cn

B. Yan
e-mail: yan_biao@tongji.edu.cn

T. Suzuki
Information Storage Materials Laboratory, Toyota
Technological Institute, Nagoya, Aichi 468-8511, Japan

Introduction

First-order phase transition has received much attentions
due to not only fundamental physics but also its potential
application [1-4]. It has been known for a long time that a
bulk FeRh alloy exhibits a first-order magnetic phase tran-
sition between antiferromagnetic (AFM) state and ferro-
magnetic (FM) state upon heating or under high pressure
[4]. The Curie temperature of ferromagnetic phase in FeRh
alloy is around 410 °C. Because of the unique nature of
such a magnetic phase transition, this alloy system has been
widely studied for various physical properties for thin films
and bulks. Among them, magnetic properties and structures
are noteworthy mentioning. Further studies found that this
transition is accompanied by a unit cell volume expansion
of 1-2%, a reduction in resistivity, and a large change in
entropy [4-6]. This opens up interesting possibilities for
technological applications such as heat-assisted magnetic
recording and microelectromechanical system devices
[6-8]. However, the physical mechanism of this first-order
AFM/FM phase transition in ordered FeRh-based thin films
is still not very clear. To further understand the mechanism
of first-order AFM/FM phase transition in ordered FeRh
thin films, the magnetic properties and first-order phase
transition behavior of single-crystal FeRh thin film are
investigated in detail in this article.

Experimental

Single-crystal FeRh thin film with a thickness of around
100 nm was fabricated onto MgO(100) substrates using
sputtering from FesoRhso alloy target. The substrate tem-
perature during deposition was kept at around 450 °C. The
base pressure of the chamber was around 1 x 10~* Torr.

@ Springer



4920

J Mater Sci (2010) 45:4919-4923

The structural analysis of the films was performed by X-ray
Diffractometer (XRD) using Cu Ko radiation and magnetic
properties were carried out using a vibrating sample mag-
netometer (VSM) in fields up to 15 kOe.

Results and discussions

Figure la shows XRD patterns (0-20) of FeRh thin film.
The (001) superlattice peak and (002) fundamental peak of
ordered FeRh phase are clearly observed and this result
indicates that the (001)-oriented FeRh thin film was suc-
cessfully fabricated on MgO (100) substrate. The other
peaks with no indication in Fig. la come from the MgO
(100) substrate. Furthermore, the ¢-scan diffraction, as
shown in Fig. 1b, confirms that the film exhibits a four-fold
symmetry in the film plane, indicating that the film is of
single-crystalline structure.

Figure 2 shows the temperature-dependent magnetiza-
tion curves (M-T) for FeRh thin film with an applied
magnetic field of 15 kOe in the direction of both perpen-
dicular and parallel to film plane. The heating rate and
cooling rate are both of 2 °C/min. Herein, We define the
transition temperature, Ti,, as the temperature at half
change of the magnetization. A sharp rise in magnetization
slightly above 120 °C during heating in both directions
indicates the onset of the first-order AFM to FM phase
transition in FeRh single-crystal thin film. At around
140 °C, the magnetization gets saturation. The saturated
magnetization is about 1370 emu/cc in perpendicular
direction and during cooling the onset of the FM to AFM
phase transition takes place at temperature slightly below
145 °C in perpendicular direction and 130 °C in parallel
direction. It is also seen that the transition temperature (7,)
in perpendicular direction is higher than that of parallel
direction in both heating and cooling processes. This is
most likely due to the appearance of the self demagneti-
zation field encountered when the magnetization is per-
pendicular to the field which tends to retain the formation
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Fig. 2 Temperature-dependent magnetization curves (M-T) for FeRh
thin film with an applied magnetic field of 15 kOe in the direction of
both perpendicular and parallel to film plane

of the ferromagnetic phase. In addition, the temperature-
dependent magnetization shows a hysteresis across the
transition. This result confirms the first-order nature of
the AFM/FM phase transition in FeRh thin film. Hysteresis
across a first-order phase transition occurs due to the
supercooling and/or superheating of the parent phase in the
product matrix across the transition.

Figure 3 shows temperature-dependent M—-H loops
measured in the parallel direction of the film plane during
the phase transition of FeRh thin film in both heating and
cooling processes. Between each measurement the applied
magnetic field is fixed to 15 kOe while temperature is
changed. The hysteresis loops at the middle of transition
show an obvious opening at high magnetic field which is
close to saturation field. Note that there is no opening in
M-H loops at the beginning of AFM-FM phase transition
and the opening disappears when AFM phase has trans-
formed to FM phase in FeRh thin film during heating. For
the case of cooling, it gives similar results. Figure 4 shows
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Fig. 4 M-H loops of FeRh thin film measured at 140 °C during heating with different applied magnetic field ranges from 2.5 to 15 kOe

the M—H loops of FeRh thin film measured at 140 °C
during heating with different applied magnetic field ranges
from 2.5 to 15 kOe. An opening in hysteresis loops can
also be observed when the applied magnetic field is larger
than 5 kOe. It is interesting to see that with increasing
applied magnetic field from 5 to 15 kOe, the opening
becomes larger. The dependence of opening in hysteresis
loops on applied magnetic field and temperature indicates a
reversible AFM-FM phase transition in FeRh thin film.
The origin of this opening is most possible due to the
magnetic-field-induced AFM—FM phase transition in FeRh
thin film [5].

Having established the presence of lattice expansion and
hysteresis across the transition, we focus on another sig-
nature of a first-order transition which is the existence of

metastable states. The signature of metastable states can be
experimentally observed by measuring the time dependence
of a physical quantity intrinsic to the sample which is rel-
evant to the phase transition. In this case, we measure the
time dependence of magnetization at a fixed temperature in
a fixed field using the VSM. Figure 5 shows the normalized
magnetization M as a function of time during heating cycle
for FeRh sample. The sample was heated up to 130 °C from
a temperature well below those values where the magneti-
zation is reversible. The magnetization was then measured
as a function of time immediately after the temperature was
stabilized. The normalization of M is carried out with
respect to My, which is the magnetization value at the first
measurement point after reaching 125 °C (i.e., at r = 0).
The time-dependent magnetization follows a saturating
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Fig. 5 Normalized magnetization M as a function of time during
heating cycle for FeRh sample

exponential law and can be very well fitted with the fol-
lowing equation: M/My = My, — A -exp(—t/t), where
M, is the saturated magnetization, A is a constant, and 7 is a
relaxation time. The magnetization changes toward a higher
value which clearly indicates the presence of a metastable
(superheated) AFM phase relaxing toward the stable FM
phase, and then it tends to be exhausted. This behavior
could arise for the case of an AFM to FM transition when
the nucleation is heterogeneous. By imaging the AFM to
FM transition on a sub-micron scale in FeRh-based alloy
using magnetic force microscopy [9], it has been shown the
nucleation of the FM phase in the AFM matrix. Nucleation
of the FM phase across the AFM to FM transition has been
shown in various cases at different length scales (see
[10-12]) highlighting the generality of the phenomenon.
So, it can be believed that the clusters of the FM phase
nucleate in the AFM matrix and vice versa during the first-
order AFM-FM phase transition in ordered FeRh thin film.

Figure 6 shows the dependence of IdM/dT1 upon tem-
perature in parallel direction for FeRh thin film. The data is
taken from Fig. 2. Here, the value of saturated magneti-
zation at a particular temperature was directly taken as a
measure of phase fraction of the FM phase. Therefore, the
nucleation and some aspects of the growth kinetics of
magnetic domains during AFM/FM phase transition in
FeRh thin film can be analyzed. From Fig. 6, it can be seen
that during heating process, the value of [dM/dT1 shows an
initial increase with rise in temperature and then drops with
a further rise in temperature. This probably indicates that
the initial part of the transition, while heating, is dominated
by the creation of new FM nuclei and in the later stages
these nuclei merge to grow into the product FM phase. The
maximum peak in the temperature dependence of |[dM/dT
thus indicates the maximum growth rate of the product
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Fig. 6 Dependence of |dM/dT! upon temperature for FeRh thin film

phase. The same discussion probably applies to the tem-
perature dependence of |dM/dT1 during cooling, where the
initial nucleation is dominating over the subsequent
growth. The initial part of the cooling appears to be
dominated by the creation of new AFM nuclei and later
these AFM nuclei coalesce to form the low-temperature
AFM phase (result in a rapid fall of magnetization). The
results of Fig. 6 indicate a nucleation and growth mecha-
nism quite similar to that of the crystallization of solids
described in the Avrami model [13]. From the results of
local imaging presented for field-induced transitions in the
case of CeFe, [11]- and GdsGey-based alloy systems [12],
the nucleation and growth processes appear to closely
follow the assumptions of the Avrami model. It is believed
that similar nucleation and growth processes take place
across the first-order phase transition in the case of FeRh
thin film under consideration.

Interestingly, there is a shoulder at low temperature side
during FM to AFM transition upon cooling in FeRh thin
film. This feature is also observed in FeRh thin film grown
on Al,O3 (0001) single crystalline substrate during FM to
AFM transition upon cooling [5], but the origin is still not
clear.

Conclusions

The magnetic properties and first-order phase transition
behavior of single crystal FeRh thin film are investigated in
detail in this article. The first-order magnetic phase tran-
sition is seen at a temperature of around 120 °C during
heating and 145 °C cooling process in perpendicular
direction. The transition temperatures in perpendicular
direction is higher than that of parallel direction, which is
most likely due to the arise from the self demagnetization
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field encountered when the magnetization is perpendicular
to the field which tends to retain the formation of the fer-
romagnetic phase. The M—H loops measured isothermally
amidst the AFM—-FM transition regime show an opening at
high magnetic field, which indicate a reversible AFM-FM
transition induced by magnetic field. The clusters of the
FM phase nucleate in the AFM matrix heterogeneously and
vice versa during the first-order phase transition in ordered
FeRh thin film. The mechanism of nucleation and growth
kinetics in the first-order magnetic phase transition of FeRh
thin film is quite similar to that of the crystallization of
solids described by the Avrami model.
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