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The set of papers declared as habilitation papamnsists of fourteen papers concerned with
the topic: ,Impurity effect on spin and charge dgnsn iron studied by Mdssbauer
spectroscopy” [1-14]. They are numbered by the déteublication in the journals from the
Journal Citation Reports database. Two additioagleps [15, 16] are strongly related to the
previous papers. Remaining six papers [17-22] dethl the current research and they have
significant meaning for my plans of the future stic activity.

Introduction

The set of papers [1-14] is concerned with theusrice of impurities on the hyperfine
parameters seen by the iron nucleus embedded iB@ structure of the-Fe with the
assumption that various impurities substitute imoms. The binary alloys have been
considered with the relatively low concentrationimmpurities. Mainly d elements have been
used as impurities. Alloys described above are lgnepough to obtain some meaningful
physical insight. On the other hand, they are Wasevarious steels, and therefore have
application significance. The ferromagnetism isspreed at low impurity concentration and
the system remains close to the ground magnette steen at room temperature as the
magnetic transition temperature is high tefe and it is not perturbed significantly by
addition of impurities at the low concentration éevHyperfine parameters could be easily
measured by means of the 14.41-keV resonant timmsit >'Fe, the latter being component
of the natural iron distributed randomly among ihen atoms. Subsequently hyperfine
parameters could be used to estimate various preper the alloy under investigation.

There were many attempts in the past to deal \wwghabove problem. However, the approach
presented here seems the most comprehensive anaf filee superfluous approximations.

Model

The model used to process transmission Mosshaterisldescribed in detail in Refs [1, 3,
13]. It applies to the spectra obtained in the dnaigsion geometry with the help of the
commercial single line source having negligibleoremt thickness and emitting unpolarized
line. The basic assumptions used within this madel as follows. (1) There is no electric
guadrupole interaction induced by the impurity ba iron nucleus. This assumption is well
confirmed by the experiment, and this feature feHlofrom the large screening of the
additional charge by the conduction band. Hence, isnleft with the perturbation of the
magnetic hyperfine field and perturbation of thakacharge on the iron nucleus as the spectra
could be processed as time independent spectralmsby the semi-classical Hamiltonian.
Due to the fact that spectra are collected at reemperature one can safely assume that
ground hyperfine states are almost equally popdlg® It is assumed that dynamics of the
iron atom is not perturbed significantly by the umipy. Such approach is justified by metallic
character of the bonding potential as far as tleeiltess fraction is considered. Hence, the
recoilless fraction is fairly isotropic as one staythin the harmonic limit at room
temperature. On the other hand, the second ordgplBo shift is already in the high



temperature classical limit at room temperatured @ndoes not depend on the bonding
energy. Hence, impurities affect the isomer stofely, i.e., the charge (electron) density on
the iron nucleus. The isomer shift paramet&rcould be easily transformed into electron

density parameters using the relatiorp = 0™S with o =-0.291mms™* a.u’el.” for this

particular resonant transition [U.D. Wdowik, K. Rwmbauer, Phys. Rev. B6, 155118
(2007)]. (3) It is assumed that perturbations ®ifomer shift and hyperfine field are additive
in the algebraic sense and depend only on thendistiiom the iron nucleus to the impurity —
coordination shell of the resonant nucleus. Thsuagption follows from the fact that all
perturbations occur for the strongly itinerant éleas/holes. It was found experimentally that
individual impurities are seen by the iron nuclerither to the second or to the third
coordination shell at most, as far as the isomét ahd hyperfine field is considered. More
distant impurities could contribute to the consthatkground. Hence, the model relies on
three (two shells) or four (three shells) adjustalgarameters for the isomer shift
(charge/electron density) and additional threeooir parameters for the hyperfine field. The
number of shells taken into account is the saméddtin of above hyperfine parameters, as it
is defined by the screening potential of the imfguby the conduction band. The hyperfine
field represents electron/hole spin density in thighly metallic system enhanced by the
constant core polarization. For high quality spedine impurity concentration could be
obtained from the spectra as well. It remains indgagreement with the independent results
confirming reliability and numerical stability di¢ model.

The best results are obtained for random alloyainbtl by quench from the liquid state. For
high impurity concentration one can expect deparftom the simple model outlined above
due to the impurity-impurity interaction and inhogemeity of the alloy. Some alloys are hard
to make from the liquid state (Fe-Zn: Ref. [13])edio the very high vapor pressure of the
impurity component or due to the very low solulildf the impurity (Fe-Cu: Ref. [R]). For
such systems some ordering of the impurity coultlincThere are again many approaches to
this problem in the literature. Some of them areyvsophisticated and rely on multiple
adjustable parameters. It is really impossibleabfgll information about alloy order from the
Mdossbauer spectra, as the Méssbauer spectroscapyosal method. For random alloy a
probability to find impurity at particular latticeortex equals impurity concentration. This
probability could be modified by introduction of ethorder parameters for subsequent
coordination shells as the cubic symmetry assuratsall vortices of the particular shell are
equivalent each other. The model has been exteattedy this line of reasoning [13].
Usually, the additional constraint is imposed to giable results. Namely, it is requested
that the average concentration over individual Isheken by the iron nucleus equal the
impurity concentration within the alloy. This isitgi natural assumption as the number of
particles is strictly conserved here. Above averaggcentration could be set in principle as
the adjustable parameter, of course. Applicatiothefparticle conservation principle leads to
the single order parameter in the case of twordjsished coordination shells. A single order
parameter is obtained for the three-shell modeVideml one assumes additionally that the
impurity concentration varies only between two diengubic sub-lattices composing the BCC
lattice. This is again a natural assumption asvattices of the particular sub-lattice are
equivalent each other.

The model has been implemented in the data progeagiplication GMBERNZ belonging to
the Mosgraf (Mosgraf-2009) suite availablevatvw.elektron.up.krakow.pl/mosgraf-2009

Data could be processed in the transmission integparoximation with the complete
correction for the polycrystalline absorber thickaeEventual orientation of crystallites could



be taken into account. All configurations of thepumities within distinguished coordination
shells are taken into account. This is extremelgartant feature as neglected configurations
despite low particular probabilities could amownsignificant fraction, as they are numerous.
In order to neglect them one has to have very simglurity concentration. On the other
hand, one cannot decidepriori which configurations are negligible while evalagtiorder
parameter(s). Inclusion of subsequent configuratiowith the increasing impurity
concentration makes the whole set of results insterd.

Ab initio calculations

In order to obtain reliable hyperfine parameteke lihe electron density on the nucleus and
hyperfine field one has to apply methods desigredHte crystalline matter in the case of
Mossbauer spectroscopy. All methods yielding trastiay results rely on the super-cell
concept with the periodic boundary conditions. Heribey are difficult to apply to the more
or less random alloy having significant impurityncentration. However, one can study
perturbations around isolated impurity quite rdkabResults of calculations have been
published in [11, 12, 14]. Calculations were pearfed within the density functional theorem
applying full potential method with the scalar telstic approach. Orbital terms (full
relativistic approach) have been neglected outidecore regions, as systems investigated
are highly metallic with negligible orbital conttibons due to the conduction bands. On the
other hand, inclusion of the itinerant orbital terms likely to lead to the numerical
instabilities for the cases with the almost absewch terms. Electrons were divided according
to the binding energy criterion into the core amadd electrons. Such simple division leads to
greater numerical stability, and there is no needuse semi-core states. A generalized
gradient approximation was used, as it is spediyicaited for calculations of the hyperfine
parameters. The finite size nuclei were used at Wké last point is particularly important
for the >’Fe nucleus while calculating electron density i vicinity. Calculations were
performed in two steps. The first step involvediabdhttice relaxation (according to the
symmetry of the structure) within the hard coreragpnation, as such approach vyields the
most reliable structural information. Here the macl size does not come into play. Radial
relaxation of the structure is small enough to kifepsame order of shells as in the pufee.
Relaxed structure was used as input for the afitrele application with the proper nuclear
radii. The first step was performed by means offA&SP code. The final calculations were
performed by the WIEN2k code. Calculations werefqrared for all d impurities and Ga
[14]. Final results were obtained for the 128-atsumper-cell with the impurity located in the
center. Further details like the choice of the mmdfiin radii, choice of the basal functions,
cutoff parameterstc. could be found in Ref. [14].

It was found that impurity has twofold effect orethyperfine interactions, i.e., the volume
correction effect and the conduction band modiftcateffect. Note that 3d, 4d and 5d
impurities follow the same pattern upon having méuee volume correction as shown in
Figure 1 reproduced from Ref. [11]. It is strondligation that the band effect is almost the
same regardless of the principal quantum numb#reodl shell of the impurity.
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Figure 1 Correlation between electron spin density andtelaaensity variations for various
impurities: (a) — total: (b) — volume corrected.,i.pure band effect. Figure is reproduced

from Ref. [11].

Results have been extensively compared with thererpntal results obtained by us or taken
from the literature. It is surprising thadb initio calculations confirmed the simple
phenomenological model of Miedema and van der Woddehere applicable. It was
confirmed that the iron nucleus sees individual unitges to the third coordination shell at
most [14]. A table (reproduced below) giving pebbations caused by individual impurities up
to the third coordination shell either to the fieidto the electron density on the iron nucleus
is compiled in Ref. [14] for all d impurities andaGlt could be used while seeking order of
the alloy or impurity concentration, as the numbkadjustable parameters is reduced to the
parameters describing effect of the distant immgitDistant impurities have strong effect in
the case of Pd [1] and Ru [4] as far as the eledaiensity on the iron nucleus is considered.
This is understandable as the outer electrons @$ethmpurities strongly mix with the

conduction band.
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Table
(Table is reproduced from Ref. [14])
Perturbations of the electron denstp, and electron spin densit%B, on the iron nucleus
generated by the single impurity located in subsatjuiron coordination shells.
Corresponding perturbation of the isomer shift ameu to AS =aAp, with
a=-0.291mms* a.u®el® for the 14.41-keV resonant transition®ifire [U.D. Wdowik, K.
Ruebenbauer, Phys. Rev.7B, 155118 (2007)]. PerturbatiofB, directly applies to the iron

hyperfine magnetic field. The order of shells remsainperturbed by addition of impurities.

Impurity Ap, Ap, Ap, AB, AB, AB,
(el./a.ud) (el/a.u®) (el./a.u®) (T) (T) (T)

Ti 0.072 0.068 0.017 -1.93 -1.92 -0.42
\ 0.100 0.050 0.001 -2.05 -2.16 -0.75
Cr 0.108 0.028 0.004 -3.51 -2.86 -0.17
Mn 0.071 0.034 0.005 -2.29 -0.50 0.37

Co -0.036 -0.040 -0.017 0.56 -0.30 -0.06
Ni -0.080 -0.076 -0.013 0.20 -0.09 0.22

Cu -0.098 -0.036 0.014 -0.85 1.00 0.23
n -0.152 -0.050 0.018 -1.34 0.28 -0.74
Ga -0.195 -0.073 0.016 -1.70 0.21 -1.30
Nb 0.087 0.005 -0.010 -2.10 -1.65 -0.43
Mo 0.107 0.006 -0.009 -3.10 -1.93 -0.26
Ru 0.037 -0.094 -0.027 -1.96 -0.22 0.32
Rh -0.029 -0.149 -0.034 -0.18 1.07 0.89
Pd -0.109 -0.192 -0.035 1.07 0.88 1.35
W 0.115 -0.009 -0.006 -3.86 -2.04 -0.92
Re 0.097 -0.041 0.008 -3.27 -1.71 -0.60
Os 0.036 -0.115 -0.015 -2.70 -0.57 0.38
Ir -0.035 -0.179 -0.025 -1.45 0.33 0.37

Pt -0.120 -0.211 -0.035 -0.29 0.48 0.75
Au -0.192 -0.269 -0.039 0.23 0.82 0.72

Figure 2 reproduced from Ref. [14] shows pertudyettiof the charge (electron) density on
the iron nucleus and perturbations of the iron Infygpe field versus relaxed distancefrom
the impurity. The reference level has been sehasverage overtill 13™ shell excluding
12" shell, as the latter is beyond the super-cell.
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Figure 2 Calculated electron density perturbations and spin density perturbationsB
plotted versus relaxed distancefrom the impurity for various impurities. The zdevel has
been determined as described within text. Colaindjaishes three first coordination shells.
Figure is reproduced from Ref. [14].



Experimental results

The arc melting method was used to prepare alldgace, the alloys remained random alloys
except for the extremely low solubility like foralFe-Cu system [13]. The Fe-Zn system was
prepared by the solid state reaction due to theemdly high vapor pressure of zinc at
elevated temperatures [13]. Samples were investighy the X-ray diffraction method and
the electron microprobe was used to search for itipgurity concentration and global
distribution. Some of the specimens contained spsriadditional phases at high impurity
concentration. The phase separation has been dtud@etail for the Fe-Au alloys and the
fractal structure has been found between two phasesthe BCC and FCC phase [6]. The
fractal structure has been studied applying newrdhlgn called the roughness method [15,
16]. The roughness method has been designed dépaxiaok upon fractal dimension of the
multiple embedded structures leading to the fuzeyiregular boundaries between objects at
a particular level. The phase separation in allegds quite often to such patterns.

Absorbers were prepared in the powder form and dpectra were collected at room
temperature versus impurity concentration. The ofwlhg systems Fe-X have been
investigated: X = Cu [13], Zn [13], Ga [5], Nb [3}Jo [10], Ru [4], Rh [9], Pd [1], Os [2], Ir
[7], Au [6]. Strong oscillations of the spin andache (electron) density around impurity were
found in several cases (see Figure 3) with thengtnmixing between outer shells of the
impurity and the conduction band [4, 7]. These l@dmns have been confirmed by thb
initio calculations [14]. Experimental results were usedcompare with the results of
calculations.
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Figure 3 Electron spin density perturbation due to theenthhm impurity and corresponding
electron density perturbation plotted versus redatlistance from the mean position of the
impurity. Data were averaged over all non-zeroenthhm concentrations investigated. Figure
is reproduced from Ref. [4].

The order parametes has been investigated for Fe-Zn and Fe-Cu all@rsus impurity
concentration — for details and exact definitiorthad order parameter see [13]. A plot of the
order parameter versus impurity concentration mashbelow in Figure 4 reproduced from
the Ref. [13].
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Figure 4 Plot of the order parametear versus impurity concentratiox in the BCC phase of
FenoCu and FepoZny alloys. The black dot representing par&e is shown, too, with the
order parameter set to zero by definition. Figsreeproduced from Ref. [13].

One can conclude that zinc atoms try to avoid eattler in thea-Fe matrix, while the
opposite happens for the copper atoms [13]. It m¢bat Zn-Zn nearest neighbor interaction
energy within above structure is much smaller iscdlte terms than the Fe-Zn (Zn-Fe)
energy. The case of copper is opposite. HenceCth€u interaction energy exceeds Fe-Cu
(Cu-Fe) coupling energy. These results are comtisteth the solubility limits of above
elements in the-Fe.

Future plans and other (selected) activity

| have established scientific cooperation with #wentific establishments in the Czech
Republic and Switzerland. Collaboration with thetitute of Physics, Academy of Sciences,
Prague, Czech Republic is concerned with the iiyasbns of the intermetallics between
iron and rare earths or actinides. A departure fstoichiometry has been established together
with the determination of the crystal site occupano RoxFes+2Sis [17]. The spin
reorientation in ErsFes+2Sis has been studied as well [18]. Collaboration wilte
Laboratory for Solid State Physics, ETH, Zdrich, i@erland is concerned with the
investigations of the iron-based superconductossadiered in 2008. Currently efforts are
concentrated on the investigations of the iron-Basaperconductors by means of the
Mdssbauer spectroscopy. This activity is to be iooled for the nearest future. Main results
obtained up to now could be briefly summarized@mws. It has been shown lap initio
calculations that the ground states of the hexdgomhtetragonal FeSe have almost the same
energy. Hence, they transform one into anotherequasily leading from the anti-
ferromagnetic Mott insulator (hexagonal) into miatasystem without magnetic moment.
Experimental investigation of the FeSe supercorautas shown that the magnetic moment
per chemical formula is much lesser th@&®1u, [19]. Hence, all theories basing on the

exotic Cooper pairs coupled by the spin fluctuaitvave been ruled out. Cooper pairs are
coupled here by the virtual phonons and remaiménsinglet-state. Similar results have been
obtained for LiFeP [20]. The parent and doped camgs of the ‘122’ family have been

investigated in detail [21, 22]. Very unusual spiensity waves (SDW) have been found in
parents (orthorhombic structure). They consistpdrforated” magnetized planes ordered in



the b-c plane with the propagation vector and faiented along the a-axis. The propagation
vector is incommensurate with thee lattice constant. The planes are ordered in the an
ferromagnetic fashion and SDW evolve with the dasiey temperature as narrow
magnetized almost to saturation sheets transfornmibg triangular-like and square-like
forms. The “perforation” holes occur in the a-bracontaining separating layers with e.g.
Ba, Ca, Eu atoms. The mean squared amplitude of §iguare root of) behaves according to
the (1, 2) universality class versus temperatuteméans that one has pure spin-like
magnetism following the Ising model with the strarmupling in two dimensions, i.e., in the
a-b plane. The incoherent region of SDW is obseeave the magnetic transition till the
transformation into the tetragonal phase, where 3deéband magnetism vanishes. The
europium magnetism is completely independent he. duropium atoms do not see SDW.
They order in the anti-ferromagnetic fashion at mdower temperature with the spins
oriented along the a-axis. Upon doping one obseamtagion of the europium moments onto
c-axis with some ferromagnetic component, appearariche trivalent europium with the
transferred field from the divalent europium (lochemical pressure effect), and reduction of
SDW strength in somewhat erratic fashion [22]. Tin@ed state is reached with part of the
sample being superconductor without SDW and theamsaer still showing SDW. This
situation persists to the overdoped region, wh&W®/ Sliefinitely vanishes. Divalent europium
remains ordered in all these phases. Hence, themdfnetism coexists with the
superconductivity within the same electronic systdnon sees transferred field from
europium in the doped material, while for parehts field is barely detectable [22], if at all.
A transferred field from europium on iron is aligheith the field on divalent europium. It
seems that the field on trivalent europium hassém@e orientation. It has been shown that
europium moments remain in the a-c plane withouelbgpment of any helical structure [22].
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