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Introduction

Octahedrally coordinated Fe(II) is known to adopt as its electronic ground state either a high-spin (HS) state, 3d(t 2g ) 4 (e g ) 2 , characterised by total spin S = 2, or a low-spin (LS) state, 3d(t 2g ) 6 (e g ) 0 , with S = 0. The ground state depends on the energy difference D between the 3d(t 2g ) and 3d(e g ) orbitals as compared with the spin-pairing energy P. Strong crystal fields cause a strong splitting between the t 2g and e g orbitals and result in a LS ground state, while weak crystal fields lead to a HS ground state. In some compounds, however, the energy difference E HL between the HS state and the LS state is sufficiently small that a spin transition or spin crossover (SCO) between the two spin states can be induced by external perturbations. A variety of experimental means have been used to this end in the past few decades to demonstrate this effect, such as the variation of temperature [1], the application of external pressure [2] or irradiation with light [3]. The influence of magnetic interactions on the HS-LS equilibrium has been studied both theoretically and experimentally. On the theoretical side, the models developed by Chestnut [4] and Bari and Sivardière [5] have shown that strong magnetic fields shift the spin state equilibrium towards the HS state. Calculations by Sasaki and Kambara [6] for ferrous iron in typical octahedral environments showed that a field of 80 T should lead to a HS ground state even at 0 K. At higher temperatures, or in particularly favourable environments, lower field strengths should be sufficient. Experimentally, a weak corresponding shift was demonstrated by Qi et al. [7] in [Fe(1,10-phenanthroline) 2 (NCS) 2 ] in a static external field of 5.5 T. This compound shows a very sharp transition at 176 K from the LS state to the HS state within 1 K. The experiment was performed at T 1/2 , the temperature of equal LS and HS fractions, and produced a shift of T 1/2 of -0.1 K. More recently, a somewhat stronger effect was observed in pulsed magnetic fields of up to 30 T in [Fe 0.33 Ni 0.67 (bistriazole) 2 (NCS) 2 ] [8]. Here, near T 1/2 , fields of at least 12 T were necessary to produce a noticeable effect. At 30 T, an increase of the HS fraction from 40% to almost 60% and from 60% to almost 80% was observed. In these pulsed experiments, the maximum magnetic field strength was reached after 75 ms, after which the field decreased to zero within 1.3 s. A fraction of the magnetically induced HS ions switched back to the LS state when the field strength decreased, whereas another fraction remained irreversibly in the HS state. A delay of several hundred milliseconds between the magnetic pulse and the reaction of the spin system was observed. Experimental work on this subject is, however, rather scarce because of the difficulty to produce sufficiently strong magnetic fields leading to noticeable effects.

The observation of an Fe(II) SCO in some spinel compounds with compositions ranging from CuFe 0.5 Sn 1.5 S 4 to CuFe 0.5 Ti 1.5 S 4 has opened new opportunities in this field because of the occurrence of magnetic ordering, causing strong internal magnetic fields [9]. In these spinels Cu(I) is found at tetrahedral or A sites, whereas Fe(II), Sn(IV) and Ti(IV) occupy the octahedral or B sites of the spinel lattice in a random distribution. These spinels differ in several points from the iron complexes used in the studies mentioned above [7,8]. Whereas these complexes show sharp transitions within a very small temperature range characteristic of strong cooperative effects, the transition in CuFe 0.5 Sn 1.5 S 4 extends over several hundred kelvins [10]. 57 Fe Mössbauer spectroscopy showed the transition to be incomplete, with 22% of the iron atoms remaining in the HS state at low temperatures. 57 Fe Mössbauer spectroscopy also revealed a rapid fluctuation between the two spin states with lifetimes that become shorter than the characteristic 57 Fe measurement time of approximately 100 ns at temperatures between 220 and 260 K [10].

Finally, the previous work also demonstrated that the thermally induced SCO starts at very low temperatures, below 40 K, with an increasing HS fraction when the temperature is raised. The progressive substitution of the smaller Ti(IV) for Sn(IV) at the octahedral sites of the spinel lattice reduces the lattice constant and thus the interatomic distances on going from CuFe 0.5 Sn 1.5 S 4 [11] to CuFe 0.5 Ti 1.5 S 4 [12]. Thus, this substitution has the same effect as the application of external pressure. However, in contrast to pressure, which shifts the spin equilibrium towards the LS state, an increasing Ti/Sn ratio has the opposite effect, resulting in an increasing amount of residual HS iron, which was ascribed to an increasing magnetic interaction between iron atoms [9]. In the completely substituted spinel CuFe 0.5 Ti 1.5 S 4, this interaction becomes strong enough to establish an antiferromagnetic ordering below the Néel temperature T N of 7 K with the simultaneous presence of approximately 75% magnetically ordered HS iron and 25% diamagnetic LS iron [9]. Concomitantly, an increase of the HS fraction was observed below T N . These HS and LS fractions were derived from the spectral areas under the corresponding Mössbauer absorption lines. However, it remained open whether this increase below T N is due to an effective increase of the HS fraction induced by the magnetic ordering or rather due to modifications of the phonon spectrum caused by the magnetic ordering and affecting the fraction of recoilless absorption of  radiation.

The purpose of the present work is to gain deeper insight into the effects the spin transition and the magnetic ordering have on the charge distribution and lattice properties of CuFe 0.5 Ti 1.5 S 4 . The study makes use of the rare opportunity to introduce 119 Sn as a second Mössbauer isotope into a SCO compound under conservation of its original lattice structure. A previous report on CuFe 0.5 Sn 1.5 S 4 demonstrated that 119 Sn as a Mössbauer probe provides valuable supplementary information on the SCO phenomenon [13].

Because of the random occupation of the octahedral sites by both Fe and Sn atoms, the 119 Sn Mössbauer probe is situated close to the iron atoms and connected to them via the anion orbitals. In the case of CuFe 0.5 Sn 1.5 S 4 , an unusually strong temperature dependence of the 119 Sn isomer shift was ascribed to a charge transfer between Fe and Sn via the anion orbitals induced by the change of the Fe spin state. The temperature dependence of the area under the 119 Sn absorption lines revealed changes in the lattice dynamics correlated with the Fe spin transition. To obtain corresponding information on CuFe 0.5 Ti 1.5 S 4 , a small amount of the enriched isotope 119 Sn was introduced into the lattice, substituting for a corresponding amount of Ti and leading to a spinel compound of composition CuFe 0.5 Ti 1.4 Sn 0.1 S 4 .

Materials and methods

The compounds CuFe 0.5 Ti 1.5 S 4 and CuFe 0.5 Ti 1.4 Sn 0.1 S 4 were synthesised from stoichiometric mixtures of powders of the elements. Tin powder was introduced as the isotope 119 Sn enriched to at least 90%. The mixtures were finely ground and then heated to 1023 K in evacuated silica ampoules for 7 days. The ampoules were slowly heated and cooled at a rate of 50 K per hour. X-ray powder diffractograms revealed that the spinel phase was obtained. Details can be found elsewhere [9].

Mössbauer spectra were recorded in the constant acceleration mode in transmission geometry. A Ba 119m SnO 3 source with a nominal activity of 370 MBq was used. Spectra were recorded in the temperature range from 4 to 510 K following the procedure described in [13]. The source was kept at room temperature in all experiments. The hyperfine parameters isomer shift , quadrupole splitting E q and the spectral area A under the absorption lines were determined by our fitting Lorentzian lines to the experimental data using the program ISOfit [14]. 119 Sn isomer shifts are given with respect to the centre of a room temperature spectrum of BaSnO 3 .

Results and discussion

Magnetic interactions

The crystallographic and magnetic properties of both CuFe 0.5 Ti 1.5 S 4 and CuFe 0.5 Ti 1.4 Sn 0.1 S 4 were analysed elsewhere [9]. This previous study revealed very similar lattice constants of 9.996 ± 0.002 Å and 10.000 ± 0.004 Å, respectively, and very similar Néel temperatures of 7 ± 1 K and 5 ± 1 K, respectively.

Figure 1 shows the X-ray powder diffractograms of CuFe 0.5 Ti 1.5 S 4 (Fig. 1a) and CuFe 0.5 Ti 1.4 Sn 0.1 S 4 (Fig. 1b). The diffraction peaks are indexed in space group Fd3m.

Additional weak reflections at 13.7° for CuFe 0.5 Ti 1.5 S 4 and 14.3° for CuFe 0.5 Ti 1.4 Sn 0.1 S 4 , marked by an asterisk, might indicate the presence of very small amounts of impurities.

Figure 2 shows the molar susceptibilities  m of CuFe 0.5 Ti 1.5 S 4 (black) and CuFe 0.5 Ti 1.4 Sn 0.1 S 4 (red). Because of these very similar crystallographic and magnetic properties, it will be supposed hereafter that the results obtained for the tin-doped sample are equally meaningful for the undoped compound.

Figure 3 shows examples of 119 Sn Mössbauer spectra of the tin-doped sample recorded at various temperatures. The room temperature spectrum can be fitted with a doublet of absorption lines showing a quadrupole splitting E q of 0.34 ± 0.02 mm s -1 , indicating a weak distortion of the octahedral sites of the spinel lattice. The isomer shift  of 1.39 ± 0.01 mm s -1 is characteristic of Sn(IV) in sulphides [15]. The spectra recorded at all other temperatures were fitted in the same way, with the exception of those obtained at 11 and 4.2 K. These two spectra, recorded near the Néel temperature, are broadened by magnetic interactions. The random distribution of magnetic HS iron and diamagnetic LS iron, tin and titanium ions at the neighbouring octahedral sites of a tin ion allows a large number of arrangements differing by the magnetic field they produce at a given tin site and hence by the magnetic splitting they induce. No attempt was made to fit these data by a number of magnetically split subspectra corresponding to the number of possible environments. Instead, these two spectra were fitted by a broad single line to simply reproduce their spectral shape and to obtain values of their centre shift and their spectral area, an approach already used for the 57 Fe spectra of these samples [9].

Figure 4a shows the molar susceptibilities  m of CuFe 0.5 Ti 1.5 S 4 and CuFe 0.5 Ti 1.4 Sn 0.1 S 4 plotted as  m T versus T together with HS fractions of CuFe 0.5 Ti 1.5 S 4 determined from the areas under the corresponding 57 Fe Mössbauer absorption lines, supposing equal recoilless fractions f of  absorption for both HS iron and LS iron [9]. As outlined in detail in [9], a plot of  m T versus T fails here at temperatures below approximately 210 K to provide correct values of the HS fraction because of antiferromagnetic spin coupling. The values derived from 57 Fe Mössbauer spectra are, however, reliable. According to these data, a temperature-independent residual HS fraction of 75% is present up to a temperature of at least 180 K, whereas above this temperature a thermally induced increase of the HS fraction is observed. The temperature of the start of thermally induced SCO is estimated from the data as 210 K and is marked in Fig. 4 A (T,H)  n (T,H) f (T, H) , where n (T, H) is the number of Mössbauer absorbers exposed to the  radiation and f (T, H) is the fraction of recoilless absorption. In the present case, we must distinguish between n HS (T, H) and n LS (T, H) , the population numbers of the HS state and the LS state, respectively, with the obvious condition n HS + n LS = const. Both n HS (T, H) and n LS (T, H) depend on temperature, but are also influenced by magnetic fields, which shift the equilibrium between both spin states towards the HS state, as has been shown both theoretically [4][5][6] and experimentally [7,8]. A strong static magnetic field caused by antiferromagnetic coupling is therefore supposed to increase n HS and decrease n LS . The second parameter, the fraction f of recoilless  absorption, also depends on both temperature and magnetic interactions, as has been shown by theoretical considerations [16] and experimental work [17,18]. According to these studies, magnetic interactions lead to a more rigid lattice, increasing in this way f and thus also the areas under the Mössbauer lines. It appears necessary to distinguish, at least below T N , between f HS and f LS , since the vibrational properties of HS Fe(II), building up an antiferromagnetically coupled sublattice, differ from those of diamagnetic LS Fe(II) [16]. Therefore, the question arose in a previous study [9] whether the observed increase of the HS fraction below T N was due to an effective increase of n HS , an increase of f or a mixture of both.

Figure 5 shows on an expanded temperature scale the areas A (T, H) of the HS and LS subspectra of CuFe 0.5 Ti 1.5 S 4 . Vertical lines indicate the Néel temperature T N = 7 K and T SCO = 210 K, the temperature at which the thermally induced SCO is supposed to start when going to higher temperatures. The data reveal a clear decrease of A LS and an increase of A HS near and in particular below T N . These changes in opposite directions cannot be explained by corresponding changes of the recoilless absorption factors f HS and f LS and are therefore a clear demonstration of changes of the population numbers n HS and n LS (i.e. a crossover from the LS state to the HS state) induced by the internal magnetic field.

The decrease of both A HS and A LS between T N and T SCO is due to the decrease of the recoilless absorption factors f in accordance with the Debye model. The enhanced decrease of A LS and the start of the increase of A HS above T SCO reflect the onset of thermally induced crossover to the HS state.

The introduction of 119 Sn into the lattice as a second Mössbauer isotope allows us to investigate a possible influence of the magnetic ordering on the areas A HS and A LS via f. Figure 4b shows the temperature dependence of the spectral area A under the 119 Sn Mössbauer lines of CuFe 0.5 Ti 1.4 Sn 0.1 S 4 , plotted as ln(A (T) /A (4 K) ) versus temperature. In the case of 119 Sn, the number n of Mössbauer absorbers is temperature independent.

Variations of the spectral area A are therefore exclusively due to variations of the recoilless fraction f. From the Debye model we expect a linear behaviour of lnA (T) in the hightemperature approximation [19]. The solid line in Fig. 4b is a linear fit to the data points for 75 K ≤ T ≤ 180 K and the dashed line is an extrapolation to higher temperatures. The linear behaviour expected from the Debye model is observed between 75 and 180 K (i.e. in the absence of a static magnetic field and below the onset of a thermally induced SCO).

Above 210 K a progressive deviation from the linear behaviour towards lower values can be observed, indicating a progressive softening of the lattice with increasing HS fraction. A similar behaviour was observed for CuFe 0.5 Sn 1.5 S 4 and AgFe 0.5 Sn 1.5 S 4 [13] and was ascribed to an enhanced lattice expansion with increasing HS fraction due to the longer Fe-S bonds in the HS state, leading to an enhanced increase of the mean square of the vibrational amplitudes <x 2 > of the Mössbauer atom.

Of particular interest is the temperature range near and below T N . A strong increase of the spectral area A is observed, indicating that the lattice has become more rigid under the influence of the magnetic ordering. This effect overcompensates the softening of the lattice caused by the increased fraction of HS iron. As a consequence, it must be concluded that also the areas under the 57 Fe Mössbauer spectra of both the HS fraction and the LS fraction are influenced by the respective increasing recoilless fractions f HS and f LS . In the case of LS iron, the effect of the increased f is obviously overcompensated by the decrease of n LS , so the net decrease of A LS below T N reflects definitively a crossover to the HS state induced by the magnetic field. However, the decrease of A LS is less than the increase of A HS , which can be ascribed to the influence of the increasing recoilless fractions f HS and f LS .

In the present case, the magnetic field acting on the electrons at an iron site is unknown. In the spinel lattice, a cation at an octahedral or B site is bonded to six anions as its nearest neighbours, which connect the B cation via the anion orbitals to six further B cations. Exchange interactions between magnetic 3d orbitals become possible if two neighbouring B sites are occupied by HS iron. Because of the random distribution of magnetic HS Fe(II) and diamagnetic LS Fe(II), Sn(IV) and Ti(IV) at these sites, it must be concluded that the strength of the magnetic interaction at a given cation site depends on the number of magnetic cations at these six surrounding sites. The nearest tetrahedral sites can be ignored in this consideration since they are exclusively occupied by diamagnetic Cu(I). As outlined in a previous report [9] the probability p dia of finding exclusively diamagnetic Sn(IV) and Ti(IV) at the surrounding six sites of a given Fe ion is 0.18. These ions have no possibility to stabilise a HS state by exchange interactions and can therefore be expected to remain in the LS state despite the static magnetic order. As mentioned above, the areas under the 57 Fe Mössbauer spectrum recorded below T N give HS and LS fractions of 84% and 16%, respectively, Although these values require some correction for different f factors, the experimental LS value agrees quite well with the calculated p dia . Above T N but below T SCO , the HS fraction remains at a constant value of 75%. Thus, in this temperature range an Fe ion can be surrounded by diamagnetic LS Fe in addition to Sn and Ti. Here, the probability of six surrounding diamagnetic ions is 0.29, again in good agreement with the experimental 25% LS iron. Thus, it can be concluded that above T N some Fe LS -S-Fe LS bonds involving Fe ions exist, but below T N all Fe ions having at least one Fe neighbour at the nearest B sites switch to the energetically more favourable HS state.

Charge transfer and lattice properties

To obtain further information on the effects accompanying the SCO in this spinel, the data analysis is extended to the temperature dependence of the 119 Sn isomer shift  (T) . These data are shown in Fig. 4c. From the high-temperature approximation of the Debye model, a linear behaviour of  (T) is expected [19]. The data show such a linear behaviour between approximately 75 and 210 K. Above that range, the HS fraction becomes temperature dependent. In this temperature range, the 119 Sn isomer shift deviates from the expected linear behaviour towards lower values. The solid line in Fig. 4c is a linear fit to the data points for 75 K ≤ T ≤ 180 K, and the dashed line is an extrapolation of this fit to higher temperatures. A comparable effect, although more pronounced, was observed for the spinels CuFe 0.5 Sn 1.5 S 4 and AgFe 0.5 Sn 1.5 S 4 [13] and was ascribed to a charge transfer between iron and tin atoms via the bonding anion orbitals induced by the SCO. Two pathways were identified in [13] for such a charge transfer. First, a transfer from the sulphur p orbitals into the empty 3d(e g ) orbitals of LS iron via the Fe-S  bonds followed by charge transfer from Sn p states to S p states via  bonds to compensate for the charge loss on sulphur. Second, an electron back-donation from the filled 3d(t 2g ) states of LS iron into the S p orbitals via  bonds and concomitant S-to-Sn transfer into the Sn s states via  bonds. The second pathway has a direct effect on the 119 Sn isomer shift , whereas the first pathway acts indirectly on  by the screening effect. In the present case, the effect is much less pronounced since the crossover to the HS state starts here at the relatively high residual value of 75% as compared with about 20% in the two compounds mentioned above. Moreover, it has been shown by both band structure calculations [20] and X-ray absorption spectroscopy [20,21] that substitution of tin by titanium leads to the appearance of Ti states of s, p and d symmetry in the valence band and conduction band close to the band gap, where they hybridise with sulphur states. It can thus be expected that in the compound studied here a charge transfer can also follow an Fe-S-Ti pathway, competing with the Fe-S-Sn pathway.

Finally, the temperature range of the constant HS fraction allows us to determine some lattice parameters for CuFe 0.5 Ti 1.4 Sn 0.1 S 4 from the slopes in Fig. 4b and 4c [19].

These parameters are the effective vibrating mass of the Mössbauer atom M eff and the Mössbauer lattice temperature  M , the Debye temperature of the crystal lattice seen by the Mössbauer effect [22]. From least-squares fits for 75 K ≤ T ≤ 180 K we obtained an effective vibrating mass M eff of 106 amu and a Mössbauer lattice temperature  M of 254 K, which are similar to the values of 103 amu and 240 K obtained for CuFe 0.5 Sn 1.5 S 4 at T > 400 K, where the HS fraction in this compound is supposed to have reached 100%. The somewhat higher Debye temperature of the titanium compound can be ascribed to higher phonon frequencies due to the replacement of Sn by the lighter Ti.

Conclusion

A previous study of the Fe(II) SCO in the spinel CuFe 0.5 Ti 1.5 S 4 based on the evaluation of the areas A (T) of 57 Fe Mössbauer spectra alone suggested an increase of the HS fraction below the Néel temperature T N , as expected from the theory, but failed to rule out an additional influence on A (T) from changes of the vibrational lattice properties induced by magnetic ordering below T N , which are also expected from the theory. The introduction of 119 Sn as a second Mössbauer probe, occupying the same regular octahedral lattice sites in the spinel structure as iron and titanium, revealed the modification of the vibrational lattice properties near and below T N expected from the theory. As a consequence, the observed variations of the spectral areas A (T) under the 57 Fe Mössbauer spectra are partially due to changes in the population numbers n HS (T, H) and n LS (T, H) of the HS and LS fractions, respectively, induced by the static magnetic field below T N , and partially due to an increase of the recoilless fractions of  absorption f HS (T, H) and f LS (T, H) induced by the magnetic ordering and leading to a more rigid lattice. Below T N , the magnetic field might have different impacts on f HS of magnetically coupled HS iron and f LS of diamagnetic LS iron, preventing Mössbauer spectroscopy from providing reliable HS and LS fractions. Such data might be provided by other techniques, such as optical spectroscopy. However, the combined study by 57 Fe and 119 Sn Mössbauer spectroscopy proved that the dominant effect on the spectral areas is that of the SCO, demonstrating in this way that the equilibrium between HS and LS is shifted to the HS state under the influence of the internal static magnetic field. The data allow us to conclude that the HS fraction reached below T N represents the upper limit realisable in this compound under these conditions, the remaining LS ions being those having only diamagnetic neighbours at the nearest cation sites and being thus magnetically isolated from the rest of the lattice.

It is worth emphasising that these spinels represent an interesting case for the study of the influence of magnetic fields in SCO compounds because the internal field is static and therefore permanently active, in contrast to previous studies using pulsed external fields [8]. The fact that in such a case the strong external magnetic fields act only for a very short time as compared with the delay time observed for the reaction of the spin system might be a drawback of this approach, preventing it from producing stronger effects. 
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 1 Fig. 1. X-ray powder diffraction patterns of CuFe 0.5 Ti 1.5 S 4 (a) and CuFe 0.5 Ti 1.4 Sn 0.1 S 4 (b).Diffraction peaks are indexed in space group Fd3m. Reflections marked by asterisks are ascribed to impurities.
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 23 Fig. 2. Molar susceptibilities  m of CuFe 0.5 Ti 1.5 S 4 (black dots) and CuFe 0.5 Ti 1.4 Sn 0.1 S 4 (red dots) plotted as  m T versus T. The inset shows the susceptibilities plotted as 1/ m versus T. Fig. 3. 119 Sn Mössbauer spectra of CuFe 0.5 Ti 1.4 Sn 0.1 S 4 recorded at various temperatures.
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 4 Fig. 4. (a) Molar susceptibilities  m of CuFe 0.5 Ti 1.5 S 4 (black dots) and CuFe 0.5 Ti 1.4 Sn 0.1 S 4 (red dots) plotted as  m T versus T (right y-axis). Comparison with the high-spin (HS) fraction of Fe in CuFe 0.5 Ti 1.5 S 4 determined by 57 Fe Mössbauer spectroscopy (circles, left yaxis, from [9]). (b) Normalised area under the 119 Sn Mössbauer absorption lines of CuFe 0.5 Ti 1.4 Sn 0.1 S 4 plotted as ln(A (T) /A (4 K) ) versus T. The solid line represents a linear fit to the data between 75 and 180 K. The dashed line is an extrapolation to higher temperatures. (c) 119 Sn isomer shift of CuFe 0.5 Ti 1.4 Sn 0.1 S 4 . The solid line represents a linear fit to the data between 75 and 180 K. The dashed line is an extrapolation to higher temperatures.
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 5 Fig. 5. Absolute values of the spectral areas A HS and A LS from 57 Fe Mössbauer spectra of CuFe 0.5 Ti 1.5 S 4 versus temperature. HS, high spin; LS, low spin.