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ABSTRACT

The pressure-temperature magnetic phase diagram was determined for
Fe-Rh alloys, ferromagnetic down to 4.2K, from room temperature to the
Curie point (750 K) and for pressure up to 100 kbar. A pressure-induced
first order ferromagnetic-antiferromagnetic phase transition line was found
with an inhomogeneous, mixed phase existing at pressures lower than 50 kbar.
A new, qualitative model is proposed to explain the phase transitions, the
absence of magnetic moment on Rh atoms in the AF state and the shape of the
p-T diagram. The model is based on the excitonic antiferromagnetism of
semimetallic Fe-Rh and it is connected with the pecularities of the elec-
tronic structure and the shape of the Fermi surface.

AHHOTALMA

B HacTosiwen paboTe npeacTaB/ieHbl pe3y/ibTaTbl 3KCNEPUMEHTaNIbHOro uccnepoBa-
HUA BANSIHUSA BLICOKOIO [aBfIEHUA Ha MarHWTHble CBOWCTBa (jeppoMarHUTHOro cnjaBa
Fes ™ sRh”~"g g. Mpu noBbileHWW AaBrieHUA NyTem (a30BOro rnepexoja nNepBoro poja
cnnaB nepexoguT B aHTUQeppoMarHMTHOe CcOCTosiHMe. [pensioxeHa KadyecTBEHHas MO-
Jenb, O06bACHAWWAs nocrefoBaTe/lbHOCTb MarHWTHLIX nepexogoB B cnnaBe FeRh, cBA-
3aHa C 9KCUTOHHbLIM aHTUpeppoMarHeTU3MOM U OCOBEHHOCTAMU 3INIEKTPOHHON CTPYKTYpLI
N QopMbl MOBEPXHOCTb ®depmu.

KIVONAT

Atmoszférikus nyomason ferromagneses Fe-Rh 6tvozetek magneses p-T fa-
zisabrajat hataroztuk meg 300-750 K hémérséklettartomanyban 100 kbar nyo-
masig. Nyomas hatasara els6rendl ferromagneses-antiferromagneses fazisat-
alakulas jatszéodik le az otvozetben. Uj modellt javasolunk a fazisatalakulas
mechanizmusanak, a p-T fazisabranak és a Rh momentum kérdésének leirasara.

A modell alapja a FeRh exciton antlferromdgneses allapota és a Fermi felllet
alakjanak sajatossagai.



INTRODUCTION

In the equi-atomic ordered Fe™QRh”0 alloy a first-order
magnetic phase transformation takes place at about 320 K,
when the alloy transforms to a ferromagnetic (FM)> phase
from a low temperature antiferromagnetic structure (AF). The
transformation i1s isomorphous, the crystal structure does
not change, but the volume of the elementary cell increases
by 0.92 % [1]- Under the influence of pressure the first-order
transition temperature iIncreases, stabilizing the AF phase;
the second-order Curie point of ferromagnetic - paramagnetic
(AV-PM) transition decreases [2].

All the physical properties of the Fe-Rh alloys are
strongly dependent on the composition, on iIncreasing the
iron content by 1-2 % the alloy becomes ferromagnetic even at
low temperatures [3]. The lattice parameter - as in the case
of the AF-FM transition - increases. According to Shirane [4]
for Fe5QRh50, a = 2.986 8; Fe™Rh"g, a = 2.993 8;

Fe52Rh48, a = 2.989 8.

The crystal structure of FeRh iIn the paramagnetic state
iIs simple cubic with two atoms in the elementary cell
(CsCl-type, O™ group). In the AF state, according to the

different orientations of their magnetic moments, the iron



atoms form two fee magnetic sublattices, the rhodium atoms
are ordered in a simple lattice with two times smaller perio-
dicity. The elementary cell doubles and contains 2 Fe and

2 Rh atoms. The space group changes to O§-

Electronic specific heat measurements of AF and FM
samples of FeRh revealed [5] that iIn the FM phase this
quantity iIs 3-4 times higher than in the AF state. Shinkel
et al. suggested that FeRh has the character of a semimetal
[6].- On the basis of the above data one can suppose that
the basic mechanism responsible for the AF-FM transition
taking place under thermal or compositional changes is the
peculiarities iIn the density of states at the Fermi level
and the shape of the Fermi surface of the alloys itself.
One may assume that the changes in the band structure requir-
ed for the transition to the AF state could be generated by

hydrostatic pressures through volume decrease.

EXPERIMENTAL

The electrical resistivity of ferromagnetic Fe-Rh alloys
was measured on changing the temperature or the pressure
acting on the alloy. Magnetization measurements performed
on a vibrating sample magnetometer showed that the alloys

are ferromagnetic even at T = 4.2 K, the saturation magnetiza-



tion for 5R™M8 5 at ~.2 K i1s 137.3 emu/g, practically
equal to the value for the equiatomic alloy (Fig.l) . The
Curie temperature TC = 750 K; for the stoichiometric alloy

TC = 665 K.

Fig.l. Temperature dependence of the saturation magnetization
of Fenr2.5 r”n48.S a™°Y compared with the magnetization
of Feb0 /dashed line/ showing the AF-FM transition

The pressure up to 100 kbar was generated in a "toroid”
type apparatus in a cell filled with polysiloxane fluid. The

electrical resistivity was measured by the four-point method.

Figure 2 reproduces the pressure dependences of the
resistivity of three Fe-Rh alloys measured at room temperature.
One of them is antiferromagnetic (Fe”~Rh”), the two others
are ferromagnetic (61.5 and 52.0 at% Fe). The pressure effect
is different for the antiferromagnetic and ferromagnetic
alloys: the pressure dependence of the AF resistivity is very

small, resembling pure metals, whereas the resistivity of the
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Fig.2. Pressure dependence of the electrical resistivity of
Fe-Rh alloys measured at room temperature .(p(0)resisti-
vity at atmospheric pressure, p(p at pressure p)t
~ L d - -
x-Feg, CRh, n . ®o-Fe [JRh Q; e-Fe . Rh__ .

48% 50" 50
FM alloys increases rapidly with pressure. For Fe”™ ~Rh*g ~
at p = 25 kbar the pressure dependence of the resistivity is
very similar to the case of the equi-atomic FeRh, when the
first-order FM-AF magnetic phase transition takes place at

room temperature on iIncreasing the pressure [2].



For the sample with 52 % Rh the resistivity iIncrease 1S more
smooth and extends over a pressure region of 50 kbar. We

assume that iIn this case an iInhomogeneous magnetic structure 1is
formed.

The 1sobaric temperature dependence of the electrical
resistivity of the Fe™ 5R™M8 5 a™°yY was Ii1nvestigated In
detail, as 1i1s illustrated iIn Fig.3. The resistivity - tempera-
ture curves reveal a jump In the resistivity on decreasing
the temperature, according to an FM-AF transition. On increas-
ing the pressure, the height of the jump and the volume of
the AF phase increase, showing that there exists a given tem-
perature - pressure range for the co-existence of the FM and AF
phases. The anomalously large thermal hysteresis of the transi-

tion supports the i1dea of the iInhomogeneous magnetic structure.

On further iIncreasing the pressure the hight of the jump
does not change iIn a given pressure interval (60-70 kbar);
above this is starts to decrease. On increasing the pressure

the thermal hysteresis of the transition decreases too.

The anomalous behaviour of the resistivity is related
to the magnetic phase changes of the ferromagnetic Fe,.» 5748 5
alloy occurring under high pressures (Fig.4). At pressures
under 50 kbar and temperatures below the Curie point there
exists a broad region of ferromagnetic spin ordering which,

on decreasing the temperature, via first-order phase transition



Fig-3. Isobaric temperature dependences of the electrical
resistivity of Fe n 0O c measured at different
ul»o6 40-0
pressures

transforms to an 1nhomogeneous magnetic structure containing
ferro- and antiferromagnetic components simultaneously. At
higher pressures (p>50 kbar), a situation familiar from the
stoichiometric FeRh alloy can be seen: under Tc (second-order

PM-FM transition) on further decreasing the temperature via



first-order transition a homogeneous AF state forms, with
substantially narrower hysteresis. At higher pressures the
alloy behaves as the stoichiometric one, the interval of the
existance of the FM state becomes narrower, the resistivity
Jump decreases and the AF phase tends to "absorb™ the FM
phase. Unfortunately, pressures up to 100 kbar are not enough
to remove the FM phase completely, 1i.e,. to reach the triple-
point of co-existence of the FM-PM-AF phases. According to

our extrapolation this will happen at about 130 kbar.

Fig-4. p-T magnetic phase diagram of the Fe~ 5 Fh~n 2 alloy

compared with the phase diagram of equi-atomic FeRh [2]



DISCUSSION

The magnetic p-T phase diagram of the Fe”~ 5Rh48 5 alloy
shows (Fig.4) that at p - 0O and T - O 1t is ferromagnetic, at
higher pressures the antiferromagnetic state iIs stable at low
temperatures. For T<370 K and p>50 kbar the situation is similar
to the case of the equiatomic FeRh, and above the triple point
the magnetic order - when it exists - iIs antiferromagnetic at
any temperature.

Based on these experimental findings we propose a nhew,
qualitative model for the magnetic phase transitions of Fe-Rh
alloys. Measurements of the electronic specific heat [5] and
band structure calculations showed that the Fermi energy of
this alloy is situated near to a high and narrow peak of the
density of states formed from the states of wave functions
localized on iron atoms. In this case the Stoner condition for

the existence of ferromagnetism is fulfilled, 1.e.

INEP)~1, D

where 1 Is the exchange-correlation parameter of Stoner, N(Er)
iIs the paramagnetic density of states at the Fermi level.
Consequently, the ferromagnetic state is energetically favour-
able. Under pressure the bands are broadened, N(E*,) decreases,
inequality (1) weakens and the free energy 6EFM of the FM

state iIncreases in accordance with



OE FM = K[1 - IN(Ep)] . (&)

where Kk =m /N(E ) and m 1iIs the spontaneous magnetic moment.
Consequently, the region of the existence of the FM phase is
narrowed from above.

At the same time, there must be a reason for the low
temperature AF phase to be favoured when compared with ferro-
magnetism. The drastic decrease of the density of states iIn
the AF phase shows that on the Fermi surface of the Fe-Rh
alloys (similarly to the Cr) there are such electron and
hole parts which could be matched together on translation by
a given Q vector (nesting) . At the same time, this Q iIs the
wavefunction of the spin density wave, leading to the changes

in the symmetry of the crystalline potential:

ex(k) = -e2(k + Q) €)

for all k. 1t i1s worth mentioning that the high density of
states in the PM phase leads to a situation where the effective
constant of triplet pairing for the electrons of the first
and second bands will be large enough, i1.e. a possibility
occurs for AF ordering that is much more favourable than in
the case of Cr, for which N(Ep) is relatively low.
IT the symmetry of the untransformed (PM) and transformed

(AF) phases is known, thenQ can be determined. For our case,

the symmetry in the PM phase i1s 0, iIn the AF phase it is O

with the elementary cell doubled. It can easily be shown that
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for this case Q = 2n/a(l1,1,1). A new plane in the Brillouin
zone (B2) crosses the centre of this vector and all the states
outside this new plane have to be translated inside the new
fee BZ. The Q vector is simply equal to the vector joining

the I and R points of the simple cubic BZ. We have to find
such nesting pockets on the Fermi surface which are centred at
the I and R points, respectively. In the work of Khan [7],
unfortunately, there are no data concerning the shape of the
Fermi surface, and the band structure is given only iIn high
symmetry directions. However, from his calculations 1t un-
ambiguously follows (Fig. 2 of [7])that near to the I points

a large volume electron pocket is centred and along the r-R
line (@bout half way along the line) this electron pocket 1is
in contact with a hole pocket centred at R points. Due to the
same symmetry of the I' and R points (from the viewpoint of
their irreproducible representations), 1t is reasonable to
assume that the shape of the electron and hole pockets 1is

similar and the condition for nesting (3 will be fulfilled.

The model gives an explanation for the absence of the
magnetic moment of the Rh atoms in the AF state. Indeed, the

spin density wave with a wave vector of Q

P(r) = mQ cos(Qr) (@)

corresponding to nesting at the 'and R points, will have zeros

at points of a(l/4, 1/4, 1/4) and a(3/4, 3/4, 3/4), where
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the Rh atoms are located.

At low temperatures the Fe-Rh alloys are unstable against
transition to FM or AF states because the difference between
the free energies of the two states is very small. But the
different temperature dependences of the free energies of the
FM and/or AF states may lead to the replacement of the low
temperature AF phase by a new FM state before the AF phase
loses its absolute stability. In view of this, the real Néel
temperature will never be reached and In the ferromagnetic
Fe-Rh alloys such as Fe”™ 5R™M8 5 tie AF PMase exists In a
"latent” state.

It 1s easy now, to understand why the AF phase disappears
under small deviations from stoichiometry [3]. Compositional
differences spoil the fulfillment of the nesting conditions (3),
and suppress the exciton-antiferromagnetic state. The gain in
free energy at the formation of the excitonic antiferromagnetic

state according to [8] is

6B, = -N, B ){A2+2u2 -3U2-U2)} at T=0, (5)

where [ i1s the AF gap in the band structure, N (E ) 1s the
density of states in the nesting bands, and p are the
nesting imperfections or the chemical potentials of the initial
and transformed phases respectively compared with the Fermi

energy of the ideal crystal, [ = N(Ep)/2NA(Ep) is the power
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of the electronic reservoir, which i1s less than 1/2 according
to specific heat measurements. For ideal nesting the free energy

of the AF phase is

6E,r = -N,(ED {A2 - 2u2} (6)

where iIs the gap for ideal nesting. It can be seen that
when deviations from stoichiometry iIncrease, the gain in energy

of the AF phase compared with the FM phase decreases.

From the exciton theory [9] follows the second order
character of the PM-AF phase transition, too; this was experi-

mentally demonstrated by us earlier [2].

The effect of the pressure on the energy balance of the AF
and FM phases is somewhat opposed to the effect of nonstoichio-
metry: hydrostatic pressure practically does not change uQ ,that
is, the measure of the fulfillment of nesting conditions, but
the broadening of the bands according to () and (6) decreases
the free energy of the FM state more than that of the AF phase
because NA Ep)l 2/3 N Ep)» Therefore the line of the first-
order AF-FM phase transition will be an increasing function of
the pressure, as was demonstrated in our earlier publications
(see ref. [2]) - Such an unusual pressure dependence of the
Néel point is connected with the fact that the real Néel point
is located at a much higher temperature than the AF-FM transi-

tion temperature and the magnetic phase diagram of the Fe-Rh
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alloys 1s determined by the competition of two possible mag-
netic structures, both of which are connected with the peculi-

arities of the band structure of the material.
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