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We report on the large coercivity enhancement in epitaxial Fe/FeRh bilayer grown on W(110). It is shown that
the coercive field increases by almost an order of magnitude when the FeRh alloy undergoes a phase transition
from the ferromagnetic to antiferromagnetic state. Analysis of temperature spin structure evolution of the FeRh
alloy across the magnetic transition reveals that the observed coercivity enhancement is caused by the interfacial
spin-flop coupling between Fe and the antiferromagnetic FeRh layer.

1. Introduction

The FeRh alloy with equiatomic composition reveals a temperature
induced first-order magnetic transition from antiferromagnetic (AFM)
to ferromagnetic (FM) state at a transition temperature close to 350 K
[1-3]. Recently, low dimensional FeRh films exhibiting AFM < FM
transition have attracted a lot of attention, as they are important ma-
terials for new storage media applications, such as heat assisted mag-
netic recording (HAMR) [4,5], AFM memory resistor [6] and magnetic
refrigerators [7]. Promising results for the HAMR applications were
reported for the FePt/FeRh bilayers, where a significant (95%) coer-
civity change has been observed along with the temperature driven
transition from the ferromagnetic to the antiferromagnetic state of the
FeRh system [8]. The mechanism responsible for the coercivity change
in FePt/FeRh system was formation of the exchange spring system upon
the transition to the FM state of the FeRh alloy [4]. In the case of Fe/
FeRh ribbons, where the Fe coercive field at AFM state of FeRh was only
130 Oe, the variation of the coercive field originates from the interfacial
spin-flop coupling [9]. Similar results showing coercivity change ac-
companied by a negligible exchange bias were reported for Fe/FeRh
and CoFe/FeRh grown on MgO, Al,O3 and Ge substrates [10-12].

In this report we show that in contrast to all above mentioned ex-
periments that concerned systems with relatively thick, bulk-like FeRh
layers, the large enhancement of the coercive field can be obtained
along with FM <= AFM transition for few nanometers thick FeRh films

* Corresponding author.
E-mail address: piotr.drozdz@fis.agh.edu.pl (P. Drézdz).

https://doi.org/10.1016/j.jmmm.2019.166258

coupled to an ultrathin iron layer. In our Fe/FeRh/W(110) bilayers the
coercive field H¢ increases by almost an order of magnitude reaching a
value close to 1000 Oe, when the FeRh system undergoes transition
from the FM state to AFM phase. Moreover, a temperature window of
the coercivity enhancement can be tuned by the FeRh film thickness.
The temperature hysteresis of the Hc(T) dependence indicates that
observed coercivity enhancement is driven by the AFM <= FM phase
transition in nearby FeRh sublayers.

2. Experimental details and structural studies

The >Fe/>’FeRh bilayers were grown on a W(110) substrate and
characterized in situ under ultra-high vacuum. Ultrathin >’FeRh layers
with thickness of 50 A and 100 A were grown by elemental co-de-
position at room temperature. Iron isotopes were evaporated from re-
sistively heated BeO crucibles, whereas the heating of the Rh source
was realized by electron bombardment. The nominal Rh atomic con-
centration established by adjustment of Fe and Rh evaporation rates
(both in a range of A/min) was approximately 54%. The samples were
post-annealed at 850 K for 30 min to promote the formation of the
desired B2 structure [13]. The epitaxial character of the FeRh film was
proven by high quality LEED patterns that are shown in Fig. 1b together
with a LEED pattern corresponding to the W(110) substrate (Fig. 1a).
The both 50 A and 100 A thick FeRh layers were covered by the epi-
taxial 10 A 5°Fe ultrathin film and annealed at 450 K for 10 min,
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Fig.1. The LEED patterns collected with an electron beam energy of 65 eV for a) W(110) single crystal substrate, b) FeRh alloy film and c) Fe overlayer deposited on
FeRh. White arrows indicate two orthogonally oriented in-plane directions, namely [001] and [110].

leading to the formation of final structures denoted further as Fe/FeRh
(50 }o\) and Fe/FeRh (100 A). The LEED pattern corresponding to the Fe
surface exemplified in the Fig. 1c confirms an epitaxial growth of the Fe
films on the FeRh layer.

3. Results and discussion

The magnetic properties were studied in-situ with longitudinal
magneto-optical Kerr effect (LMOKE). We used a standard optical
layout of LMOKE setup with s-polarized light (. = 635 nm), photo-
elastic modulation (f = 50 kHz) and lock-in detection. In such a case,
the 2f signal measured in the detector is proportional to the Kerr ro-
tation [14]. To obtain a temperature dependence of magnetization, the
LMOKE magnetic hysteresis loops were collected in a wide temperature
range, and the Kerr rotation at saturation (denoted further as ROTsat)
was taken as a measure of the magnetization in a similar way as in [15].
The exemplary magnetic hysteresis loops recorded during a heating
process for the 100 A thick FeRh single layer with an external magnetic
field applied along the [001] in-plane direction, as well as the tem-
perature profiles of AFM <> FM phase transitions are shown in Fig. 2a
and 2b, respectively. All presented loops were normalized to the Kerr
rotation at saturation derived from a loop measured at 350 K. It has to
be noted that the LMOKE hysteresis curve measured with an external
magnetic field applied along the [110] in-plane direction (orthogonal to
[001]) (see inset in Fig. 2a) is characterized by a lowered remanence
value and a higher saturation field indicating a weak in-plane magnetic
anisotropy of FeRh with the [001] easy magnetization axis. A similar
weak in-plane anisotropy was observed for the single FeRh layer with a

FeRh (100A)

thickness of 50 A.

The Fe growth was followed by the in-situ temperature dependent
LMOKE measurements. The magnetic hysteresis loops collected with an
external magnetic field applied along the [001] and [110] directions are
shown in Fig. 3a and b, respectively. Loops were collected at tem-
peratures corresponding to the FM (350 K) and AFM (290 K) phases of
the FeRh alloy (denoted further as FeRhgy and FeRhagyy). At 350 K, the
Fe/FeRhgy (100 A) bilayer reveals uniaxial magnetic anisotropy with
an easy axis along the [001] direction as it can be seen from the narrow
rectangular hysteresis curve measured with external magnetic field
applied parallel to the [001] direction and a typical hard axis loop
acquired for the [110] direction. At low temperature, corresponding to
the AFM state, the uniaxial [001] magnetic anisotropy of the Fe over-
layer persists as indicated by the rectangular hysteresis curve measured
with an external magnetic field applied along [001] direction shown in
blue in Fig. 3a. Simultaneously, the LMOKE loop measured with an
external magnetic field applied along [110] direction (not shown) was
hard like, but even in a maximal available magnetic field the saturation
state could not be reached. Similar magnetic anisotropy with [001] easy
magnetization direction was observed for the Fe/FeRh (50 A) bilayer.

The observed uniaxial magnetic anisotropy is typical for the Fe(110)
films with a two-fold symmetry [16-19]. Which is more important,
comparison of the loops measured for Fe/FeRh (100 A) with external
magnetic field applied along [001] at 290 K and 350 K clearly shows an
increase of coercive field at low temperature. The systematic mea-
surement of the LMOKE loops as a function of temperature were per-
formed with an external magnetic field along the [001] direction. The
temperature dependence of Kerr rotation at saturation, ROTsa1(T), as

Fig. 2. a) Exemplary magnetic hysteresis loops col-
lected for a 100 A thick FeRh single layer during
heating process. An external magnetic field was
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applied along the [001] in-plane direction. Inset
shows a loop collected at 350 K for an external
magnetic field along the [110] direction. The scaling
of the inset axes is the same range as in the main
plot. b) Temperature dependences of Kerr rotation
at saturation for a 100 A thick FeRh single layer.
Blue and red arrows indicate branches measured
during cooling and heating process, respectively.
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Fig. 3. Magnetic hysteresis loops collected for Fe/FeRh (100 10\) bilayer for external magnetic field applied along a) [001] and b) [110] directions for temperatures

corresponding to FM (350 K) and AFM (290 K) phase of the FeRh alloy.
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Fig. 4. Top panels of a) and b) show comparison of
temperature profiles of AFM <= FM transitions be-
tween FeRh single layers (filled symbols) and Fe/

FeRh bilayers (open symbols) for 50 A and 100 A
o|  thick FeRh alloy, respectively. Bottom panels show
temperature dependences of the coercivity de-
termined for the Fe/FeRh bilayers.
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well as temperature dependence of coercivity, Hc(T), derived from the
loops measured for the Fe/FeRh (50 A) and Fe/FeRh (100 10\) bilayers
are shown in the Fig. 4a and 4b, respectively. The curves corresponding
to the Fe/FeRh bilayers and FeRh single layers are marked by open and
filled symbols, respectively. The presented ROTsa(T) curves are nor-
malized to its maximum value of ROTsar. In both cases, the tempera-
ture profile of the AFM <= FM transition is shifted to the lower values
for the Fe/FeRh bilayers in comparison with the FeRh single layer, al-
though this effect is more pronounced for the Fe/FeRh (50 A) sample.
Similar effect was previously observed for the Co/FeRh [20] system and
interpreted as the influence of magnetic proximity of the FM (Co) film
on the AFM <> FM transition in FeRh. Non-zero values of ROTsat at low
temperatures for the Fe/FeRhapy systems are associated with Kerr ro-
tation corresponding to the top Fe layer.

The temperature dependence of coercivity for bilayers shown in the
bottom panel of Fig. 4 reveals a systematic decrease and increase of Hc
of Fe/FeRh bilayers during the heating and cooling process, respec-
tively. The comparison of the ROTsar(T) and H¢(T) plots for the Fe/
FeRh bilayers indicates that the observed changes of the coercive field
are fully correlated with the magnetic AFM <> FM transitions in the
FeRh alloy. The corresponding changes in the Kerr rotation and Hc
occur at identical temperatures and are characterized by similar
thermal hysteresis. In the case of Fe/FeRh (100 A) bilayer the coercivity

300 350 400

T(K)

changes from about 100 Oe at the FM state of FeRh to nearly 1000 Oe
for the AFM state of the FeRh alloy. For the Fe/FeRh/(50 A) sample the
maximal value of the coercive field also reaches 1000 Oe although the
relative coercivity change is smaller. This can be explained by the in-
fluence of epitaxial strain on magnetization reversal of 50 A FeRh at the
FM state resulting in a higher coercivity of the Fe/FeRh (50 A) bilayer.
In addition, it is clear from our data that the temperature dependence of
the coercivity can be controlled by the FeRh layer thickness as for the
thinner FeRh layer the AFM <= FM transition is broader and shifted
towards lower temperatures.

As the mechanism of the observed coercivity enhancement of Fe/
FeRh at the AFM state we propose the interfacial spin-flop coupling
[21]. Since our MOKE data clearly show that Fe magnetization does not
switch upon cooling preserving its easy magnetization direction along
[001] direction a spin flop phenomenon must consist in the switching of
FeRh spins from [001] to the [110] direction when FeRh passes from the
FM to AFM state. The comparison of the spin structure of Fe/FeRh
system at FM and AFM state of FeRh is schematically shown in the
Fig. 5c. Such an effect was previously observed in FM/AFM interfaces
with a two-fold symmetry such as for example Fe(110)/Fe,F [22] and it
was correlated with negligible or zero exchange bias effect. Similarly, in
our Fe/FeRh systems, at all temperatures the hysteresis curves were
perfectly symmetric indicating the absence of the exchange bias effect.
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Fig. 5. a) Geometry of the grazing CEMS setup. The [001] in-plane direction is
marked by white arrow. b) CEMS spectra collected for the *°Fe/%’FeRh (100 A)
bilayer at temperatures corresponding to the FM (350 K) and AFM (81 K) state
in top and bottom panel, respectivly. ¢) The comparison of the spin structure of
Fe/FeRh system at FM and AFM state of FeRh.

According to the theoretical calculations of Schutles et al. [21] for
perfectly compensated AFM/FM interface orthogonal exchange cou-
pling does not lead to exchange bias but instead is responsible for en-
hancement of the coercivity. In phenomenological description of the
interface exchange interaction between AFM and FM the bilinear and
biquadratic (spin-flop) exchange coupling contributions (J; and J», re-
spectively) can be assumed as proposed by Xu et al. [23]. In our case the
absence of exchange bias at AFM state of the FeRh means J; = 0 and J,,
spin-flop coupling favours perpendicular alignment between AFM and
FM spins giving a rise to the uniaxial magnetic anisotropy responsible
for the enhancement of the coercivity. Similarly, convincing evidences
about the key role of spin-flop coupling as a direct source of induced
uniaxial magnetic anisotropy in AFM/FM systems can be also found in
[21,24]. At the FM state of the FeRh the J is zero as the frustration of
the exchange interaction vanishes and J; favours FM coupling between
Fe and FeRh sublayers.

Direct confirmation of the spin flop coupling effect is provided by
temperature dependent in-situ conversion electron Mdssbauer spectro-
scopy (CEMS). CEMS method allows to get insight into the spin struc-
ture evolution of the FeRh alloy for both AFM and FM phases as re-
ported in [25-28]. CEMS spectra were collected for >°Fe/°”FeRh/
(100 A) in grazing incidence geometry, where the angle between the
direction of incoming y-rays and sample surface was 15°, and with the
[001] in-plane direction of Fe/FeRh aligned in the plane of incidence
(see Fig. 5a). Owing to the isotopic sensitivity of CEMS the thermal
evolution FeRh spin orientation in the Fe/FeRh bilayer could be se-
lectively followed. Collected spectra were analysed using commercial
software and the fitting procedure was based on the hyperfine magnetic
field distribution represented by a sum of Gaussian components [29].
The orientation of the magnetic hyperfine field that is antiparallel to the
local spin direction was determined by the intensity ratio Ry,3 of the
second and third line in the Mdssbauer six-line spectrum using a simple
formula:

Ryj3 = 4sin? 6/(1 + cos? 0),

where 6 is the angle between magnetization and direction of incoming
y-rays.

The CEMS spectra were collected for Fe/FeRh (100 A) bilayer at
temperatures corresponding to the FM (350 K) and AFM (81 K) state of
the FeRh alloy. Spectrum collected for the FM phase of FeRh (top panel
on Fig. 5b) can be fitted with a single magnetic sextet, reflecting a high
degree of magnetic and structural homogeneity of the FeRh system. The
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hyperfine field value derived from the fit is equal to 27.3 T and the
intensity ratio Rp,3 is approximately 0.7. Considering the measurement
geometry, this Ry/3 value indicates a uniaxial magnetic anisotropy of
FeRhpy with an easy axis along the [001] in-plane direction, in
agreement with the MOKE results. The CEMS spectrum collected for the
Fe/FeRhapy state is shown in the bottom panel of Fig. 5b. The most
pronunced change between the CEMS spectra collected for the FM and
AFM state of the alloy consists in the increase of Ry ratio to 3.6 value
indicating the reorientation of the FeRh spins from [001] direction at
FM state to [110] for AFM phase. This observation, in combination with
the MOKE data indicating the [001] easy magnetization direction of the
Fe overlayer at both FM and AFM states of FeRh (see rectangular loops
in Fig. 3a) directly proves a spin flop coupling occurring along with the
transition of FeRh to the AFM state.

4. Conclusion

In conclusion, we showed a large temperature induced coercivity
changes in epitaxial Fe/FeRh bilayers grown on W(110) substrate. The
temperature hysteresis of the Hc(T) dependence indicates that the ob-
served coercivity enhancement is driven by the AFM < FM phase
transitions in the nearby FeRh sublayers. Direct analysis of temperature
evolution of the spin structure in the FeRh reveals that the observed
coercivity enhancement is caused by a spin-flop coupling at the Fe/
FeRhupy interface.
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