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Abstract. The influence of structural defectson the magnetic properties of PtlMno a%., are 
studied by means of Miissbauer spectroscopy. The magnetic hypefine field distribution 
shows that thesample exhibits an inhomogeneousmagnetuation distribution. The cold work 
introduces a number of antiphase boundaries dividing the sample into subvolumes with 
the linear dimensions of 3&100A. The magnetization of these subvolumes performs a 
superparamagnetic-like relaxation. The origin of relaxation is discussed. 

1. Introduction 

Pt,Mn,Fe,-, alloys crystallize in a face centred cubic structure (Pickart and Nathans 
1962, Bacon and Crangle 1963, Shreiner et a1 1985) which upon ordering changes to the 
so-called L1, superstructure. The LlZ superstructure is easily achieved after quenching 
from the melt (Stamm and Wassermann 1986) or from the disordered state after 
annealing at relatively low temperatures in short times (Sidorov and Dubinin 1967). 

At low temperatures, ordered Pt,Mn is ferromagnetic, while Pt3Fe is anti- 
ferromagnetic. A mixture of both systems indicates a c6mplex magneticbehaviourwhich 
was first interpreted as a canted non-collinear spin structure (Vokhmyanin et a1 1980). 
However, the low-temperature properties of Pt,Mn,Fe, _ x  were also explained within 
the framework of the re-entrant spin-glass model (Shreiner er a1 1985). At higher 
temperatures a superparamagnetic phase is observed. 

The magnetic properties of Pt,Mn and Pt$e are very sensitive to structural disorder. 
After plastic deformation the alloys change their magnetic order and become, at room 
temperature, paramagnetic and ferromagnetic, respectively (Crangle 1959, Bacon and 
Crangle 1963, Shreiner et a1 1985). It was suggested (Ikeda and Takahashi 1984) that 
magnetic changes are caused by slip-induced dislocations. Within the antiphase bound- 
ary (APB) extending between a pair of dislocations, atoms are changing their local 
environments and induce changes in local magnetic order. 

It should be remembered that defects such as dislocations and APES can exist in long- 
range ordered structures and will then be undetectable in diffraction experiments. 
However, the Mossbauer effect will be helpful in detecting the influence of this kind of 
defect on the magnetic structure. The observed MBssbauer spectra of Pt-Fe-Mn alloys 
show an inhomogeneity in the magnetic hyperfine field distribution (MHFD): a para- 
magnetic-like absorption line coexisting with Zeeman sextets. This effect becomes 
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particularly clear when the temperature is approaching the magnetic transition tem- 
perature T, (Segnan 1967, Vinokurova et a/ 1969). The behaviour of some of the systems 
can be explained by relaxation effects (Szymanski and Dobrzynski 1990). 

2. Experimental details 

2.1. Sample preparation 

Pt,Mn,,,Fe,,, was prepared by repeated (a few times) melting of a mixture of 99.8% Pt, 
99.998% Mn and spectrally pure Fe enriched in the Mossbauer isotope 5?Fe, in an arc 
furnace under a high-purity argon atmosphere. The mass losses did not exceed 0.21%. 

The sample used for conversion electron Mossbauer spectroscopy ( E h f s )  consisted 
of grains with linear dimensions of about 0.5 mm. Such a sample should be well ordered 
(according to Shreiner et al (1985) ‘no special annealing treatments are necessary to 
install the ordering’). 

Inorder to prepare the samples for Mossbauerspectra measurementsin transmission 
geometry, they were homogenized in vacuum in a quartz tube (1300 K for 12 h )  and 
powdered in an agalite ball mill. The powder obtained was then mixed with A1203 and 
pressed into pellets. To achieve the L1, type of ordering the pellets were annealed and 
the details will be described in section 3.1. The evaporation of manganese is prevented 
by annealing the samples together with manganese powder in evacuated quartz tubes. 

Mossbauer measurements at various temperatures were carried out on two different 
samples. Thermal treatment of the first sample (sample I)  is described in section 3.1. In 
thefinalstageit wasannealedat720Kfor24 handcooledwiththefurnace.Thissamp1e 
turned out to be slightly disordered. The second sample (sample 11) was annealed at 
1060 K for 6 h and cooled at a rate of 2.9 K h-’; i t  turned out to be well ordered. 

2.2. Apparatus 
The Mossbauer spectra were recorded in a constant-acceleration mode. The measure- 
ments at room temperature and above were performed in the laboratory of Warsaw 
University, Bailystok, using 57C0 in a Cr matrix at roomremperature as the source. The 
measurements below room temperature were carried out at the Intefacultair Reactor 
Instituut, Delft, with a “CO in Rh source. The isomer shift (IS) is given relative to wFe 
as the absorber for both sources. 

The furnace employed consists of two coaxial cylindrical heaters which ensure 
that the sample has a low temperature gradient. The temperature was measured and 
controlled by a chromel-alumel thermocouple. Every Mossbauer spectrum was re- 
corded for 1-3 d and during that period the temperature was stabilized in the range 
0.1-0.7 K. 

3. Results 

3.1, Results of the thermal treatment 

After quenching from melt, the as-cast bulk material acquires the L12 superstructure 
(Shreinereral1985). Also, Shreiner etalconclude from the x-ray diffraction, microprobe 
analysis and magnetization measurements that alloys of this kind are homogeneous on 
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Figure 1. Room-temperature Miissbauer spectra 
of PtlMno.vFeo I: spectrum a, bulk sample just 
after melting and crushing to grains of about 
0.5 mm, measured with CEMS; spectra M ,  trans- 
mission spectra of sample I after consecutive 
stages of thermomechanical treatments (spec- 
trum b, after powdering; spectrum c,  after 
annealing at 570 K for 63 h; spectrum d, after 
annealing at 670 K for 24 h; spectrum e ,  after 
annealing at 670 K fot 29 h; spectrum f, after 
annealing at 720 K for 24 h). 

the macroscopic scale and exhibit long-range order. The conversion electron spectrum 
of the bulk sample which was measured by us and is show,n in figure 1, spectrum a, 
reveals the features of the ordering on the microscopic scale. It is clear from this figure 
that the Zeeman sextet coexists with a paramagnetic-like peak; so the magneticordering 
cannot be complete. 

The Mossbauer spectrum of the disordered alloy (after powdering) at room tem- 
perature consists of two absorption lines at a distance of about 0.27 mm s-' (figure 1 ,  
spectrum b) which was determined in a separate experiment. Figure 1, spectra c-f, 
shows the room-temperature Mossbauer spectra of Pt,Mno,,Feo., after various stages 
of annealing. It is evident that the intensity of the paramagnetic-like line decreases 
with increasing annealing temperature and attains some characteristic value for a given 
annealing temperature. Longer annealing times at the same temperature do not change 
the relative intensity of the line (figure 1, spectra d and e). The annealing process has 
been terminated at 1060 K when the room-temperature spectrum contained a negligible 
content of the paramagnetic line. Spectra of the samples I and 11, measured at different 
temperatures are shown in figures 2(a) and 4, respectively. 

3.2. Spectrafitting with MHFD 

From the measured spectra the MWD has been calculated using the method of Le Caer 
and Dubois (1979). Because thespectra are nearly symmetricazeroquadrupole splitting 
and a constant IS were assumed in the analysis. The relative intensity of spectral lines 2 
and 5 has been obtained from the spectra measured at 4.3 K and was kept constant for 
all other temperatures. 

Twodifferent MHFDS were calculated for each spectrum. In the first case the magnetic 
hyperfine field (MHF) was assumed to extend from zero to an H,,-value. H,, was 
chosen as the value at which P(H,,) was equal to zero. From the analysis of the spectra 
it follows that the MHFD for both samples extends to very low values even at 4.3 K (figure 
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Figure 2. ( 0 )  Miissbauer spectra of sample I of 
Pt,Mn,.,Fe, ,, measured at various temperatures 
and(b)ihe~~FDcalculatedinpartitionfromzero 
t o  a H--value. The  differences between the 
experimental and calculated points are shown 
below the spectra. Note that the velocity scales 
used are different for various spectra. 

v d o c l y b b  unihl H I 1 1  

Figure 3. (a) Mossbauer spectra of sample I of 
Pt,Mn,qFr,,,, measured at various temperatures 
and (6) the MHFD calculated in only the high-field 
region. Differences between the experimental 
points and the theoretical line are shown below 
the spectra. In the P(H)  histograms the values 
and relative intensities of lhe MHF obtained from 
the fitting procedure are indicated. 

2(b)). Because of the limited number steps in the fitted MHFD, details in the spectra are 
not well reproduced and particularly in lines 1 and 6 a discrepancy is seen (figure 2(a)). 

In the second case the details of the shape of the MHFD at high fields were studied. 
The distributions presented in figure 3(b) reproduce well the shape of spectral lines 1 
and 6. However, in that case, the discrepancies appear in the central part of the spectra 
(figure 3(a)) which correspond to the low-intensity tail in the P ( H )  distribution at low 
temperatures (figure 2(b)). 

From the analysis of the spectra it followed that the peaks observed in the MHFD 
become broader with increasing temperature (figure 3(b)). 

It was checked that the shape of the MHFD was independent of the number of field 
stepsusedas wellasof thevalueofthe smoothingparameter(Le CaerandDubois 1979). 

3.3. Fitting with a set of Zeernan sextets 

Discrete values of the MHF and other microscopical parameters were determined by 
fitting the spectra with a set of Zeeman sextets and one Lorentzian line. Usually five 
sextets were needed to obtain a good fit. However, when the spectra were accumulated 
with somewhat worse statistics, only three sextets were used. It was verified that by 
taking a fewer number of sextets the parameters of remaining sextets did not change by 
more than the statistical errors. 

In order to test whether the IS is dependent on the value of MW the spectra were 
fitted in three different ways. In the first approach the IS was assumed to be the same for 
all sextets used. In the second fitting method a linear correlation between the IS and the 
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Figure 4. Mossbauer spectra of sample I1 of 
Pl,M@,,Feo., measured at different temperatures 
fitted by a set of Zeeman sextets and a single 
Lorentzian line. 
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Figure 5. Different values of the MHF versus tem- 
peratureobtainedfrom the finingprocedure using 
discrete w f s :  a, sample 1: 0. sample II; -, 
lines drawn to guide lhe eye. 

MHF was introduced, while in the third method the IS was allowed to vary by a constant 
value A(IS) for different sextets. 

There were not more than 16 independent microscopical parameters in the fitting 
procedure: the relative intensity and MHF for each sextet, the mean value of the IS, the 
common linewidth, the intensity ratio of l i e s  2 to 5 ,  and the parameter describing the 
changes in the IS versus the MHF for the set of Zeeman sextets. The last three parameters 
were the linewidth IS and relative intensity for the single Lorentzian line. 

Some of the fitting results are displayed in figure 4. The MHFS and their intensities 
are schematically shown in figure 3 and it follows that the positions of the peaks of the 
MHFD coincide with the discrete fields. Although slightly smaller values of the MHF are 
observed for sample I, the fields for bothsamplesexhibit similar temperature behaviours 
(figure 5).  

As mentioned above, also the possibility of having a correlation between Herr and 
IS is considered. By introducing a linear correlation between IfeK and IS as a free 
parameter, x2 is reduced by 1-2% when d(ls)/dH,, = 0.012 2 0.005 mm SK' T-I, 
Assuming a constant increment A(is) of IS equal to 0.0010 k 0.0005 mm s-' for con- 
secutive sextets, a similar reduction in xz is found and so it is impossible to distinguish 
between these two assumptions. This turned out to be true for sample I as well as for 
sample 11. 

In figure 6(a) the values of IS of the paramagnetic-like Line and of the Zeeman sextets 
are displayed as a function of the temperature. The second-order Doppler shift which 
causes a decrease in the IS of the Zeeman sextets with increasing temperature is observed 
for both samples. The difference in IS between the paramagnetic-like line and the 
Zeeman sextets is about 0.1 mms-' at low temperatures but vanishes with increasing 
temperature. This effect is particularly clear for the slightly disordered sample I, for 
which the central line is more pronounced. 
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Flgure6. (a) Average valueofthe isofthe Zeeman 
sextets (0, m) and of the low-field component 
fitted by a single Lorentzian line (0.0); (b) half- 
width of  the Lorentzian lines in the Zeeman 
sextets:(c) relative intensityofthe lowfieldcom- 
ponent fitted by a single Lorentzidn line (0,O) 
andobtainedfromthe MHFD (U,.): =..,sample 
I;0,O,sample11;--.Linesdrawntoguidc the 
eye. 

With increasing temperature the linewidths of the Zeeman sextets become larger 
(figure 6(b) ) .  At the lowest temperatures these linewidths for sample I1 are only about 
20% greater than those observed for thin iron foil. 

Animportant featureof the measuredsystem isthe presenceof the paramagnetic-like 
linein the spectrum. The intensityofthe lineseemsto beconstant at low temperatures but 
to increase with increasing Tat  higher temperatures (figure 6(c)). Moreover, at higher 
temperatures there exist systematic discrepancies between the fitted Lorentzian curve 
and the experimental data points (figure 4). This means that the shape of the central 
line i s  not well described by the Lorentzian curve and hence its identification as the 
paramagnetic line may be questioned. Its half-width is about 0.2-1.5 mm s-'. The 
intensity of the paramagnetic-like line agrees well with the relative content of the low- 
field part in the MHFD (figure 6(c)) .  

4. Discussion 

4.1, The process of structural ordering 

Aswasshown by Elkholy andNagy(1962), annealinginCuSAu, the prototype structure 
of Pt,Mn,Fe,-,, is connected with two processes: changes in crystal domain sizes and 
ordering within these domains. The latter process was found to be strictly reversible, 
while the domain sizes irreversibly increase at increasing temperature. In Pt3Mn,Fe, - x  

with the L12 type of structure the slip-induced APB in the [l l l]  plane contains pairs of d 
atoms which are first-nearest neighbours (Ikeda and Takahashi 1984). It is known that 
the Mn atom which occupies a Pt site in Pt3Mn interacts antiferromagnetically with its 
nearest-neighbour Mn atoms (Menzinger et a1 1972). When the sample is crushed, a 
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large density of dislocations and APBs appears. Such APBs therefore affect the ferro- 
magnetic order seen as a strong reduction in the magnetization of Pt@n after cold work 
(Shreiner era1 1985). 

The same phenomenon seems to be observed here. The fast (comparable with heat 
treatment time) positional ordering process leading to the L1, superstructure, as seen 
in diffraction experiments (Shreiner et a1 (1985) and references therein), is followed by 
magnetic ordering within the crystal domains. At the same time, the slip-induced APBS 
can still exist. As can be inferred from the Mossbauer spectra, longer annealing times at 
a given temperature do not cause observable changes in the magnetic order (figure 1, 
spectrum d and e). Hence, the process of ordering at a given temperature seems to 
saturateeasily . It ismostprobable that the ~~~sareresponsiblefor  themagneticdisorder 
seen as the paramagnetic-like line in our Mossbauer spectra (figure 1). This point will 
be discussed in greater detail below. 

From our studies it follows that the formation of the Llz  superstructure is not 
sufficient for attaining a magnetic homogeneity. The defects appearing during alloy 
crystallization after its quenchingfrom the melt highly perturb the magneticorder (figure 
l,spectruma), and the statement of Shreineretal(1985), citedinsection2.1, should be 
treated with some caution. 

4.2. Low-temperature behaviour 

In the well ordered Pt,Mn,Fel_, alloy (sample 11) the first coordination shell of a 3d 
atom should be filled by 12 Pt atoms and the second shell by six 3d atoms. So, the 
observed MHFD will primarily be due to a different number of Mn and Fe atoms in the 
second coordination shell. From the set of fitted hyperfine fields the value of the MHF at 
an iron site surrounded exclusively by Fe atoms (as in Pt,Fe) has been estimated. 
The extrapolated values are 25 2 2 T  at 4.3 K and 24 2 2 T  at 77 K. They correspond 
reasonably to the published values for iron-platinum alloys: 27.8 2 1 T (26.5% Fe; 
83 K) (Daniels et a1 1984). 30.5T (24.5 at.% Fe; 4.3 K), 29.7T (26.7% Fe; 4.3 K) 
(Palaithera11969),28.0 2 OST(23.7 at.% Fe;77 K),27.5 2 0.5T(28.0 at.% Fe;77 K) 
(Vinokurova er al 1969). Moreover, extrapolated values of the IS for the same local 
environmenta~inPt~FeareO.432 i 0.027 mms-'(4.3 K),0.365 f 0.027 mms-'(77K), 
0.3199 2 0.0075 mm s-l (room temperature) which should be compared with 
0.444 * 0.004 mm s-' (83 K) (Danielset al1984), 0.45 k 0.03 mm s-' (Vinokurovaet a! 
1969) and 0.31 f 0.01 mm s-l (300 K) (Palaith er a1 1969). 

The intensity of the central peak, described at higher temperatures either by the 
wide Lorentzian line or by the low-field component of the HMFD, increases continuously 
with increasing temperature, and its IS becomes eventually the same as the IS of the 
Zeemansextets. However, at low temperatures the isofthis lineissystematically smaller 
by about 0.1 mm s-' than the IS of the Zeeman sextets (figure 6(a)) for both samples, 
irrespective of their different degrees of order and different contents of the para- 
magnetic-like line. Hence one can conclude that the central line at low temperatures is 
caused by some kind of structural defect. Daniels et a1 (1984) showed that in Pt,Fe 
an Fe atom located in the first coordination shell decreases the IS by about 0.034- 
0.092 mm s-'. As the presence of an extra Fe atom should not lead to a very different 
shift in the IS than the presence of a Mn atom would, one could speculate that iron nuclei 
located in APBS should exhibit spectra with a lower IS than nuclei in the undisturbed 
positions do. 
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It has been reported that a 3d atom located at a platinum site in Pt,Fe or Pt3Mn 
changes the direction of the magnetic moment (Bacon and Crangle 1963, Menzinger et 
a1 1972). Furthermore, from ourpreliminary measurementson Pt@n,Fe,-,alloyswith 
higher Fecontents, to bepublishedin due time, it turnsout that arelativelysmallchange 
in the Fe-to-& ratio causes fairly drastic distortions of the Mossbauer spectra. Hence, 
it seems most probable that iron atoms located in APBS, usually having one Mn atom in 
the first coordination shells, will be responsible for the low-field component in the m. 

4.3. High-temperature behaviour 

High-temperature measurements on slightly disordered Pt,MnosFeo,, (sample I) have 
shown that the shape of Mossbauer spectra could well be explained by the presence of 
relaxation phenomena (Szymariski and Dobrzynski 1990). The results described here 
confirm this hypothesis. Together with the increase in the intensity of the paramagnetic- 
like line, other phenomena are observed, namely broadening of spectral lines with 
increasing temperature, changes in the intensitiesof sextets, andmergingof the ~sof  the 
central line with the IS for the Zeeman sextets. All these features are also detected for 
sample 11. The possibility that thesamplesare composedoftwodifferent component+ 
a magnetic and a paramagnetic component-is most unlikely, as the relative intensity 
of the magnetic component vanes with temperature. It  is also not expected that the 
aforementioned phenomena are due to rearrangement of atoms because such a process 
should not occur in the temperature range covered by our experiment. 

However, if relaxation occurs in the samples, the collapse of the Mossbauer spectra 
at higher temperatures should not be interpreted in terms of a MHFD. Hence, the 
commonly used interpretation of the data in terms of P ( H )  (figure 2) is at higher 
temperatures physically meaningless. 

The relaxation effects can originate from the influence of planar structural defects 
on the magnetic structure. Indeed, the APBS divide every powder grain into smaller 
subvolumes. For the reasons discussed below, these subvolumes behave like super- 
paramagnetic particles. 

When the slip-induced APB appears. it introduces in its vicinity a large disturbance 
of the magnetization distribution. Firstly, as already mentioned, the 3d atom becomes 
a nearest neighbour of another Fe or Mn atom. This in turn can modify the values of 
the magnetic moments of both neighbouring 3d atoms. In addition, the exchange 
interactions of the 3d atom in question with its surrounding are modified, too. Here it is 
expected that Fe-Fe, Fe-Mn and Mn-Mn exchange interactions can differ in both the 
values and the signs, which must result in a situation typical for frustrated systems. The 
change in the local magnetization can heavily disturb the magnetization distribution of 
platinum atoms as well. Secondly, because of the well known properties of platinum, 
the disturbance can extend far from the origin, thus modifying the magnetic moments 
of 3d atoms not in direct contact with the APB. Therefore, when the crystal is divided by 
APBS into subvolumes, the magnetization distribution in the k in i ty  of APBS must vary 
from place to place. In particular. it is expected that the regions separating the sub- 
volumes, which preserved the ferromagnetic order, are frustrated to a large extent. The 
effective interaction between the subvolumes may therefore be weak. 

There is another reason which can lead to the effective weakening of the interaction 
betweenthesubvolumes. I n t h e ~ p e  thepairsof3datomsareorientedalongthedirection 
dependent on the slip vector of the APB (Chin et 011967). There are few such directions 
possible for a given plane containing APBS. The oriented pairs in the APB plane should 
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lead to anisotropic interactions of the magnetization within the subvolume with the few 
APBS creating this subvolume. The subvolume's magnetization can thus assume many 
equivalent positions. 

Both effects described above lead to weakening of the effective interaction between 
the subvolumes. When the temperature increases, the effective anisotropy energy of the 
subvolume becomes comparable with the thermal energy and relaxation effects will 
occur. 

In this picture it is clear why at low temperatures, when the relaxation effects 
are frozen, the Mossbuaer spectra and MHFD are similar for both samples. When the 
temperature increases, the relaxation effect occurs first in sample I, which contains a 
higher density of APBS. 

If the paramagnetic-like line present at low temperatures is due to iron atoms located 
in the MBS, the density of dislocations can be estimated. In the case of the homogeneous 
distribution of dislocations in which the average distance between a pair of dislocations 
is equal to l/G (Ikeda and Takahashi 1984), the dislocation density p is of the order 
of n2/cu2. Here, a is the lattice parameter and n denotes the fraction of Fe atoms located 
in the APB. If n is assumed to have the same order of magnitude as the relative content 
of the central line in the Mossbauer spectrum at low temperatures, i.e. 4-10% and the 
latticeconstantiscu = 3.89A(Pt3Mn)(PickartandNathans1962),oneobtainsp = lo1,- 
l O I 3  cm-2 which corresponds to an average distance between dislocations of 30-100 A. 
This distance can be considered as the average diameter of the subvolumes into which 
the samples are divided by the APBS. In Pt,Mn,Fel - x  rolled at room temperature the 
dislocation density was estimated by Shreiner er a1 (1985) to be 10'o-lO" cm-* and in 
the work of Ikeda and Takahashi (1984) the theoretical value of 5.5 x 1014cm-2 was 
estimated to be necessary for inducing a transition from antiferromagnetism to ferro- 
magnetism in Pt,Fe. The region of p-values obtained from the central line intensity in 
the Mossbauer spectra lies in between these values. Furthermore, in the case of weakly 
interacting ferromagnetic particles of such a size, superparamagnetic behaviour is fre- 
quently observed. Therefore, relaxation effects in such a system seem rather natural. 

5. Conclusions 

During cold-work treatment of Pt,M~,,Feo,, a large number of structural defects are 
introduced into the material. In the annealingprocess the L1, superstructure is formed 
first and then the defects are annealed. The presence of various Zeeman sextets is due 
to different local environments caused by substitution of Mn by Fe in the second 
coordination shell. Because the dislocations and ABPS are not totally removed by the 
thermal treatment, the bulk material is divided into weakly interacting volumes. When 
the temperature is raised and the effective anisotropy of subvolumes lowered, a relax- 
ation process occurs and shows up primarily in an enhancement of the central peak in 
the Mossbauer spectrum. 
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