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ABSTRACT

We demonstrate a probe of long-range antiferromagnetic (AF) order in FeRh thin films using non-resonant magnetic x-ray scattering. In
particular, x-rays at energies below the Fe K-edge have been used for the observation of magnetic Bragg peaks. Due to the low efficiency of the
magnetic scattering, a grazing incidence geometry was used to optimise the diffracted intensity from the thin film samples. Based on Scherrer
analysis, we estimate a coherence length similar to previous reports from x-ray magnetic linear dichroism (XMLD) experiments, indicating
that domain sizes are limited to 40 nm which is consistent with the grain size. The temperature dependent behaviour of the AF order shows
an inverse correlation with the emergence of the ferromagnetic (FM) moment, as expected from the phase diagram.
© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000320

I. INTRODUCTION
The meta-magnetic phase transition of equiatomic FeRh has
been used as an archetype for investigations of the three-temperature
model of phase transitions1,2 as it undergoes (i) an antiferromagnetic
(AF) to ferromagnetic (FM) transition,1,3 (ii) a lattice expansion,4
and (iii) a change in electronic structure5 on increasing the temperature. The coupled nature of this transition provides a wide range
of parameters with which one can alter the boundary between the
two phases.6 As the ground states of the AF and FM phases are close
in energy,7 perturbation of the electronic, crystal or spin structure
can promote the stability of one phase and change the transition
temperature.6 For example, this can be achieved by changing the
strain at an interface, either with a capping layer8 or via a lattice mismatch to the substrate,9 or by changing the contribution of strain
by tailoring the sample thickness.10 Interfacial strain has also been
shown to stabilise the FM phase.11 The crystal structure and atomic
disorder in the sample are also important and, by doping the material, the properties can be changed.12 The properties can also be
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modified by artificially increasing the disorder in the sample using
ion irradiation.7,13,14 Patterning films for potential applications can
change the magnetic properties, either as a by-product of the lithography process15 or as a result of magnetic interactions between the
patterned elements.16
FeRh thin films are of interest in a wide range of fields, the most
developed of which is magnetic data storage. Two examples of applications are (i) as a component in an exchange-spring magnet17–19 for
heat-assisted magnetic recording (HAMR); or (ii) as an AF magnetoresistor acting as a write/read bit.20 In both cases the bit is read whilst
in the AF state,21 while the write action takes advantage of high saturation moment and (relatively) low coercivity of the FM phase.19
In order to optimise FeRh thin films for applications a knowledge
of the exact mechanism of how the spins evolve with temperature is
a prerequisite. Theoretical work has suggested that the transition is
instigated by canting of the AF spins22 which helps promote the transition over the small energy barrier from the AF to FM phase.6 This
is consistent with the strong magnetic field dependence of the phase
transition which is 9 K T−1 , since the field induced canting of the
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Fe spins reduces the thermal energy required to promote the transition.23 A simultaneous probe of the lattice and the AF order could
verify such a model.24 However, AF order has previously only been
investigated with static techniques based on neutron diffraction25 or
correlation lengths extracted from x-ray magnetic linear dichroism
(XMLD).26 In addition, it is known that the lattice expansion occurs
within 30 ps following laser excitation,27 but it is not clear if this is
commensurate with a loss in AF order.
In this article, we describe a method to probe the long-range
order of the Fe spins in the AF phase. Shown in Fig.1 is the distribution of spins on the Fe sites with anti-parallel ordering on a cubic
structure which is defined as a G-type anti-ferromagnet. Such regular order allows us to extend the Bragg condition for diffraction to
the spins, which gives a weak coherent scattering of x-ray photons.28
Within the family of ( 12 12 12 ) lattice planes, the spins align parallel
and therefore can scatter x-rays coherently with a phase shift due to
the transfer of angular momentum.29 When viewed in k-space, the
reciprocal lattice points are non-coincident with the integer Bragg
peaks that scatter from the charge centres. As such, they can be
probed independently. This allows us to monitor the evolution of
AF order and compare it to the lattice. It is possible, in principle,
to determine the spin and orbital contributions to the moment in
the AF state,30 which is information that is not available in neutron diffraction experiments. However, this analysis is best applied
to materials that have a large relative orbital moment,30 which is not
the case for FeRh. Based on the FM moment and ab initio calculations, it is expected that the Fe centres will have moments that
are dominated by the spin.22,31,32 As such the ratio ml /ms is close to
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zero and we expect a negligible contribution from the orbital angular
momentum to the scattered intensity.
II. EXPERIMENTAL PROCEDURE
The samples investigated were nominally 500 nm thick
Fe50 Rh50 films magnetron sputtered on MgO substrates from an
equiatomic FeRh alloy target. The films were deposited using an AJA
ATC-2200 sputter system and, following the deposition at 650○ C,
the samples were annealed for 2 hours at 750○ C.33 After cooling to
room temperature, a Pt cap (3 nm) was deposited to inhibit surface
oxidation. The annealing step is important to achieve the necessary
B2 crystal structure for the required meta-magnetic transition to
occur.33 Further details of the deposition can be found in previously
published work.11,34
The crystal structures of the FeRh films were confirmed by XRD
analysis. The film is found to align in-plane at 45○ to the cubic MgO
substrate (Fig.1). This fulfils the lattice matching condition with
a mismatch of <2%35 for planes FeRh[001](011)∥ MgO[001](001).
The lattice expansion of the FeRh through the meta-magnetic phase
transition was measured to be 0.75% when heated from 303 K to
493 K, with the expansion in the MgO lattice being 0.01%. A factor
of 70 difference implies that interfacial strain from the substrate is
not driving factor of the transition. Vibrating sample magnetometry (VSM) confirmed the meta-magnetic transition occurs at 358 K,
with a maximum saturation Ms of 920 kA m−1 (@ 413 K).
X-ray scattering experiments were carried out on 5 mm x 5 mm
films at the I16 beamline of Diamond Light Source, and the MS
beamline of the Swiss Light Source using x-ray energies of 4.998 keV
and 6.408 keV. These energies do not coincide with any resonant Fe
absorption edges (Fe K-edge = 7.112 keV). During the I16 measurements, the temperature was controlled with the available 6K-800K
ARS GM cooler.
III. RESULTS AND DISCUSSION

FIG. 1. Crystal structure: (a) of equiatomic FeRh in the B2 phase. The phase transition is accompanied by an isotropic lattice expansion. (b) The relative orientation
of the FeRh when sputter grown on MgO. (c) In the AF phase of FeRh, the G-type
order is seen to occupy the ( 21 12 12 ) family of planes within which the Fe spins
align parallel.
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For our experiment, we focused on measuring the magnetic
Bragg peaks of a Fe50 Rh50 film originating from the long-range AF
order. In order to establish the efficiency of the x-ray magnetic scattering, the ‘charge’ peaks - those corresponding to the nuclear x-ray
scattering - were used as a reference. The noise was reduced by defining a region of interest (ROI) for each peak on the Pilatus 3-100K
2-d detector and normalising against a background ROI. To confirm
that the signal of the ( 12 12 12 ) peaks were indeed of magnetic origin,
a Pyrolithic graphite polarisation crystal was initially used (with the
x-ray energy tuned to 5.22 keV). The absorption and re-emission
of x-rays from magnetic scattering require a transfer in angular
momentum that rotates the polarisation relative to the incident xrays. Therefore, it is expected that significant intensity is measured
in the rotated polarisation channel (so called σ − π’ scattering30,36 ).
In the vertical experimental configuration (see Fig.2), with a grazing incident angle α=2○ , we obtained count rates of the order of 40
ct/s for the ( 32 12 12 ) reflection. We lowered the energy of the x-rays
to 4.998 keV to establish more favourable conditions for measuring AF peaks. At this energy the ( 32 12 12 ) magnetic peak occurs for
a horizontal scattering angle of 90○ , where nuclear Bragg peaks are
suppressed. It is therefore possible to measure without a polarisation analyser, as only the magnetic signal is present at this scattering
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FIG. 2. Experimental Geometry: schematic using the sample reference axes. The
angle α refers to the incidence angle of the x-rays, and the sample was rotated
about ϕ to produce the rocking curves in the measurements. The polarisation axes,
σ and π, are illustrated.

angle. Indeed, we found a count rate of 2500 ct/s for the ( 32 12 21 )
magnetic peak (α=2○ ). In order to confirm these efficiencies a higher
x-ray energy (6.408 keV) was used to check the ( 52 12 21 ) Bragg peak.
In this case we obtained a count rate of 1000 ct/s (α = 5○ ). Finally, we
attempted to observe resonant enhancement of the magnetic scattering in the vicinity of the Fe K-edge. However, above the edge
(@ 7.6 keV37,38 ), the signal is dominated by the background due
to the Fe fluorescence. This was despite the near perpendicular
scattering angle (90.42○ ).39
We initially observed the incidence angle dependence shown in
Fig.3 at an energy of 4.998 keV. The incidence angle dependence was
confirmed for higher x-ray energy (6.408 keV), and for the charge
peak (2 0 1). The angular dependence in all cases shows a steep drop
off in signal for angles below 1○ . In the case of magnetic scattering,
no discernible peak is present for angles less than 0.5○ . The angular dependence can be explained by considering the effect of grazing
incidence geometry on the spot size of the x-ray beam. The crosssection of the beam profile was fitted to a Gaussian function and
found to have a FWHM of 80 μm. When this beam is incident at near
grazing angles, the larger footprint results in an increased volume of
the thin film sample being illumined. For a perfectly flat film, we estimate the footprint to be several mm when angles of less than 1○ are
employed. Below such angles, total external reflection of the x-ray
beam is expected, with θcritical estimated to be 0.2 - 0.5○ from the
refractive index (n = 1 – 4.85x10−5 ) of FeRh at x-ray energies.40–42
The vanishing signal around 0.5○ is attributed to such reflections.
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The efficiency of the magnetic scattering can be estimated by
comparing the intensity of the magnetic and charge peaks. The ratio
of these intensities is estimated to be I charge /I magnetic = 1 × 10−7 when
comparing similar incidence angles and correcting for the attenuation of the x-rays. Based on the theoretical work of Blume and
Gibbs,28 this is close to the expected ratio. From the relative overlap
with the x-ray photon wavefunction, it is predicted that the intensity
of the magnetic peaks will be 105 – 106 times weaker than for the
charge peaks.43
In order to confirm that the signal from the ( 12 21 12 ) family of
peaks of FeRh has no contribution from the charge centres, we measured the intensity of the peaks as a function of temperature through
the phase transition. The results are presented in Fig.4 where the
intensities are obtained from fitting measured data to Voigt functions. The intensity was found to steadily decrease for increasing
temperature as expected due to increasing thermal energy and therefore increased non-coherent phonon scattering in the sample. At
temperatures close to the phase transition determined from the VSM
data, the intensity drops significantly on increasing the temperature
in the interval 360-390 K (Fig.4 a)). Based on the measured XRD
data of the (001) and (002) peaks of the FeRh we expect no significant change in the form factor. The charge Bragg peaks measured at
303 K and 493 K show no change in the integrated intensity. These
measurements demonstrate that the observed ( 32 12 21 ) peak is due
to magnetic scattering from the AF lattice.
As the AF-FM transition occurs over a range of temperatures,
the AF order does not evolve as a single first-order phase transition where the properties would be expected to change over 0.1-1 K.
Instead, previous experiments into the microscopic structure of
FeRh have shown that the sub-micron regions have an independent
transition temperature,44 each with a first order transition. Averaging across these regions yields a Gaussian distribution of transitions
for macroscopic films.34 By fitting the first derivative of the intensity
vs. temperature with a Gaussian function in Fig.4, we can compare
the transition as monitored by VSM (TVSM = 356K) to the change
in AF order (Tx-ray = 377K). From the signal, it appears that the FM
moment begins to emerge before the AF order is completely lost.
The mixed phase of the material still shows some long-range AF
ordering in the Fe spins. Even accounting for an uncertainty in the
calibration temperatures for the two different systems (± 5K), the
difference in the two transition temperatures is significant. This is
in agreement with previous work where the nucleation and growth
of FM domains through the phase transition was investigated.45,46
The domains have been seen to first nucleate and then grow by

FIG. 3. Angular Dependence: (a) Rocking curves of the (− 32 − 32 12 ) magnetic peaks and similar scans for
the (201) charge peaks (measured at
6.408 keV). (b) The intensity of the peaks
as a function of incidence angle. There is
a large drop in intensity for angles below
1○ due to the onset of total external
reflection.
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FIG. 4. Temperature Dependence: (a)
The inverse correlation between the
intensity of the FeRh ( 21 32 12 ) magnetic peak, and the saturation moment
of the FeRh film. Shown are the normalised values with error bars found
from the fitting to Voigt functions. (b)
Comparison of Gaussian fits to the transition behaviour for the VSM (TVSM
= 356 K) and the diffractometer data
(Tx-ray = 377 K) showing a shift in
the temperature envelope over which
changes occur.

absorbing neighbouring AF domains. If we assume that the AF
domains are much smaller than the FM domains, it is possible to still
have coherence within the AF domains while a significant portion of
the material has transitioned to the FM state. Therefore, we suggest
that this is further evidence for the previously reported dynamics of
the phase transition.26 It will also be useful to have such long-range
order in the mixed phase when measuring the lattice dynamics of the
meta-magnetic transition.47 By being able to record signal from the
AF ordering it should be possible to examine with fine detail how
quickly the film transitions with respect to the spin flop on the Fe
sites.
The magnetic and charge peaks of Fig.3 were fitted with Gaussian functions to estimate the coherence length of the AF ordering
and crystal structure with full width at half maxima (FWHM) of
0.38○ and 0.39○ respectively. Being at the same energy and employing the same experimental set-up, it can be assumed that any
differences in the FWHM are not due to either spectral or instrumental broadening.48 We do not observe any increase in the FWHM
for the half-integer peaks, implying that the ordering of the Fe spins
in the AF phase are of a similar long-range order, comparable to the
crystalline coherence length. This remains consistent across small
angles with increasing certainty at higher angles. Averaging values
obtained from a Scherrer analysis of these fits yields a minimum
mean coherence length of 40 ± 3 nm, consistent with our assumption that the AF domains are much smaller than the FM domains.
There is a slight peak broadening at lower incidence angles suggesting that we have increased incoherent scattering. This is consistent
with the assumption that grazing incidence scans will have greater
diffuse reflection due to the surface defects.41
A previously reported experiment looking at the correlation
length of XMLD signal could not definitively resolve the size of
the AF domains.26 They suggested that the spatial resolution of the
technique limited this measurement and that the domains are likely
to be 30-60 nm. This would yield AF domain structure smaller or
close to the crystallite size of sputtered FeRh films, consistent with
the assumption that such domains are limited by crystallographic
defects. This has been previously seen in AF thin film samples, with
domain sizes of less than 50 nm observed in NiO and LaFeO3 .49,50
IV. CONCLUSIONS
We have demonstrated an x-ray diffraction technique to probe
long-range AF ordering of Fe spins in FeRh films at RT. The temperature dependence of the peaks was shown to correlate with the
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emergence of FM moment in this material. The non-resonant x-ray
scattering of the magnetic order shows similar peak widths to the
integer Bragg peaks suggesting the coherence length of the AF order
is limited by the grain boundaries of the sputtered thin film. The
expected domain size of AF domains has previously shown to be
limited by crystallographic defects in agreement with our measurements. We have further demonstrated the incidence angle and
energy dependence of these peaks which will be important factors
to consider in the future investigation of the AF order in FeRh.
This technique could be adapted to the time-dependent regime as
a simultaneous probe of the lattice and spin dynamics of FeRh.
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of Physics 18, 083017 (2016).
33
C. Le Graët, M. A. de Vries, M. McLaren, R. M. Brydson, M. Loving, D. Heiman,
L. H. Lewis, and C. H. Marrows, Journal of Visualized Experiments 80, e50603
(2013).
34
C. W. Barton, T. A. Ostler, D. Huskisson, C. J. Kinane, S. J. Haigh, G. Hrkac,
and T. Thomson, Scientific Reports 7, 44397 (2017).
35
S. Kaneko, T. Nagano, K. Akiyama, T. Ito, M. Yasui, Y. Hirabayashi, H.
Funakubo, and M. Yoshimoto, Journal of Applied Physics 107, 073523 (2010).
36
T. Matsumura, S. Michimura, T. Inami, T. Otsubo, H. Tanida, F. Iga, and M.
Sera, Physical Review B - Condensed Matter and Materials Physics 89, 014422
(2014).
37
L. J. P. Ament, M. Van Veenendaal, T. P. Devereaux, J. P. Hill, and J. Van Den
Brink, Reviews of Modern Physics 83, 705 (2011); arXiv:1009.3630.
38
K. Gilmore, J. Pelliciari, Y. Huang, J. J. Kas, M. Dantz, V. N. Strocov, S. Kasahara,
Y. Matsuda, T. Das, T. Shibauchi, and T. Schmitt, Physical Review X 11, 031013
(2021); arXiv:2011.04509.
39
G. Lipari and A. Szabo, Biophysical Journal 30, 489 (1980).
40
L.-Y. Chen, Retrospective Theses and Dissertations, 1987.
41
J. W. Kim, P. J. Ryan, Y. Ding, L. H. Lewis, M. Ali, C. J. Kinane, B. J. Hickey, C.
H. Marrows, and D. A. Arena, Applied Physics Letters 95, 222515 (2009).
42
B. L. Henke, E. M. Gullikson, and J. C. Davis, Atomic Data and Nuclear Data
Tables 54, 181 (1993).
43
T. Brückel, D. Hupfeld, J. Strempfer, W. Caliebe, K. Mattenberger, A. Stunault,
N. Bernhoeft, and G. J. McIntyre, European Physical Journal B 19, 475 (2001).
44
J. L. Warren, C. W. Barton, C. Bull, and T. Thomson, Scientific Reports 10, 4030
(2020).
45
C. Baldasseroni, C. Bordel, A. X. Gray, A. M. Kaiser, F. Kronast, J. HerreroAlbillos, C. M. Schneider, C. S. Fadley, and F. Hellman, Applied Physics Letters
100, 262401 (2012).
46
T. P. Almeida, R. Temple, J. Massey, K. Fallon, G. Paterson, T. Moore, D.
McGrouther, C. H. Marrows, and S. McVitie, Microscopy and Microanalysis 24,
936 (2018).
47
J. R. Massey, K. Matsumoto, M. Strungaru, R. C. Temple, T. Higo, K. Kondou,
R. F. Evans, G. Burnell, R. W. Chantrell, Y. Otani, and C. H. Marrows, Physical
Review Materials 4, 024403 (2020); arXiv:1807.01615.
48
P. R. Willmott, D. Meister, S. J. Leake, M. Lange, A. Bergamaschi, M. Böge,
M. Calvi, C. Cancellieri, N. Casati, A. Cervellino, Q. Chen, C. David, U. Flechsig,
F. Gozzo, B. Henrich, S. Jäggi-Spielmann, B. Jakob, I. Kalichava, P. Karvinen, J.
Krempasky, A. Lüdeke, R. Lüscher, S. Maag, C. Quitmann, M. L. Reinle-Schmitt,
T. Schmidt, B. Schmitt, A. Streun, I. Vartiainen, M. Vitins, X. Wang, and R.
Wullschleger, Journal of Synchrotron Radiation 20, 667 (2013).
49
J. Stöhr, A. Scholl, T. J. Regan, S. Anders, J. Lüning, M. R. Scheinfein, H. A.
Padmore, and R. L. White, Physical Review Letters 83, 1862 (1999).
50
A. Scholl, Science 287, 1014 (2000).

12, 035048-5

