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The 7-P magnetic phase diagram of the FesoRhso alloy with the FegsRhg iron-rich phase has been studied based
on the resistivity measurements under hydrostatic pressure. The Neel temperature Ty ~ 370K up to pressures of
2 GPa shows a regular displacement with a positive pressure coefficient of +42.3 K/GPa. The effect of the FeosRhg
phase on the Ty is revealed at high pressures (P > 3.5 GPa), at which the triple point region on the phase diagram
is rounded due to the possible formation of a new high-pressure antiferromagnetic structure.
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1. Introduction

Recently the interest in unique properties of intermetallic
ferrum and rhodium (FeRh) compound is caused by the
ability to produce thin-film forms on its basis, oriented at
improvement of device architecture [1-6]. Parallel to this,
volume forms of FeRh fill a special place in the hierarchy of
magnetocaloric materials in connection with prevalence of
substantial variations of entropy in the process of magnetic
phase change of order I [7-9]. However, despite practical
significance and multiple studies of recent years, the physical
nature of phase change in FeRh, found more than half a
century ago [10], still remains contradictory.

The ordered compound FesoRhso may be implemented in
two types of crystalline modifications: chemically ordered
structure bee-B2 (type CsCl) and disordered structure fcc
at room temperature. Being in fcc phase, the alloy will
not show noticeable magnetic properties [11]. Besides, bcc
phase is antiferromagnetic of G-type and undergoes an
isostructural magnetic phase transition of order I from anti-
ferromagnetic phase to ferromagnetic phase in area ~ 370K
with temperature increase [10,12]. As temperature increases
further, ferromagnetic phase changes to paramagnetic phase
at Tc = 670K [12]. ,Low-temperature“ phase bcc-B2
is characterized by magnetic structure, where local Fe
moments are +3 ug, and nearly zero moments are placed on
Rh atoms, whereas in the high-temperature ferromagnetic
phase local moments of ferrum and rhodium are ~ 3.2 ug
and ~ 1ug, respectively. Phase change between these two
magnetic structures happens by metamagnetic transition, ac-
companied by volume expansion of cubic phase ~ 1% and
high drop of resistivity, which indicates a close connection
between electronic, magnetic and structural properties in an
alloy [12,13].

Studies of FeRh magnetic properties within the estimates
from first principles mostly converge on a position that the
decisive role in the magnetic transformation mechanism
is played by local moments of Rh [14,15]. A similar
conclusion also follows from the studies under high pres-
sure, which note that Rh atoms have no magnetic torque
being in antiferromagnetic and paramagnetic phases of high
pressure [16]. Besides, the transition temperature of the
first order transition (Ty) under high pressure increases,
stabilizing the antiferromagnetic state in a wide area 7-P of
the phasing diagram, and the transition temperature at Tc on
the contrary demonstrates decrease. Besides, existence of a
triple point is discussed on 7-P magnetic phasing diagram,
where antiferromagnetic, ferromagnetic and paramagnetic
phases may coexist [16-19].

This paper considers the effect of the iron fortified phase
FegsRhg in the ordered alloy FespRhso at the state of its
T-P magnetic phasing diagram. Within this study, high-
temperature measurements of resistivity were made under
pressure, mainly focused on the temperature of the transi-
tion from the antiferromagnetic state to the ferromagnetic
state. It is shown that the presence of phase Feg 94Rhg g6
causes bypass of the phase line of Neel temperature from
the suggested triple point on T-P magnetic phasing diagram
FesoRhso.

2. Experimental procedure

The specimen of FesoRhsy compound was produced by
the method of arc welding from pure elements of rhodium
Rh (99.9%) and ferrum (99.99%). After melting, the
specimen was exposed to homogenizing annealing at tem-
perature T = 1000°C for a week, then it was cleaned and
cut in the form of a plate. For subsequent characterization of
the produced specimen by X-ray diffraction method, a fine
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Figure 1. X-ray powder diffraction pattern of FesoRhsy specimen.
The black line corresponds to experimental data, and the vertical
little lines correspond to the position of Bragg peaks for phases
FesoRhsp and Feg 94Rhg 06, as specified in the legend.

fraction powder was used (10—15um), which was received
mechanically. Figure 1 shows a typical X-ray diffraction
pattern of this powder. According to the data of X-ray
phase analysis (XPA), a cubic phase of FeRh was identified
in the specimen with spatial group Fm3m (a = 3.74A,
V= 52.31,&3), the content of which was 95.4%. Apart
from this primary phase, the XPA data noted the presence
of 4.6% cubic phase Feg 94Rhg o6 With spatial group Im-3m
(a=2.88A,V =24.1A3%)

The resistivity of the specimen was measured in the
temperature range between 290K and 470K at high
hydrostatic pressure in Toroid-15 chamber[20] using a
modified six-pin method. The studied specimens were cut
in the form of a parallelepiped with typical dimensions of
2.8 x 0.9 x 0.9mm?>. Direct current flowing through the
sample was 100 mA. The pins to measure electric transport
properties were made by soldering based on a tin-lead
solder. The medium transmitting pressure in a fluoroplastic
capsule with operating volume of 80 mm?, polyethylsiloxane
fluid (PES-5) was used, which enables high-temperature
measurements under hydrostatic compression. The pres-
sure inside the capsule was controlled using a manganin
sensor calibrated by points of phase transitions in bismuth
(2.55GPa, 2.69 GPa, and 7.7 GPa).

3. Results and discussion

The natural feature of the temperature behavior of
resistivity for most alloys of Fe-Rh system is the prevalence
of the pronounced abnormality in the area of transformation
from the antiferromagnetic phase to ferromagnetic phase,
which is very similar to manifestation of the charge-density
wave. Figure 2 shows the temperature dependence of
the resistivity p(T) for FesoRhsy specimen with the initial

value of pp =2.32-10"*Q - cm at atmospheric pressure.
Under heating and subsequent cooling the dependence p(T)
demonstrates the specific hysteresis behavior in the region
of the above phase transition of the first order and matches
well with the data of previous research [12,13].
Temperature of magnetic transition in the heating mode
defined as derivative dp/dT, is Ty ~ 370 K. From depen-
dence p(T) it should be noted that the presence of the
additional phase FegsRhg in the specimen at this stage
demonstrates no contribution to the transport behavior.
Figure 3. shows the dependence of the resistivity on
temperature p(T,P) under high pressure values up to
3.47 GPa for FespRhsy specimen, where the initial value
is pp=1.98-107*Q-cm. As pressure rises, heating
and cooling curves p(T,P), and the regions of phase
transformation move visibly towards the high temperatures.
Already under pressure of P = 3.45 GPa Neel temperature
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Figure 2. Temperature dependence of resistivity of FesoRhsy at
atmospheric pressure, measured in the heating and cooling mode.
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Figure 3. Temperature dependence of resistivity of FesoRhsy at
various pressures up to 3.47 GPa, measured in the heating and
cooling mode at atmospheric pressure.
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goes beyond the limits of the measured temperature range
(T < 470K). The transition temperature Ty for pressures
0.25GPa and 2 GPa was determined in a similar manner
using minima of dependence dp(T)/dT (see as example the
insert to Figure 4) except for the curve under P = 3.45 GPa.
The estimated value of baric coefficient in the range of these
pressures is dTy/dP = +42.3 K/GPa, which is very close to
value +44K/GPa from paper [17]. On the other hand, in
accordance with the results of the same paper, the width
of temperature hysteresis decreases as pressure increases,
which indicates a gradual change in the order of the phase
transformation from the first one to the second one. In this
connection the absence of hysteresis for the curve p(T, P)
under 3.47 GPa in Figure 3 should not be associated with
the occurrence of the phase transition of order II, since the
magnetic phase transition has not yet been implemented.

It should be noted that such a strong displacement Ty
with pressure rise to equiatomic FesoRhsyo assumes that
the baric coefficient dTy/dP remains constant in sign up
to pressures of P =8.3GPa. [17]. Our further measure-
ments o(T,P), made in the region of higher pressures
(P > 7GPa) found an unexpected behavior happening in
our specimen. As shown in Figure 4, for pressures of
P =7GPa and 7.7GPa, the abnormal behavior p(T, P),
related probably to the same magnetic transformation from
the antiferromagnetic state to the ferromagnetic one, is
again implemented in the range of measured temperatures,
which may mean the available trend of dTy/dP sign
change. As shown on the insert to Figure 4, dependence
do(T)/dT notes values Ty ~ 455K and Ty ~ 450K for
pressures P =7.15GPa and P = 7.72GPa, accordingly.
Therefore, reduction of Ty under P > 7 GPa, contradicts
the results both for equiatomic compound FesoRhsg, and for
some nonstoichiometric and doped compounds Fes9Rhysi,
Fesi sRhag 5, Feso sRhag 5, FegsRhyo sIrg 5 [17,21].

Another found feature of behavior p(T, P) in Figure 4
is the presence of hysteresis, which demonstrates a minor
jump in the region of T =320—322K with heating and
more pronounced jump near T = 334—336 K in the cooling
mode (Figure 4). According to data T-P the magnetic
phasing diagram for FesoRhs alloy above pressure of 6 GPa
(in the region of the triple point) implements the phase
transition of order II from the antiferromagnetic state to the
paramagnetic one, when the when the ramp drops from
dTn/dP from +10 to +6 K/GPa [16,17], which it seems is
not observed in our case.

The reasonable explanation for such behavior may be the
fact of presence of phase FegsRhg, which start contributing
to transport behavior at higher pressures.

Figure 5 provides comparison between the data p(T, P),
extracted from Figure 3 and Figure 4 at T = 297K and
baric dependence of direct measurements of p(P)/po
at the same temperature in specimen FesoRhso with
po=2.345-107*Q - cm.

Both of these dependences, despite the difference in
the source values pg, demonstrate the maximum at
P =~ 3.45GPa. Note that such dome-like behavior p(P)
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Figure 4. Temperature dependence of resistivity of FesoRhsg
at pressures 7.15GPa and 7.72 GPa, measured in the heating
and cooling mode at atmospheric pressure. The insert contains
temperature dependence dp/dT for these pressures.
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Figure 5. Dependences of resistivity for two samples FesoRhsy on
pressure. The left scale along the axis of ordinates complies with
values p(T, P) extracted from Figure 3 and Figure 4 at T = 297K,
while the right scale displays the normalized value p/po for
specimen FesoRhsy with pg = 2.345 - 107*Q - cm measured at
isothermal increase of the pressure.

was observed for MnAs compound, which was accom-
panied with the magnetic transition induced by pressure,
in particular, into the ferromagnetic phase of high pres-
sure [22]. However, in case of FesoRhsy one may conclude
that the change of baric motion p(P) above 3.45GPa is
rather caused by effect of phase FegsRhg, which changes
sign dTy/dP.

Based on our data p(T,P) to pressures of 7.72 GPa,
an data of paper [17], T-P magnetic phasing diagram
FesoRhsy was built (Figure 6). On this phasing diagram
the value Ty ~ 508K at P =3.45GPa was produced
by extrapolation of data with account of constant baric
coefficient dTy/dP = +42.3K/GPa up to this range of
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Figure 6. T-P magnetic phasing diagram FesoRhso, designed
by changes of p(T,P) and literature data [17]. Designations
FM, AF, PM comply with ferromagnetic, antiferromagnetic and
paramagnetic states, accordingly. Solid lines mean phase lines for
temperatures Ty and Tc. The hatched line shows the bypass Tn
from the region of the triple point, suggesting formation of a new
AF phase.

pressures. As one may see, the qualitative behavior Ty
for FesoRhsg, containing phase FegsRhg, is visibly different,
demonstrating the deviation of the phase line Ty of literature
data. Reduction of Ty above pressure of 3.45GPa may
formally be treated as the absence of the triple point on the
phasing diagram FesoRhso due to bypass of the phase region
where three phases coexist. In its turn it may indicate that
the region of the high-temperature ferromagnetic phase will
be stabilized with the pressure rise and tend towards the
region of low temperatures.

The presence of the iron-enriched phase Feg4Rhg, even
though insignificantly vs. the main cubic phase FesoRhs,
but still may contribute strongly to magnetization of the
specimen due to its ferromagnetic state. It is known that
even insignificant deviation (1—2%) from the stoichiometric
composition of the Fe-Rh system towards the increase of
iron concentration may form a ferromagnetic order in the
wide range of temperatures as it was shown for case
Fe51.5Rh4g_5 [21] Therefore, our system FGSORh50—F694Rh6
will be characterized by the presence of such ferromagnetic
contribution. Similarly to the conclusions in paper [21], one
may conclude that gradual increase of resistivity together
with pressure rise (Figure 5) is related to prevalence
of ferromagnetic component for the specimen that is in
inhomogeneous magnetic state (i.e. contains both ferro-
and antiferromagnetic components). Under the conditions
of high pressure, ferromagnetic phase FegsRhg may be

the maximum point at P = 3.5 GPa (Figure 5). Further, as
the resistivity reduces above 3.5 GPa, apart from the cublic
antiferromagnetic structure FesoRhsg, the antiferromagnetic
structure FegsRhg will be developed, which may result in
formation of a new modulated antiferromagnetic structure
different from the original one of G-type, as shown in T-P
magnetic phasing diagram (Figure 6).

4. Conclusion

This study investigated the effect of phase FegsRh,
identified in equiatomic alloy FesoRhsg, at the state of its
T-P magnetic phasing diagram following the results of high-
temperature studies of the resistivity up to pressures of
7.72GPa. At atmospheric pressure the dependence p(T)
demonstrates phase transformation from the antiferromag-
netic phase to the ferromagnetic phase at Ty ~ 370K and
displays no effect of phase FegsRhg. Displacement of Ty
with application of pressure to 2 GPa happens with a ramp
of dTn/dP = +42.3K/GPa, in good compliance with the
literature data. The noticeable effect of phase FegsRhg was
found in the region of high pressures at P > 7 GPa, which
results in reduction of Ty down to 450K at P = 7.72 GPa.
Deviation of the phase line Ty, happening above pressure
of 3.45GPa according to the data of dependence p(P),
indicates the absence of the triple point on T-P magnetic
phasing diagram, and also the potential formation of a new
antiferromagnetic high-pressure structure.
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