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Structure of the Local Surroundings and Hyperfine Coupling of Probe 57 Fe Atoms in ANiO 3 Nickelates (A= Pr, Nd, Sm, Lu, Y, Tl)

The ANi 0 _ 98 Fe 0 _ 02 0 3 nickelates (A= Pr, Nd, Sm, Lu, Y, Tl) were studied above the temperature of their magnetic ordering (T N) by 57 Fe Müssbauer spectroscopy. Orthorhombic nickela tes (A= Pr, Nd, Sm) have the only type of Fe(III) position in the symmetric octahedral oxygen surroundings. The 57 Fe spectra of mono clinic nickelates (A= Lu, Y, Tl) show two components, which can be assigned to the dopant trivalent iron cat ions substituted for nickel in the Ni< 3 -E'l+o 6 and Ni< 3 + El+Q 6 polyhedra. The data obtained are consistent with the results of neutron diffraction studies of ANi0 3 , assuming the 2Ni 3+ -Ni( 3 -E')+ + Ni< 3 + E)+ disproportion ation for monoclinic nickelates (A= Y, Ho-Lu) at T < T flvl• * The corresponding fonnal charges for "reference" Ni(n)+ cations were calculated by the Brown mode! (see text) using the averaged (Ni-0) distances from [l, 4, JO).

Consid�rablë 1c1.:c11L iuleresl in ANI0 3 nickelates [ 1] is associated with studying the nature of the thermally induced insulator-metal phase transition observed in these complex oxides, whose temperature (T ™) signif icantly increases with a decrease in the radius of a rare earth cation A 3+ [2). X-ray photoemission spectroscopy [3] indicates that the electronic state of nickel cations (!'l'es) ) can be represented by a superposition of two limiting configurations: !'l'es) = aj t� g e�) + 131 t� g e!l/) (0:::; a, f3:::; 1). The relative contributions ( a. 2 , [3 2 ) of each of the configurations are determined by the crystallo graphic structure of nickelates. The first èonfiguration corresponds to formally trivalent low-spin cations Ni 3+ : t� g e!, which, like the Jahn-Teller Mn 3 +: t� g e� cations in distorted perovskite-like manganites, contain one unpaired electron in the degenerate e 8 orbitais. How ever, in contrast to manganites, the ANi0 3 structures are not distorted, which is explained by the substantial contribution of the second "spherically symmetric" For this process to take place, the charge transfer energy (.è.) is required; according to theoretical esti mates, 6. is about I to 2 eV [3].

The decrease in the degree of overlap of eiNi)-2pcr(O)-e g(Ni) orbitais with a decrease in temperature and, as a result, the emergence at T = T ™ of the band gap characterized by tJ. > 0 were assumed to be the major reason for the transition of ANi0 3 into the low temperature insulator state [2]. However, recent neu tron diffraction studies of ANi0 3 (1,4,5] showed that the crystal lattice symmetry of nickelates with small rare-earth cations (A= Ho, Y, Er, Tm, Yb, Lu) at T < T IM is lowered to monoclinic (n/n). The monoclinic struc ture has two types of octahedral positions, Ni(l) and Ni(2), characterized by different degrees of distortion and different sizes of Ni0 6 coordination polyhedra. The formation of two crystallographic positions was assigned in [1,4,5] to disproportionation of nickel cat ions at T < T N :

where O < ê(E') < 1 is the degree of disproportionation (charge transfer), which is a fonction of the degree of the monoclinic distortion of the lattice.

Later theoretical works showed that, according to which configuration mainly contributes to the nickel electronic state, disproportionation may proceed in both the cationic sublattice (see the equation above) and oxygen sublattice: 2d8 L 1 -cf> + d8 !, } [6]. The calculations in [6] show that the disproportionation in the anionic sublattice, which does not result in the ... ernergence of two different crystallographic positions in the nickel sublattice, becomes favorable by energy for nickelates with bulky cations A = Pr-Eu.
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To develop the above theoretical approaches to the description of the electronic structure of nickelates, new experimental methods of physicochemical diagno sis should be invoked. For this purpose, we used for the first time 57 Fe Mossbauer spectroscopy to study ANi 0 _ 98 Fe 0 _ 02 O 3 nickelates doped with probe 57 Fe atoms. In this paper, we report on the results of studying hyperfi ne 57 Fe couplings in the paramagnetic ternpera ture range (T > T N )- 

EXPERIMENTAL

The synthesis of ANi 0 _ 98 Fe 0 _ 02 O 3 samples involved several stages. At the first stage, nickel and iron hydrox ides were coprecipitated by a 3M KOH solution from an acid solution of a stoichiometric mixture of Ni(II) and 57 Fe(III) salts. The hornogeneous hydroxide mix ture was washed, dried, and annealed in air at 300 °C until the formation of the 57 Fe-doped Ni 0 _ 98 Fe 0 _ 02 0 oxide. At the second stage, a stoichiometric mixture of A 2 O 3 and Ni 0 _ 9 8 Fe 0 _ 02 O (with the addition of a small amount of KC-1O 3 ) was annealed in a gold capsule at 900 °C and 6 GPa (A = Lu, Y) or at 700 °C and 7 .5 GPa (A= Tl). To synthesize the nickelates with A= Sm, Pr, and Nd, a stoichiometric mixture of A 2 0 3 and Nio. 98 Feo_ 02 O was dissolved in lM nitric acid with the addition of excess citric acid. Then, the solution was evaporated while maintaining pH 5-6 until a gel was formed. This gel was decornposed at 750 °C in air. At the last stage, the homogeneous precursor mixture was annealed for several days at 850 °C and at an oxygen pressure of 100 MPa.

Mossbauer spectra were measured on a constant acceleration spectrometer. The radiation source was 57 Co applied to a copper support. The 57 Fe isomer shifts were referenced to ex-Fe at 300 K.

RESULTS AND DISCUSSION

Figu _ re 1 shows the temperature dependences of magnetic susceptibility for some ANiO 3 and ANio .98 Feo_ 02 0 3 nickelates. For all 57 Fe-substituted ANi 0 _ 9 8 Fe 0 . 02 O 3 sarnples, the magnetic ordering temper ature decreases, which serves as independent evidence of the stabilization of doped probe iron atoms in the nickelate structures. One of the possible reasons for the effect of small amounts of the paramagnetic iron impu rity on T N can be associated with the perturbation of hyperfine Ni lll -O-Ni 111 couplings by Fe 3 + cations. Spe cific features of these couplings are primarily deter mined by the electronic configuration of the nickel cat ions involved in these couplings [7].

The 57 Fe Mèissbauer spectra of nickelates with bulky rare-earth cations A= Pr, Nd, and Sm at T> T N ( = T ™) (Fig. 2) show a single unresolved quadrupole doublet whose parameters (Table 1) correspond to the high-spin trivalent iron cations. A noticeable decrease in the iso mer shifts (◊) of Fe 3+ cations in the ANi 0 _ 98 Fe 0 _0 2 O 3 nickelates against the corresponding values for the iso structural orthoferrites PrFeO 3 (0.35 rnm/s), NdFeO 3 (0.37 mm/s), and SmFeO 3 (0.39 mm/s) [8] can be caused by the indirect effect of neighboring nickel cat ions on the covalence of the Fe-O chemical bonds. The origin of this effect is akin to the "inductive effect" well known in chemistry. In our case, this effect manifests itself as the increase in the ionicity of Fe Small quadrupole splittings (Li) (Table 1) observed in the spectra are consistent with available neutron dif fraction data on undoped ANiO 3 samples. These data points to the high symmetry of octahedral NiO 6 polyhe dra in the nickelates with bulky rare-earth cations (Pr-Eu) (1,4,5]. It is important that the Jack of a noticeable distortion of the nearest octahedral surroundings of Jahn-Teller Ni m : t� g e! cations, supported by independent 57 Fe spectra, is another piece of evi dence in favor of a high degree of covalence of Ni m -o bonds, which causes the transformation of the doubly degenerate "localized" e g orbitais into "delocalized" antibonding 0* bands [9].

The 57 Fe spectra of nickelates with A= Lu, Y, and Tl (Fig. 3) are a superposition of two quadrupole doublets with the same isomer shifts (Table 2). This observation Taking into account that the increase in the formai oxidation state of iron cations le ads to the decrease in the corresponding isomer shift, the quadrupole doublet with the smaller 8 2 value can be assigned to the Fe(2) cations substituted for nickel in Ni(2)0 6 • ln this case, the second quadrupole doublet with the larger 8 1 value should arise from the Fe(l) cations substituted for nickel cations with a reduced effective charge, i.e., in the electron-enriched less crowded Ni(1)0 6 polyhedra. Note that the isomer shifts for both iron states fall within the range of the shifts corresponding to formally trivalent iron cations in oxide compounds [11]. The dif ference between 8 1 and 8 2 is caused only by different degrees of covalence of the Fe-0 bonds in the Fe(1)0 6 and Fe(2)0 6 polyhedra. In this connection, it is impor tant to elucidate how the difference between the formai charges (n) of the Fe(l) and Fe(2) dopant ions, mani festing itself as the difference in corresponding isomer shifts, correlates with the charge redistribution E (E') between the Ni(l) and Ni(2) cations (s ee the equation above) caused by the monoclinic distortion of the nick elate lattice.

Let the octahedrally coordinated trivalent iron cat ions Fe(n> +o 6 in the orthorhombic structure of nickelates with one type of Ni0 6 polyhedron be taken as the "ref erence" state (Fig. 4a). Upon the monoclinic distortion of nickelates, the dopant Fe(2) cations substituted for nickel cations in the octahedral NiC<n> + E)+Q 6 positions with a smaller volume will increase their formai posi tive charge with respect to the reference Fe<n) + state by cr, i.e., Fe < <n)+o)+Q 6 • The Fe(l) cations substituted for nickel in the Iarger Ni < (n)-e') + Q 6 polyhedra will decrease their charge by cr', i.e., Fe < (n)-o'J+Q 6 (Fig. 4b). The anal ysis of the experimental data on iron oxide compounds containing heterovalent Fe 3+ fFe 4+ cations involved in rapid electron exchange with each other [11] shows that isomer shift roughly linearly decreases with an increase in the average forma! oxidation state of iron cations. The use of the average isomer shifts for the high-spin Fe 3+ and Fe 4+ cations (a::0.35 and 0.05 mm/s, respec tively) in the Fe"+0 6 polyhedra [11] makes it possible to fi nd an expression relating the formai charge (n) on Fe n+ cations (3 � n � 4) to the corresponding isomer shift: o = 1.25 -0.30n.

The substitution of the experimental 8 1 and 8 2 values (Table 2) into this expression allowed us to assess the formai charges n 1 and n 2 for the dopant Fe(l) and Fe(2) cations, respectively. The formai charges (n) for the ref erence Fe (n) + state with the average isomer shift (8) = (8 1 + 8 2 )/2 were calculated in the same manner. Based on the data in Table 3, the changes in the effective charges cri= J(n) -n;J were calculated for the Fe(l) and Fe(2) cations with respect to the reference Fe < 11 > + state. To calculate the degrees of charge redistribution e and E' of the Ni(l) and Ni( 2) cations, we used the Brown mode! [ 12] based on the dependence of the for mal charge of Ni"+ cations on the sum of bond valences (s;), which are determined by the interatomic Ni"+-O; distances (r;) in the Ni0 6 polyhedra: s; = exp[(r 0 -r; )/B] (r 0 = 1.686, B = 0.37 [1]). The use of this mode! as applied to the ANi0 3 nickelates was comprehensively described in [l, 4]. The calculation results are summa rized in Table 4.

Comparison of the data in Tables 3 and4 allows us to draw the following conclusions. First, good agree ment of cr ( cr') and e (e') values calculated by indepen dent methods supports the correctness of the assign ment of the Fe(l ) and Fe(2) components of the Moss bauer spectra to definite states of the Ni«n) +EJ+ and Ni C(n)-E' } + cations in the monoclinic structures of nicke lates. Second, small f. (E.' ) values for the Ni< 3 +t)+ and Ni< 3 -E' l + cations, the major components of nickelates, and small cr ( cr' ) values for the probe Fe< 11 > + cr and Fe<n>cr' ions point to a slight charge "separation" caused by the monoclinic distortion of nickelates. This result under lines once more the conditional character of the notion "disproportionation" as a complete redistribution of electrons between M n+ to give transition-metal cations in individual oxidations states M<" + 1 >+ and M< n-Il +.

Table 5 compiles the data on some perovskite oxide systems AM0 3 for which different physicochemical methods assumed the disproportionation of the M" + cat ions at T < T,. Note that YNiO 3 is characterized by the smallest charge separation among the compounds Iisted in Table 5. The lack of noticeable electron transfer between trivalent nickel cations can be associated with a high ionization energy J(Ni 3+ ) = 1 4 compared to other transition metals. According to theoretical estimates [9], this energy mainly contributes to the intraatomic energy of electron-electron repulsion, U = l n -A ,, _ 1 (A ,, _ 1 is the electron affinity energy of M n+ ), consumed upon the 2M"+ --M(n+ l)+ + M<" -Il+ disproportion ation.

The ratio of the areas under the Fe( 1) and Fe(2) sub spectra considerably differs from unity (Table 2), thus indicating the lack of random distribution of dopant iron cations over two crystallographic positions in the monoclinic lattice of nickelates. A reason for this can be "steric" effects caused by the fact that the octahedral Fe 3+ O 6 polyhedra in trivalent iron oxide compounds ((Fe 3+ -O) "" 2.03 À) are close in size to the Ni(1)O 6 polyhedra in the monoclinic ANi 0 _ 98 Fe o . 02 O 3 structure ((Ni(l)-O) "" 2.00 À [l]). This seems to result in the preferable substitution of trivalent iron for Ni(l) cations, rather than for Ni(2) cations located in considerably smaller Ni(2)O 6 polyhedra ((Ni(2)-0) "" 1.92 À [l]). It may appear surprising that the ratio of the areas under the two subspectra remains virtually constant (A 1 /A 2 "" 2) within the measurement error for nickelates with a varied degree of monoclinic distortion. However, this result is consistent with the data of Alonso et al. [ 4] (n) ai ( <11/ '12 ) The difference in quadrupole splitting between two types of iron atoms-� 2 > � 1 (Table 2}-is qualitatively consistent with neutron diffraction data, which show that the Ni(2)O 6 polyhedra are more distorted than the Ni(1)O 6 polyhedra [1,4,5,10].This is semiquantita tively confirmed by the �if!:1 1 values (Table 3) obtained from Mossbauer spectra and calculated within the framework of the point charge mode! with regard to only the geometric parameters of NiC 3 ±el+O 6 polyhedra. Sorne discrepancy between the theoretical and experi mental � magnitudes can be due to an additional distor tion of oxygen octahedra caused by the stabilization of dopant iron cations in them. In addition, a nonzero con tribution to the electric field gradient (EFG) at the nuclei of different dopant iron cations can be caused by their own 3d electrons.

In summary, it should be noted that 57 Fe Mossbauer measurements point to the stabilization of the dopant Fe(III) cations in two crystallographic positions of the monoclinic structure of nickelates with A= Lu, Y, and Tl. These positions differ not only in the character of 

  t� 8 e:L I configuration (L I is a positive hole at the oxide ion), which emerges as a result of e!ectron transfer from the oxide ion to the nickel cation: 0 2 -+ Ni 3+ -o-+ Ni 2+ .

  • ..t .... . . ......... ..-. .

Fig. 1 .

 1 Fig. 1. Reciprocal magnetic susceptibility vs. temperature for ANi O 3 and ANio.98Fe o.02O3.

Fig. 2 .

 2 Figu _ re 1 shows the temperature dependences of magnetic susceptibility for some ANiO 3 and ANio .98 Feo_ 02 0 3 nickelates. For all 57 Fe-substituted ANi 0 _ 9 8 Fe 0 . 02 O 3 sarnples, the magnetic ordering temper ature decreases, which serves as independent evidence of the stabilization of doped probe iron atoms in the nickelate structures. One of the possible reasons for the effect of small amounts of the paramagnetic iron impu rity on T N can be associated with the perturbation of hyperfine Ni lll -O-Ni 111 couplings by Fe 3 + cations. Spe cific features of these couplings are primarily deter mined by the electronic configuration of the nickel cat ions involved in these couplings[7].The 57 Fe Mèissbauer spectra of nickelates with bulky rare-earth cations A= Pr, Nd, and Sm at T> T N ( = T ™) (Fig.2) show a single unresolved quadrupole doublet whose parameters (Table1) correspond to the high-spin trivalent iron cations. A noticeable decrease in the iso mer shifts (◊) of Fe 3+ cations in the ANi 0 _ 98 Fe 0 _0 2 O 3 nickelates against the corresponding values for the iso structural orthoferrites PrFeO 3 (0.35 rnm/s), NdFeO 3 (0.37 mm/s), and SmFeO 3 (0.39 mm/s)[8] can be caused by the indirect effect of neighboring nickel cat ions on the covalence of the Fe-O chemical bonds. The origin of this effect is akin to the "inductive effect" well known in chemistry. In our case, this effect manifests itself as the increase in the ionicity of Fe 3+ -O bonds at the expense of the covalent Ni m -o bonds competing

Fig. 3 . 6 -

 36 Fig. 3. 57 Fe Miissbauer spectra of ANi 0 _ 98 Feo. 02 O 3 (A = Lu, Y, 11) samples at 300 K.

Fig. 4 .

 4 Fig. 4. Schematics of the change in the local environment of Fe(III) cations upon the monoclinic distortion of the ANio_9gFeo .0 2O 3 structure.

  * Tm is the measurement temperature. ** T d is the 2M(n) -M(n) + E + M(n) -E disproportionation tcmperature. distortion of the Fe(1)O 6 and Fe(2)O 6 polyhedra but also in the covalence of F(l)-O and Fe(2)-0 bonds. Semiquantitative estimates show that the difference between isomer shifts Ô 1 and 8 2 is in agreement with average Ni(l)-O bond lengths and that the quadrupole splittings Ll 1 and Li 2 qualitatively reflect the degree of distortion of the Ni(1)O 6 and Ni(2)O 6 polyhedra in unsubstituted nickelates ANiO 3 (A = Lu, Y, TI). In the orthorhombic structures of the nickelates with A = Pr, Nd, and Sm containing only one type of NiO 6 position, trivalent iron cations are stabilized in homogeneous and symmetric octahedral oxygen surroundings. Therefore, our fi ndings allow us to conclude that the Mossbauer parameters and the character of distribution of probe 57 Fe atoms in the ANio_ 98 Fe 0 _ 02 O 3 nickelates are very sensitive to the specific features of their crystallo graphic and electronic microstructure. In the future, we intend to measure Mossbauer spectra in a wide temper ature range in order to shed light upon the temperature dependence of the degree of monoclinic distortion and attendant charge redistribution between Ni(l) and Ni(2) cations. Also, it is of interest to study changes in the local microstructure of probe 57 Fe atoms at the points of insulator-metal (T = T w. ) and antiferromagnet paramagnet (T = T N ) phase transitions.

Table 1 .

 1 Mossbauer parameters of ANi 0 _ 98 Fe 0 _ 02 0 3 (A = Sm,

	Pr, Nd)		
	Compound	ô, rnm/s t., m.m/s r, m.m/s A,%
	SmNi 0 _98Fe0_02O	0.26(1) 0.11(1) 0.28(1)	100
	PrNi 0 _98Fe 0_02O3	0.23(1) 0.09(]) 0.29(1)	100
	NdNi 0 _98Fe 0_02O3	0.22(1) 0.08(1) 0.28(1) 100

Table 2 .

 2 Mossbauer parameters of ANi 0 _ 98 Fe 0 _ 02 0 3 (A == Y, Lu, Tl) at 300 K Compound FeO 6 8, mmls fi., mm/s r, mm/s A,%

	YNi 0 _98Fe 0_02 O 3 Fe(l) 0.32(1) 0.34(1) 0.31(1) 70(2)
	Fe(2) O. 18(1) 0.23(1) 0.31(1) 30(2)
	LuNi 0 _98Fe0_02 O 3 Fe(!) 0.31(1) 0.38(1) 0.30(1) 67(2)
	Fe(2) 0.15(1) 0.21(1) 0.30(1) 33(2)
	TINi 0 _98Fe0.o2 O 3 Fe(l) 0.36(1) 0.40(1) 0.31(1) 67(2)
	Fe(2) 0.23(1) 0.18(1) 0.30(1) 33(2)

Table 3 .

 3 Fonnal charges (n, (n)), charge transfer degrees (cr), and quadrupole splittings (b.) for Fe(l) and Fe(2) cations in AN i o.98 Fe 0 . 0203

	Compound	FeO 6	n i
	YNi 0 _9 8 Fe o.02 O 3	Fe(l)	3.10
		Fe(2)	3.57
	LuN4 l .9 8 Fe 0 _02 O	Fe(l)	3.13
		Fe(2)	3.67
	TlNio_ 9 gFeo. 0 2O 3	Fe(l)	2.97
		Fe(2)	3.40

  ) cations and, hence, the sizes of the Ni(1)O 6 and Ni(2)0 6 polyhedra remain virtually unaltered while the degree of monoclinic distortion increases in the ANiO 3 nickelate series (Ho -Lu, Y).

			exp	( <11/ '1z)theor
	3.33	0.23	1.48	1.21
		0.24		
	3.38	0.25	1.80	1.45
		0.29		
	3.18	0.21	1.74	1.36
		0.22		
	who showed that the effective charges of the Ni(l) and
	Ni(2			

Table 4 .

 4 Formal charges (n, (n)) and charge transfer degrees (E) of Ni(l) and Ni(2) cations in ANiO 3

	Compound NiO 6	n i	(n)*	é	Reference
	YNiO 3	Ni(l) 2.62 2.89 0.27	(1, 4)
		Ni(2) 3.17		0.28
	LuNiO 3	Ni(l) 2.58 2.89 0.31 Ni(2) 3.24 0.35	[l, 4)
	TINiO 3	Ni(l) 2.54 2.89 0.35	[10]
		Ni(2) 3.07		0.18

Table S .

 S Forma! charges for different cations (Tm< T d ) calculated by the Brown method[12] 

	Compound	Tm,K*	T d , K**	M (n)+ E	M(n)-E	e	Reference
	Ca 2 Fe v Fe m O 6 Ba 2 Bi v Bi m O 6 Sr 2 Bi v Bi m O 6 Y 2 Fe Vpe ll1 O 6	15 300 300 300	290 850 865 580	4.58 4.87 4.97 3.17	3.48 3.36 3.26	0.55 0.76 0.86	[13] [14] [15]
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