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Iron orbital occupancies upon valence mixing
of charge-ordered GdBaFe!"Fe''Q5
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Abstract Mossbauer spectra of charge-ordered/valence-mixed GdBaFe;Os have been ana-
lyzed in order to determine the orbital occupancies of the minority-spin d electron as a
function of temperature. In the charge-ordered state below the Verwey temperature Ty, it
occupies the Fe?T d,, orbital, which is ordered. Above Ty, the electron partially occurs
also at the trivalent iron and spreads over two additional orbitals, dxz,yz and d,. In the
valence-mixing state (above 1) also orbital dy, participates. The study illustrates how
the Mossbauer electric-field gradient, center shift and internal field jointly reflect the
distribution of the minority-spin electron culprit behind the Verwey transition.

Keywords ’Fe Mossbauer spectroscopy - Charge ordering - Valence mixing - Mixed
valence - Double perovskites

1 Introduction

The antiferromagnetic A-site ordered perovskite RBaFe;Os (R is a rare-earth element)
contains Fe?T and Fe3* that order at low temperatures and mix at high temperatures [1].
The valence mixing proceeds in two steps [2], where the first one, at the lower transi-
tion temperature 7y, has all features of the Verwey transition [3] in magnetite. Above the
second transition temperature T, iron is in a single valence state Fe?*. At low tem-
peratures, a long-range order of alternating chains of di- and trivalent iron coordinations
along b (Fig. 1) is observed by neutron- [2] and synchrotron X-ray powder diffraction [4].
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Fig. 1 The magnetic unit cell of charge-ordered GdBaFe,Os is the same as for TbBaFe;Os [2]

Mossbauer spectroscopy detects also the short-range order. Upon heating through 7y, the
hyperfine parameters change abruptly, and at T}, precipitously [6], with continuous evolution
in between [1, 2, 7-9]. Because these changes are mainly associated with the minority-spin
d-electron of Fe [8—10], it is possible to calculate its orbital populations from the hyperfine
data. Previously this has been done for the two end members R = Nd, Pr of this series,
which, however, do not exhibit a full unit-charge separation in the charge-ordered state
below Ty [9]. Here we report the results of similar calculations for GdBaFe;Os of a higher
iron charge separation.

2 Experimental

Synthesis Single-phase GdBaFe,Os 19 and GdBaFe,05 19 were synthesized as described
in Ref. [4]. As shown in Ref. [5], thermal parameters of the valence-mixing transitions are
practically the same within this oxygen non-stoichiometry range.

Méssbauer measurements ' Fe Mossbauer spectra were recorded in transmission geometry
with a less than year-old 25 mCi 3’Co:Rh (Cyclotron Co) source kept at room temper-
ature. The absorber temperatures between 77 and 325 K were maintained by an Oxford
CF506 continuous-flow cryostat operating with liquid N». Temperatures between 300 and
450 K were controlled by a home-built resistive heater with the sample placed in a dry N,
atmosphere.

The spectra obtained below the Néel temperature 7Ty were fitted with a full Hamiltonian
of combined electric and magnetic interactions as described previously [8]. The fit param-
eters were the component intensity /, line width I (constrained equal for all components),
internal field B and its width A B of a gaussian distribution, quadrupole-coupling constant
eQV,,, asymmetry parameter n (fixed to zero for all except charge-ordered components),
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Fig. 2 Parameters for correction on second-order Doppler shift according to fit with (1) for Fe?t (v), Fe’t
(A) and Fe>3t ()

center shift 6, and the angle 8 between B and e QV_; set to either 0 or 90° due to ambiguity
between the angle turning by 90° and the sign inversion of V.

Analysis of the hyperfine parameters Before investigating the influence of the d-electron
concentration on the hyperfine fields, their intrinsic temperature dependences had to be
compensated for. The center shift 6(7) consists of isomer shift §o and the temperature-
dependent second-order Doppler shift [11]:

OsOp 9ksT [ T \° [P x3dx
8(T) = 6o — — <®*D) / a1 (H
A —

16Mc 2Mc

where c is the velocity of light, ®p the Debye temperature, kg the Boltzmann constant, M
the mass of the 37 Fe atom, and T temperature. Least-squares fit with (1) of the center shifts
in the temperature range of the charge-ordered phase yield 8p and ©p for Fe?>" and Fe’*
(Fig. 2). For the valence-mixed component, 8y was fixed to the average of Fe?>T and Fe3*
(when not fixed, the less precise &g is larger by 0.0121 mm/s than the used average).

A mean-field model is used for the thermal decay of the ordered spin. The magnetic
field seen by the Mossbauer nucleus decreases from B at 0 K to zero at Ty. The standard
temperature dependences for the integer and semi-integer iron valences were obtained by
fitting their B(T) to the following parametric function [12]:

B(T) T J+1

B0 = Brill(J, ¢) = T—Nﬁg 2
where Brill(J, ¢) is the Brillouin function:
Brill(J, ¢) = <1 + L) coth |:<1 + L) C] — L coth (L;“) , 3)
2J 2J 2J 2J

in which ¢ is a ratio of magnetic and thermal energies and J is the total angular-momentum
quantum number. The fits for the standard valences, with BY, J and TN as parameters, are
shown in Fig. 3. With these parameters, B? for each temperature in the intermittent range of
mixed valences was calculated from B(T) via ¢ from (2) plugged into (3), with subsequent
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Fig. 3 Parameters for correction on thermal decay of the internal field B according to fit with (2) for
Fe2t (v), Fe3t (A) and Fe237 (o)

weighting of the two obtained B into the average corresponding to the component’s valence
at the given temperature.

Table 1 Valence contributions to EFG and to dipolar field Bgjp from one minority-spin electron of spin
along b (= y, z || ¢ of the crystal). Ligand contributions to EFG

dyy dx; dy; de_ y? dp Felzi;and Felzi;rand Feﬁiﬁﬁd
): n3 (n4) ni na
Baiplly (T) —-17 34 —17 —-17 17 — - —
eQVyx (mm/s) —24 —24 4.8 —24 2.4 —0.25 —0.35 —0.52
eQVyy (mm/s) —24 4.8 —24 —24 2.4 —0.97 —-0.35 —0.58
eQV,, (mm/s) 4.8 —24 —24 4.8 —4.8 1.22 0.70 1.10

Three sources contributing to the temperature-corrected internal field B® were consid-
ered in this study:

B = Brc + Baip + Br, “)
where Brc is the Fermi-contact field proportional to the electron spin, Bgjp the dipolar
field of the valence electrons and B;. the orbital field. B is usually dominated by Bgc. A
magnetic dipolar field may contribute for all valence electron configurations except high-
spin d°. The 6th (minority-spin) electron of Fe>* is therefore behind dipolar fields in all
our spectra. The dipolar fields for the individual d orbitals occupied by one minority-spin
electron of spin along b are listed in Table 1, as estimated in Ref. [9]. The sum of these
contributions is zero, and likewise so for all three #,, orbitals: dyy, dy; and dy, and for the
two e, orbitals d,>_ 2 and d_».

The electric-field gradient (EFG), of which V,; is the main component, has a very weak
intrinsic temperature dependence due to thermal expansion or changes in the phonon spec-
tra [13], which is neglected in this work beyond two structure snapshots at 100 and 300 K
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of the charge-ordered and valence-mixed phases, respectively [7]. The temperature-induced
changes to V, are almost exclusively due to changes in the d-electron population. Two
sources of EFG were considered: the valence-electron contribution from the minority-spin
electron and the ligand contribution from the five oxygen ions of point-charge estimated
in Ref. [8, 9]. Also the valence contribution has been estimated previously [9] for one
minority-spin electron in alternatively each of the five orbitals, as listed in Table 1 together
with the estimated ligand contributions. Like for the dipolar fields, the sum of all valence
contributions of one minority-spin electron is zero for 7, and e, orbitals and their sum.
With ny, n; and n3 denoting the populations of the minority-spin electron in d,2_ 2, d 2
and d,;, respectively, the following five equations are constructed from values in Table 1:

nyi4+ny+ny=p (52)

C1Tny + 1Tns + 3403 — Beeo—P 4 pBy = —B° (5b)
—2.4n1 +2.4n; — 2.4n3 + eQVLEM = e QV,, (5¢)
—2.4n1 +2.4ny + 4.8n3 + eQVyE™ = 2 QV,, (5d)

4.8n1 — 4.8np — 2.4n3 + eQVIEM — 0V, (Se)

where 0 < p < 1 is the total minority-spin population determined from the iron valence of
the Mossbauer component, Vi, and Vy, can be determined from the measured V,; and n bly
combining the Laplace’s equation V2V = 0 with the asymmetry parameter 1 = AL X|Xv T
By is the orbital field corresponding to the angular momentum the iron Mdssbauer com-
ponent can carry per unit of the minority-spin electron as estimated below. Only three of
the five (5) are needed, hence the rows (5a) and (5b) are combined with either (5¢) or (5e)
depending on direction of V,,. When V., is parallel to b, like for charge-ordered Fe>*
the rows (5b) and (5d) are linearly dependent. If so,  and V,; are used to calculate V,
or Vy, so that the row (5c) or (5e) can be used. A rational solution of the set of (5) is
obtained when all resulting populations are non-negative within reasonable accuracy, and
[Vzzl = |Vyyl = | Vx| is valid for all EFG components.

The presence of an orbital field B; depends on whether the expectation value for the
angular momentum operator is non-zero. Its component Ly (along b) is non-zero for a
wave function ¢ of d,2_ 2, d» and dx; when proper phase angles are introduced [9]. Other
components of By are then exactly zero for this combination of wave functions, as the
expectation values of Ly and L, are zero. The phase angles will not affect other hyperfine
parameters because the latter depend only on spin- or charge densities, which in turn are
proportional to phase-independent probability density ¢ * of the wave function. The spin—
orbit interaction always maximizes the orbital field for a non-zero expectation value of L.
When expressed per number of minority-spin electrons, the maximum is:

|BL| =

2BY
L [vnlcn3c + 3”20”30] (6)
c

where BE is a constant that converts the angular momentum to the orbital field at the Fe
nucleus [9]. The partial and total populations of the d-orbitals nc, nac, n3c and p. have a
subscript ”c” to indicate that the minority-spin electron carrying the orbital field is shared
between two adjacent Fe sites due to valence-mixing and will therefore conserve this value
whereupon it is the smaller of the two that controls the actual field housed by the two sites.
In practice, By was calculated for both Fe Mdssbauer components, and the smaller was
always chosen. As By depends on the population numbers, (5) has to be solved iteratively,
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yielding Bg = 10.0 T, and this value is also used in the present study upon assumption that
it reflects a general property of the iron d orbitals.

3 Results and discussion

Mossbauer spectra of the three mixed-valence phases of GdBaFe,Os 19 are shown in Fig. 4.
The spectrum of the charge-ordered phase that occurs below Ty =~ 270 K [7], is domi-
nated by a ~50 tesla component of high-spin Fe3* and a ~7.5 tesla component of high-spin
FeT. The unusually small field of the latter is due to the strong counteracting dipolar field
of the minority-spin electron occupying the d,, orbital (Table 1). Upon heating through
Ty, increasing amount of this minority-spin electron is abruptly transferred to the originally
trivalent Fe, decreasing its internal field and increasing the field of the originally divalent
component. After that, a continuous evolution leads to a precipitous change at T, in favor of
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Fig. 5 Temperature evolution of B that reflects the pure effect of the gradual valence mixing. Fit functions:
average for charge-ordered components, sigmoid for valence-mixed and inverse sigmoid for intermittent
components
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Fig. 6 Temperature evolution of iron valence for the main components of di- and trivalent parentage (v, A,
respectively): charge ordered (green and red), intermittent (cyan and magenta) and valence mixed (blue).
Fit functions: average for charge-ordered components, sigmoid for valence-mixed and inverse sigmoid for
intermittent components

the twin valence-mixed components that become indistinguishable around 330 K. The tem-
perature evolution of the internal field in Fig. 5 and of the iron valences in Fig. 6 illustrate
this clearly.

Above Ty, the Mossbauer spectrum is dominated by a single line of very small
quadrupole splitting and of isomer shift compatible with the valence-mixed state +2.5,
Fig. 7. A quadrupole-split component of trivalent iron and a very weak magnetic sextet in
the background are both attributed to oxidative decomposition at elevated temperatures.
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Fig. 7 Paramagnetic Mossbauer spectrum of GdBaFe;Os 19 at 433 K. Components due to valence-mixed
Fe (blue unresolved doublet), trivalent Fe (red doublet) and a weak magnetic sextet (brown) were discerned
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Fig. 8 Temperature evolution of eQV,, for the three groups of main iron components of di- and trivalent
parentage (v, A, respectively): charge ordered (green and red), intermittent (cyan and magenta) and valence
mixed (blue). Fit functions: constant for charge-ordered Fe*T, sigmoid for charge-ordered Fe?*, inverse
sigmoid for intermittent and sigmoid on a slope for valence-mixed components

3.1 Fitting the spectra

Setting correct direction of V; is essential for a successful population analysis. Below Ty,
the Fe>t component clearly favors 8 = 0°, hence V,.||b, and also n was readily fitted. The
Fe3+ component of no orbital contribution to EFG was fitted with 8 fixed at 90°, hence
V..||c dominated by the ligand contribution (Table 1). The ligand contribution also suggests
that n = 0. However, when n was initially fixed at this value, quadrupole coupling values of
only 0.10-0.30 mm/s were obtained. A slight improvement of the fit was achieved by fixing
eQYV,, at the ligand value of 0.70 mm/s (Table 1) and releasing 7.

Above Ty, the fitting attempts were done in parallel with the population analysis. Gener-
ally the 8 = 0° option could be ruled out as it produced quadrupole constants too small to
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Fig. 9 Estimated orbital field B, for the minority-spin electron (black) separated into contributions from
Fe<23% (green) and Fe> 2% (red)
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Fig. 10 Temperature evolution of the calculated (5) minority-spin electron populations in the d,2_,2, d,2
and d,,; orbitals of charge-ordered, intermittent and valence-mixed components of di- and trivalent parentage
(shown from left and right, respectively) in GdBaFe;Os under thermally induced mixing towards the para-
magnetic end point of the fully valence-mixed state. The additional d,, population concerns the valence-
mixed components only

be reproduced by (5), suggesting that 8 should be fixed at 90°. The structural trend towards
tetragonality upon heating suggests that V_,||c should be sufficient, which was also the case
except for the intermediate Fe component of divalent parentage. The temperature evolution
of the quadrupole coupling constants is plotted in Fig. 8.

Fitting the internal field for charge-ordered Fe3* yields B = 52.19 T, which in absence
of a minority-spin electron is taken as the Fermi-contact field Brc in (5). For all other
Fe components, the internal field is influenced by dipolar- and in most cases also orbital
contributions.
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3.2 Solving the (5)

The temperature evolution of iron valences in Fig. 6 and of hyperfine parameters in
Figs. 5 and 8, approximated with suitable functions, were fed point-wise to (5) to obtain
the populations and the orbital field B;. As negative populations and |V;;| smaller than
[Vix| or |Vyy| cannot be accepted as solutions, the cases of smaller |V,,| in the valence-
mixed state were dealt with by introducing a population n4 of the dy, orbital above
Tp. This is justified by the increasing tetragonality that decreases the energy difference
of d,; and dy; (Table 1). The introduced 4th variable makes (5) numerically depen-
dent, as the combined contribution of d; and dy, to the EFG and dipolar field equals
that of d,». However, considering that two “units” of the minority-spin electron for the
combination d,;, dy; have the same effect as one unit of d, a difference arises when
about 1/2 minority-spin electron (valence mixing components) is distributed over the
orbitals. An initial guess for the dy, concentration was made, the right-hand sides of
(5) were adjusted, and populations n1, ny, n3 and By, solved iteratively. When |V,,| and
|Vyy| exceeded |V,.|, the initial n4 was updated and the cycle repeated. It should be
pointed out that despite introducing a fourth orbital, the (6) still holds as a very good
approximation.

The orbital field due to the minority-spin electron and its distribution over the two
valences is shown in Fig. 9. In the charge-ordered phase, By is zero for Fe3* of no minor-
ity spin and zero for Fe?t of one minority-spin electron in d,, that cannot carry an angular
momentum (see (6) in which nyc = nic = 0, n3c = 1). The simultaneously determined
population numbers are shown in Fig. 10. In the valence-mixed phase, the iterative scheme
was constrained to have equal occupancies of dy; and dy, due to tetragonality (n4 = n3),
and this removed the component-size violations within the EFG.

The results in Figs. 9 and 10 reproduce well the observed hyperfine parameters. Only the
EFG asymmetry parameter 1 is modelled poorly. There are several reasons for this: Except
for charge-ordered Fe?T, the parameter 5 cannot be reliably fitted from the spectra. Above
Ty, n was fixed at 0 implying Vi, = V,,, while nothing in the set of (5) ascertains this to be
fulfilled, as only p, V.. and B? are specified. Furthermore, being a ratio and a difference
between EFG components, 7 is numerically somewhat unstable. Finally, higher-order terms
of the EFG from next-neighbor atoms could affect n, despite being too weak to affect V.
significantly.

4 Conclusions

The charge- and orbital order in GdBaFe,Os is controlled by the single minority-
spin electron of divalent iron parentage. At low temperatures, it orders the dy;
orbital along rows of Fe?T coordination square-pyramids alternated with Fe’* rows.
Above the Verwey transition, the evolution of the hyperfine parameters can be used
to extract the temperature-dependent orbital populations of the minority-spin electron.
The method should be applicable to Mdssbauer spectra of other magnetically ordered
phases.
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