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Abstract Magnetic phase transitions as a function of ConcenUarion and temperature for ordered 
and disordered (Mnl-xFe,)Pt, alloys are investi-d by neumn diffraction and magnetic 
measurements. On the basis of these results the magnetic phase diagrams are drawn. The 
digram for the ordered alloys is characterired by a tricrilicd point in the region of lhe 
fe~omagnetic-to-antife~omagnetic transition at X, = 3.  A canted non-collinear magnetic 
structure and a region of two-phase mixtures are shown. The diagram for the disordered alloys 
is characterized by two regions of heterogeneous ferromagmets, both showing reentrant spin- 
glass slates al law temperatures, but differing in the character of exchange interaction bemeen 
magnetic atoms The diagrams are discussed within the framework of the phenomenological 
theory of the phase transitions with related order panmeters. 

1. Introduction 

In early papers [ 1,2] it was shown that ordered alloys of iron and manganese with such noble 
metals as palladium and platinum are unique magnetic systems, in which a concentration 
phase transition from ferromagnetism to antiferromagnetism is realized within the framework 
of a continuous series of solid solutions. Because of this they are convenient experimental 
object, for verifying theoretical models of magnetic phase transitions in systems with related 
magnetic order parameters [3,4]. 

Ordered and disordered (Mnl-,Fe,)hS alloys are typical of the above systems and their 
magnetic state has been investigated in [5-121. The components form a continuous series 
of solid solutions and can be transformed from a system with random magnetic sites and 
a simple-cubic structure to a FCC lattice through an order-disorder transition provided that 
the magnetic moment of the platinum atom equals zero. Therefore, we have a possibility 
of comparing the magnetic phase diagrams for random magnetic systems with one sort of 
magnetic atom and which have different crystal symmetry lattices. This dependence on 
symmetry is caused by the probability of formation of frustrated sites, which in the case of 
a FCC lattice is greater than for systems with a simple-cubic lattice 1131. 

The purpose of the present work is to study in more detail the magnetic states 
of (Mnl-,Fe,)Pt, alloys in the region of the concentration-dependent transition from 
ferromagnetic to antiferromagnetic order and to compare the magnetic phase diagrams for 
the ordered and disordered states. 
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2. Methods 

Quasi-binary alloys of (Mnl-,Fe,)Pt, with x =O, 0.15, 0.2, 0.3, 0.4, 0.45, 0.55, 0.6, 0.65, 
0.7, 0.75, 0.8 or 1.0 were melted from pure components. The ingots were homogenized at 
1250 K for 5 d in a helium atmosphere. They were then crushed into powder, in which 
form the alloys are completely disordered. The atomic ordered state was obtained after 
annealing of the deformed samples at 920 K for 48 h in a helium atmosphere. 

The degree of atomic ordering was determined from the x-ray and elastic neutron 
scattering data at room temperature and 4.2 K respectively. The degree of ordering 
calculated from these data turned out to be nearly complete. It should be noted that the 
ordering of samples which were not deformed initially, as a rule, gave a smaller degree of 
ordering. 

Information about the magnetic state of the alloys was obtained by magnetic neutron 
scattering (A = 0.181 nm) and bulk magnetic measurements. The latter were made with a 
vibromagnetometer in fields of (0.008-1.6) x IO6 A m-' w' ithin . the temperature range 4.2- 
300 K. The differential magnetic AC susceptibility was measured with a modified Harsthorn 
bridge at 5 Gz in a zero magnetic field within the temperature range 20-200 K. 
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3. Results 

3.1. Magnetic phase diagram for rhe ordered (Mn,-,Fe,)Pt3 alloys 

According to the x-ray study, all the alloys after annealing have LIZ-type atomic order with 
an ordering degree in the platinum sublattice of 0.96-0.98. Moreover, the large difference 
between the nuclear scattering amplitudes of iron and manganese allows us to show that 
iron and manganese atoms are distributed randomly in a simple-cubic lattice. 

The antiferromagnetic long-range order with the wavevector k = ( k / a ) ( i ,  $, 0) was 
determined by elastic neutron scattering for alloys with x > 0.55. ?he region of this 
antiferromagnetic order is determined from the temperature dependence of the ( f ,  4.0) 
reflection (figure I). Moreover, additional magnetic contributions to the superstructure in the 
form of (100) nuclear reflections testify to the long-range ferromagnetic order for the alloys 
with x < 0.45. Figure 1 shows that these ferromagnetic contributions to the superstructure 
are also present in alloys in the transition region from ferromagnetism to antiferromagnetism 
(0.55 < x < 0.65) near the respective Nee1 temperatures. The spin moment values f i  
at the averaged (Fe, Mn) atom sites, determined from the intensity of the corresponding 
ferromagnetic and antiferromagnetic reflections, are determined from the relation fi2 = 
p$ + piF at 4.2 K. They are well fitted by the mixing law F. = p ~ " ( l  - x)  + p ~ ~ x  with 
p~~ = 4.2 p~ and p~~ = 3.3 ps. 

The iron concentration region x = 0.45-0.7 is interesting because of contradictory 
results in different papers. Detailed investigations of the temperature dependence of DC 
susceptibility for the alloys cooled to 4.2 K in zero (XZFC)  and measuring (XFC) magnetic 
fields were made. Figure 2 shows that pronounced differences between the , y v c ( T )  and 
X F C ( T )  curves occur between certain temperatures T B ( H )  for all the alloys within the critical 
range. The appearance of magnetic irreversibility indicates the presence of non-ergodic 
states in the magnetic system below T s ( H ) .  Moreover, the Sommers-Sompolinsky non- 
ergodicity parameter 6 = x z ~ c ( 0 )  - ,y=(O) changes sharply at some critical concentration 
xe = $. showing a fe~omagnetic-to-antiferroinagnetic firskxder phase transition (figure 3). 
The critical concentration xc = f is caused by the presence of a ferromagnetic interaction 
between Mn-Mn and Mn-Fe atoms and antiferromagnetic interaction in Fe-Fe pairs in a 
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Figure 1. Temperature dependence of the neumon scaltering intensity of ferromagnetic (100) 
and antifemmagnetic (;io) reflections for ordered (Mnl-,Fe,)pts alloys. 

simple-cubic lattice, which is equivalent to an interaction between nearest neighbours in a 
FCC lattice (jlYyMn > 0, Jl;JR > 0 and J g Y X  < 0), the presence of f ferromagnetic 
bonds from the six possible (z = 6) leads to a sharp ferromagnetic-to-antiferromagnetic 
transition at the iron concentration x, = ;. In other words, at a critical concentration x, the 
contributions of the positive exchange interaction and the negative exchange interaction to 
the crystal free energy are equal. This leads to the relation 

2 2 x:JF~-F& = (1 - s) J M ~ - M ~ $ ,  + 2xd1 - xJJF~-MJFJM~. 

Substituting the numerical values of xc SM, and Spe and also assuming that JM"-M" N 

The magnetic ground state of alloys near the critical concentration is more complicated 
than the ferromagnetic or antiferromagnetic state. As we noted already, for alloys in the 
region 0.45 < x < 0.65 antiferromagnetic ordering is found at temperatures T c T,. Their 
state may be characterized as a canted magnetic structure with a translational invariance 
of both the ferromagnetic and the antiferromagnetic components of the magnetic structure, 
described by the wavevectors k~ = (Zn/a)(O, 0,O) and k ~ p  = ( 2 a / a ) ( f ,  f ,  0).  

I t  is necessary to note that in [7,8] the magnetic state of these alloys was identified 
with a re-entrant spin-glass state, in which ferromagnetic blocks about 500-1000 A in 
size are formed. However, the presence of the antiferromagnetic reflection (440) in our 
neutron results proves unambiguously that within the boundaries of such a block, essentially 
exceeding the range of coherent neutron scattering (about 200 A), antiferromagnetic long- 
range order exists. Consequently, the magnetic state of these alloys with regard to these 
blocks must be described by two order parameters, ferromagnetic and antiferromagnetic, 
simultaneously. 

Such a canted magnetic structure of the alloy may be like a re-entrant spin-glass phase, 
since after cooling in a magnetic field a unidirectional anisotropy forms because of the 
non-collinearity of the magnetic structure, which can be seen from a displacement of the 

J F ~ - M ~ .  W e  obtain ~ J F ~ _ F ~ ~  N ~ J M ~ - M ~ .  
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Figure 2 Temperature dependence oflhe M1 susceptibility. obtained for ordered (Mni-,Fex)Ft, 
alloyr wilh x-values of ((1) 0.55. (b) 0.6. ( c )  0.65, ( d )  0.7 and (e) 0.75 after cwling io 4.2 K 
in zero (0) and measuring (0) magnetic fields: curves I ,  H = 0.04 A m-I; c w e s  2, 
H = 0.08 A m-'; curves 3. H = 0.28 A m-]; C U N ~ S  4. H = 0.72 A m-I: curves 5. 
H = 1.6 x IO6 A m-'. 
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magnetic hysteresis loop and magnetic viscosity effects. The neutron data unambiguously 
prove the presence of a canted structure, but the measurements of magnetic and thermal 
properties are less certain indicators. 

In a composition region above the critical concentration x, = 4 we have observed the 
presence of heterogeneous antiferromagnetism, characterized by ferromagnetic clusters in 
the antiferromagnetic matrix. This agrees with the results of [7,8]. It follows from the 
large magnetic susceptibility for the alloys with 0.65 < x < 0.8 at low temperatures and a 
susceptibility irreversibility at T < TN. 

From the present elastic neutron scattering and magnetic measurement data, together 
with data from other investigations, the magnetic phase diagram for the ordered 



196 

(MnJ-,Fe,)Pta alloys has been drawn (figure 4). The main feature of this diagram is 
the tricritical point with the coordinates x, = 0.65 and T = 260 K, where the line of the 
second-order phase transition transforms into two lines of the first-order phase transitions. 

A Z M e n s h i b v  and G P Gasnikova 

Figure 4. Magnetic phase diagram for ordered (Mn~-,Fe,)Fii alloys: P, panmagnetic phase; F, 
femrmgnetic phase; AF. antiferromzTznetic phase; FAF. canled mgnetic structure; AF(+F+ FAF), 
mixture of magnetic phases; tcp, tricritical point; shaded are& F t P mixlure. 

In the region below the critical concentration x, = $, a phase F with a ferromagnetic 
order parameter and a mixed phase FAF described by two order parameters simultaneously, 
are indicated. For the alloys with x > x,, the region of the high-temperature mixture 
F + P of ferromagnetism and paramagnetism (shaded regions in figure 4) is also shown. 
The paramagnetic phase of this mixed state transfers into an antiferromagnetic phase below 
some temperature TN, increasing with increasing x. The ferromagnetic phase decreases to 
dimensions smaller than the coherent neutron scattering ranges (about 100-200 A), since 
the additional scattering intensity is absent in the superstructure reflections for the alloys 
with x > 0.8. The magnetic state in the region 0.66 < x < 0.8 is labelled AF(+F+ FAF). 

3.2. Magnetic phase diogram for the disordered (Mnl-, FeJPt3 alloys 

According to the x-ray and neutron scattering data the alloys really have the FCC lattice 
structure without any signs of atomic ordering following mechanical crushing. Weak neutron 
diffraction peaks are obtained in the positions of superstructure reflections (100) and (1 10) 
only for the alloys with x = 0.0 and 0.15. These arise from traces of MnPt3-type atomic 
ordering. 

Detailed investigation of elastic neutron scattering indicates an absence of any long- 
range antiferromagnetic order in these alloys. Therefore the main conclusions concerning 
the magnetic state of the disordered alloys are drawn from the magnetic measurements. 

Figure 5, (Opposite.) Temperature dependence of Dc susceptibility, obtained for disordered 
(Mnl-,Fe,)Pt)alloys withx-values of(u)0.15.(b)0.45,(~)0.6yld(d)0.8~ercoolinginzero 
(0 )  and measuring (0) magnetic fields: curves I ,  H = 0.04 A m-' ; culyes 2, H = 0.08 A m-I ; 
curves 3. H = 0.28 A m-'; CUNS 4, H = 0.72 A m-'; curves 5. H = 1.6 x IO6 A m-': t ,  
T B ( H ) ;  4.. TAW.  
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The alloys with x < 0.5 have a weak magnetization at 4.2 K, which increases with 
increasing x above x = 0.5. The essential difference between the temperature dependences 
,ypc(T) and x=(T) indicates the presence of heterogeneous ferromagnetism (figure 5 )  in 
these alloys. The magnetic irreversibility for the alloys with x > 0.5 is slightly different. 
They have a large spontaneous magnetization, and the  values are essentially larger than 
those of the alloys with x < 0.5 (figure 3). This points to the existence of a critical 
concentration x, = 0.5 for the magnetic state with spontaneous magnetization for the 
disordered alloys. 

However, the alloys with x > 0.5 are not homogeneous ferromagnets, because the 
temperature Tk of the transition from the paramagnetic to the ferromagnetic state (obtained 
from magnetization curves by the Belov-Arrot method), and the temperature T'(0) at which 
irreversibility occurs (determined by the T B ( H )  extrapolation to zero field) coincide. Such 
a state may be represented as the sum of a topologically infinite ferromagnetic cluster and 
some finite ferromagnetic clusters. Between them there exists a zone of slowly relaxing 
spins, disposed in a zero molecular magnetic field ('melted spins' 1141). In the magnetic 
phase diagram (figure 6) this state is labelled F(+P). With decreasing temperature, the 
relaxation time of the 'melted' spins increases but at the temperature &(O) corresponding to 
the occurrence of 'strong' irreversibilify. critical slowing-down of the weakly relaxing spins 
occurs because of an antiferromagnetic interaction at low temperatures. This is accompanied 
by the occurrence of the local magnetization (S,)T = mi for the 'melted' spins. This 
magnetization may be considered as a random magnetic field Ha for the topologically 
infinite ferromagnetic cluster. When the random field Ha becomes comparable with the 
anisotropy field Hk of the topologically infinite cluster, the latter falls into clusters of finite 
sizes L with a random magnetization distribution in space. This re-entrant ferromagnetic 
spin-glass state FSC" may be described by a parameter QF = (p&. (pj)c = 0 where pj 

is the magnetic moment of a finite cluster. Here (. . .)T and (. . .). are the temperature and 
configurational averages, respectively. 

Figure 6. Magnetic phase diagram for disordered (Mn~-,FeJpt, alloys: F'(+P) and <(+P), 
heterogeneous ferromagnetic phases: F S ~  and FsG", mentmt spin-glass states. 

In the concentration region x < xc the magnetic state does not show a spontaneous 
magnetization. This is consistent with small ferromagnetic clusters with magnetic moments 
cbaotically reoriented inside a system with slowly relaxing spins close to a paramagnetic 



Magnetic phase diagrams for (Fe1 -,Mn,)Pt3 alloys 799 

state. This system labelled P(+#) shows magnetization irreversibility, which is 'weak' at 
temperatures near Tk = T,(O), and 'strong' at TF(O). The phase transition takes place at 
TB(O) in the ferromagnetic clusters system, but at Tp(0) the critical slowing of the relaxation 
time for 'melted' spins occurs. This leads to a splitting of the large ferromagnetic clusters 
into smaller clusters, and their blocking in the random anisotropy field. This state labelled 
FSG' is a ferromagnetic spin glass. 

However, the natures of FSG' and FSG" (and also F' and #') differ because of the 
different exchange interactions between magnetic atoms. In the first case, the finite- 
cluster ferromagnetism is caused by the MnPt3-type short-range order and the ferromagnetic 
interaction between manganese atoms of next-nearest-neighbour distance (J f i - . -p t -~"  > 0). 
In the second case, the ferromagnetism is caused by a strong positive exchange interaction 
between iron atoms of nearest-neighbour distance ( JF~-F~  > 0). 

4. Discussion 

Let us consider now the magnetic phase diagram for the ordered and disordered 
(Mnl-,Fe,)Pt3 alloys constructed here, from the point of view of the phenomenological 
theory of the phase transitions in systems with related order parameters [3,4]. First, we 
discuss the magnetic phase diagram for the ordered (Mnl-,Fe,)Pt3 alloys. We choose the 
ferromagnetism vectors m = M I  + MZ and antiferromagnetism vectors 1 = MI - Mz, 
where MI and Mz are the magnetizations of two sublattices, as the vector order parameters. 
The distortion of the cubic lattice because of magnetoelastic interaction is chosen as the 
scalar order parameter uik. 

The thermodynamic potential of a system with two related vector order parameters and 
one scalar order parameter is 

@ = @ P O +  1/2A1[m1[~+ 1/4Cllmj4+ 1/6Elm16+1/2Az1112+ 1/4C~111~ 

+ 1/2A3u:, + A2~m1z~~lZ + ylmlZuix (1) 

where A is the constant of the relation between vector order parameters and y is the constant 
of the magnetoelastic interaction in the ferromagnetic subsystem. A consideration of such 
a potential leads to the following equilibrium phases in the diagram: 

(1) paramagnetic phase (m = 0; 1 = 0); 
(2) ferromagnetic phase (m # 0; 1 = 0); 
(3) antiferromagnetic phase (m = 0; 1 # 0); 
(4) mixed phase (m # 0; 1 # 0) and also phase mixtures F + P and F + AF + FAF. 

The phase diagrams, constructed for different values of the parameters A, C = 
Cl -2yZ/A3 and A = CICZ-A~ and their branches in temperature-composition coordinates 
were given in 13.41. The phase diagram for the ordered (Fel-,Mn,)Pt3 alloys corresponds 
most closely to the case h < 0, C1 < 0 and A c 0. This is characteristic for system with 
a strong relation between the vector order parameters and the scalar order parameter. 

As to the phase diagram for the (Mnl-,Fe,)Pt3 alloys in a disordered state, we propose 
the existence of two independent ferromagnetic order parameters. One of them, namely 
m' describes the alloys with a large manganese content, where the exchange interactions 
& - ~ - f i  > 0, Jj,+p,-pc z 0 and JF~-P+F~  c 0 are essential. The other order parameter 
m" describes the alloys with a large iron content in which the exchange interactions 
J,+Fs z 0, &-mn z 0 and JM"-M" < 0 between nearest neighbours play a general 
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role. The magnetic phase diagram for such alloys must be attributed to the case of the 
non-interacting vector order parameters (.I = 0). Then the thermodynamic potential ( I )  can 
be separated into two independent potentials, where the interaction of each vecmr order 
parameter with its own scab appears in general. Such a situation, as a rule, leads to 
the formation of composition ranges with a tricritical behaviour, where the transition to a 
re-entrant spin-glass state takes place. 

A 2 Menshikov and G P Gasnikova 

5. Conclusion 

Magnetic phase diagrams for the ordered and disordered (Mnl-,Fe,)Pt3 alloys considered 
here differ markedly. This mainly originates from the different crystallographic symmetries 
for the magnetic iron and manganese atoms. The probability of formation of frustrated sites 
for the ordered alloys with a simple-cubic symmetry of magnetic atoms is smaller than in 
disordered alloys [15]. This leads to the strong interaction of the vector order parameters 
in the systems with a simple-cubic lattice, while in systems with a FCC symmetry this 
interaction is small or equals zero. As a result. in the phase diagram for such systems, the 
spin-glass state is present in the range of a transition from one magnetic order to the other. 
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