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A B S T R A C T

We studied the magnetic properties of 10 and 20 nm-thick, gold-capped FeRh layers grown on MgO(0 0 1).
Whereas the majority of the FeRh film undergoes ferromagnetic–antiferromagnetic phase transition upon
cooling, a small fraction of the FeRh system remains in the ferromagnetic state at low temperatures. This residual
ferromagnetic phase located at the FeRh/MgO interface exhibits perpendicular magnetic anisotropy. Moreover,
in the 10 nm-thick film, a small amount of the antiferromagnetic phase survives to high temperatures above the
phase transition and probably originates from the epitaxial strains generated at the FeRh/Au interface.

1. Introduction

The FeRh alloy with equiatomic composition undergoes a first-order
temperature magnetic phase transition from an antiferromagnetic
(AFM) to ferromagnetic (FM) state at a transition temperature close to
350 K [1–3]. Recently, low-dimensional FeRh films showing AFM–FM
transition have attracted much attention as important materials for new
storage media applications, such as heat-assisted magnetic recording
[4,5], AFM memory resistor [6], magnetic refrigerators [7] and pico-
second regime switching of FM order [8]. In the case of MgO-supported
FeRh films, several experiments reported the presence of a residual FM
phase in a nominally AFM system. For the uncoated FeRh/MgO system,
a FM surface state was observed to coexist with the AFM volume [9], in
contrast to the MgO/FeRh/MgO system, where the residual FM phase
was found at the FeRh/MgO interface [10]. The existence of a FM
fraction with out-of-plane magnetic anisotropy coexisting with the AFM
phase was theoretically predicted by Odkhuu [11,12]. The magnetic
anisotropy of FeRh films is strongly dependent on the elastic strains
induced at the interfaces that can generate both in- and out-of-plane
magnetic anisotropy [13–15]. The surface termination of FeRh influ-
ences the nature of magnetic anisotropy and its strength as previously
shown theoretically [16–18]. Finally, recent ab initio calculations [19]
indicate that the tetragonal distortion has a strong impact on the FeRh
magnetic order, leading to the possible coexistence of different AFM
phases.

In this report, we show that the FM–AFM phase transition on

cooling is not complete in 10 and 20 nm-thick FeRh layers grown on
MgO(0 0 1) and capped by an epitaxial 3 nm gold layer. In addition, the
remaining residual FM phase located at the FeRh/MgO interface ex-
hibits perpendicular magnetic anisotropy (PMA). Moreover, in the case
of the 10 nm-thick FeRh layer, the low-temperature mixed FM/AFM
state does not transform to the homogenous FM state on heating, but
instead, a fraction of the AFM phase persists at high temperatures and
undergoes a direct phase transition to the paramagnetic state. Our re-
sults show that the presence of interfaces has a strong impact on the
magnetic structure of a nominally simple system, resulting in its mag-
netic inhomogeneity at all temperatures. Moreover, the direction of the
spontaneous magnetization of the FM phase can be temperature con-
trolled by the AFM–FM phase transition between out-of-plane and in-
plane directions.

2. Experimental details and structural studies

The 10 and 20 nm-thick FeRh layers were grown on polished MgO
(0 0 1) single crystals by elemental co-deposition at 670 K. The 57Fe was
evaporated from a resistively heated BeO crucible, while the evapora-
tion of Rh was realized by electron bombardment. The nominal Rh
atomic concentration established by adjustment of the Fe and Rh eva-
poration rates (both in a range of Å/min) was approximately 54%. The
samples were post-annealed at 1000 K for 1 h to promote the formation
of the desired B2 structure [20] and capped by a 3 nm-thick epitaxial
Au(0 0 1) film. The epitaxial character of the FeRh film was shown by
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low-energy electron diffraction (LEED) patterns (Fig. 1), in which a
LEED pattern for the 10 nm-thick FeRh film was compared with these of
the MgO(0 0 1) substrate and Au overlayer. The FeRh pattern is char-
acterized by sharp diffraction spots and low background, indicating the
high structural quality of the FeRh system. Comparison of the LEED
patterns of the MgO(0 0 1) substrate and FeRh alloy indicates a 45° in-
plane rotation of the MgO(0 0 1) and B2 FeRh(0 0 1) surface unit cells.
Similar rotational relations were found between the fcc Au(0 0 1) and
FeRh(0 0 1) surfaces. The diffraction pattern of the Au(0 0 1) surface is
weak, although traces of a typical Au(0 0 1) (5× 1) reconstruction can
be seen [21]. The structural characterization was supported by X-ray
diffraction measurements in θ–2θ scattering geometry. The X-ray dif-
fraction pattern (not shown) clearly indicated the formation of the B2
FeRh phase manifested by the presence of (0 0 1), (0 0 2) and (0 0 3)
reflections, and the absence of peaks corresponding to the chemically
disordered fcc γ-phase of the FeRh, similarly to Inoue at al. [22].

3. Results and discussion

The magnetic properties were studied with polar (PMOKE) and
longitudinal magneto-optic Kerr effect (LMOKE) geometries in a tem-
perature range between 80 K and 360 K. To obtain the temperature
dependence of the FeRh magnetization, the magnetic hysteresis loops
were collected during a cooling⇔ heating cycle and the value of Kerr
rotation at saturation (normalized to the value at 359 K) was taken as a
measure of the FeRh magnetization similarly to previous procedures
[23,24]. The exemplary PMOKE and LMOKE hysteresis loops measured
for the 10 nm-thick FeRh at 80 K and 340 K are shown in Fig. 2a and b,
respectively. The typical hard-axis PMOKE loop compared with almost-
rectangular LMOKE loops indicates an in-plane magnetic anisotropy of
the FeRh system at 340 K (see Fig. 2b). At 80 K (Fig. 2a), the character
of the PMOKE and LMOKE hysteresis curves interchanges, i.e., the
LMOKE loop is hard-axis-like, while the PMOKE loop is characterized
by significant values of the remanence Kerr signal and hysteresis, which
indicates the existence of a FM phase with perpendicular magnetiza-
tion. The MOKE data were systematically collected during the tem-
perature cycle 350 K⇒ 80 K⇒ 350 K. The evolution of the PMOKE and
LMOKE loops on cooling is shown in the top and bottom plots of Fig. 2c,
respectively. With decreasing temperature, the saturation of the Kerr
signal decreases, but the PMOKE loops simultaneously change their
shapes from typical hard-axis loops to a loop with large remanence Kerr
signal and non-zero coercivity.

In Fig. 3a, a temperature dependence of the PMOKE Kerr rotation at
saturation and remanence normalized to the saturation value for each
loop (denoted as ROTSAT and ROTREM, respectively) are plotted as a
function of temperature. ROTSAT(T), normalized to a saturation value at

359 K, reveals the presence of the FM⇔ AFM transition characterized
by typical thermal hysteresis. The transition extends over a wide tem-
perature range and shifts towards low temperatures compared with the
bulk, which is a typical behaviour for thin FeRh films on MgO [25].
Interestingly, along with the FM–AFM transition manifested by a gra-
dual decrease of the ROTSAT signal with decreasing temperature, a
progressive increase in the PMOKE remanence signal can be observed.
The ROTREM(T) dependence also displays thermal hysteresis and a ne-
gative correlation with the FM FeRh phase amount, here quantified by
the ROTSAT. An out-of-plane magnetization component proportional to
the normalized ROTREM signal clearly emerges at low temperatures. The
straightforward interpretation of the above results can be based on the
AFM–FM transition-controlled shape anisotropy of the FeRh system in
combination with existence of a residual FM phase with PMA persisting
down to low temperatures and coexisting with the AFM phase. This
observation is in agreement with a recent theoretical calculation pre-
dicting the existence of an out-of-plane magnetized ultrathin FM layer
at the MgO/FeRh interface [12]. The amount of the low-temperature
FM phase can be estimated from the ROTSAT(T) curve (Fig. 3a) to be
about 10% of the FM phase at high temperatures. The PMOKE hyster-
esis curve collected at 80 K (upper plot in Fig. 2a) is not rectangular,
indicating a not fully out-of-plane magnetization state that can be
realized by a vertical non-collinearity of magnetic structures or the
formation of magnetic domains. An estimation of the average perpen-
dicular magnetization component based on the normalized ROTREM

gives approximately half of the saturation value, which roughly corre-
sponds to a range of 1–2 FeRh monolayers of spontaneous perpendi-
cular magnetization. With increasing temperature, the AFM–FM tran-
sition takes place and the overall magnetic anisotropy becomes
dominated by the shape anisotropy that gradually increases as the FM
phase develops. Fig. 3a shows that both on heating and cooling, roughly
in the middle of the transition, the magnetic anisotropy is already in-
plane as indicated by a negligible normalized ROTREM signal. PMA is
observed when the amount of FM phase drops below 50%.

Similar MOKE studies were performed for the analogous 20 nm-
thick FeRh system. The LMOKE data indicated that the profile of the
AFM–FM transition is shifted towards higher temperatures (by ap-
proximately 140 K) in comparison to the 10 nm-thick film (Fig. 3b). In
parallel, no out-of-plane magnetization component was observed with
PMOKE in the whole investigated temperature range.

To get deeper insight into the spin structure of our MgO/FeRh/Au
samples and its temperature-driven evolution, conversion electron
Mössbauer spectroscopy (CEMS) measurements were performed in a
wide temperature range using an ultra-high vacuum CEMS setup with a
100-mCi 57Co(Rh) source in normal incidence geometry and channel-
tron detection. The measured spectra were analysed using commercial

Fig. 1. The LEED patterns collected with an electron beam energy of 70 eV for: (a) MgO(0 0 1) substrate, (b) 10 nm-thick FeRh and (c) 3 nm-thick gold-capped layer.
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software and the fitting procedure was based on the hyperfine magnetic
field distribution (HFD) represented by a sum of Gaussian components
[26].

In Fig. 4a–d, the CEMS spectra for the 10 nm sample are shown for
the selected temperatures on the heating branch. A satisfactory fit of the
spectrum collected at 112 K (nominally corresponding to the AFM FeRh
state) could be obtained, assuming seven components (see Fig. 4a). The
vertical bars on the right side of each spectrum present relative con-
tribution of the selected components. The dominant blue component
(total contribution 82%) with a bi-modal distribution of the HFD with
maxima of HFD at BHF1= 26.6 T and BHF2= 24.1 T is attributed to the
AFM phase. The two Gaussian sub-components of the AFM phase are
interpreted in the following way: i.e., the sharp component with
BHF1= 26.6 T and a fraction fAFM1= 62% of the total spectral area
corresponds to the Fe sites in the ideal CsCl structure with all Rh nearest
neighbours (nn) and all Fe next nearest neighbours (nnn). The broader
sub-spectrum with BHF2= 24.1 T and fAFM2=20% is connected to the
Fe atoms with Rh atoms substituting some of Fe nnn due to excess of Rh
caused by the deviation from the perfect equi-atomic stoichiometry of
our FeRh alloy (54% of Rh in our case). The amount of such defected Fe

sites can be estimated from the contribution of the AFM2 component to
be about 3% of all Fe sites because the single antistructure Rh atom
disturbs eight neighbouring Fe sites. The intensity ratio of the second
and third lines of the Mössbauer sextet, R2/3, which is a fingerprint of
the hyperfine field orientation for the AFM component 4:1, indicates
(for the normal incidence geometry) an in-plane direction of the hy-
perfine magnetic field and hence in-plane magnetic anisotropy of the
AFM FeRh phase.

The second component (red hatched area in Fig. 4a) with
BHF3= 30.3 T and contribution fFM1=3.5% is attributed to a residual
low-temperature FM phase. In this case, the R2/3 ratio is close to zero,
which indicates the out-of-plane direction of BHF and PMA of the re-
sidual FM phase. CEMS alone cannot always distinguish between the
AFM and FM orders, but, in combination with the MOKE results, this is
the only spectral component with an out-of-plane hyperfine field that
can be associated with the low-temperature FM phase. According to the
literature, the hyperfine magnetic field of the FM component should be
higher by about 1.5–2 T with respect to the AFM component at given
temperatures [27–29]. In the discussed spectrum, the difference in the
hyperfine fields of the FM and AFM components is larger, which can be

Fig. 2. Exemplary magnetic hysteresis loops collected for PMOKE (top plots) and LMOKE geometry (bottom plots) for (a) 80 K and (b) 340 K. (c) Temperature
evolution of the magnetic loops collected on cooling for both MOKE geometries.

Fig. 3. (a) The temperature dependence of ROTSAT

(black filled squares) and normalized ROTREM

(open grey squares) for 10 nm-thick FeRh. (b) The
temperature profile of the AFM–FM transition for
20 nm-thick FeRh. Blue and red arrows show the
cooling and heating branches, respectively. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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explained by the proximity of the MgO substrate by analogy to a similar
increase of BHF reported at the Fe/MgO interface of epitaxial Fe(0 0 1)
films [30]. In addition, a small fraction (~2.5%) of spectral area
(shaded red) with canted orientation of BHF (BHF4= 27.1 T and R2/

3= 1.5) is also interpreted as corresponding to the ferromagnetic
phase, being labelled by its isomeric shift higher by 0.02mm/s with
respect to sub-spectra corresponding to AFM phase. Such difference of
isomer shifts of FM and AFM distinguishes the two magnetic phases as it
is typically found for B2 ordered FeRh alloy [27,28]. The remaining
three components are: i) a single line (shaded grey) with a fraction
fSL= 2% arising from a small contribution of a paramagnetic fcc γ-FeRh
phase; ii) a low hyperfine magnetic field component (BLOW=6 T,
fLOW=8%, shaded yellow) corresponding to Fe atoms diffused into the
Au cap in the vicinity of the FeRh/Au interface; and iii) a high-field
component with BHIGH=34 T and a fraction fHIGH= 2% (shaded or-
ange) that is attributed to a small number of Fe antistructure atoms
[27–29]. At such sites, all nn of a given Fe atom are also Fe atoms giving
rise to Fe-metal-like magnetic hyperfine field values. BHIGH is oriented
in plane (R2/3= 4), but it is difficult to judge whether FM or AFM states
contribute to this component. Antistructure atoms are assumed to be
randomly distributed in the volume of the FeRh film. The analysis of the
112 K CEMS spectrum coincides well with the MOKE data discussed
above, which shows the existence of a residual FM phase with PMA. The
CEMS data have shed some light on the location of the FM phase and
revealed an in-plane direction of spins in the AFM phase.

Next, we discuss the CEMS spectrum collected at 340 K that corre-
sponded to the FM state of our FeRh system according to our MOKE
data (see Fig. 4b). The spectrum was fitted with a set of expected
components considering the AFM–FM transition. The dominant spectral
component with an in-plane hyperfine magnetic field spectral (shaded
red, contribution of area of 55% and R2/3= 4) corresponds to the FM
phase. Its hyperfine magnetic field BHF= 25.7 T in agreement with the
literature [27,28] and its contribution relative to 112 K increased
roughly by a factor of 10. This remains in good agreement with the
MOKE measurements that are sensitive only to the FM FeRh phase. The
low-temperature residual saturation Kerr rotation signal ROTSAT is ap-
proximately 10 times smaller than the ROTSAT at 340 K. All other
components that were necessary to fit the low-temperature CEMS
spectrum are also present. In particular, the high-field component has a
similar contribution and a slightly lower magnetic hyperfine field,
whereas the fractions of single-line and low-field components increased
to about 12% and 14%, respectively. An unexpected feature of the
340 K CEMS spectrum is the significant contribution (17%) of the AFM
component, which was unambiguously identified by BHF= 23.2 T and
isomer shift by 0.02mm/s more negative than the FM component
[27,28].

According to our MOKE results at 340 K, the AFM–FM transition
was completed and no further increase of the FM FeRh phase was ex-
pected. Indeed, the CEMS spectrum measured at 390 K (see Fig. 4c)
confirms that a fraction of the FM phase does not change. Instead, a
further increase of the single-line contribution and simultaneous de-
crease of the AFM spectral component can be seen, which indicates that
the AFM phase undergoes a transition not to FM, but to a paramagnetic
phase. A noticeable increase of the low-field component (yellow sub-
spectra in Fig. 4b–d) in comparison with the 112 K spectrum can be
attributed to the transient state of the AFM phase between a stable
magnetic order and a paramagnetic state. In the vicinity of the Néel
temperature, a broadening of HFD and a lowering of BHF is expected
due to spin fluctuations. The transition of the AFM phase to the para-
magnetic state is reversible, as confirmed by the analysis of a room
temperature (RT) CEMS spectrum (see Fig. 4d) acquired after heating to
390 K, which again corresponds to saturated amount of FM phase as
concluded from Fig. 3a. The area of FM spectral component (54%) is
clearly very similar to the spectrum collected at 390 K. However, an
increase of the AFM phase contribution (blue component with
BHF= 24.6 T) is accompanied by the decrease of the single-line and

Fig. 4. The CEMS spectra collected for Au/10 nm-thick FeRh/MgO(0 0 1) at (a)
112 K, (b) 340 K, (c) 390 K and (d) room temperature (RT). (e) The measured
spectrum for Au/20 nm-thick FeRh/MgO(0 0 1) at RT. The vertical bars on the
right side of each spectra present relative contribution of FM, AFM, SL and low
field components. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

P. Dróżdż, et al. Journal of Magnetism and Magnetic Materials 495 (2020) 165804

4



low-field component areas that correspond to the paramagnetic and
transient states, respectively. Our results show that in the temperature
range nominally corresponding to the FM state (above 320 K), a sig-
nificant fraction of the AFM phase reversibly undergoes transition to
the paramagnetic state. Moreover, a significant increase of magnetic
hyperfine filed can be noticed on cooling from 390 K to RT. We suppose
that such behaviour is closely connected to the temperature depen-
dence of magnetization in analogy with interpretation of BHF(T) pro-
posed by Shirane for bulk FeRh [28]. To ensure the clarity of above
discussion the hyperfine parameters derived from the numerical fits of
CEMS spectra are listed in Table 1.

The spin structure of the MgO/10 nm-thick FeRh/Au system derived
from the combined CEMS/MOKE data analysis at low and high tem-
peratures is schematically shown in Fig. 5. At low temperature, the
interfacial FM phase with PMA coexists with bulk-like AF phase with
in–plane spin orientation (left panel in Fig. 5). At high temperatures
corresponding to the nominally FM state of FeRh, both FM and AFM
phases still coexist with in-plane magnetic anisotropy (right panel in
Fig. 5).

Additional support for our interpretation comes from the analysis of
magnetic properties of the MgO/20 nm-thick FeRh/Au system for
which the RT CEMS spectrum is shown in Fig. 4e. At RT, the 20 nm-
thick film is in the AFM state, as can be seen from the temperature
profile of the AFM–FM transition shown in Fig. 3b. Indeed, the AFM
(shaded blue) spectral component with average BHF= 24 T and fraction
fAFM= 88% dominates the CEMS spectrum. However, a component
characterized by BHF= 25.8 T with a contribution fFM=3% and R2/3

ratio equal to 0 is also present (red hatched area). The isomer shift
difference of the two components (0.02mm/s) indicates that the latter
magnetic sub-spectrum with out-of-plane BHF corresponds to a residual
FM phase coexisting with the AFM phase, similar to the MgO/10 nm-
thick FeRh/Au system. The lower (by a factor of 2) contribution of the
residual FM phase confirms its interfacial nature. No perpendicular
magnetization component was observed in PMOKE, which clearly
points to the conclusion that the FM fraction with PMA resides at the
vicinity of MgO/FeRh interface. For the MgO/20 nm-thick FeRh/Au
system, the MgO/FeRh interface is deeply buried and invisible in MOKE
measurements. Finally, the interpretation of the RT CEMS spectrum of

Table 1
The hyperfine parameters derived from the numerical fits of CEMS spectra.

*IS is the average isomer shift with respect to α-Fe.
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MgO/20 nm-thick FeRh/Au sample agrees well with the analysis of the
CEMS data of MgO/10 nm-thick FeRh/Au collected at RT after heating
to 390 K. At RT, two spectral components with BHF=24 T and
BHF=25.8 T represent the AFM and FM phases, respectively. However,
the dominating AFM phase coexists at RT with a small amount of the
FM phase (with PMA) in the case of MgO/20 nm-thick FeRh/Au, but the
FM phase dominates in the MgO/10 nm-thick FeRh/Au system while a
significant amount of the AFM fraction is simultaneously also present.
The origin of the residual AFM phase in the nominally FM state of FeRh
is not obvious; however, a compressive strain at the FeRh/Au interface
arising from the large misfit between the in plane lattice parameters of
FeRh(0 0 1) (aFeRh= 3 Å) and fcc-Au(0 0 1) (aAu= 2.88 Å) can be re-
sponsible for stabilization of the AFM phase that does not undergo the
AFM–FM phase transition [19]. In parallel, a definite location or dis-
tribution of residual AFM phase cannot be obtained on the above-
mentioned results. However, our experimental findings concerning
FeRh/Au/Fe [24] and preliminary unpublished data for FeRh/Au/FeAu
trilayers indicate that the indirect exchange coupling between FeRh and
Fe (FeAu) sublayers that is mediated across the Au spacer strongly
depends on the amount of FM FeRh phase. The existence of a thin and
continuous film of the AF FeRh phase neighbouring the Au film would
most probably suppress the interaction between the FM phase of FeRh
and the top magnetic sublayer in the FeRh/Au/Fe and FeRh/Au/FeAu
systems. Hence, the presence of continuous AF FeRh phase is not
probable, but instead we suppose that it may nucleate in the form of
discontinuous patches in the vicinity of the FeRh/Au interface (Fig. 5).

4. Conclusion

In conclusion, we showed that in gold-capped FeRh layers grown on
MgO(0 0 1) phase transition from FM to AFM on cooling is incomplete,
and the residual FM phase located at the FeRh/MgO interface exhibits
PMA. Moreover, on heating, the low-temperature mixed FM/AFM state
does not fully transform to the homogenous FM phase, but a fraction of
the AFM phase survives to high temperatures.
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