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ABSTRACT 

 

An iron-polymaltose complex Ferrum Lek used as antianemic drug and considered as a ferritin 

analogue and human liver ferritin were investigated in the temperature range of 295–90 K by means 

of 
57

Fe Mössbauer spectroscopy with a high velocity resolution (in 4096 channels). The Debye 

temperatures ӨD=50224 K for Ferrum Lek and ӨD=46116 K for human liver ferritin were 

determined from the temperature dependence of the center shift obtained using two different fitting 

procedures.  
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1. INTRODUCTION 

 

Iron is essential for almost all living organisms by participating in a wide variety of metabolic 

processes like oxygen transport, DNA synthesis, and electron transport. However, iron 

concentrations in body tissues must be strictly regulated because excessive iron leads to tissue 

damage, as a result of formation of free radicals and iron overload. Disorders of iron metabolism are 

among the most common diseases of humans and encompass a broad spectrum of diseases with 

diverse clinical manifestations, ranging from iron deficiency anemia to iron overload and, likely, to 

neurodegenerative diseases [1–3]. In healthy organism the problem of the regulation of the iron 

concentration has been solved by storing iron in the iron storage protein ferritin that consists of 24 

protein subunits shell and nanosized ferrihydrite (5Fe2O39H2O) core [4]. The iron deficiency is a 

serious disease leading to anemia [1, 2]. In the case of the latter iron containing medicaments are 

used for treatment the iron deficiency. Some of them are manufactured in form of nanosized            

–FeOOH cores surrounded with polysaccharide shells. These medicaments are often regarded as 

pharmaceutical analogues or model compounds of ferritin. The main differences between ferritin and 

its analogues are in the form of the iron core which is hexagonal ferrihydrite in ferritin and tetragonal 

β-FeOOH in the majority of analogues such as iron-dextran [5, 6] as well as in the shell. 

Comparative studies of ferritin and its analogues were done using various techniques such as 

extended X-ray absorption fine structure [7–9], electron diffraction [10], magnetization 

measurements [11–16] and Mössbauer spectroscopy (for reviews see [16, 17] and see, for instance, 

also [9, 18–28]). These studies demonstrated some similarities and differences of physical 

parameters for ferritin and its analogues. However, the main similarities in magnetization behavior 

and superparamagnetic behavior of Mössbauer spectra permitted to consider iron-polysaccharide 

complexes such as iron-dextran and iron-polymaltose complexes as ferritin analogues. The structure 

of the iron core in ferritin is intensively studied by various structural techniques such as electron 

nanodiffraction and high resolution electron microscopy. As a result, various models of the core – 

from monocrystalline to polyphasic – have been suggested [29–33]. It should be noted that 

Mössbauer spectra of ferritin and its analogues, both in paramagnetic and magnetic states, were also 

fitted using different approaches: 1) using a model-free way with a distribution function of 

quadrupole splitting or magnetic hyperfine field, 2) using one quadrupole doublet or one magnetic 

sextet, 3) using more than one spectral component. In the last-named case application of two 

components only (see [16]) was based on the core-shell model for the iron core suggested in 

magnetization study of ferritin [34]. Recently, using Mössbauer spectroscopy with a high velocity 
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resolution we demonstrated small differences in hyperfine parameters for the iron cores in ferritins 

and its analogues obtained using one and several spectral components fits [26–28]. We have 

suggested considering one spectral component fit as the first (rough) approximation related to the 

homogeneous iron core model while several spectral components fit was related to the heterogeneous 

iron core model. To shed more light on the question concerning the similarity between the iron cores 

in ferritin and its analogues, a present Mössbauer spectroscopic study aimed at determining the 

Debye temperature of commercial iron-polymaltose complex Ferrum Lek and human liver ferritin 

was undertaken. The Debye temperature determined with Mössbauer spectroscopy, as isotope 

selective method, gives information only on iron atoms vibrations, hence it can be regarded as a 

relevant quantity to study possible structural differences between iron environment in the iron cores 

of ferritin and its synthetic approximant. 

 

2. EXPERIMENTAL 

 

A commercially available iron-polymaltose complex Ferrum Lek (Lek, Slovenia) in form of tablets 

was used as the ferritin analogue. For Mössbauer spectroscopic measurements 1/3 of a tablet was 

powdered by attrition. A lyophilized human liver ferritin with about 20% of bound iron was obtained 

from the Russian State Medical University, Moscow, Russian Federation (a process of the ferritin 

preparation was described elsewhere [23]). For the present study ferritin was used as powder with a 

sample weight of 100 mg. Both powders were placed in Plexiglas sample holders with a diameter of 

20 mm and a height of 5 mm, and were pressed with a Plexiglas cover to exclude particles vibrations. 

The surface weights of the ferritin and Ferrum Lek samples for the Mössbauer measurements were 

about 5–6 mg Fe/cm
2
 and 10 mg Fe/cm

2
, respectively. 

Mössbauer spectra were measured at the Ural Federal University (Ekaterinburg) using an 

automated precision Mössbauer spectrometric system built on the basis of the SM-2201 spectrometer 

with a saw-tooth shape velocity reference signal formed by a digital-analog convertor using 

quantification with 4096 steps (the high velocity resolution mode) and the temperature variable 

liquid nitrogen cryostat with moving absorber. Details and characteristics of this set-up are given 

elsewhere [35–37]. A 
57

Со in rhodium matrix source of about 1 GBq activity (Ritverc GmbH, Saint-

Petersburg) kept at room temperature was used as a source of 14.4 keV gamma rays. The spectra of 

both samples were measured in transmission geometry with moving absorber kept in the liquid 

nitrogen cryostat at various temperatures in the range of 295–90 K and registered in 4096 channels. 

Analysis of the measured spectra aimed at determining a center shift, CS, a spectral parameter 

of merit for determining the Debye temperature, ӨD. The spectra were analyzed with two different 
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fitting procedures (A and B). According to A, each spectrum was analyzed in terms of one 

quadrupole doublet, as the first approximation, within the homogeneous iron core model with the 

following free parameters: the quadrupole splitting, QS, the center shift, CS, the line width, , and 

the line intensity. The shape of the absorption line was assumed to be Lorentzian because the used 

Mössbauer spectrometric system demonstrated a pure Lorentzian line shape for the spectra of the 

standard absorbers (see [37]). The procedure B, as a model-independent fit, was based on an 

assumption that there is a distribution of QS, treated as a superposition of N Gaussians. The 

distribution was assumed to be correlated with CS (a parabolic correlation function was adopted). 

The number of the Guassians, N, was variable. The minimum of 
2
-value was obtained for N=7 in 

the case of Ferrum Lek, and for N=8, in the case of ferritin. These distributions of QS cannot be 

easily related to any regions/layers in the iron cores of human liver ferritin and Ferrum Lek like it 

was done for the fit using individual components in [28]. Therefore, the procedure B, despite giving 

evidence that the core is not homogeneous, can be considered as the first approximation also, and the 

average values of CS obtained therefrom were used for a further determination of the Debye 

temperature. By doing so, we can compare values of the Debye temperature determined using both A 

and B procedures. 

 

3. RESULTS AND DISCUSSION 

 

Examples of the Mössbauer spectra of Ferrum Lek and human liver ferritin samples measured at 140 

K with a high velocity resolution and fitted using procedures A and B are shown in Figs. 1–4. It is 

clearly seen that the fits within the rough approximation (procedure A) were not statistically 

satisfactory in comparison with those obtained using the procedure B.  

The Debye temperature can be evaluated from Mössbauer-effect measurements in two 

independent ways i.e. from the temperature dependence of (1) CS, or (2) the recoil-free fraction, f 

(related to spectral area). However, the two spectral quantities are related to different vibration 

properties of the lattice viz. CS is related to the average squared velocity of vibrations, while f is 

related to the average squared amplitude of vibrations. In other words they probe different aspects of 

the lattice dynamics, and, consequently, the values of ӨD derived from them are, in general, different. 

For example for metallic iron ӨD=42130 K was found from CS(T), while ӨD=35818 K was 

determined from f(T) [38]. As CS can be, in general, determined with a higher precision than f, 

consequently the accuracy of evaluation ӨD from CS is more reliable than that from f. We will, 
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therefore, use the way (1) here for determining ӨD. The temperature dependence of CS can be 

expressed as follows: 

)()()( TSODTISTCS  ,                                                       (1) 

where IS is the isomer shift and SOD is the so-called the second-order Doppler shift. Assuming that 

in the first-order approximation the phonon spectrum can be described by the Debye model, and 

taking into account that the temperature dependence of IS is weak, hence it can be neglected [39, 40], 

the temperature dependence of CS can be related to the Debye temperature via the second term in eq. 

(2):  
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where m is the mass of Fe atom, k is the Boltzmann constant, c is the speed of light, and 

kTx  ( being frequency of vibrations).  

The temperature dependences of the CS-values as found from the Ferrum Lek Mössbauer 

spectra using the procedures described above and their best-fits in terms of equation (2) are 

illustrated in Fig. 5. The corresponding values of Debye temperature found thereby are as follows: 

ӨD=50224 K from the approach A, ӨD=51724 K from the approach B with 7 Gaussians and 

ӨD=51826 K from the approach B with 40 Gaussians. It is clearly seen that the values of CS 

obtained from both A and B procedures applied to analyze the spectra are the same within the 

instrumental (systematic) error. Consequently, the values of ӨD obtained from the CS temperature 

dependences were the same within the calculated error. The temperature dependences of the CS-

values as found from the ferritin Mössbauer spectra using the procedures A and B were also the same 

within the instrumental (systematic) error. The values of Debye temperature determined from the CS 

temperature dependences using equation (2) were ӨD=46116 K for the procedure A and 

ӨD=47217 K for the procedure B. Again, as in the case of Ferrum Lek, both fitting procedures A 

and B gave the same value of ӨD within the calculated error.  

On the other hand, a very small difference in the values of ӨD for Ferrum Lek and human liver 

ferritin obtained within the homogeneous iron core model as the first approximation gives evidence 

that average vibrations of iron atoms in the core of Ferrum Lek are approximately the same or 

slightly larger than those of the iron atoms in the ferritin core. The core structure of the former can be 

termed as slightly more rigid as the latter, possibly due to a higher degree of crystallinity and/or 

larger average size of the core (see [28]). We should also point out that the value of ӨD for Ferrum 

Lek, an iron-polymaltose complex, obtained in the present study appeared to be significantly larger 

than ӨD=27020 K found from the CS(T) measured in the temperature interval of 295–4 K for the 
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polysaccharide iron complexes (Niferex) in [22]. In spite of the same form of the iron core              

(-FeOOH) in both Ferrum Lek and Niferex (for the latter see [21]), these pharmaceutical products 

were produced by different manufactures in different conditions which, unfortunately, are unknown. 

Basing on the Mössbauer spectra of Niferex reported in [21], we can conclude that the anisotropy 

energy barrier for Niferex was higher than those for Ferrum Lek because in the 77 K Mössbauer 

spectrum of Niferex there was coexistence of paramagnetic doublet and magnetic sextet while in the 

90 and 80 K Mössbauer spectra of Ferrum Lek there was a paramagnetic doublet only (see [28]).  

 

4. CONCLUSIONS 

 

Evaluation of the Debye temperature on the basis of the second-order Doppler shift in the Mössbauer 

spectra of human liver ferritin and its pharmaceutical analogue Ferrum Lek, an iron-polymaltose 

complex, measured with a high velocity resolution in the temperature range of 295–90 K was carried 

out. The Mössbauer spectra of the studied samples were fitted with two different procedures: A, 

using one quadrupole doublet to obtain the values of the CS, and B, using a distribution of 

quadrupole splitting to obtain the average values of CS. Both fits yielded the same values of CS that 

indicated that the one doublet fit was sufficient within the homogeneous iron core model as the first 

approximation of the Mössbauer spectra of ferritin and its analogues as far as the evaluation of the 

Debye temperature of the studied samples is concerned. Calculated values of the Debye temperature 

for the human liver ferritin and Ferrum Lek iron cores were 46116 K and 50224 K, respectively. 

The obtained differences are almost on the border of the errors limitation. Therefore, in the 

framework of this approach, the differences in the average iron atoms vibrations are very small. The 

latter indicates some similarities in the human liver ferritin and Ferrum Lek iron core structures 

related to iron dynamics. However, further development of the heterogeneous model to fit the 

Mössbauer spectra of ferritin and its analogues measured at various temperatures may permit us to 

evaluate the iron atoms vibrations in the iron core regions that have different spectral parameters.  

 

Acknowledgements 

 

This study was partly supported by the Ministry of Science and Higher Education, Warsaw and the 

Ministry of Education and Science of Russian Federation. 

 

 



7 

REFERENCES 

[1] N.C. Andrews, Iron metabolism: iron deficiency and iron overload. Ann. Rev. Genomics Hum. 

Genet., 1 (2000) 75–98. 

[2] G.J. Handelman, N.W. Levin, Iron and anemia in human biology: a review of mechanisms. 

Heart. Fail. Rev., 13 (2008) 393–404. 

[3] R.E. Fleming, P. Ponka, Iron Overload in Human Disease. N. Engl. J. Med. 366 (2012) 348–359. 

[4] E.C. Theil, Ferritin: structure, gene regulation, and cellular function in animals, plants, and 

microorganisms. Ann. Rev. Biochem., 56 (1987) 289–315. 

[5] W.H. Massover, J.M. Cowley, The Ultrastructure of Ferritin Macromolecules. The Lattice 

Structure of the Core Crystallites, Proc. Natl. Acad. Sci. U.S.A., 70 (1973) 3847–3851. 

[6] M. Isaacson, M. Ohtsuki, Scanning transmission electron microscopy of small inhomogeneous 

particles: applications to ferritin, Scanning Electron Microsc., 1 (1980) 72–80. 

[7] E.C. Theil, D.E. Sayers, M.A. Brown, Similarity of the structure of ferritin and iron- dextran 

(Imferon) determined by extended X-ray absorption fine structure analysis, J. Biol. Chem, 254 

(1979) 8132–8134. 

[8] S.M. Heald, E.A. Stern, B. Bunker, E.M. Holt, S.L. Holt, Structure of the iron-containing core in 

ferritin by extended X-ray absorption fine structure technique, J. Am. Chem. Soc., 101 (1979) 67–73. 

[9] C.-Y. Yang, A.M. Bryan, E.C. Theil, D.E. Sayers, L.H. Bowen, Structural variations in soluble 

iron complexes of models for ferritin: an X-ray absorption and Mössbauer spectroscopy comparison 

of horse spleen ferritin to Blutal (iron-chondroitin sulfate) and Imferon (iron-dextran). J. Inorg. 

Biochem., 28 (1986) 393–405. 

[10] K.M. Towe, Structural distinction between ferritin and iron-dextran, J. Biol. Chem., 256 (1981) 

9377–9378. 

[11] S.H. Kilcoyne, R. Cywinski, Ferritin: a model superparamagnet. J. Magn. Magn. Mater., 140–

144 (1995) 1466–1467. 

[12] S.H. Kilcoyne, A. Gorisek, Magnetic properties of iron dextran. J. Mag. Mag. Mater., 177–181 

(1998) 1457–1458. 

[13] P. Bonville, C. Gilles, Search for incoherent tunnel fluctuations of the magnetization in 

nanoparticles of artificial ferritin. Physica B, 304 (2001) 237–245. 

[14] C. Gilles, P. Bonville, H. Rakoto, J.M. Broto, K.K.W. Wong, S. Mann, Magnetic hysteresis and 

superantiferromagnetism in ferritin nanoparticles. J. Mag. Mag. Mater. 241 (2002) 430–440. 

[15] N.J.O. Silva, V.S. Amaral, L.D. Carlos, Temperature dependence of antiferromagnetic 

susceptibility in ferritin. Phys. Rev. B, 71 (2005) 184408. 



8 

[16] G.C. Papaefthymiou, The Mössbauer and magnetic properties of ferritin cores. Biochim. 

Biophys. Acta, 1800 (2010) 886–897.  

[17] A.A. Kamnev, K. Kovács, I.V. Alenkina, M.I. Oshtrakh, Mössbauer Spectroscopy in Biological 

and Biomedical Research. In: Mössbauer Spectroscopy: Applications in Chemistry, Biology, 

Industry, and Nanotechnology, Editors V.K. Sharma, G. Klingelhofer, T. Nishida, First Edition, John 

Wiley & Sons, Inc., 2013; p. 272–291. 

[18] K.A. Berg, L.H. Bowen, S.W. Hedges, R.D. Bereman, C.T. Vance, Identification of Ferrihydrite 

in Polysaccharide Iron Complex by Mössbauer Spectroscopy and X–Ray Diffraction. J. Inorg. 

Biochem., 22 (1984) 125–135. 

[19] M.I. Oshtrakh, E.A. Kopelyan, V.A. Semionkin, A.B. Livshits, V.E. Krylova, T.M. Prostakova, 

A.A. Kozlov, An Analysis of Iron–Dextran Complexes by Mössbauer Spectroscopy and Positron 

Annihilation Technique. J. Inorg. Biochem., 54 (1994) 285–295. 

[20] E.M. Coe, L.H. Bowen, R.D. Bereman, J.A. Speer, W.T. Monte, L. Scaggs, A Study of an Iron 

Dextran Complex by Mössbauer Spectroscopy and X–Ray Diffraction. J. Inorg. Biochem., 57 (1995) 

63–71. 

[21] E.M. Coe, L.H. Bowen, J.A. Speer, Z. Wang, D.E. Sayers, R.D. Bereman, The 

Recharacterization of a Polysaccharide Iron Complex (Niferex). J. Inorg. Biochem., 58 (1995) 269–

278. 

[22] M-E.Y. Mohie-Eldin, R.B. Frankel, L. Gunther, G.C. Papaefthymiou, The Anomalous 

Mössbauer Fraction of Ferritin and Polysaccharide Iron Complex (PIC). Hyperfine Interact., 96 

(1995) 111–138. 

[23] M.I. Oshtrakh, V.A. Semionkin, P.G. Prokopenko, O.B. Milder, A.B. Livshits, A.A. Kozlov, 

Hyperfine interactions in the iron cores from various pharmaceutically important iron–dextran 

complexes and human ferritin: a comparative study by Mössbauer spectroscopy. Int. J. Biol. 

Macromol., 29 (2001) 303–314. 

[24] F. Funk, G.J. Long, D. Hautot, R. Büchi, I. Christl, P.G. Weidler, Physical and Chemical 

Characterization of Therapeutic Iron Containing Materials: a Study of Several Superparamagnetic 

Drug Formulations with the -FeOOH or Ferrihydrite Structure. Hyperfine Interact., 136 (2001) 73–

95. 

[25] M.I. Oshtrakh, O.B. Milder, V.A. Semionkin, P.G. Prokopenko, A.B. Livshits, A.A. Kozlov, 

A.I. Pikulev, An Analysis of Quadrupole Splitting of the Mössbauer Spectra of Ferritin and Iron–

Dextran Complexes in Relation to the Iron Core Microstructural Variations. Z. Naturforsch., 57a 

(2002) 566–574. 



9 

[26] M.I. Oshtrakh, I.V. Alenkina, S.M. Dubiel, V.A. Semionkin, Structural Variations of the Iron 

Cores in Human Liver Ferritin and its Pharmaceutically Important Models: A Comparative Study 

Using Mössbauer Spectroscopy with a High Velocity Resolution. J. Mol. Struct., 993 (2011) 287–

291. 

[27] I.V. Alenkina, M.I. Oshtrakh, Yu.V. Klepova, S.M. Dubiel, N.V. Sadovnikov, V.A. Semionkin, 

Comparative Study of the Iron Cores in Human Liver Ferritin, its Pharmaceutical Models and 

Ferritin in Chicken Liver and Spleen Tissues Using Mössbauer Spectroscopy with a High Velocity 

Resolution. Spectrochim. Acta, Part A: Molec. and Biomolec. Spectroscopy, 100 (2013) 88–93. 

[28] I.V. Alenkina, M.I. Oshtrakh, Z. Klencsár, E. Kuzmann, A.V. Chukin, V.A. Semionkin, 
57

Fe 

Mössbauer spectroscopy and electron paramagnetic resonance studies of human liver ferritin, Ferrum 

Lek and Maltofer®. Spectrochim. Acta, Part A: Molec. and Biomolec. Spectroscopy, (2014) DOI: 

10.1016/j.saa.2014.03.049. 

[29] J.M. Cowley, D.E. Janney, R.C. Gerkin, P.R. Buseck, The structure of ferritin cores determined 

by electron nanodiffraction. J. Struct. Biol., 131 (2000) 210–216. 

[30] C. Quintana, J.M. Cowley, C. Marhic, Electron nanodiffraction and high-resolution electron 

microscopy studies of the structure and composition of physiological and pathological ferritin. J. 

Struct. Biol., 147 (2004) 166–178. 

[31] N. Galvez, B. Fernandez, P. Sanchez, R. Cuesta, M. Ceolin, M. Clemente-Leon, S. Trasobares, 

M. Lopez-Haro, J.J. Calvino, O. Stephan, J.M. Dominguez-Vera, Comparative structural and 

chemical studies of ferritin cores with gradual removal of their iron contents. J. Am. Chem. Soc. 130 

(2008) 8062–8068. 

[32] Y.-H. Pan, K. Sader, J.J. Powell, A. Bleloch, M. Gass, J. Trinick, A. Warley, A. Li, R. Brydson, 

A. Brown, 3D morphology of the human hepatic ferritin mineral core: new evidence for a subunit 

structure revealed by single particle analysis of HAADF-STEM images. J. Struct. Biol., 166 (2009) 

22–31. 

[33] J.D. Lopez-Castro, J.J. Delgado, J.A. Perez-Omil, N. Galvez, R. Cuesta, R.K. Watt, J.M. 

Domınguez-Vera, A new approach to the ferritin iron core growth: influence of the H/L ratio on the 

core shape. Dalton Trans., 41 (2012) 1320–1324. 

[34] R.A. Brooks, J. Vymazal, R.B. Goldfarb, J.W. Bulte, P. Aisen, Relaxometry and Magnetometry 

of Ferritin. Mag. Res. Med., 40 (1998) 227–235. 

[35] M.I. Oshtrakh, V.A Semionkin, O.B. Milder, E.G. Novikov, Mössbauer spectroscopy with high 

velocity resolution: an increase of analytical possibilities in biomedical research. J. Radioanal. Nucl. 

Chem., 281 (2009) 63–67. 



10 

[36] V.A. Semionkin, M.I. Oshtrakh, O.B. Milder, E.G. Novikov, A high velocity resolution 

Mössbauer spectrometric system for biomedical research. Bull. Rus. Acad. Sci.: Phys., 74 (2010) 

416–420.  

[37] M.I. Oshtrakh, V.A. Semionkin, Spectrochim. Mössbauer spectroscopy with a high velocity 

resolution: advances in biomedical, pharmaceutical, cosmochemical and nanotechnological research. 

Acta, Part A: Mol. and Biomol. Spectroscopy, 100 (2013) 78–87. 

[38] G. Chandra, C. Bansal, J. Rey, Mössbauer Study of Equiatomic Disordered CoFe and NiFe 

Alloys, Phys. Stat. Sol. (a), 35 (1976) 73–77. 

[39] S. Willgeorth, H. Ulrich, J. Hesse, Search for 2 States in FCC Iron Alloys by Investigation of 

the 57-Fe Isomer Shift in the Paramagnetic State, J. Phys. F: Met. Phys., 14 (1984) 387–397. 

[40] K.N. Shrivastava, Temperature Dependence of the Isomer Shift, Hyperfine Interact., 24–26 

(1985) 817–845. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



11 

 

Fig. 1. 
57

Fe Mössbauer spectra recorded at 140 K on Ferrum Lek and fitted using one quadrupole 

doublet (procedure A). The best fit spectrum is shown as a solid (red) line. The difference spectrum 

is presented on top. 

 

 

  

 

 

Fig. 2. (Left) 
57

Fe Mössbauer spectra recorded at 140 K on Ferrum Lek and fitted with a QS-

distribution with 7 Gaussians (procedure B). The best fit spectrum is shown as a solid (red) line. The 

difference spectrum is presented on top. (Right) Distribution of QS as derived from the spectrum. 
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Fig. 3. (Left) 
57

Fe Mössbauer spectra recorded at 140 K on Ferrum Lek and fitted with a                

QS-distribution with 40 Gaussians (procedure B). The best fit spectrum is shown as a solid (red) line. 

The difference spectrum is presented on top. (Right) Distribution of QS as derived from the spectrum 

 

 

 

 

Fig. 4. (Left) 
57

Fe Mössbauer spectra recorded at 140 K on ferritin and fitted with a QS-distribution 

to 8 Gaussians (procedure B). The best fit spectrum is shown as a solid (red) line. The difference 

spectrum is presented on top. (Right) Distribution of QS as derived from the spectrum. 
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Fig. 5. Temperature dependences of the center shift, CS for the Ferrum Lek. Symbols represent the 

data obtained from the best-fit of the spectra to 1 quadrupole doublet (circles), to 7 Gaussians 

(triangles) and to 40 Gaussians (squares). Lines represent the best-fits to the data in terms of eq. (2). 

The inset shows the low temperature range. 
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