Gd2CuZnMn4O12: A-site columnar-ordered perovskite with anisotropic thermal expansion and a gradual charge-order transition
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Abstract

A new A-site columnar-ordered quadruple perovskite, Gd2CuZnMn4O12, was synthesized by a high-pressure, high-temperature method at 6 GPa and 1500 K. Its structural properties between 100 K and 800 K were investigated by synchrotron powder X-ray diffraction. It has space group Pmmn (No. 59) between 100 K and about 450 K with a layered charge order (CO) of Mn3+ and Mn4+ cations at the perovskite B sites and space group P42/nmc (No. 137) above 475 K with one perovskite B site (having an average manganese oxidation state of +3.5). Anisotropic thermal expansion was observed as the c lattice parameter decreases with increasing temperature above 325 K. Temperature dependence of the unit-cell volume and the lattice parameters and differential scanning calorimetry measurements gave evidence that the CO transition (with TCO ( 475 K) is of the second order. Gd2CuZnMn4O12 shows a ferrimagnetic transition below TC = 105 K with an additional decrease of magnetic susceptibilities below about 45 K, probably caused by a gradual increase of the ordered moments on the Gd sublattices coupled antiferromagnetically with the existent ferrimagnetic structure.
1. Introduction

Hole-doped perovskite manganites, R1(xAxMnO3 (where R3+ is a trivalent rare-earth cation and A2+ is a divalent alkali-earth cation or Pb2+), have been a playground for materials and solid-state physicists and chemists for decades [1–6]. Because of a mixture of R3+/A2+ they have a mixture of Mn3+/Mn4+ cations and, therefore, a charge degree of freedom. This degree of freedom gives rise to a large variety of physical phenomena. The most famous one is the colossal magnetoresistance effect [5] closely related with a phase separation [6]. The R1(xAxMnO3 systems have rich phase diagrams [4] with a variety of different electronic and magnetic ground states, such as, charge-ordered and orbital-ordered insulating antiferromagnets (with a plethora of antiferromagnetic orders: A-, C-, G-, and CE-types), ferromagnetic metals, charge-ordered and orbital-ordered stripe structures, and spin-glass states [1–4]. The important physical concepts of Jahn–Teller distortions, small polarons, double exchange, and electron-phonon couplings were intensively tested and developed using R1(xAxMnO3 perovskite manganites as model systems.

A special attention has always been paid in the literature to half-doped samples with x = 0.5 or near-half-doped samples as some properties could be maximized at these doping levels [1–6], such as, the colossal magnetoresistance effect. In addition, other properties could emerge, for example, a first-order phase transition induced by a magnetic field was found in Nd0.5Sr0.5MnO3 [7]. Charge order (CO) phenomena could appear at other values of doping levels, such as, x = 2/3 and N/8 (where N is a positive integer) [1].

There is a large family of perovskite manganites belonging to the A-site-ordered quadruple perovskite family, AMn7O12 or AMn3+3Mn4O12 [8], with intrinsic A-site ordering. They show 1:1 Mn3+:Mn4+ charge ordering for A = Na [9], 1:3 Mn4+:Mn3+ charge ordering for A = Cd, Ca, Sr, and Pb [8] with complex orbital ordering as they contain 75 % of Jahn–Teller-active Mn3+ cations at the B sites, and complex magnetic and crystal structures for solid solutions with intermediate doping levels [10,11].

There is a special family of perovskite oxides with the general composition of A2A(A((B4O12, where there is intrinsic triple A-site cation ordering [12], and which are formed through a large a+a+c( type octahedral tilt in the Glazer’s notations [13]. The highest symmetry of such perovskites is P42/nmc. By the appropriate selection of cations for the A, A(, and A(( sites, one can retain the triple A-site cation ordering and, at the same time, introduce the required hole doping of cations at the B sites. In comparison with R1(xAxMnO3 perovskites, where the sizes of R3+ and A2+ cations are comparable, the sizes of cations for the A, A(, and A(( sites should be quite different. In addition, the coordination of the A( and A(( sites in A2A(A((B4O12 is quite different: A( has a square-planar coordination and A(( has a tetrahedral coordination [12]. Therefore, very specific cations can only be located at the A( and A(( sites. For example, Cu2+, Mn2+, and Mn3+ cations are typically located at the A( site, while Zn2+, Mn2+, and Ga3+ cations are typically located at the A(( site [12]. Some (pure B site) manganites, belonging to the A2A(A((B4O12 family, have already been studied in the literature, RMn3O6 [14–17], R2CuMnMn4O12 [18], and Y2CuGaMn4O12 [19]. While a charge-ordered structure with space group Pmmn was found in RMn3O6 [14–17] and R2CuMnMn4O12 [18] at room temperature, no temperature-driven structural transitions to the parent structure with space group P42/nmc were found/studied. On the other hand, Y2CuGaMn4O12 [19] remains in a charge-mixed state (that is, it crystallizes in space group P42/nmc) down to 1.5 K despite the presence of a 1:3 Mn4+:Mn3+ mixture.

In our current work, we investigated an A2A(A((B4O12-type pure manganite (B = Mn) with A = Gd3+, A( = Cu2+, and A(( = Zn2+, in other words, the Gd2CuZnMn4O12 composition. This combination of the A/A(/A(( cations corresponds to the half-doped case of R1(xAxMnO3 and gives an average manganese oxidation state as +3.5 – an ideal value for the realization of possible charge ordering. We found that Gd3+2Cu2+Zn2+Mn3+2Mn4+2O12 has a 1:1 Mn3+:Mn4+ charge-ordered structure between 100 K and 450 K. Moreover, we could observe a structural transition above about 475 K to a charge-mixed state, Gd3+2Cu2+Zn2+Mn3.5+4O12, using direct high-temperature structural studies. In addition, Gd2CuZnMn4O12 exhibits a ferrimagnetic transition below 105 K with a strong decrease of magnetic susceptibilities at lower temperatures almost reaching a magnetization reversal phenomenon. 

2. Experimental Section

Gd2CuZnMn4O12 was prepared from a stoichiometric mixture of o-GdMnO3, CuO (99.9 %), ZnO (99.9 %), and MnO2 (Alfa Aesar, 99.9 %). The oxygen content of a commercial well-crystallized single-phase MnO2 chemical was confirmed by the thermal analysis. Single-phase o-GdMnO3 was prepared from a stoichiometric mixture of Gd2O3 (99.9 %) and Mn2O3 (99.99 %) by annealing in air at 1430 K for 60 h with several intermediate grindings. The synthesis of Gd2CuZnMn4O12 was performed at high pressure of about 6 GPa and high temperature of about 1500 K for 2 h in an Au capsule. The sample was cooled down to room temperature by turning off a heating current after annealing at 1500 K, and then the pressure was slowly released. One high-pressure high-temperature synthesis run gave about 0.4 g of one sample (and one high-pressure cell could hold 4 samples).

X-ray powder diffraction (XRPD) data were collected on a RIGAKU MiniFlex600 diffractometer using CuK( radiation (in a 2( range from 8( to 100(, a step width of 0.02(, and scan speed of 2 (/min) at room temperature. Synchrotron XRPD data were collected on the beamline BL02B2 of SPring-8 [20] from 100 K to 800 K on heating and then from 800 K to 295 K on cooling. The data were taken between 2.08 and 78.22 at 0.006 intervals in 2 using a wavelength of  = 0.420186 Å. The data with good statistics for structural refinements were collected at 100 K, 295 K, and 600 K with the measurement time of 200 s (at 100 and 295 K) and 400 s (at 600 K); the measurement time was 10 s at all other temperatures. The sample was filled into an open Lindemann glass capillary tube (inner diameter: 0.2 mm), which was rotated during measurements. The Rietveld analysis of all XRPD data was performed using the RIETAN-2000 program [21]. No signs of decomposition were detected on synchrotron XRPD patterns after heating to 800 K, and widths of reflections remained the same (Figure S1 of Supporting Information).

Magnetic measurements were performed on a SQUID magnetometer (Quantum Design, MPMS3) between 2 and 400 K in different applied magnetic fields under both zero-field-cooled (ZFC) and field-cooled on cooling (FCC) conditions. Isothermal magnetization measurements were performed between (70 and +70 kOe at different temperatures. Frequency dependent alternating current (ac) susceptibility measurements were performed on cooling with a Quantum Design MPMS3 instrument at zero static dc field and at different frequencies (f) and different applied oscillating magnetic fields (Hac).
Specific heat, Cp, at different magnetic fields between 0 Oe and 90 kOe was recorded from 270 K to 2 K by a pulse relaxation method using a commercial calorimeter (Quantum Design PPMS). Magnetic and specific heat measurements were performed using pieces of pellets: 13.22 mg for dc magnetic, 38.74 mg for ac magnetic, and 9.57 mg for specific heat.
Differential scanning calorimetry (DSC) curves of a powder sample (68.10 mg) were recorded on a Mettler Toledo DSC1 STARe system between 300 K and 700 K in an open Al capsule with a heating/cooling rate of 10 K/min under N2 flow. No DSC anomalies were found in the measurement temperature range. Three DSC runs were performed to check the reproducibility. Laboratory XRPD data collected after the DSC experiments showed no changes in comparison with the as-synthesized sample.

3. Results and Discussion

Gd2CuZnMn4O12 was found to contain an impurity with the cubic A-site-ordered quadruple perovskite structure AA(3B4O12 and the lattice parameter of a = 7.30981(7) Å (at room temperature). Judging from the impurity magnetic transition temperature of about 330 K (see below), its chemical composition should be close to GdCu3Mn4O12, whose magnetic transition temperature is 394 K and the lattice parameter is 7.2744 Å [22], and it is known that magnetic transition temperatures decrease in RCu3(xMnxMn4O12 with increasing x. The weight fraction of the impurity was estimated to be about 4 % from refined scale factors during the Rietveld analysis (see below). Reflections belonging to Gd2CuZnMn4O12 could be indexed in orthorhombic symmetry with a = 7.2714 Å, b = 7.2870 Å, and c = 7.8388 Å. Therefore, Gd2CuZnMn4O12 should crystallize in the orthorhombic space group Pmmn of the A-site columnar-ordered quadruple perovskites [12], and we used the structural parameters of DyMn3O6 [14] as the initial ones in the Rietveld analysis of Gd2CuZnMn4O12 at 100 K and 295 K.
We note that we tried to synthesize Gd2CuZnMn4O12 at a higher temperature of 1730 K (at 6 GPa in a Pt capsule for 2 hours); however, the amount of the impurity remained nearly the same (about 5 weight %). The lattice parameters of the sample prepared at 1730 K were a = 7.27738 Å, b = 7.30207 Å, and c = 7.84091 Å (based on synchrotron XRPD at room temperature), and the orthorhombic distortion was visibly larger in agreement with the larger difference between the a and b lattice parameters; the magnetic transition temperature was at 108 K. The impurity had a = 7.32160(8) Å and the magnetic transition at 305 K.

Synchrotron XRPD measurements (non-resonant) cannot distinguish Cu2+ and Zn2+ cations. Therefore, distribution of Cu2+ and Zn2+ was assigned based on their coordination environment preferences as Zn2+ cations have a strong preference for a tetrahedral coordination; on the other hand, Cu2+ cations have a strong preference for a square-planar coordination [23] (between tetrahedral and square-planar coordination). The structural analysis of Gd2CuZnMn4O12 also showed that all cation occupation factors converged to unity within experimental errors. We will give the refined occupation factors at 600 K because the symmetry at 600K is higher, and the number of refined structural parameters is smaller (see below). We obtained the following values: g(Gd) = 1.000(2), g(Cu) = 0.490(3) (for a disordered model with the ideal g = 0.5), and g(Zn) = 1.019(5) with fixed g(Mn) = 1; and g(Cu) = 0.490(3), g(Zn) = 1.019(5), and g(Mn) = 1.001(2) with fixed g(Gd) = 1. Note that all other structural and non-structural parameters were refined simultaneously including atomic displacement parameters, and one cation occupation factor should be fixed to avoid strong correlations with atomic displacement parameters. Therefore, within the sensitivity of synchrotron XRPD data, an ideal cation distribution is realized in Gd2CuZnMn4O12 without detectable anti-site disorder.

Structural parameters, primary bond lengths, and bond-valence sums (BVS) [24] of Gd2CuZnMn4O12 at 100 K and 295 K after the Rietveld refinements are summarized in Tables 1 and 2. Experimental, calculated, and difference synchrotron XRPD patterns of Gd2CuZnMn4O12 at 295 K are shown on Figure 1a, and the crystal structure is shown on Figure 1b.

The orthorhombic Pmmn structural model was applied to the synchrotron XRPD data from 100 K to 670 K, and it was observed that the orthorhombic (O) aO and bO lattice parameters nearly merged at 525 K (Figure S2 of Supporting Information). This fact suggests the existence of a phase transition to a structure with tetragonal (T) symmetry. However, the structural parameters refined in the Pmmn model between 475 K and 670 K gave strange values of some bond lengths deviating from the observed monotonic tendencies (Figure S2 of Supporting Information) suggesting strong correlations among refined structural parameters. Synchrotron XRPD data could be well fitted with the tetragonal P42/nmc model at 475 K and above [12, 19]. Figures 2, 3, and 4 show temperature dependence of the lattice parameters, unit cell volume, and bond lengths, respectively. No visible orthorhombic splitting of reflections was observed at 475 K and above (Figure 5). Considering that no DSC anomalies were detected between 300 K and 700 K (Figure S3 of Supporting Information), it was difficult to determine the exact phase transition temperature. Therefore, we assigned the phase transition temperature to a point where visible orthorhombic splitting of reflections disappears and the tetragonal P42/nmc model can be applied (that is, at TCO = 475 K). We note that space group Pmmn has additional reflections in comparison with space group P42/nmc, for example, 00l reflections with l = 2n + 1. However, the intensity of all additional reflections is very weak, and they often overlap with other stronger reflections. Therefore, they can be readily detected only on the high-statistics data (Figure 5d) measured with 200 s. They are hardly detectable on fast data measured with 10 s. Therefore, temperature evolution of such additional reflections could not be used to determine the value of TCO.
Temperature dependence of the lattice parameters and unit-cell volume on heating and cooling showed a small hysteresis between 625 K and 800 K of an unknown origin. Temperature dependence of the unit-cell volume shows no anomalies at TCO. This fact, coupled with the absence of DSC anomalies, gives evidence that the structural phase transition at TCO = 475 K could be of the second order. Moreover, space group Pmmn is a direct subgroup of P42/nmc; therefore, second-order transitions are allowed by symmetry. Structural parameters, bond lengths, and BVS values obtained at T = 600 K in the P42/nmc model are summarized in Tables 3 and 4, and the fitting patterns are shown in the inset of Figure 1a, the crystal structure is shown on Figure 1c. We note that the Cu site could be split from the ideal 2a site (0.75, 0.25, 0.75) with some reduction in the refined value of the atomic displacement parameter.

The aO and bO lattice parameters (from 100 K to 450 K) and aT lattice parameter (from 475 K to 800 K) increase monotonically with temperature (Figure 2). On the other hand, the cO lattice parameter first increases from 100 K to 325 K and then decreases from 350 K to 450 K, and it continues to monotonically decrease as cT from 475 K to 800 K. Therefore, Gd2CuZnMn4O12 shows anisotropic thermal expansion above 325 K; but the origin of its anisotropic thermal expansion is not clear and will require additional experiments to understand, for example, using neutron diffraction data, which can located oxygen atoms more precisely.
The BVS parameters for the Mn1 and Mn2 sites at room temperature were +3.29 and +3.64. We note that the BVS approach just shows tendencies of oxidation states, and BVS values rarely match with formal oxidation states. For example, in R3+MnO3 perovskites, where the formal oxidation state of Mn is definitely +3, the BVS values vary from +3.15 to +3.25 [25, 26]. More importantly, the octahedral distortion parameters of the Mn1 and Mn2 sites differed by about one order of magnitude, 30.0(10–4 and 2.6(10–4, respectively. These values, coupled with the BVS parameters, suggest that the Mn1 site should be occupied by Mn3+ cations with a strong Jahn–Teller distortion of the Mn1O6 octahedra. On the other hand, the Mn2 site should be occupied by Mn4+ cations without strong Jahn–Teller distortions of the Mn2O6 octahedra. There is one crystallographic site (Mn) for the B cations in the P42/nmc model, and the BVS value of +3.44 was close to the expected average manganese oxidation state of +3.5. The octahedral distortion parameter of 10.2(10–4 at 600 K had an intermediate value, reflecting the statistical presence of a 1:1 mixture of Mn3+ and Mn4+ cations. Therefore, from these structural features we can suggest that a CO structure is realized below TCO = 475 K in Gd2CuZnMn4O12 with a transition from a formal charge-mixed Mn3.5+ state to a mixture of the formal Mn3+ and Mn4+ states.

FCC magnetic susceptibilities showed sharp rises below TC = 105 K in all measurement fields from 5 Oe to 10 kOe suggesting the development of a strong ferromagnetic (FM) component (Figure 6). This transition could be seen as sharp, negative peaks on the differential d(T/dT versus T curves (insets of Figure 6). Almost no difference was observed between the ZFC and FCC ( versus T curves at H = 10 kOe, while there was difference below TC at H = 100 Oe. A noticeable extrapolated (between 40 kOe and 70 kOe) magnetization was observed on the M versus H curves (Figure 7), for example, about 3.48(B/f.u. at T = 100 K and 4.75(B/f.u. at T = 60 K, where f.u. stands for formula unit. Such large values cannot be caused by canted antiferromagnetic structures. On the other hand, they are too small for full FM alignments (29(B/f.u. for all magnetic cations and 15(B/f.u. for 3d magnetic cations). Therefore, a ferrimagnetic structure should be realized. The sharp S-type shape of the M versus H curves at T = 60 K and 100 K was typical for soft ferrimagnets with nearly zero coercive fields. At high fields, the M versus H curves did not saturate but continue to increase linearly, probably due to paramagnetic contributions from Gd3+ cations.

Below about 40–48 K there was a gradual decrease of magnetic susceptibilities in all measurement fields from 5 Oe to 10 kOe, with the ( values reaching low values at the lowest temperature of 2 K in the small measurement fields of 5–100 Oe (Figure 6c). The decrease was sharper in larger measurement fields (e.g., at H = 10 kOe) and could be seen as a sharp, positive peak on the differential d(T/dT versus T curve (note that a very broad, positive anomaly was observed at H = 100 Oe). We note that an additional (FM-like) anomaly was observed at 330 K. Taking into account the presence of an impurity with the cubic A-site-ordered quadruple perovskite structure, the 330 K anomaly should originate from this impurity [22]. The M versus H curves (Figure 7) qualitatively changed their behavior below 40–48 K (at T = 5 K and 25 K), they now had the smeared S-type shape (with narrow hysteresis near the origin) instead of the sharp S-type shape with negligible hysteresis. The remnant magnetization at 5 K (0.47(B/f.u.) was smaller than that at 25 K (1.39(B/f.u.).

Specific heat measurements showed (1) a small anomaly at TC = 105 K, (2) an additional, small anomaly near 45 K, and (3) a strong rise of the Cp/T values below 20 K (Figure 8). A magnetic field of 90 kOe had (1) a strong effect on the anomaly near TC = 105 K and moved the magnetic entropy to much higher temperatures (the effect of the magnetic field was observed up to 200 K), (2) had a weak effect on the anomaly near 45 K, and (3) moved the magnetic entropy to slightly higher temperatures with the suppression of the peak in the Cp/T values below 20 K. Considering that both specific heat and magnetic susceptibilities showed anomalies near 40–48 K we can suggest that they are intrinsic.

We can suggest that below TC = 105 K a ferrimagnetic structure is established including only the 3d transition metals of Gd2CuZnMn4O12 in analogy with Y2CuGaMn4O12 [19] (see also Figure S4 of Supporting Information). Then, below about 45 K the Gd3+ sublattices start to order but with small ordered moments, and the ordered moments of the Gd3+ sublattices align opposite to the established ferrimagnetic structure resulting in a decrease of magnetic susceptibilities. Below about 20 K, the ordered moments of the Gd3+ sublattices increase more rapidly giving a strong, broad peak on specific heat. The similar situation was realized, for example, in HoMnO3 [27], where the Ho3+ moments appeared below about 24 K and rapidly increased below about 10 K. Temperature dependence of magnetic susceptibilities of ferrimagnetic Gd2CuZnMn4O12 was close to that of materials with the magnetization reversal phenomenon, e.g., in Ho1(xMnxMnO3 [28]. But negative magnetization was not reached at lower temperatures because the Gd3+ sublattices could not fully overtake the Mn/Cu sublattices. It is interesting that the Dy3+ sublattices give ferromagnetic contributions in Dy2CuZnMn4O12 [29] in comparison with Gd2CuZnMn4O12.

To get more information about the magnetic properties we measured ac susceptibilities (Figure 9). The ac susceptibility measurements showed just one transition with peaks on both (( versus T and ((( versus T curves near TC = 105 K and additional shoulders below TC on both curves. The absence of any sharp anomalies near 40–48 K supports our conclusion that the Gd3+ moments are developed gradually with decreasing temperature. Sharp peaks are usually observed (on both (( versus T and ((( versus T curves) when an uncompensated FM moment appears in canted antiferromagnets, ferrimagnets, and ferromagnets. However, the behavior of ac susceptibilities below TC depends on further evolution of an established magnetic structure and coercive fields. If coercive fields are small even small ac fields can interact with and alter established domain structures resulting in additional contributions to (( versus T and ((( versus T curves. For example, large contributions were observed in a soft ferromagnet BiMnO3 below TC = 100 K down to 2 K [30]. Negligible coercive fields were observed in Gd2CuZnMn4O12 between 60 K and 100 K (Figure 10 and Figure S5 of Supporting Information) while the coercive field was about 500 Oe at 25 K; this fact could explain the appearance of shoulders on both (( versus T and ((( versus T curves below TC.

4. Conclusions

In conclusion, we prepared a new member of the A-site columnar-ordered quadruple perovskites, Gd2CuZnMn4O12. This compound crystallizes in space group Pmmn between 100 K and 450 K with the 1:1 Mn3+:Mn4+ charge-order structure. We could find a structural phase transition to a charge-mixed state above about 475 K using direct high-temperature structural studies while thermal methods could not detect such a transition suggesting its second-order nature. A new combination of the A/A(/A(( cations (Gd3+/Cu2+/Zn2+) was used to realize triple A-site cation ordering. Gd2CuZnMn4O12 exhibits a ferrimagnetic transition below 105 K with a strong decrease of magnetic susceptibilities at lower temperatures due to antiferromagnetic ordering of the Gd3+ sublattices.
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Table 1. Structure Parameters of Gd2CuZnMn4O12 at 100 K (the first line for each site) and 295 K (the second line for each site) from synchrotron XRPD data.
	Site
	WP
	x
	y
	z
	Biso (Å2)

	Gd1
	2a
	0.25

0.25
	0.25

0.25
	0.7768(2)

0.7766(2)
	0.21(2)

0.40(3)

	Gd2
	2a
	0.25

0.25
	0.25

0.25
	0.2783(2)

0.2782(2)
	0.28(3)

0.51(3)

	Cu
	2b
	0.75

0.75
	0.25

0.25
	0.7317(4)

0.7327(4)
	0.62(4)

0.92(5)

	Zn
	2b
	0.75

0.75
	0.25

0.25
	0.2466(4)

0.2474(4)
	0.01(2)

0.21(3)

	Mn1
	4c
	0.5

0.5
	0

0
	0

0
	0.04(4)

0.13(4)

	Mn2
	4d
	0

0
	0.5

0.5
	0.5

0.5
	0.35(5)

0.54(5)

	O1
	8g
	0.4417(7)

0.4407(7)
	0.9391(7)

0.9402(7)
	0.2643(9)

0.2627(10)
	0.94(9)

1.32(10)

	O2
	4f
	0.0611(10)

0.0613(10)
	0.25

0.25
	0.0331(13)

0.0331(12)
	0.27(11)

0.39(12)

	O3
	4e
	0.25

0.25
	0.5415(11)

0.5415(11)
	0.9202(12)

0.9187(12)
	0.62(14)

0.89(16)

	O4
	4f
	0.5426(11)

0.5429(11)
	0.25

0.25
	0.4141(12)

0.4151(12)
	0.57(15)

0.67(16)

	O5
	4e
	0.25

0.25
	0.4355(10)

0.4367(10)
	0.5354(12)

0.5351(12)
	0.38(12)

0.56(13)


Source: synchrotron powder X-ray diffraction (( = 0.420186 Å); used d-space range: from 0.3663 Å to 12.04 Å. Crystal system: orthorhombic; space group Pmmn (No. 59, origin choice 2); Z = 2.

The occupation factors of all the sites are unity. WP: Wyckoff position. Impurity: GdCu3Mn4O12-type with a weight fraction of 4.3 %.

100 K: a = 7.26357(2) Å, b = 7.27678(2) Å, c = 7.83344(2) Å, and V = 414.0398(18) Å3; Rwp = 6.84 %, Rp = 4.94 %, RB = 2.70 %, and RF = 1.25 %; (cal = 6.860 g/cm3. 

295 K: a = 7.27141(3) Å, b = 7.28702(3) Å, c = 7.83880(2) Å, and V = 415.354(3) Å3; Rwp = 6.80 %, Rp = 4.91 %, RB = 3.07 %, and RF = 1.73 %; (cal = 6.838 g/cm3. 

Table 2. Selected bond lengths (l (Å) < 2.8 Å), bond angles (deg), bond valence sum, BVS, and distortion parameters of MnO6, (, in Gd2CuZnMn4O12 at 295 K a
	Gd1–O5 (2

Gd1–O3 (2

Gd1–O2 (2

Gd1–O1 (4

BVS(Gd13+)
	2.331(9)

2.398(8)

2.434(9)

2.660(6)

+3.33
	Gd2–O2 (2

Gd2–O4 (2

Gd2–O5 (2

Gd2–O1 (4

BVS(Gd23+)
	2.361(9)

2.385(8)

2.431(9)

2.653(6)

+3.30

	Cu–O1 (4

BVS(Cu2+)


	1.961(4)

+1.87


	Zn–O4 (2

Zn–O3 (2

BVS(Zn2+)


	1.999(9)

2.001(9)

+1.80



	Mn1–O2 (2

Mn1–O3 (2

Mn1–O1 (2

BVS(Mn13+)

((Mn1–O)

Mn1–O1–Mn2 (2

Mn1–O2–Mn1

Mn1–O3–Mn1
	1.893(2)

1.950(3)

2.149(7)

+3.29

30.0(10–4
145.17(9)

148.38(9)

137.59(9)
	Mn2–O5 (2

Mn2–O1 (2

Mn2–O4 (2

BVS(Mn24+)

((Mn2–O)

Mn2–O4–Mn2

Mn2–O5–Mn2
	1.896(2)

1.959(7)

1.964(3)

+3.64

2.6(10–4
136.07(9)

147.09(9)


a BVS = 
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, (i = exp[(R0 ( li)/B], N is the coordination number, B = 0.37, R0(Gd3+) = 2.065, R0(Cu2+) = 1.679, R0(Zn2+) = 1.704, R0(Mn4+) = 1.753, and R0(Mn3+) = 1.76 [24].

Table 3. Structure parameters of Gd2CuZnMn4O12 at 600 K from synchrotron powder diffraction data.

	Atom
	WP
	g
	x
	y
	z
	Biso (Å2)

	Gd
	4d
	1
	0.25
	0.25
	0.22259(5)
	0.791(7)

	Cu
	4c
	0.5
	0.75
	0.25
	0.7697(6)
	1.26(7)

	Zn
	2b
	1
	0.75
	0.25
	0.25
	0.65(4)

	Mn
	8e
	1
	0
	0
	0
	0.591(12)

	O1
	8g
	1
	0.25
	0.0606(5)
	0.9654(5)
	0.90(7)

	O2
	8g
	1
	0.25
	0.5409(5)
	0.5814(5)
	1.23(9)

	O3
	8f
	1
	0.4394(4)
	(x
	0.25
	1.74(10)


Source: synchrotron powder X-ray diffraction (( = 0.420186 Å); used d-space range: from 0.3663 Å to 12.04 Å.

Crystal system: tetragonal; space group: P42/nmc (No. 137, origin choice 2); Z = 2. 

Molecular weight: 855.1708 g/mol.

a = 7.31430(2) Å, c = 7.82275(2) Å, and V = 418.510(2) Å3; Rwp = 6.79 %, Rp = 4.93 %, RB = 3.78 %, and RF = 3.29 %; (cal = 6.786 g/cm3.

Table 4. Bond lengths (in Å; below 2.8 Å), bond angles (in deg), bond valence sum (BVS), and distortion parameters of MnO6 (() in Gd2CuZnMn4O12 at 600 K.

	Gd–O1 (2
	2.351(4)
	Mn–O1 (2
	1.901(1)

	Gd–O2 (2
	2.397(4)
	Mn–O2 (2
	1.959(2)

	Gd–O1 (2
	2.443(4)
	Mn–O3 (2
	2.054(1)

	Gd–O3 (4
	2.669(1)
	((MnO6)
	10.2(10–4

	BVS(Gd3+)
	+3.24
	BVS(Mn3+)
	+3.44

	Cu–O3 (4
	1.966(4)
	Mn–O1–Mn (2
	148.30(6)

	BVS(Cu2+)
	+1.84
	Mn–O2–Mn (2
	137.91(6)

	Zn–O2 (4
	2.020(4)
	Mn–O3–Mn (2
	144.48(6)

	BVS(Zn2+)
	+1.70
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Figure 1. (a) Experimental (black crosses) between 2( and 42(, calculated (red line), and difference (blue line at the bottom) synchrotron powder X-ray diffraction patterns of Gd2CuZnMn4O12 at T = 295 K. The tick marks show possible Bragg reflection positions for Gd2CuZnMn4O12 (the first row) and the impurity (the second row). The inset shows similar curves at T = 600 K between 2( and 17(. (b) The crystal structure at T = 295 K. (c) The crystal structure at T = 600 K.
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Figure 2. (a) Temperature dependence of the aO, bO, and aT lattice parameters and (b) temperature dependence of the cO and cT lattice parameters of Gd2CuZnMn4O12 between 100 K and 800 K on heating and cooling. O: orthorhombic, T: tetragonal.
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Figure 3. Temperature dependence of the unit-cell volume of Gd2CuZnMn4O12 between 100 K and 800 K on heating and cooling. (V is the volumetric coefficient of thermal expansion calculated in the P42/nmc phase between 500 K and 800 K using the cooling data.
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Figure 4. (a) Temperature dependence of the Mn–O bond lengths in Gd2CuZnMn4O12 from 100 K to 800 K. The bond lengths were obtained in the Pmmn model between 100 K and 450 K and in the P42/nmc model between 475 K and 800 K. The heating SXRD data were used. (b) Temperature dependence of the Cu–O and Zn–O bond lengths.
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Figure 5. (a, b, c) Temperature dependence of (normalized) experimental synchrotron X-ray powder diffraction patterns of Gd2CuZnMn4O12 from 100 K to 500 K. Zoomed details in selected regions are shown to emphasize the disappearance of the orthorhombic distortion. Indexes of some reflections are given. (d) Zoomed details of synchrotron X-ray powder diffraction patterns at different temperatures between 2( and 4(. O: orthorhombic. T: tetragonal. Measurement times are given.
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Figure 7. (a) M versus H curves of Gd2CuZnMn4O12 at 5 K, 25 K, 60 K, and 100 K (f.u.: formula unit). (b) Zoomed parts of the same M versus H curves near the origin.
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Figure 8. (a) Zoomed parts of the Cp/T versus T curves of Gd2CuZnMn4O12 at H = 0 Oe and 90 kOe to emphasize weak anomalies near 45 K and 105 K. (b) The Cp/T versus T curves at different magnetic fields below 70 K.
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Figure 9. (a) The (( versus T and (b) ((( versus T curves of Gd2CuZnMn4O12 at different frequencies measured with Hac = 0.5 Oe and Hdc = 0 Oe. (c) The (( versus T and (d) ((( versus T curves at different Hac = 0.1, 0.5, and 5 Oe and one frequency of 300 Hz (Hdc = 0 Oe).

[image: image10.wmf] 

 

414

415

416

417

418

419

420

421

0

100

200

300

400

500

600

700

800

V

O

, 

Pmmn

 

V

T

, 

P

4

2

/

nmc

 

V

T

, 

P

4

2

/

nmc

 

V

O

, 

Pmmn

 

heating

 

cooling

 

Temperature (K)

 

Unit cell volume (Å

3

)

 

T

CO

 = 475 K

 

a

V

 = 

1.8(2)

´

10

-

5

 K

-

1

 

800

–

500 K

 

cooling

 

Figure 10. Temperature dependence of the remnant magnetization (black circles, the left-hand axis) and absolute values of the coercive field (red squares, the right-hand axis) in Gd2CuZnMn4O12.
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