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Abstract

The structural, magnetic and Md&ssbauer spectrapesties of the magnetocaloric
Mn, 1Fey oP1xGe compounds, with 0.19 x < 0.26, have been measured between 4.2 and
295 K. The 295 K unit-cell volume increases fram 0.19 tox = 0.22 and is substantially
smaller in the ferromagnetic MiFe oPo74Ge 26 The temperature dependence of the
magnetization reveals ferromagnetic to paramagnsdiasition with a Curie temperature
between ca. 250 and 330 K and hysteresis widthOofol4 K, for 0.19 <x < 0.25. The
composition MnaFey P 7éGe 22 sShows the largest isothermal entropy change oflfa.
J/I(kgKT) at 290 K. The Mdssbauer spectra have laeatysed with a binomial distribution
of hyperfine fields correlated with a change inn®v shift and quadrupole shift, a
distribution that results from the distributionifosphorus and germanium among the near-
neighbours of the iron. The coexistence of paramtgand magnetically ordered phases in
ranges of temperature of up to 50 K around the eCtemperature is observed in the
Mossbauer spectra and is associated with thedidsr character of the ferromagnetic to
paramagnetic transition. The temperature dependehdke weighted average hyperfine
field is well fit within the magnetostrictive modef Bean and Rodbell. Good fits of the
Mdossbauer spectra could only be achieved by intiodua difference between the isomer
shifts in the paramagnetic and ferromagnetic phasedifference that is related to the
magnetostriction and electronic structure change.



1. Introduction

In the twenty-first century refrigeration is still conventionally carried odhrough vapour-
compression technology in every day applicatiormyéler environmental concern is growing and
environmentally friendly cooling techniques, such thermoelectric cooling [1] and magnetic
refrigeration[2] are more often considered as viable alternativhnigues because they are
becoming increasingly efficient and affordable. tmgments in efficiency and affordability are
based on the synthesis and design of new matevilisimproved physical properties, materials
that can be produced at low cost. These goals ohnbe reached through detailed studies of the
fundamental physical properties associated with ttlegmoelectric cooling and magnetocaloric
refrigeration power.

During the second half of the twentieth centurysbarch for magnetocaloric compounds [3] has
evolved from rare-earth based compounds, compoainadi€xhibit large magnetic moments but are
expensive, to transition metal based intermetaibenpounds, compounds that exhibit smaller
magnetic moments but are far less expensive. Beausng the transition metals, manganese may
exhibit a magnetic moment as large asgdr@search has concentrated on manganese containing
compounds. The recent discovery [4] of a giant me&gpaloric effect in the MnFgRAs,
compounds has initiated intense research actigityp{12] on the F£-type family of compounds.
Because the presence of toxic, and thus undesiratdenic in the MnFgRAs, compounds, the
replacement of arsenic by silicon [8] or germanilfin9-13] and its effect on the magnetocaloric
properties have been investigated. The series ¢fdAnGe, compounds, withkx between 0.2 and
0.3 has been found [7] to be ferromagnetic withi€temperatures increasing from 250 to 380 K
and to have a magnetocaloric effect similar to thesterved [4] in the MnFeRAs, compounds.

In view of these interesting magnetocaloric prapsrtnear room temperature, a detailed
investigation of the MnFeRGe, compounds is important. Because the iron-57 Massbspectral
study [5] of the MnFeBAs, compounds has been very informative, the ;e dP1Ge
compounds, withx = 0.16, 0.20, 0.22 and 0.26, have been studiedirhéy iron-57 Mdssbauer
spectroscopy combined with x-ray diffraction andymetic measurements.

2. Experimental

Polycrystalline samples of the MiFe oP1xGe compounds, withk = 0.16, 0.20, 0.22 and 0.26,
were prepared as previously described [7]. The powdray diffraction patterns were obtained
with a Philips X'pert diffractometer equipped wilu-K, radiation.

The magnetic measurements were obtained with atQuabesign magnetometer between 5
and 400 K in applied magnetic fields of upto 5 T.

The MoOssbauer spectra have been measured betwzamdl 295 K in a Janis Supervaritemp
cryostat on a constant-acceleration spectrometehwitilised a rhodium matrix cobalt-57 source
and was calibrated at room temperature watiron foil. The Mdssbauer spectral absorbers
contained ca. 35 mg/émof powdered sample mixed with boron nitride. Thésgbauer spectra
above 295 K have been measured in a vacuum, wadéed; oven in which the temperature was
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controlled with a thermocouple with a relative aeay of + 1 %. The Mossbauer absorber for the
high temperature experiments consists of a thiteppef My 1Fey Py 745& 26 Mmixed with boron
nitride and pressed under 1 g.tonfcriihe statistical errors on the refined Méssbayercsal
parameters are given in parentheses and the absofots are approximately twice as large.

3. Results

3. 1. X-ray diffraction results

The room temperature powder x-ray diffraction patieof the Mn 1Fe oP1xGe, compounds, withx

= 0.19, 0.22 and 0.26, are shown in Fig. 1. Thay bba indexed in the hexagonal,Peype
structure with thd>—62m space group. In this structure, the Mn atoms ogc¢hp 3) sites, the Fe
atoms occupy thef3ites [12], and the P and Ge atoms randomly octhupyb and 2 sites. There
is no indication of any impurity phase in the x-rdiffraction patterns. An electron probe
microanalysis of MiiFey P 7é6Ge 22 shows the presence of 4 vol % of My and an actual
composition of MR .051P0.77G& 215 that is very close to the nominal composition.ttis
paper, we will refer to the nominal compositions.

The compositional dependence of the room tempeydattice parameters, unit-cell volume and
c/aratio is shown in Fig. 2. The overall increasaiand decrease inwith increasing germanium
content is similar to that observed [12] in the MRI5Sih41xGe compounds. The lattice
parameters, the unit-cell volume and te ratio, given in Table 1, show a linear composiilon
dependence fromx = 0.15 to 0.22 as is clearly indicated by the dsdilnes in Fig. 2. The four
compositions fronx = 0.15 to 0.22 are paramagnetic at room tempeyasiis discussed in the next
section, whereas MnFe) Py 7sG& 25 is ferromagnetic at room temperature. Its smatldattice
parameter and hence unit-cell volume and its smalla ratio no doubt results from the
magnetostriction present [11] at the Curie tempeeat-or MnA 1Fey 0Py 75G &y 25, aAV/IV of 1.2 % is
obtained from the paramagnetic volume extrapoldteth the straight line in Fig. 2 and the
observed ferromagnetic volume. This is a largeeiase in volume in going from the ferromagnetic
to the paramagnetic state, a large increase thatasts with the small decrease of —0.07 %
observed [11] in MpiFe) oPogsGey 15 Here it should be noted that a small decreaseoinme
observedvhen going from the ferromagnetic state to the pagnetic state, or the corresponding
increase in going from the paramagnetic stateeéddlromagnetic state, is the normal behavior for
iron based compounds due to the so-called invacefi4].

In the course of this work, a preliminary reporb][bf the temperature dependence of the unit-
cell parameters of MnFe) Py sGe» has become available. The 295 K lattice parametersn
reasonable agreement with the compositional depeedsghown in Figure 2, although taeandc
lattice parameters are smaller and larger, resmdgtithan the linear extrapolated values and the
unit cell is slightly larger. No significant changa unit-cell volume was observed at the
ferromagnetic to paramagnetic transition in contkasgh the change postulated above from the
compositional dependencexat 0.26.



3. 2. Magnetic measurements

The temperature dependence of the magnetizationtiheaCurie temperature of the Mifre oP;-
xGg compounds, withkx = 0.19, 0.22 and 0.25, is shown in Fig. 3. Thei€temperature increases
with increasing germanium content, in agreemernt wie increase previously observed [11]Xer
0.15 and 0.17. The ca. 4 K width of the hysteressmmaller than the 15 to 20 K width previously
observed [11] fox = 0.15 and 0.17 and is even smaller than the regtewidth of 8 K observed
[10] in the bulk alloy and melt spun ribbons of MRey &P 76Ge 24 The magnetic properties are
summarized in Table 1.

The maximum isothermal entropy change between aedotwo tesla are given in Table 1 and
the temperature dependence of the isothermal magrdtopy changes for field changes of 1 and
2 T are shown in Figure 4. These changes and tatyperdependencies are similar to those
observed for the other compositions [7,10] of btte Mn iFey P1xGe and Mn jFey oP1xASk
compounds.[4]The Curie temperature, magnetic hysteresis widtk, entropy changes reported
[15] for Mny 1Fey Py sG&y 2 are in reasonable agreement with the values givéable 1.

3. 3. Mdssbauer spectral results
The Mo6ssbauer spectra of the MBe) oP1xGe compounds, withk = 0.16, 0.20, 0.22 and 0.26,
obtained at 4.2 K are shown in Figure 5. All thecpa exhibit similar sextets that are associated
with the ferromagnetic phase of a solid-solutiompound, in which the distribution of phosphorus
and germanium over thebland Z sites gives rise to broad absorption lines assaltref the
distribution of hyperfine fields resulting from &fdrent number of germanium near neighbours of
the iron. All the ferromagnetic spectra were fitlwa binomial distribution model as previously
described [5] for the analysis of the Méssbauectpeof the Mna iFe) P xASx compounds. This
distribution assumes a random distribution of phasps and germanium over the 4nd Z sites,
in disagreement with the preferential sdte occupation exhibited by germanium as detezth|d5]
from neutron diffraction. However, this slight peegnce would be very difficult to model in the fit
of the Méssbauer spectra. For each compositiotne incremental isomer shift and the incremental
guadrupole shift were first fit for each magnetidbspectrum as a function of temperature, and
subsequently constrained to their thermal averagie—preliminary fits indicated essentially
temperature independent values for these paramebarslarly, for each compositiong, the
incremental isomer shift and the quadrupole spittand its increment were first fit for each
paramagnetic subspectrum as a function of temperaand subsequently constrained to their
thermal average — the preliminary fits indicatedeesially temperature independent values for
these parameters. Hence, in the final fits, treel@e, the spectral absorption area, the magnetic
isomer shift, the quadrupole shift and the hyperfiield for zero germanium near neighbours, the
percentage hyperfine field reduction per additiogatmanium near neighbour, the paramagnetic
isomer shift, the paramagnetic percent area, ardcommon line width were adjusted. The results
of these fits are shown as the solid lines in Fag® 7. The resulting hyperfine parameters arergiv
in Table 2.

The Moéssbauer spectra of the MR oP1.xGe, compounds, witkx = 0.16, 0.20, 0.22 and 0.26,
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obtained at 295 K are shown in Figure 6 and cle@Weal the variation in the Curie temperatures
within the different compounds. The compositionthwi= 0.16 to 0.22 are paramagnetic at 295 K
whereas the compositior= 0.26 is ferromagnetic.

Mdossbauer spectra of MiFe)oP1xGe; at selected temperatures are shown in Fig. 7. The
paramagnetic contribution to the spectra has begenith a binomial distribution of doublets in
agreement with the distribution of germanium arotimel iron. The fit of the Mossbauer spectra
showing the presence of both the ferromagnetic mardmagnetic phases was carried out with a
binomial distribution associated with both the séextand the doublets with the constraints
described above for the paramagnetic subspectrbmpé@rcent area of paramagnetic phpsbas
been fit. A summary of the resulting hyperfine paegers is given in Table 2.

4. Discussion

Satisfactory fits of the Mdssbauer spectra with Hane isomer shift for the magnetic and
paramagnetic subspectra could not be achievedgdbe fits shown in Figs. 6 and 7 could only be
obtained by using an isomer shift for the ferromegnphase larger than the isomer shift for the
paramagnetic phase. This difference in isomer segtlts from the magnetostriction observed at
the ordering temperature. However, the smaller-celit volume observed for the ferromagnetic
phase, see section 3.1., would be expected to[1&ddo a smaller isomer shift in contrast to the
observation. Hence, the unusual magnetostrictiosemed in the MmFe) oP1xGe compounds
results in a change in isomer shift at the ordetamgperature that is not the unique consequence of
the volume change. The decrease in isomer shift tlee ferromagnetic to the paramagnetic phase
must result from a combination of unit-cell volumerease and electronic structure changes.

The temperature dependence of the weighted avesageer shifts in the ferromagnetic and
paramagnetic phases of the MR oP1xGg, compounds is shown in Fig. 8. The difference in
isomer shift between the two phases is immediatbiyous and exceeds the error bars of ca. 0.002
mm/s on the data points. This difference decrefieas0.04 to 0.02 mm/s from=0.16 tox = 0.26,
respectively. The solid lines result from a fit lvithe Debye model [17] for the second-order
Doppler shift. The Debye temperatures in the feagnetic and paramagnetic phases have been
constrained equal and are 452(6), 395(10), 412486)395(4) K fox = 0.16, 0.20, 0.22 and 0.26,
respectively. These values are similar to the valué20(20) K observed [5] in the MnFgRAs,
compounds. The 4.2 K weighted average isomer @hifteases fronx = 0.16 tox = 0.22 in
agreement with the increase in unit cell volume.

The temperature dependence of the weighted avérgugrfine field and of the paramagnetic
fraction, p, in the Mn iFe oP1xGe, compounds is shown in Fig. 9. The coexistenceofsthe
ferromagnetic and paramagnetic phases in relativetad temperature ranges of up to 50 K is
characteristic of samples exhibitisgmpositional inhomogeneities and hysteretic bedraamnd has
already been observed [15] in Mifrey oPo sG& 2. The increase in the paramagnetic fractimnyith
increasing temperature results from a distributidrthe Curie temperature in different sample
grains. The solid line in Fig. 9 is a fit with edqua (6) in [5], a fit that assumes a Gaussian
distribution of the Curie temperature in the difier sample grains. This fit yields the Curie
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temperature,Tc, and the width of the distributiorw, given in Table 3. The obtained Curie
temperatures are in good agreement with thoserdatgdrom magnetic measurements on slightly
different compositions and given in Table 1. TheltWiof the distributionyw, is similar to the
hysteresis width obtained from magnetization measents and compares well with the hysteresis
width observed on slightly different compositiosge Table 1. The temperature dependencies of
the paramagnetic fraction in the present sample taed previously studied [15] sample of
Mnq 1Fey oPo.sGey 2 are very similar. The Curie temperature of 260.ari¢l the hysteresis width of
ca. 8 K obtained herein are slightly different froine 251 K and 15 K previously reported. These
small differences no doubt result from slight diffleces in actual composition of samples with the
same nominal composition and differences in thesphorus and germanium distribution. The
Mossbauer spectra are obtained over 24 to 48 hoarsa period of time long enough to insure
thermodynamic equilibrium of the material and hetiee paramagnetic fraction plotted in Figure 9
may be assumed to have reached thermodynamiclegunih.

The Curie temperature and hysteresis width obtaifinech the Mossbauer spectra and the
magnetic measurements are plotted as a functiggeihanium content in Figure 10. The Curie
temperature increases linearly with a slope of KO@r x = 0.1 germanium atom. The hysteresis
width decreases linearly with a slope of 10 Kxaer 0.1 germanium atom.

The 4.2 K weighted average hyperfine fields of Za.to 25 T result from the relatively small
magnetic moment measured on their®n/manganese site. At 245 K in Mifrey PosGCay2 a
moment of 0.9 g was measured [15], whereas a field of 17.6 T iasueed at 250 K fax = 0.20,
see Table 2. This gives a ratio of 20 d,/p value that is greater than the usually admittdde of
15 T/us. The 4.2 K weighted average hyperfine fields & b 1Fe) oP1«Ge compounds are larger
than those measured [5] in the MRe&) oP1xAs, compounds. This difference may result from the
different orientation [15] of the magnetic momeintshe two series of compounds.

The temperature dependence of the weighted avérgugfine field has been fit with the Bean
and Rodbell [18] magnetostriction exchange modéh wquation (7) in [5,19]. The zero Kelvin
hyperfine field and the transition order parametgresulting from the fit are given in Table 3. All
n values ardarger than 1 and indicate that the ferromagnetipdaramagnetic transition is first-
order. The first-order character increases frens 0.26 tox = 0.16 in agreement with the
concomitant increase in hysteresis width. It ignesting to note that the difference in isomertshif
between the ferromagnetic and the paramagnetieepdlas increases with increasingalue. This
correlation strongly supports the link between negstriction and isomer shift values.

In the Bean and Rodbell [18] magnetostriction exgea model, the transition order parameter,
n, is given by,

n = (5/2){[4S(S+1)f/[(2S+1f-1] INKK TS, (1)
where N is the number of particles per unit volunig,is the Boltzmann constank, is the
compressibility and S = 23 is the slope of the change in transition tempeeatue to the
magnetostriction and is defined by,

Te =To [1+8 (V-V)/V], (2)
where Tc is the Curie temperaturelp, would be the Curie temperature in the absence of
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magnetostrictionY is the unit-cell volume, and, would be the unit-cell volume in the absence of
exchange interactions. For Mifrey oPo 74G& 26 V is the observed unit-cell volume of 109.9% ¥,

of 111.32 & may be obtained from the extrapolation of theighigline in Figure 2]T¢ is 333.5 K,

Ty is taken as the temperature at which a non-zeranpgnetic fraction appears, i.e., 300 K. Then
equation (2) giveg equal —9.07. From the value mpfof 1.33, a compressibilit of 2 x 10! pa*

is obtained from equation (1). This compressibilgyapproximately four times larger than the
compressibility of 4.8« 102 Pa' measured [20] on @ and certainly accounts for the first-order
transition in Mn 1Fey oPo 74G& 26

5. Conclusions

The Méssbauer spectra between 4.2 and 340 K dfitheFe) P1«Ge compounds, withx = 0.16,
0.20, 0.22 and 0.26, have been successfully fit witlistribution of hyperfine field and isomer s$hif

in the ferromagnetic phase, a distribution of ispnséift and quadrupole splitting in the
paramagnetic phase, and a superposition of thesdisitributions in the magnetic transition region.
These fits reveal a significant decrease in isoshét from the ferromagnetic to the paramagnetic
phase, a decrease that cannot be explained bynthease in unit-cell volume at the magnetic
transition and indicates that significant electoostructure changes must occur at the magnetic
transition.

The large and unusually negative magnetostrictiorngoing from the paramagnetic to the
ferromagnetic phase has been investigated throghteémperature dependence of the average
magnetic hyperfine field, a dependence that is fielly the Bean and Rodbell [18] model. From
the order parameter, of the transition, the compressibility of Mifrey dPo.74G& 26 IS estimated in
reasonable agreement with the observed [20] comsipibty of FeP.

In conclusion, both the Mdssbauer isomer shift bygperfine field are good indicators of the
first-order transition in the MnFe) oP1xGe, compounds.
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Table 1.The lattice parameters, Curie temperature, hysganadth, and maximum isothermal

magnetic entroy change in the Mie) oP1xGe compounds.

X a A c, A vV, A3 cla Te, K AT, K -ASy, JkG'K™?
0.19 6.0609(5) 3.4474(5) 109.7 0.569 260 6 14
0.22  6.1007(5) 3.4366(5) 110.8 0.563 298 4 20
0.25 6.1277(5) 3.3812(5) 110.0 0.552 330 2 13




Table 2.M0Ossbauer spectral parameters for the Wy oP;.,Ge,compounds.

10

Magnetic phase

Paramagnetic phase

x T, <o>, <e>, H(0), AH, <H>, I, <d>, I, p constraints,
K mm/s mm/s T % T mm/s mm/s mm/s mm/s

026 345 - - - - - - 0.319(2) 0.323(5) 1.000  A3d=0.003
338 0.339 0117 16.1(5) 15 13.6(4) 0359  03252) 0.323(7) 0.81(1) As=0.06
330  0.345 0121(9) 17.03(7) 14.9(3) 14.4(4) 035(1) 0331(4) 0323  0237(4) AEq=-0.40
295  0.368(3) -0.162(6) 2048(6) 7.3(3) 189(9) 0291(8) 0.4(1) 0327  0.0113) A(AEQ) =0.35
85  0484(2) -0.176(4) 23.81(4) 4.82) 22.6(9) 0285(9) - - 0
42 04932) -0199(3) 2433(3) 4.8(1) 23.1(7) 0.264(6) - - 0

022 300 - - - - - - 0.338(3) 0.32(2) 1.000  A3=0.004
290  0.382 011Q2)  184(1) 11(1)  171)  041(4) 03472) 0.328(2) 0.55(1) As=0.07
285 0.385(6) -015(1)  18.63(8) 95() 17.1(9) 037(2) 0.347(4) 0328  0.297(7) AEq=-0.37
225 0425Q2) -0150(4) 2147(3) 71(2) 201(5) 0295(7) 0390 0328  0.035  A(AEg)=0.17
85  0493(2) -0191(4) 2345(4) 4.9(2) 224(9) 0.298@8) - - 0
42 04992) -0.192(4) 23.84(4) 4.9(2) 228(9) 0276(8) - - 0

020 295 - - - - - - 0.325(1) 0.314(5) 1.000  A3=0.004
260 0.387(3) -0.126(6) 18.33(4) 10.03) 16.9(5) 0.276(9) 0.348(1) 0.284(3) 0.479(4) Ae=0.07
250  0.391(3) -0.135(5) 19.00(4) 9.2(3) 17.6(5) 0.330(8) 0351 0314  0.168(2) AEq=-0.34
225  0413(2) -0.140(4) 2031(3) 8.1(3) 19.0(4) 0.312(6) 0372 0314  0.0602) A(AEQ)=0.18
85  0480(2) -0.163(3) 23.07(2) 5.6Q2) 22.0(5) 0.278(6) - - 0
42 0491(2) -0.184(4) 2353(3) 5.2(22) 2256(7) 0.274(7) - - 0

016 270 - - - - - - 0.337(2) 0.34(2) 1.000  A5=0.004
260 0.386 -0.170 17.80 9.7 1670 0.32 0.344(1) 0.308(6) 0.90(1) Ae=0.07
225 0411(5) -017(1)  19.77(6) 10(6)  184(7) 0.37(2) 0.3653) 0.31(2) 0.317(7) AEq=-0.32
205 0425(3) -0.138(5) 20.26(4) 83(4) 19.2(6) 0.306(8) 0378 0308  0.097  A(AEQ) =031
85  0477(2) -0157(5) 2257(3) 6.4(2) 21.6(5) 0343(7) - - 0
42  04852) -0172(4) 2316(3) 5.7(2) 223(6) 0306(7) - - 0

®The parameters are defined in the text and arengiith statistical accuracies if they have been

refined.

PThe isomer shifts are given relative to room terapgea-iron foil.
“The weighted average parameters obtained fromitioerial fits discussed in the text.
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Table 3. The Curie temperature, hysteresis width, zero ikedverage magnetic hyperfine field,
and order parameter for the Mifre) oP1xGe compounds.

X Te, K w, K Ho, T n
0.16 235.1(4) 14.4(5) 21.4(2) 2.34(7)
0.20 260.6(7) 7.8(5) 22.2(2) 1.72(5)
0.22 288.5(7) 5.9(3) 22 .4(1) 1.69(3)

0.26 333.5(1) 3.4(5) 22.9(2) 1.33(4)




12

Figure Captions

Figure 1. The 295 K X-ray powder diffraction patterns of tle; 1Fey oP1xGe compounds, witkx
=0.19, 0.22 and 0.25.

Figure 2. The compositional dependence of the lattice pararsetinit-cell volume and c/a ratio for
the Mn 1Fe) oP1xGg compounds. The data far= 0.15 and 0.17 are taken from ref. [11].
The star indicates the compositior 0.25 that is ferromagnetic at room temperature.

Figure 3. The temperature dependence of the magnetizatitheiMn_i1Fey oP1 <G compounds,
with x = 0.19, 0.22 and 0.25.

Figure 4. The isothermal magnetic entropy changes for d tenge of 0 to 1 T, open symbols,

and of 0 to 2 T, solid symbols.
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Figure 5. The 4.2 K Méssbauer spectra of the JMFey oP1 xGe& compounds, witkk = 0.16, 0.20,

0.22 and 0.26.
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Figure 6. The 295 K Méssbauer spectra of the My oP1xGe compounds, witlx = 0.16, 0.20,
0.22 and 0.26.
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Figure 7. The M0Ossbauer spectra of Mifrey oP1.xGe, Obtained at the indicated temperatures.
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Figure 8. The temperature dependence of the weighted avesageer shift in the ferromagnetic,
solid symbols, and paramagnetic, open symbols,epbiahe Mn 1Fey oP1xGe;
compounds. The error bars are smaller than thepaatés. The solid lines are the result
of a fit with the Debye model [17].

Figure 9. The temperature dependence of the weighted avésggzfine field, solid symbols, and
of the paramagnetic fractiop, open symbols, for the MaFe) 21 xGe compounds. The
solid lines are the results of the fits describethe text.

Figure 10.The compositional dependence of the Curie temperasquares, and the hysteresis
width, circles, in the Mp:Fe) oP1xGe compounds. The solid and open symbols indicate
values obtained from the Mdssbauer spectra anchéfgmetic measurements,
respectively. The solid lines are the result afast squares fit of the values obtained

from the Mossbauer spectra.



