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The study of the anisotropic magnetoresistance (AMR) in antiferromagnetic materials is essential due
to their superior properties, which have led to a broader application of antiferromagnets in spintronic
devices. In this work, we examine the impact of substitutional doping on the antiferromagnetic AMR of
FeRh. We discover that Pt-Rh substitution can markedly enhance the antiferromagnetic AMR of FeRh.
With a 7.7% Pt-Rh substitution, the AMR increases up to fivefold compared to that of pristine FeRh
films. Conversely, Mn-Fe substitution results in a decrease in the antiferromagnetic AMR of FeRh. First-
principles calculations are employed to comprehend the distinct effects of the substitution on the electronic
band structures. Compared to the Mn-Fe substitution, the Pt-Rh substitution leads to a greater difference
in electrical transport between parallel and perpendicular orientations, culminating in a larger AMR. This
is because the replacement with Pt-Rh increases the spin-orbit coupling interaction and s-d scattering
in the system, whereas the substitution with Mn-Fe reduces the spin-orbit coupling. Our research offers
valuable insights into the underlying mechanisms controlling the AMR in antiferromagnetic materials and
establishes a foundation for further enhancing their functionality.

DOI: 10.1103/PhysRevApplied.21.054045

I. INTRODUCTION

In recent years, antiferromagnetic (AFM) spintronics
has emerged as a subject of intense research owing to
various advantages such as the absence of a net mag-
netic moment, excellent stability, insensitivity to external
magnetic fields, and ultrafast dynamics in AFM materials
[1–4]. However, manipulating and detecting the Néel order
through external magnetic fields is significantly challeng-
ing due to the zero net magnetization. Anisotropic mag-
netoresistance (AMR) refers to the phenomenon where
resistance changes with the variation in the angle between
the magnetization and the direction of the current, a phe-
nomenon first observed in ferromagnetic (FM) materials
[5–10]. The AMR effect, which has been widely studied
for years and applied in various areas such as magnetic
sensors for low-field detection and reading heads for hard
disk drives, has recently been found to also occur in AFM
materials. In AFM materials, the electrical transport is
anisotropic and depends on the orientation of the Néel
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vector relative to the applied current, exhibiting a sig-
nificant AMR effect. Since the spin orientation in AFM
materials is insensitive to changes in the magnetic field, the
AMR effect may have important applications in data stor-
age. Additionally, the AMR effect may provide an effective
method for investigating the orientation of the Néel vector,
which is difficult to detect due to the zero net magnetization
of AFM materials. However, the AMR obtained in AFM
materials is relatively low compared with that in FM mate-
rials. Therefore, it is desirable to find methods to enhance
the AMR effect in AFM materials.

The ordered FeRh alloy undergoes a phase transition
from a high-temperature FM state to a low-temperature
AFM state at around 350 K. This transition has attracted
significant attention due to the rich physical properties
it exhibits resulting from the FM-AFM phase transition
[11–20]. Furthermore, the AFM state at room temperature
makes FeRh a promising candidate for antiferromagnetic
spintronics devices. Marti et al. have reported a room-
temperature antiferromagnetic memory resistor made from
FeRh, which demonstrates the stability and reliability of
devices fabricated from this material [2]. However, the
relatively small AMR hinders the practical application of
FeRh as a memory device. We are committed to finding
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FIG. 1. (a) The lattice structure of FePtxRh1−x. (b) The XRD ϕ scan of the FePt0.077Rh0.923(101) and MgO(101) planes. The angle
between the (101) planes of FePt0.077Rh0.923 and MgO is 45°. (c) The lattice structure of MgO. (d) The epitaxial growth mode of FeRh
on MgO, which is a top view of the FePtxRh1−x/MgO structure. FeRh undergoes 45° in-plane rotations to align with the in-plane
diagonal of MgO, resulting in a lattice mismatch of only 0.4%. The labels of Pt, Fe, Rh, Mg, and O atoms are shown between (a),(b).

an effective approach to enhancing the intrinsic AMR of
FeRh.

Spin-orbit coupling (SOC) is an intrinsic property of
electrons, describing the interaction between the spin and
the orbital motion of electrons. It can create an anisotropic
energy band structure that depends on the spin direction,
thereby affecting electron transport in different directions.
In ferromagnetic materials, SOC plays an important role in
generating the AMR [21]. It has been observed that insert-
ing Pt into the Ta/NiFe/Ta system can increase the SOC
and thereby enhance the AMR of the NiFe [22]. Similarly,
as in the case of AMR in ferromagnetic materials, SOC
also influences the antiferromagnetic AMR [23]. Addi-
tionally, external factors such as temperature and sample
thickness can influence AMR. Furthermore, the s-d scatter-
ing induced by impurities also exerts a significant impact
on AMR [5,24–27].

In FePtxRh1−x, the proportion of platinum (Pt) signifi-
cantly alters both the spin and orbital magnetic moments,
leading to a considerable variation in the spin-orbit cou-
pling as the Pt content changes [28]. The FePtxRh1−x
alloy maintains an AFM state at room temperature for
0 ≤ x ≤ 0.8 [29]. In this study, a series of FePtxRh1−x films
(with 0 ≤ x ≤ 0.077) are successfully fabricated, and the
AMR in the antiferromagnetic state is investigated. For

comparison, the antiferromagnetic AMR of Fe1−yMnyRh
(with y = 0.09 and 0.05) films is also explored. First-
principles calculations reveal that the Pt-Rh substitution
results in a significant enhancement of SOC and s-d scat-
tering. Conversely, when Fe is substituted with Mn, the
SOC is weaker than that in FeRh. Furthermore, a small
amount of Pt doping markedly enhances the AMR of
FeRh, whereas Mn doping reduces the AMR. The first-
principles calculations indicate that SOC plays a crucial
role in regulating the energy band differences between the
perpendicular and parallel spin axes in antiferromagnetic
FeRh. There is a strong correlation between the experi-
mentally measured AMR and the calculated SOC param-
eters, providing insights into the underlying mechanisms
governing the AMR in FeRh alloys.

II. EXPERIMENTAL DETAILS

In this work, all samples are deposited using direct
current magnetron cosputtering with corresponding pure
elemental targets. The purity of each elemental target is
99.99%. The samples are deposited onto MgO(001) sub-
strates in an argon atmosphere of 0.4 Pa at 770 °C, with
a base pressure of 3.5 × 10−5 Pa. Prior to sputtering, the
substrates are preheated for 1 h to ensure the temperature
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FIG. 2. (a) The XRD patterns of the FePtxRh1−x samples. The (001) and (002) diffraction peaks of the samples shift to the left as
x increases. The dashed lines and asterisks indicate the positions of the (001) and (002) diffraction peaks for the FeRh sample, which
are approximately 29.9° and 62.1°, respectively, while the (002) peak of the MgO substrate is around 42.9°. (b) The enlarged view of
the (002) diffraction peak, clearly showing the leftward shift in the peak position. (c) The XRD patterns of the Fe1−yMnyRh samples
(y = 0.09 and 0.05). The diffraction peaks shift to the left as y increases. (d) The lattice constant of FePtxRh1−x varies with the Pt
doping concentration x (bottom and left axis) and Mn doping concentration y (top and right axis) of Fe1−yMnyRh.

stability of the sample chamber and to degas the sub-
strates. During the cosputtering process, the sample holder
is rotated at a speed of 3 rpm to ensure the uniformity
of the deposited films. After the cosputtering process is
completed, the sample is allowed to cool naturally to room
temperature within the vacuum chamber.

The Rigaku SmartLab diffractometer is used to deter-
mine the lattice parameter and film thickness using x-ray
diffraction (XRD) and x-ray reflection (XRR) techniques.
According to the Bragg diffraction formula, 2dsinθ = nλ

[where d is the crystal plane spacing, n is the diffrac-
tion order (n = 1), λ is the x-ray wavelength (Cu Kα,
λ = 1.5418 Å), and θ is the diffraction angle], the lattice
constant of the samples can be obtained by calculating
d for the (001) plane. By using the SMARTLABSTUDIOII
software to fit the XRR data of the samples, the film
thicknesses are obtained [30]. The in-plane epitaxial rela-
tionship of the FePtxRh1−x/MgO structure is established
using XRD ϕ-scan measurements.

The physical property measurement system (PPMS) is
utilized to assess the samples’ resistance and magnetism.
The standard four-electrode method is employed for resis-
tance measurements. Additionally, a horizontal rotator

allows the sample to be rotated over a full 360° in the
presence of an applied magnetic field, with an automated
indexing procedure and encoder ensuring precise angu-
lar positioning. During measurements, a current is applied
along the [100] crystallographic direction of the MgO sub-
strate, and the longitudinal resistance (R) is recorded. The
AMR in the AFM state is investigated by reorienting the
Néel order of the films. This is achieved by applying a
magnetic field in both parallel and perpendicular directions
to the current, above the Néel temperature. The static resis-
tance is then measured as the samples are cooled down
to the AFM state and the magnetic properties are mea-
sured using the vibration sample magnetometer module
integrated into the PPMS.

All density-functional theory calculations are performed
using the Vienna ab Initio simulation package [31]. The
Perdew-Burke-Ernzerhof [32] exchange correlation func-
tional and the projector augmented wave [33,34] pseu-
dopotential method are employed. The plane-wave energy
cutoff is set at 450 eV, and the Brillouin zone is sam-
pled using a �-centered Monkhorst-Pack grid with a
11 × 11 × 11 k-point mesh. To investigate the band struc-
ture of FeRh, a 2 × 2 × 2 supercell containing eight
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FIG. 3. (a) The static resistances at 200 K for a 60-nm FePt0.077Rh0.923 film are measured with different cooling field (H cooling)
directions. The H cooling strength is 9 T. (b) Schematic diagram showing the spin axis under different H cooling directions. The fire
represents the high-temperature ferromagnetic (FM) state, in which the magnetic moment aligns with the applied field direction. The
snowflake represents the low-temperature antiferromagnetic (AFM) state. At 200 K, the spin axis of the AFM state is perpendicular
to H cooling. The green and red arrows within the lattices indicate the spin direction, while the thick green and red arrows represent the
direction of the cooling fields. The black arrow shows the current direction. (c) The dependence of the resistance on the magnetic field
at 200 K. (d) The dependence of the resistance and the applied field angle at 200 K when the applied field is 9 T. The red and black
lines in (c),(d) represent the cases where H cooling is perpendicular to the current (I ⊥ H cooling) and parallel to the current (I||H cooling),
respectively.

Fe atoms and eight Rh atoms is used, with the lat-
tice constant adopted from the experimentally determined
value.

III. RESULTS AND DISCUSSIONS

The crystal structures of FeRh and MgO at room tem-
perature both belong to the cubic crystal system, with their
respective structures depicted in Figs. 1(a) and 1(c). The
lattice constants for FeRh and MgO, as determined by
XRD, are 2.988 Å and 4.208 Å, respectively. The epitaxial
growth of FeRh on MgO is shown in Fig. 1(d), which pro-
vides a top view of the FePtxRh1−x/MgO structure. FeRh
undergoes a 45° in-plane rotation to align with the in-plane
diagonal of MgO, resulting in a lattice mismatch of only
0.4%. This small lattice mismatch ensures the high quality
of epitaxial growth for the sample.

It is observed that a minimal amount of Pt doping pre-
serves the epitaxial growth mechanism of FeRh on MgO,
which is indicated by rotating the sample to scan the {101}
planes of both the substrate and the sample. The ϕ scan of

the {101} planes of the FePtxRh1−x sample and the MgO
substrate determines the epitaxial relationship. The epi-
taxial growth of Fe1−yMnyRh (where y = 0.09 and 0.05)
is consistent with that of FePtxRh1−x (for 0 ≤ x ≤ 0.077).
The XRD ϕ scan of the sample and substrate at x = 0.077,
as shown in Fig. 1(b), reveals that the angle between
the (101) plane of FePt0.077Rh0.923 and the (101) plane
of MgO is 45°. This confirms that the growth mode of
FePt0.077Rh0.923/MgO is in agreement with that depicted
in Fig. 1(d).

Figure 2(a) shows the XRD patterns of the FePtxRh1−x
samples. The dashed lines indicate the positions of the
(001) and (002) diffraction peaks for the FeRh sample,
which are approximately 29.9° and 62.1°, respectively,
while the (002) peak of the MgO substrate is around 42.9°.
As the Pt content increases, the diffraction peaks of the
samples shift to the left. Figure 2(b) presents an enlarged
view of the (002) diffraction peak, clearly illustrating the
leftward shift in the peak position. According to the Bragg
diffraction formula, the lattice constant c increases with
increasing Pt content. It is apparent that when Pt, which
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FIG. 4. (a) The temperature dependence of resistance for the FePt0.077Rh0.923 sample. The black and red lines indicate the applied
magnetic field is parallel to the electric current (I ||H ). The blue line indicates the applied magnetic field is perpendicular to the electric
current (I ⊥ H ). (b) The temperature dependence of magnetism for the FePt0.077Rh0.923 sample. The black arrows indicate the direction
of temperature change. The insets are the enlarged view of the orange areas.

has a larger atomic radius, replaces Rh, with a smaller
atomic radius, the lattice constant of the system increases.
Figure 2(c) displays the XRD patterns of Fe1−yMnyRh.
The diffraction peaks of the samples also shift to the
left, indicating that the lattice constant increases with the
increase in Mn concentration. This is because the atomic
radius of Mn is larger than that of Fe. Figure 2(d) displays
the lattice constant c of FePtxRh1−x and Fe1−yMnyRh sam-
ples. The relationship between the lattice constants and Pt
doping concentration is shown on the left axis and bottom
axis. Notably, the lattice constant of FeRh is approximately
2.988 Å. When 7.7% of Rh is replaced by Pt, the lattice
constant increases to 2.997 Å, corresponding to a change
of approximately 0.3%. The corresponding relationship
between the lattice constants c and Mn doping concentra-
tion is shown on the right axis and top axis. When 9% of Fe
is replaced by Mn, the lattice constant increases to 3.009 Å,
representing a change of approximately 0.7%. The increase
in lattice constant with increasing x and y values indicates
successful control of the Pt and Mn concentrations. The
sample thicknesses are approximately 60 nm, as obtained
by XRR measurements in Fig. S1 in the Supplemental
Material [35].

The AMRs in the AFM state are investigated by reori-
enting the Néel order of the FePtxRh1−x films through
cooling the samples under a magnetic field. The samples
are initially heated to 400 K (above the Néel tempera-
ture), and then cooled from 400 to 200 K under a 9-T
magnetic field, with the field direction either parallel or
perpendicular to the current. Upon reaching 200 K, the
magnetic field is removed after a waiting period of 900 s
to ensure the samples’ temperature stability. Subsequently,
the static resistances are measured over a period of 300 s.
Figure 3(a) shows the static resistances at 200 K for the
60-nm FePt0.077Rh0.923 sample. Labels 1 and 3 indicate
cases where the cooling field (H cooling) is parallel to the

current (I ||H cooling), while labels 2 and 4 correspond to
cases where the cooling field is perpendicular to the cur-
rent (I ⊥ H cooling). When the cooling field is perpendicular
to the current, the sample exhibits a high resistance state,
and when the cooling field is parallel to the current, it is
in a low resistance state. This observation suggests that
the spin axis in the AFM state is perpendicular to the
cooling field, which is consistent with previous results for
FeRh [2]. The consistency of the data across multiple mea-
surements demonstrates the reliability of the results. As
depicted in Fig. 3(b), the magnetic moment aligns with
the applied field at high temperatures, corresponding to
the FM state. In the AFM state at 200 K, the spin axis
is perpendicular to the cooling field due to the spin-flop
effect. Two distinct resistance states of FeRh at 200 K are
observed for different cooling field directions. In Ref. [2],
x-ray magnetic linear dichroism was used to confirm that
the spins of the two sublattices rotate in opposite direc-
tions (counterclockwise and clockwise) with respect to the
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FIG. 5. The AMR at 200 K plotted against the value of x (left
axis). The right axis shows the rate of change of the AMR with
x. The AMR at x = 0.077 is approximately 5 times higher than at
x = 0.
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FIG. 6. (a),(b) Normalized resistance curves with temperature for FePtxRh1−x and Fe1−yMnyRh, respectively, under a 9-T applied
field. The pink curve arrow indicates the heating process, while the light blue curve arrow indicates the cooling process. (c) The
dependence of the transition temperature TFM-AFM [at which the FM state begins to transform into the AFM state during the cooling
process, which is marked in (a)] on x. The inset in (c) displays the dependence of TFM-AFM on y. (d) The relationship between the AMR
at 200 K and TFM-AFM. Error bars, represented by short red lines, are included in the figures.

applied magnetic field during the FM-AFM phase transi-
tion in the cooling process. Ultimately, an AFM state is
established with the spin axis of FeRh perpendicular to
the magnetic field. Figure 3(c) illustrates the resistance of
the FePt0.077Rh0.923 as a function of an external magnetic
field applied parallel to the current direction at 200 K. The
sample is subjected to different H cooling conditions. We can
observe from the graph that even when the magnetic field
is increased to 9 T, the relative resistance state of the sam-
ple remains. Additionally, when the external field is 9 T, by
rotating the sample to adjust the relative angle between the
applied magnetic field and the current, we find that the high
and low resistance states of the sample persist, as shown
in Fig. 3(d). Figures 3(c) and 3(d) demonstrate the robust-
ness of antiferromagnetic AMR against applied magnetic
fields.

Figure 4(a) displays the resistance-temperature relation-
ship under a 9-T magnetic field. The black and blue curves
represent the heating curves with the magnetic field paral-
lel and perpendicular to the current direction, respectively;
the low-temperature sample is cooled w the magnetic field
perpendicular to the current direction. The red curve shows
the cooling resistance curve of the sample under a 9-T
magnetic field parallel to the current direction. The blue
and black curves are essentially equal at low temperatures

in the magnified view, while the red curve is lower than the
blue curve. The difference between the red and blue curves
represents the antiferromagnetic AMR when an external
magnetic field of 9 T is applied. Figure 4(b) illustrates
the relationship between magnetization and temperature
under a magnetic field of 9 T. The black arrows in the
figure indicate the warming and cooling processes. At
low temperatures, the sample possesses a small magnetic
moment; however, according to the relationship between
resistance under the 9-T applied magnetic field and the
sample position, this is not sufficient to affect the sta-
bility of the antiferromagnetic AMR. Moreover, we can
learn that under a 9-T magnetic field, the sample transi-
tions completely from an AFM state to a FM state when
heated from 200 to 400 K. The direction of the spin axis
in the AFM state can be determined by applying cooling
magnetic fields in different directions during the transition
from the high-temperature FM state to the low-temperature
AFM state.

Figure 5 illustrates the AMR at 200 K for FePtxRh1−x
films with a thickness of 60 nm. The resistance R⊥
is defined as the resistance when the cooling field
is perpendicular to the current, while R|| represents
the resistance when the cooling field is parallel to
the current. In this study, the AMR is defined as

054045-6



ENHANCING ANTIFERROMAGNETIC. . . PHYS. REV. APPLIED 21, 054045 (2024)
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FIG. 7. (a) The electronic band structures of FeRh. (b) The electronic band structures of FePt0.125Rh0.875. (c) The electronic band
structures of FeRh with spin-orbit coupling (SOC) parameter γ = 0. (d) The electronic band structures of Fe0.875Mn0.125Rh. The in-
plane projections of the paths �-A and �-B are parallel and perpendicular to the spin axis, respectively. The blue solid lines in the
figures represent the energy bands along the �-A direction parallel to the spin axis, while the red dashed lines represent the electronic
band structure along the �-B direction perpendicular to the spin axis.

AMR = (R⊥− R||)/R||× 100%. As observed, the AMR
increases with the Pt concentration. The AMRx/AMR0 on
the right axis represents the relative value of AMR for
the FePtxRh1−x films compared to that of pure FeRh. The
AMR at x = 0.077 is approximately 5 times greater than
that at x = 0. Replacing Rh with small quantities of Pt can
significantly enhance the AMR of FeRh.

For a small amount of doping, the phase-transition tem-
perature of FePtxRh1−x increases with increasing Pt doping
concentration, whereas the phase-transition temperature of
Fe1−yMnyRh decreases with increasing Mn concentration.
Figures 6(a) and 6(b) depict the temperature-dependent
normalized resistance of FePtxRh1−x and Fe1−yMnyRh,
respectively. Reference [2] suggests that an AFM mate-
rial with a higher phase-transition temperature will exhibit
a more pronounced AMR. The phase-transition temper-
ature TFM-AFM at which ferromagnetism starts to trans-
form into antiferromagnetism during the cooling process,
is defined. It is marked in Fig. 6(a). Figure 6(c) shows
the dependence of TFM-AFM on the Pt doping concen-
tration x for FePtxRh1−x films, with the inset showing
the dependence on the Mn doping concentration y for
Fe1−yMnyRh films. The data show that TFM-AFM increases
with x and decreases with y. Figure 6(d) further illustrates
the relationship between the AMR and TFM-AFM. It can be
observed that the AMR values increase as TFM-AFM values
increase. This result is in agreement with the extrapolation

of the conclusion from Ref. [2], which indicates that an
antiferromagnetic material with a higher phase-transition
temperature will exhibit a greater AMR.

From the experimental results obtained with different
concentrations of Mn-Fe and Pt-Rh substitutional dop-
ing, we observe that, in FeRh, the Mn-Fe substitutional
doping decreases the AFM AMR, while the Pt-Rh dop-
ing enhances the AFM AMR. We conduct electronic
band-structure calculations for FeRh, FePt0.125Rh0.875, and
Fe0.875Mn0.125Rh using first-principles calculations. The
comparison of energy bands parallel and perpendicular to
the spin axis in AFM materials can provide significant
insights into the magnitude of the AMR [36], as shown in
Fig. 7. The paths �-A and �-B are parallel and perpendic-
ular to the set spin axis, respectively. In the computational
study of FeRh systems, a symmetric arrangement of eight
Fe atoms and eight Rh atoms is utilized. Subsequent to
the process of substitutional doping, whether it involves
Mn-Fe or Pt-Rh doping, the alteration is limited to a sin-
gle atomic position. The symmetry of the crystal ensures
that the positions of the eight Fe atoms are equivalent to
one another, as are the positions of the eight Rh atoms.
This symmetry has a profound impact on the calcula-
tion outcomes, as the results are not influenced by the
specific location of the substitutional doping event. The
structure upon which the calculations are based, as well
as the pathways within the Brillouin zone, the �-A and
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�-B paths, are illustrated in Fig. S2 in the Supplemen-
tal Material [35,36], which demonstrates the consistency
of the results regardless of the position of the substitu-
tion. Figures 7(a), 7(b), and 7(d) depict the bands of FeRh,
FePt0.125Rh0.875, and Fe0.875Mn0.125Rh, respectively. The
distinct differences in the energy bands along the �-A and
�-B paths of these systems can be observed. Compared
with the energy bands of FeRh, FePt0.125Rh0.875 exhibits a
greater difference in the energy bands along paths �-A and
�-B, while Fe0.875Mn0.125Rh exhibits a smaller difference
in the energy bands along these paths.

The SOC is a crucial factor that affects electron spin-
related transport. The influence of the SOC parameter γ

on the FeRh band structure has been investigated. As
depicted in Fig. S3 in the Supplemental Material [35,
36], we can infer that as γ increases, the difference in
energy bands between path �-A and �-B gradually widens.
Figure 7(c) shows the electronic band structure of FeRh
when γ = 0. In contrast to FeRh with an intrinsic SOC,
this structure leaves the atomic magnetic moments and
spin order unaltered. The energy bands along the �-A and
�-B paths completely overlap, leading to a zero antifer-
romagnetic AMR. From the band structures of FeRh at
different SOC parameters, we can infer that adjusting the
SOC can optimize the antiferromagnetic characteristics
of FeRh by manipulating its energy bands, represent-
ing a significant advancement in enhancing the AMR in
such systems. Building on this insight, we computationally
investigate the SOC energies of FeRh, FePt0.125Rh0.875,
and Fe0.875Mn0.125Rh. Figure 8(a) shows the SOC ener-
gies ESOC corresponding to these systems. It can be con-
cluded that when a Rh atom of FeRh is replaced by Pt,
a large amount of SOC is introduced at the position of
Pt, while the doping with Mn reduces the SOC of FeRh.
The ESOC of Fe0.875Mn0.125Rh is slightly smaller than that
of FeRh, while the ESOC of FePt0.125Rh0.875 is approx-
imately twice that of FeRh. Experimentally, the AMRs
of Fe1−yMnyRh (where y = 0.09 and 0.05) are measured.
All samples exhibit a CsCl-type crystal structure and are
grown on MgO(001) substrates. Figure 8(b) presents the
AMR results for Fe0.91Mn0.09Rh, Fe0.95Mn0.05Rh, FeRh,
and FePt0.077Rh0.923 films. This is related to the ESOC in
those systems. The results indicate that the SOC effect can
positively regulate the antiferromagnetic AMR.

Certainly, substitutional doping alters the lattice con-
stants of FeRh. We analyze the band structure of FeRh
using the experimentally determined lattice constants of
FePtxRh1−x (0 ≤ x ≤ 0.077) films. The results indicate that
the discrepancy in energy bands between the parallel and
perpendicular directions relative to the spin axis remains
consistent across various lattice parameters for FeRh. This
indicates that the lattice changes induced by Pt doping do
not significantly enhance the AMR of FeRh within the con-
centration range of 0 ≤ x ≤ 0.077. Additionally, the AMR
in the Fe1−yMnyRh system suggests that an increased
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FIG. 8. (a) The ESOC energy of FeRh, FePt0.125Rh0.875, and
Fe0.875Mn0.125Rh samples with 16 atomic systems. (b) Exper-
imental data of antiferromagnetic AMR for Fe0.91Mn0.09Rh,
FeRh, and FePt0.077Rh0.953.

lattice constant does not always lead to an increase in
AMR.

However, in addition to the Mn-Fe and Pt-Rh doping
modifying the SOC, which influences the intrinsic con-
tribution of the AMR effect as discussed previously, the
introduction of Mn or Pt can lead to more impurity scat-
terings and affect the electron band filling, which results
in the change of extrinsic contributions from s-d scattering
events. The AMR from s-d scattering contributions are rel-
evant to the SOC strength and the electron band filling of s
and d electrons near the Fermi level [5,25,26]. Figures 9(a)
and 9(b) depict the projected density of states (PDOS) for
the substitutional positions of Fe and Rh atoms in FeRh,
respectively. Figures 9(c) and 9(d) present the PDOS for
Pt in FePt0.1254Rh0.875 and Mn in Fe0.125Mn0.875Rh, respec-
tively. By examining the PDOS at the doping sites in FeRh,
we note that the Pt-Rh doping leads to increased elec-
tron band filling in both the s and d orbits, which in turn
increases the s-d scattering. This results in a significant
increase in the AMR. For Mn-Fe doping, although the dop-
ing increases the electron filling in the d orbitals, it does
not increase the electron filling in the s orbitals. The cou-
pled effect of SOC and s-d scattering can lead to a decrease
of AMR with Mn-Fe doping, and the calculations of the
total density of states for the systems reveal that changes
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FIG. 9. (a) The projected density of state (PDOS) of Rh in FeRh. (b) The PDOS of Fe in FeRh. (c) The PDOS of Pt in
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in the strength of the SOC do not substantially affect the
density of states in FeRh (as illustrated in Fig. S4 in the
Supplemental Material [35,36]). The AMR change by Mn-
Fe and Pt-Rh doping in our experiments can be explained
reasonably by combining the intrinsic contribution from
electronic structure and extrinsic contributions from s-d
scattering.

IV. CONCLUSIONS

In this study, we investigate the impact of Pt and
Mn substitution doping on the antiferromagnetic AMR of
FeRh alloy. The results show that Pt-Rh substitution can
significantly enhance the antiferromagnetic AMR of FeRh,
while Mn-Fe substitution leads to a reduction in AMR. Our
study demonstrates that Pt doping can enhance the SOC
effect and s-d scattering of FeRh, resulting in an increase
in its intrinsic AMR. Conversely, Mn doping weakens
the SOC effect of FeRh, leading to a decrease in AMR.
First-principles calculations reveal that Pt doping approxi-
mately doubles the SOC energy of FeRh, while Mn doping
slightly reduces it. These computational results are in good
agreement with experimental measurements. Our work
demonstrates the modulating effects of Pt-Rh and Mn-
Fe substitutional doping on the antiferromagnetic AMR
of FeRh and provides valuable theoretical guidance for
enhancing the performance of antiferromagnetic materials.

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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V. Volobuev, G. Springholz, V. Holý, and T. Jungwirth,
Multiple-stable anisotropic magnetoresistance memory in
antiferromagnetic MnTe, Nat. Commun. 7, 11623 (2016).

054045-9

https://doi.org/10.1038/ncomms15434
https://doi.org/10.1038/nmat3861
https://doi.org/10.1038/s41928-023-00982-4
https://doi.org/10.1038/ncomms11623


XIAOJUAN YUAN et al. PHYS. REV. APPLIED 21, 054045 (2024)

[5] S. Kokado, M. Tsunoda, K. Harigaya, and A. Sakuma,
Anisotropic magnetoresistance effects in Fe, Co, Ni, Fe4N,
and half-metallic ferromagnet: A systematic analysis, J.
Phys. Soc. Jpn. 81, 024705 (2012).

[6] T. McGuire and R. Potter, Anisotropic magnetoresistance
in ferromagnetic 3d alloys, IEEE Trans. Magn. 11, 1018
(1975).

[7] S. Kokado and M. Tsunoda, Anisotropic magnetoresistance
effect of a strong ferromagnet: Magnetization direction
dependence in a model with crystal field, Phys. Status
Solidi C 11, 1026 (2014).

[8] I. Fina, X. Marti, D. Yi, J. Liu, J. H. Chu, C. Rayan-Serrao,
S. Suresha, A. B. Shick, J. Železný, T. Jungwirth, J. Fontcu-
berta, and R. Ramesh, Anisotropic magnetoresistance in an
antiferromagnetic semiconductor, Nat. Commun. 5, 4671
(2014).

[9] H.-C. Wu, M. Abid, A. Kalitsov, P. Zarzhitsky, M. Abid,
Z.-M. Liao, CÓ Coileáin, H. Xu, J.-J. Wang, H. Liu, O.
N. Mryasov, C.-R. Chang, and I. V. Shvets, Anomalous
anisotropic magnetoresistance of antiferromagnetic epitax-
ial bimetallic films: Mn2Au and Mn2Au/Fe bilayers, Adv.
Funct. Mater. 26, 5884 (2016).

[10] G. Peramaiyan, R. Sankar, I. P. Muthuselvam, and W.-
L. Lee, Anisotropic magnetotransport and extremely large
magnetoresistance in NbAs2 single crystals, Sci. Rep. 8,
6414 (2018).

[11] X. Z. Chen, J. F. Feng, Z. C. Wang, J. Zhang, X. Y. Zhong,
C. Song, L. Jin, B. Zhang, F. Li, M. Jiang, Y. Z. Tan, X. J.
Zhou, G. Y. Shi, X. F. Zhou, X. D. Han, S. C. Mao, Y. H.
Chen, X. F. Han, and F. Pan, Tunneling anisotropic mag-
netoresistance driven by magnetic phase transition, Nat.
Commun. 8, 449 (2017).

[12] M. Sharma, H. M. Aarbogh, J.-U. Thiele, S. Maat, E. E.
Fullerton, and C. Leighton, Magnetotransport properties of
epitaxial MgO(001)/FeRh films across the antiferromag-
net to ferromagnet transition, J. Appl. Phys. 109, 083913
(2011).

[13] T. Usami, M. Itoh, and T. Taniyama, Temperature
dependence of the effective Gilbert damping con-
stant of FeRh thin films, AIP Adv. 11, 045302
(2021).

[14] M. Grimes, H. Ueda, D. Ozerov, F. Pressacco, S.
Parchenko, A. Apseros, M. Scholz, Y. Kubota, T. Togashi,
Y. Tanaka, L. Heyderman, T. Thomson, and V. Scagnoli,
Determination of sub-ps lattice dynamics in FeRh thin
films, Sci. Rep. 12, 8584 (2022).

[15] R. C. Temple, M. C. Rosamond, J. R. Massey, T. P.
Almeida, E. H. Linfield, D. McGrouther, S. McVitie, T.
A. Moore, and C. H. Marrows, Phase domain boundary
motion and memristance in gradient-doped FeRh nanopil-
lars induced by spin injection, Appl. Phys. Lett. 118,
122403 (2021).

[16] K. Qiao, J. Wang, F. Hu, J. Li, C. Zhang, Y. Liu, Z. Yu,
Y. Gao, J. Su, F. Shen, H. Zhou, X. Bai, J. Wang, V.
Franco, J. Sun, and B. Shen, Regulation of phase tran-
sition and magnetocaloric effect by ferroelectric domains
in FeRh/PMN-PT heterojunctions, Acta Mater. 191, 51
(2020).

[17] A. A. Amirov, T. Gottschall, A. M. Chirkova, A. M.
Aliev, N. V. Baranov, K. P. Skokov, and O. Gutfleisch,
Electric-field manipulation of the magnetocaloric effect in

a Fe49Rh51/PZT composite, J. Phys. D Appl. Phys. 54,
505002 (2021).

[18] A. M. Chirkova, K. P. Skokov, Y. Skourski, F. Scheibel, A.
Y. Karpenkov, A. S. Volegov, N. V. Baranov, K. Nielsch, L.
Schultz, K.-H. Müller, T. G. Woodcock, and O. Gutfleisch,
Magnetocaloric properties and specifics of the hysteresis at
the first-order metamagnetic transition in Ni-doped FeRh,
Phys. Rev. Mater. 5, 064412 (2021).

[19] A. B. Batdalov, A. M. Aliev, L. N. Khanov, A. P. Kamant-
sev, A. V. Mashirov, V. V. Koledov, and V. G. Shavrov, Spe-
cific heat, electrical resistivity, and magnetocaloric study
of phase transition in Fe48Rh52 alloy, J. Appl. Phys. 128,
013902 (2020).

[20] D. Zha, B. Wang, L. Yuan, Y. Xie, H. Yang, K. Huang, L.
Yu, and R.-W. Li, Control of metamagnetic phase transition
in epitaxial FeRh films by changing atomic order degree, J.
Magn. Magn. Mater. 557, 169465 (2022).

[21] A. P. Malozemoff, Anisotropic magnetoresistance of amor-
phous and concentrated polycrystalline iron alloys, Phys.
Rev. B 32, 6080 (1985).

[22] Y. F. Liu, J. W. Cai, and L. Sun, Large enhancement
of anisotropic magnetoresistance and thermal stability in
Ta/NiFe/Ta trilayers with interfacial Pt addition, Appl.
Phys. Lett. 96, 092509 (2010).

[23] J. O’Donnell, J. N. Eckstein, and M. S. Rzchowski,
Temperature and magnetic field dependent transport
anisotropies in La0.7Ca0.3MnO3 films, Appl. Phys. Lett. 76,
218 (2000).

[24] I. Bakonyi, Guidelines for the evaluation of magnetotrans-
port parameters from measurements on thin strip-shaped
samples of bulk metallic ferromagnets with finite residual
resistivity, Eur. Phys. J. Plus 133, 521 (2018).

[25] P.-B. Zhao and F.-C. Pu, Correlation of impurity poten-
tial, s-d scattering, and giant magnetoresistance in magnetic
granular alloys, Phys. Rev. B 51, 11603 (1995).

[26] S. Kokado and M. Tsunoda, Theoretical study on
anisotropic magnetoresistance effects of arbitrary directions
of current and magnetization for ferromagnets: Application
to transverse anisotropic magnetoresistance effect, J. Phys.
Soc. Jpn. 91, 044701 (2022).

[27] A. Fert and I. A. Campbell, Transport properties of ferro-
magnetic transition metals, J. Phys. Colloq. 32, C1 (1971).

[28] D. B. Xu, C. J. Sun, J. S. Chen, S.-W. Han, S. M. Heald, R.
A. Rosenberg, and G. M. Chow, Investigation of spin and
orbital moments of L10FePtRh thin films, J. Appl. Phys.
111, 07C120 (2012).

[29] S. Yuasa, H. Miyajima, and Y. Otani, Magneto-volume and
tetragonal elongation effects on magnetic phase transitions
of body-centered tetragonal FeRh1−xPtx, J. Phys. Soc. Jpn.
63, 3129 (1994).

[30] A. Benediktovitch, I. Feranchuk, and A. Ulyanenkov, in
Theoretical Concepts of X-Ray Nanoscale Analysis: The-
ory and Applications, edited by R. Hull, C. Jagadish,
R. M. Osgood, J. Parisi, and Z. M. Wang (Springer Berlin
Heidelberg, Berlin, Heidelberg, 2014), pp. 71–118.

[31] G. Kresse and J. Furthmüller, Efficient iterative schemes for
ab initio total-energy calculations using a plane-wave basis
set, Phys. Rev. B 54, 11169 (1996).

[32] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized gra-
dient approximation made simple, Phys. Rev. Lett. 77, 3865
(1996).

054045-10

https://doi.org/10.1143/JPSJ.81.024705
https://doi.org/10.1109/TMAG.1975.1058782
https://doi.org/10.1002/pssc.201300736
https://doi.org/10.1038/ncomms5671
https://doi.org/10.1002/adfm.201601348
https://doi.org/10.1038/s41598-018-24823-z
https://doi.org/10.1038/s41467-017-00290-4
https://doi.org/10.1063/1.3573503
https://doi.org/10.1063/5.0039577
https://doi.org/10.1038/s41598-022-12602-w
https://doi.org/10.1063/5.0038950
https://doi.org/10.1016/j.actamat.2020.03.028
https://doi.org/10.1088/1361-6463/ac25ae
https://doi.org/10.1103/PhysRevMaterials.5.064412
https://doi.org/10.1063/1.5135320
https://doi.org/10.1016/j.jmmm.2022.169465
https://doi.org/10.1103/PhysRevB.32.6080
https://doi.org/10.1063/1.3334720
https://doi.org/10.1063/1.125707
https://doi.org/10.1140/epjp/i2018-12350-1
https://doi.org/10.1103/PhysRevB.51.11603
https://doi.org/10.7566/JPSJ.91.044701
https://doi.org/10.1051/jphyscol:1971109
https://doi.org/10.1063/1.3680542
https://doi.org/10.1143/JPSJ.63.3129
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevLett.77.3865


ENHANCING ANTIFERROMAGNETIC. . . PHYS. REV. APPLIED 21, 054045 (2024)

[33] G. Kresse and D. Joubert, From ultrasoft pseudopotentials
to the projector augmented-wave method, Phys. Rev. B 59,
1758 (1999).

[34] P. E. Blöchl, Projector augmented-wave method, Phys. Rev.
B 50, 17953 (1994).

[35] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.21.054045 for XRR of
FePtxRh1−x samples, the crystal and magnetic struc-

ture, Brillouin zone, electronic band structures of FeRh
with varying spin-orbit coupling parameters, and the
density of states of FeRh, FePt0.125Rh0.875, and Fe0.875
Mn0.125Rh.

[36] Y. Dai, Y. W. Zhao, L. Ma, M. Tang, X. P. Qiu, Y. Liu, Z.
Yuan, and S. M. Zhou, Fourfold anisotropic magnetoresis-
tance of L10FePt due to relaxation time anisotropy, Phys.
Rev. Lett. 128, 247202 (2022).

054045-11

https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.50.17953
http://link.aps.org/supplemental/10.1103/PhysRevApplied.21.054045
https://doi.org/10.1103/PhysRevLett.128.247202

	I. INTRODUCTION
	II. EXPERIMENTAL DETAILS
	III. RESULTS AND DISCUSSIONS
	IV. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


