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The evolution of the crystal structure and magnetic properties with Fe content in

NdFexGa1−xO3 has been studied by magnetization, ac-susceptibility, x-ray and neu-

tron scattering techniques for x ≥ 0.2 in order to determine the phase diagram of the

series. X-ray diffraction shows that the crystallographic structure of NdFexGa1−xO3

can be described in the space group Pbnm for all x values. Both magnetic ordering

and spin reorientation temperatures of the Fe magnetic sublattice decrease with iron

concentration due to the presence of Ga magnetic vacancies. The long-range Fe mag-

netic ordering disappears for x ≤ 0.3, while ac-susceptibility measurements evidence

the presence of short-range Fe ordered clusters and superspin-glass-like effects for x

well below the percolation threshold. The complete magnetic structure of the series,

including the spin reorientation temperature range is determined by high resolution

neutron diffraction analysis. Although the presence of finite magnetic clusters for x

values close to percolation is evidenced, the study of a percolation quantum phase

transition in this series is difficulted by the presence of Nd magnetic moments and a

sizeable distribution ∆x around the nominal value.
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I. INTRODUCTION

Rare-earth oxide compounds with perovskite structure (RMO3) have been widely studied

in solid-state physics due to its rather simple structure and the rich variety of electronic and

magnetic phenomena observed, such as magnetoresistance1 and superconductivity2,3. In rare

earth (R) and transition metal (M) perovskites both components order in two interspersed

simple cubic sublattices that determines the magnetic properties of the sample through the

three present magnetic interactions4. In general, these interactions follow the hierarchy of

M-M, M-R and R-R in descending strength.

Nd orthorhombic perovskites RMO3 are particularly attractive because of the great num-

ber of magnetic and non-magnetic metal ions (M) that can be substituted while maintaining

the same structure; an orthorhombically distorted perovskite with four formula units per

elementary cell and space group D16
2h − Pbnm5,6. For non-magnetic M ions as Ga, only

the collective antiferromagnetic ordering of Nd at T = 0.97 K is present7 due to Nd-Nd

exchange interaction. When M is a 3d magnetic ion as Fe, Ni or Cr, the M sublattice or-

ders antiferromagnetically with a small canting angle at high temperature TN1 due to M-M

interaction. TN1 ranges from ∼700 K for NdFeO3
8 to ∼200 K for NdCrO3

9 and NdNiO3
10.

Below TN1 the anisotropic M-Nd exchange induces spin reorientation transitions of the M

sublattice. In many cases, the antiferromagnetic ordering of M sublattice does not imply a

full compensation of the M magnetic moments due to a weak ferromagnetic component. A

combination of isotropic and anisotropic M-Nd exchange interactions originated by the weak

ferromagnetic and the antiferromagnetic M order, respectively, creates an effective field on

the Nd site, HM−Nd. This effective field polarizes the Nd3+ spins by splitting the Nd ground

state, thus reducing the magnetic entropy available for cooperative Nd-Nd ordering at low

temperatures. This Nd polarization has been observed in powder neutron diffraction ex-

periments at low temperatures11,12. Depending on the strength of this HM−Nd, cooperative

order of Nd sublattice appears at a similar temperature, as in the case where M is a non

magnetic metal, f.e. in NdFeO3
13 or NdNiO3

14, whereas it is fully inhibited in others such

as in NdCrO3
15 or NdMnO3

16. It is interesting to note that NdCrO3, the only member of

the family in which the low-temperature M magnetic structure is purely antiferromagnetic,

is the one with the largest energy splitting of the Nd ground doublet9,15: ∆/kB = 27K.

Another source of rich phenomenology in magnetic orthorhombic perovskites is the intro-
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duction of magnetic vacancies in the M sublattice by substitution with a non-magnetic M’

ion. The effects of the dilution are not negligible even for a small concentration of vacancies

and its relevance depends on the nature of the rare-earth ion. In DyFexAl1−xO3 the Morin

phase transition temperature increases17, in TbFexAl1−xO3 the reorientation transition tem-

perature decreases18 while the Tb long-range is inhibited. The same last effect is observed in

NdFexCo1−xO3
19, where Co is in a low-spin state. Even in HoFexAl1−xO3 a new transition

to a Γ1 magnetic structure is induced by vacancies20.

In this paper we consider the case M = Fe, with the substitution of Fe ions by non-

magnetic Ga ions to form the NdFexGa1−xO3 series. Each Ga atom is equivalent to the

introduction of a magnetic vacancy in the Fe sublattice. In this case, the nearly complete

antiferromagnetic compensation is destroyed around the neighboring Nd3+ ions and a large,

extra isotropic exchange field acting on both R and Fe sublattices arises. We study the effect

of magnetic vacancies on the magnetic ordering of the Fe sublattice and in the polarization of

the Nd sublattice in NdFexGa1−xO3. The motivation to use Ga instead of Co as diamagnetic

ion is; besides it has a similar ionic radius to Fe (76 and 78.5 pm respectively), to avoid

deviations of the actual x value from the nominal one. While Ga3+ is always diamagnetic,

Co3+ ion may change its spin configuration from low- to high-spin depending on neighboring

defects, oxygen vacancies, etc., making difficult to control the paramagnetic fraction in the

high x side.

Diluted magnetic lattices are physical realizations of the magnetic percolation problem.

As the Fe concentration x diminishes, TN1 decreases continuously until the percolation

threshold x = xc is reached, at which TN1 = 0. In general, xc depends on the lattice and spin

dimensionality and the sign of the magnetic interaction (ferro- or antiferromagnetic). In our

case, the Fe subsystem can be treated as a Heisenberg antiferromagnetic simple cubic lattice

of S = 5/2 spins. There have been both experimental studies and theoretical predictions

for this model. Although early theoretical predictions give a value of xc = 0.2121, exper-

imental studies on the S = 5/2 simple cubic Heisenberg antiferromagnet KMnxMg1−xF3
22

find xc = 0.31. This value coincides with the most general value xc = 0.31 predicted for the

percolation problem by Monte Carlo simulations23,24. The Fe concentrations near xc are par-

ticularly interesting. Below xc, the magnetism of finite clusters may dominate the behavior

of the system, behaving as a distribution of paramagnetic entities with different sizes and

uncompensated moments. In contrast, above xc the infinite cluster would have regions with
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large, uncompensated moments22. Moreover, the possibility of a quantum phase transition

has been predicted for diluted magnets for x values close to percolation25,26. Following pre-

vious results on La2/3Ca1/3Mn1−xGaxO3 manganites, where a quantum critical point (QCP)

associated to the metal-insulating transition induced by Ga doping has been theoretically

predicted27 and claimed experimentally28, it would be interesting to explore the possibility

of a quantum phase transition in NdFexGa1−xO3. The posible QCP would be a second-order

phase transition occurring at the percolation limit and zero temperature.

The paper is organized as follows; in section II we describe the synthesis and characteriza-

tion of the samples, and the different experimental techniques. The experimental results will

be presented in section III. In subsection III A we analyze the crystallographical structure

of the NdFexGa1−xO3 compounds. In subsection III B we study the macroscopic magnetic

properties of these compounds, while in subsection III C we focus on the complete determi-

nation of the magnetic structure of our samples in a wide range of temperatures. Finally, in

section IV we summarize the main results obtained.

II. EXPERIMENTAL DETAILS

NdFexGa1−xO3 powder samples were obtained by a standard ceramic route. A stoichio-

metric mixture of the binary oxides was calcined in air in three consecutive steps of 20h. at

1000◦C, 60h. at 1200◦C and 80h. at 1400◦C, respectively, with intermediate grinding and

pressing into pellets the resulting material. Samples x=0.4 and x=0.5 were subjected to an

extra step of 48h at 1400◦C, to ensure proper homogeneity throughout the samples close

to percolation (xc ≈0.31). X-ray diffraction analysis was performed on powdered samples

to check their quality, showing that all samples are single phase within the accuracy of the

technique. Magnetization measurements from 5 K to 600 K, and ac-susceptibility measure-

ments, from 5 K to 400 K, were performed in a SQUID Quantum Design magnetometer.

The neutron diffraction experiments were performed on the two-axis diffractometer D1B and

the high resolution two-axis diffractometer D2B, at the Institut Laue-Langevin in Grenoble.

In both cases a standard ILL 4He gas-flow cryostat was used between 1.5 K and room tem-

perature. At D2B the cryostat was coupled to a cryo-oven from room temperature to 540

K.
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III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Structure of the samples

Figure 1. Crystallographic and magnetic structure of NdFe0.8Ga0.2O3 at T=94 K.

The crystal structure of NdFeO3 and NdGaO3 is an orthorhombically slightly distorted

perovskite described in the space group Pbnm5,29,30, (Z=4). The atoms are located on the

following crystallographic sites: Nd3+ ions in (4c), Fe3+ or Ga3+ in (4b) and O2− in (4c)

and (8d). Fe3+ ions are coordinated by six O2− ions forming FeO6 octahedra. Therefore the

diluted compounds NdFexGa1−xO3 are described using the same structure. 4b are special

positions and therefore the Fe and/or Ga atoms form a perfect simple cubic (sc) lattice,

while the Nd ions are slightly displaced from the ideal sc positions at the middle of the

Fe/Ga cubes. A schematic representation of NdFe0.8Ga0.2O3 crystallographic structure is

shown in Fig.1 together with its magnetic structure.

X-ray diffraction patterns of the studied compounds show no traces of any impurity phase

at the technique sensitivity limit of ∼ 1% in volume. The parameters describing the crystal

ordering were refined by the Rietveld method using the FULLPROF program31,32 and are

displayed on Fig. 2. Structural parameters of NdFeO3 and NdGaO3 from Refs 29 and 33
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were taken as starting parameters in our analysis. Since gallium ion is slightly smaller (r=76

pm) than the high-spin iron one (r=78.5 pm), the lattice parameter values and the unit cell

volume increase with the iron content. No discontinuities are observed in lattice parameters

in the whole range of iron concentration and, as expected, all the studied compounds behave

as described by the Pbnm space group. As can be seen in Fig. 2, our results are in good

agreement with previous ones on the non-diluted perovskites and follows Vegard’s law. The

obtained values of the lattice parameters are displayed in Table I.
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Figure 2. Upper panel: a (•) and b (�) lattice parameters obtained from the Rietveld refinement

as a function of iron content. Lower panel: refined c lattice parameter (�) and unit cell volume (•)

as a function of iron content. In both panels, lattice parameters of non-diluted compounds from

Refs. 29 and 33 are also shown in open symbols.
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B. Magnetic analysis

Previous studies on NdFeO3
8,34 showed that, in this structure, iron atoms order mag-

netically at high temperature (TN1 = 690 K) and undergo a spin reorientation transition

between TSR1 = 190K and TSR2 = 80K. Temperature dependent magnetization measured

under an applied field of H = 500 Oe of the NdFexGa1−xO3 compounds is shown in Fig. 3.

TN1 decreases with decreasing x due to Fe dilution, and the same holds for TSR1 and TSR2. As

can be seen in Fig. 3 for some selected examples (x = 0.8, 0.7, 0.6), the same transitions can

be observed in NdFexGa1−xO3, provided that x values are well above percolation (x ≥0.5).

TN1 is clearly observed in x = 0.8 and 0.6 as the onset of spontaneous magnetization, due

to canted antiferromagnetism as will be shown later by the analysis of neutron diffraction

data. The highest temperature reached in the experiment for x = 0.7 was below its TN1, but

without any doubt, a similar behaviour as observed in x = 0.8 and 0.6 can be foreseen. On

cooling, magnetization shows a clear upturn followed by a strong decrease which coincides

with the spin reorientation transition of the Fe magnetic moments. Below T ∼ 40 K, the

magnetization curves for every x show a paramagnetic-like contribution down to the low-

est temperatures studied which may be ascribed, at least mainly, to the paramagnetic Nd

moments.

The right-bottom panel of Fig. 3 shows the comparison between the magnetization mea-

surements of x = 0.4 and x = 0.3. These two samples are above and below the percolation

limit xc, respectively. The magnetic ordering for x = 0.4 is not clearly observed below 200 K,

although a peak that in principle can be identified with the spin reorientation transition is

present at TSR = 52 K. The magnetization of x = 0.4 above T = 52 K is rather unexpected,

and clearly different from that of a paramagnetic sample, as it is the case for x = 0.3. We

have prepared different batches with iron content x = 0.4 (whith longer calcination times

and finer intermediate grinding before pressing the material into pellets) with similar results.

Evidently, the ceramic route use to prepare the samples does not ensure the exact nominal

stoichiometric throughout the whole sample at local scale. Indeed, the magnetization results

presented in Fig. 3 suggest the presence of different minority phases with a slightly higher

(and also lower) iron content which undergo a continuous appearance of magnetic order.

This interpretation is supported by the temperature dependence of neutron diffraction data,

as will be presented later.
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Figure 3. Magnetization as a function of temperature measured atH = 1000 Oe of NdFe0.8Ga0.2O3,

NdFe0.7Ga0.3O3, NdFe0.6Ga0.4O3, and at H = 500 Oe of NdFe0.4Ga0.6O3, and NdFe0.3Ga0.7O3.

Susceptibility measurements on the same samples are displayed in Fig. 4. For samples

with iron concentration x = 0.8 or higher the observed behavior is similar to the one of

NdFeO3
8. As it is shown in Fig.3, these compounds present a magnetic order transition at

high temperature TN1 and a spin reorientation process between two lower temperatures TSR1

and TSR2. This reorientation process exhibits a double peak in the susceptibility measure-

ment that, in the case of NdFeO3 was assigned to the onset (TSR1) and termination (TSR2) of

the reorientation8. As the iron concentration decreases the temperature difference between

the two peaks (∆T = TSR1-TSR2) also decreases, being approximatively equal to ∆T = 40

K, 25 K and 20 K for x = 0.95, 0.9 and 0.8 respectively. For x ≤0.7 these two peaks merge

into one, being the spin reorientation nearly unnoticeable for x = 0.4.

For 0.2 ≤ x ≤ 0.3, i.e. at x . xc, the ac-susceptibility measurements at three different

excitation frequencies are shown in Fig. 5. Although the real part of χac is dominated

by the Nd paramagnetic contribution, a small shoulder can be identified near T = 6 K

and T = 15 K for x = 0.2 and 0.3 respectively. This shoulder is more clearly shown

when subtracting the highest frequency measurement to the other susceptibility curves, as
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Figure 4. ac magnetic susceptibility as a function of temperature of NdFexGa1−xO3, for x = 0.8,

0.7, 0.6, and 0.4. The excitation frequency used was 9 Hz.

displayed in Fig. 5 (Right panel). In this figure a maximum at T ≤ 6 K is present in the real

part of χac for x = 0.2 and two maxima at T ≤ 6 K and T ≤ 15 K are evident for x = 0.3.

The intensity of these maxima decreases as the frequency increases and the temperature at

which it appears increases with frequency, resembling the frequency dependence of a spin-

glass. As iron concentration for these compounds is below, but close to percolation, we

ascribe this cluster-glass-like behavior to the presence of cluster-like regions with slightly

higher-than-nominal iron content. These clusters, with a net magnetic moment, may behave

as a superparamagnet which is frozen below a certain temperature mainly given by its

size. A mainly bimodal distribution of sizes in the x = 0.3 sample may originate the χac

experimental curve. Indeed, the same kind of clusters may be at the origin of the continuous

increase in magnetization observed in Fig.3 for x=0.4.

The results obtained from magnetic measurements can be summarized in the phase dia-

gram shown in Fig.6. For the sake of clarity, Fig.6 includes information obtained by neutron

diffraction, which will be presented in the next section.

.
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Figure 5. (Left column): Real part of the ac-susceptibility as a function of temperature measured

at different frequencies on NdFe0.2Ga0.8O3 (upper panel) and NdFe0.3Ga0.7O3 (lower panel). Full

circles are χ′ values at ν=1.2 Hz, full squares are values at ν=12 Hz, full diamonds are values at

ν=120 Hz, and full triangles at ν=1200 Hz. (Right column): χ′ as a function of temperature at

different frequencies of NdFe0.2Ga0.8O3 and NdFe0.3Ga0.7O3 minus χ′ at ν=1200Hz.

C. Magnetic Structure

In order to determine the magnetic structure of our samples in the range of study shown

in Figs. 3 and 4, neutron diffraction experiments were performed. According to previous

studies, iron spins in NdFeO3 order correspond to an antiferromagnetic structure with a weak

ferromagnetic component GxFz (irreducible representation Γ4)35. In the spin reorientation

region, marked by the double peak in susceptibility measurements (Fig. 4), the iron spins

rotate continuously in the ac plane , from GxFz to the low temperature configuration GzFx

(irreducible representation Γ2)36,37. At low temperatures this configuration induces, via Nd-

Fe exchange a Nd polarization of the same symmetry (cyfx) that becomes noticeable below

25K13. In our case, the same iron spin configurations are observed for x above percolation,

but we have not detected the (100) diffraction peak due to Nd polarization. For x = 1, the
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region (SR), the Γ2 low temperature configuration (GzFx) and the cluster-spin-glass phase (SGL).

Data of x=1are taken from Ref. 8

isotropic Nd-Fe exchange interaction is nearly cancelled out due to the antiferromagnetic

ordering of Fe ions. However, for x < 1, an extra isotropic, random exchange field is

generated on Nd sites by uncompensated iron spins due to the substitution of some iron

by diamagnetic gallium. One would expect this field to be rather strong, due to the nearly

compensated antiferromagnetic structure of the Fe lattice in NdFeO3. This random field

would polarize the neighbor Nd ion breaking the Γ2 symmetry, thus preventing the collective

antiferromagnetic polarization to be observed. It is worth to mention that for x = 0.9 already

∼ 50% of Nd ions are affected by a random field due to some degree of uncompensation of

their first Fe neighbors19.

In Fig. 7 we show, as an example of the analysis, the measured and calculated diffrac-

tion patterns obtained at the D2B high-resolution diffractometer of the ILL at T=38 K

for NdFe0.6Ga0.4O3. The starting structural parameters were taken from our previous x-ray

analysis. No significant difference is observed between structural parameters determined

by x-ray and neutron diffraction. Since the temperature is lower than the spin reorienta-

tion temperature of this compound (TSR=60K), the intensity of the diffraction pattern is

calculated considering a GzFx configuration for the iron spins.

An example of the crystallographic and magnetic structure obtained from the neutron
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Figure 7. Neutron diffraction pattern of NdFe0.6Ga0.4O3 at T=38 K. Full circles shows the observed

intensity, solid line shows the calculated intensity, bars shows allowed Bragg reflections for the

structural phase (up) and the magnetic phase (down) and dotted line (bottom) shows the difference

between the observed and the calculated intensities.

diffraction analysis using FullProf Studio tool32 is shown in Fig.1. For NdFe0.8Ga0.2O3 and

T=94K the magnetic configuration of iron spins displays an antiferromagnetic structure

along the a axis and a weak ferromagnetic component along the c axis (GxFz). In Fig. 8

the diffraction peaks due to iron magnetic ordering obtained at the ILL-D1B diffractometer

are displayed. The upper panel shows the (011) and (101) reflections for different iron

concentrations at temperatures above TSRT . The intensity of (101) and (011) peaks strongly

diminishes as the iron concentration decreases, resulting the first one almost indistinguishable

from the corresponding structural peak for x = 0.4. This evolution holds for all studied

temperatures. As expected, the intensities of the (101) and (011) reflections change strongly

from above TSR1 and below TSR2. In the reorientation region TSR2 < T < TSR1 the iron spin

rotates continuously from the high temperature structure to the low temperature one and,

therefore, it is not possible to fit these reflections with the spin configurations corresponding

to either Γ4 or Γ2 representations.

The rotation of the four iron magnetic moments present on a unit cell is graphically

presented in Fig. 9. The results of the Rietveld refinement for the magnetic moment of the
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Figure 8. Neutron diffraction patterns for (left panels): NdFe0.8Ga0.2O3, (center panels):

NdFe0.6Ga0.4O3, and (right panels): NdFe0.4Ga0.6O3 at three different temperatures; (upper

panels):T > TSR1; (center panels): TSR1 > T > TSR2 and (lower panels): T < TSR2.

ordered Fe3+ions are shown in Fig. 10

Although some works suggested that the ferromagnetic component is too small to give

a measurable contribution to the neutron powder diffraction patterns in NdFeO3
38, several

authors have shown that a pure Gx or Gz mode can not explain the ratio between the

obtained intensity of (011) and (101) reflections in this material35,37, both above and below

the spin reorientation transition. Moreover, the magnetization measurements show a non

negligible magnetization signal, easily observed in a SQUID magnetometer for 0.5 < x < 1,

as shown in Fig. 3. Therefore we performed our Rietveld refinement assuming a GxFz

ordering for T>TSR and GzFx for T<TSR. In the spin reorientation region the magnetic

moment was allowed to rotate between both configurations by using polar coordinates in the

refinement. Neutron powder diffraction measurements do not allow to discriminate between

the spin rotation of a single phase and a “phase coexistance model” in which a GzFx phase



14

Figure 9. Spin reorientation of iron magnetic moments. Solid line arrows shows magnetic mo-

ments orientation at high temperature phase (Γ4) and dotted line arrows the magnetic moments

orientation at low temperature phase (Γ2)

grows at the expenses of the GxFz one. Therefore our results can not be distinguished

in principle from those obtained for NdFeO3 in Refs. 39 and 38, where the refinement of

neutron powder diffraction patterns of NdFeO3 is performed assuming a GxGz ordering in

all the temperature range. Although the results are undistinguishable our treatment has

the formal advantage of being compatible with the symmetry of the system along the whole

temperature range.

Fig. 10 shows the values of the magnetic moment per Fe3+ atom resulting from our

Rietveld analysis (upper panel), the staggered magnetizations Mx and Mz with the signs

corresponding to the iron atom occupying the (1/2, 0, 0) position (central panel) and the

angle θ formed by the iron spin at position (1/2, 0, 0) with the z axis as a function of

temperature (lower panel) for the samples x = 0.9 (left panels), x = 0.8 (center panels), and

x = 0.6 (right panels). The thermal evolution of θ shows a continuous spin reorientation

process for x ≥ 0.6 as observed in the non diluted x=1 compound38,39. Moreover, no

discontinuities in the total magnetic moment are observed during the spin reorientation

transition.

As it was already shown in Fig.4, the temperature range at which the spin reorientation

occurs decreases as the iron concentration diminishes. According to reference 8, the onset
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Figure 10. (Upper panel): magnetic moment per Fe3+ atom obtained from the Rietveld fit. (Central
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moments and c axis. Full symbols are results obtained from measurements performed at the D1B

diffractometer while empty symbols correspond to the high-resolution D2B diffractometer.

and termination of the spin reorientation process were associated with a double peak in

the susceptibility measurements that is no longer detected in our experiment for x ≤ 0.6.

However, neutron diffraction on the x = 0.6 sample shows that the spin reorientation process

is not that sharp, although the temperature range is only 14 K wide (see Figs.8 and 10).

Since the high temperature peak in the susceptibility curve is higher and wider than the low-

temperature one, for low x values the spin reorientation region gets too narrow to distinguish

TSR1 and TSR2 in a χac measurement.

The effect of the substitution of Fe by a non magnetic ion in spin reorientation processes

has been studied in different rare-earth orthoferrites, as mentioned in Section I, showing that

a small concentration of non magnetic ions has an important effect on the magnetic properties

of these compounds. The presence of a magnetic vacancy destroys the compensation of the

R − Fe isotropic exchange interaction, generating an isotropic exchange field that creates
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an additional anisotropy.

In a non-diluted RMO3 system the isotropic exchange interaction R−M plays no role in

the SR process, since the effective field acting on M3+ spins due to R3+ ions is along the weak

ferromagnetic moment. The antisymmetric exchange and the anistropic-symmetric exchange

interactions tend to make the M3+ and the R3+ subsystems perpendicular to each other,

generating and effective field on the M3+ spins in the direction perpendicular to that of the

Gx component:+Hz for up-spins and −Hz for down-spins, that tends to rotate the spins,

keeping the antiferromagnetic configuration. As the temperature is lowered, this effective

field increases due to R3+ moment enhancement. When the interaction created by this field

on M3+ becomes larger than the anisotropy energy of the metal ions, the spin reorientation

transition takes place40. In NdFexGa1−xO3, as in TbFexAl1−xO3
18, the presence of magnetic

vacancies increases the Fe ion anisotropy, thus stabilizing the Γ4 configuration and lowering

the temperature at which the spin reorientation transition starts.

The magnitude of the total magnetic moment of Fe3+ well above percolation (x ≥ 0.6),

both above and below the spin reorientation process, is in good agreement with previous

neutron powder diffraction studies on NdFeO3
34,37–39,41, and so are the values of the canting

angles. All these data, together with the spin reorientation process data and magnetic

ordering of Fe spins are given in Table I. It is interesting to note that the canting angle,

both above and below the reorientation transition increases with the gallium concentration.

The antiferromagnetic component of iron moments becomes uncompensated by substituting

iron atoms by gallium. Therefore, the average strength of the exchange interaction decreases

and iron spins might rotate slightly, decreasing the effective magnetic moment in the G mode.

This effect is specially remarkable for x = 0.4, where the canting angle is increased by a

factor of three with respect to that of NdFeO3, as can be seen in Table I. Moreover, in

x = 0.4 the magnetic moment per Fe obtained from the Rietveld refinement is only ∼ 2.4µB

in comparison with ∼ 4.2µB for x = 0.9. This may indicate that only a half of the iron

spins in the x = 0.4 sample are ordered, consistently with the scenario suggested by the

magnetization measurements on this sample shown in Fig. 3: in NdFe0.4Ga0.6O3 iron atoms

are not equally distributed through the sample, with Fe-rich and Fe-poor regions in which

iron concentration vary. Iron atoms in Fe-poor regions, where effective x is below percolation,

would not be ordered, and, therefore, would not contribute to the measured intensity of the

G and F modes.
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Figure 11. Neutron diffraction patterns of NdFe0.4Ga0.6O3 at different temperatures, above spin

reorientation. Inset shows a zoom on the (0 1 1) (1 0 1) peaks for some selected temperatures.

The experimental evidence of this different concentration regions is shown in Fig. 11.

The neutron diffraction pattern of the x = 0.4 sample shows a continuous increase with

temperature of the (1 0 0) and (1 0 1) peaks, while in magnetization and susceptibility

measurements displayed in Figs. 3 and 4 no order transition is observed, besides the spin

reorientation process. Note that T x=0.4
SR1 ≈ 52 K is lower than the temperatures at which the

diffraction patterns in Fig. 11 have been recorded. However, magnetization measurements

did not allow to identify the ordering temperature above T x=0.4
SR1 . The continuous enhance-

ment of the (1 0 0) and (1 0 1) peaks in a wide range of temperatures (from ∼200 K)

starts at temperatures close to the magnetic order of NdFe0.5Ga0.5O3. The magnetization

measurement also shows the continuous appareance of a net magnetic moment above the

paramagnetic background below T = 200 K. These results suggest that, even for crystal-

lographically monophasic samples, one can not avoid a certain chemical distribution, that

originates regions with Fe concentrations slightly different from the nominal one. Usually

the effect of these small regions is not predominant, since the effect of the majority phase

dominates the system, specially below its ordernig transition. However, for iron concentra-

tions close to percolation, the effect of these Fe-rich regions is no longer negligible since no

ordering effect takes place. Our results suggest that intrinsical disorder, leading to clus-
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terization of the sample is always present, for concentrations close to percolation with the

ceramic fabrication route described in section II.The small fraction of the sample with iron

concentration slightly different from the nominal one can be minimized by repeating the

sinterization process, but it appears to be always present in our samples. The relaxation

processes taking place at different low temperatures in the x = 0.3 sample is consistent with

the presence of Fe clusters with a distribution of sizes, or magnetic ”rare regions”, as coined

by Vojta in Ref. 42.

One may wonder whether Fe in NdFexGa1−xO3 is an aproppriate scenario to test quantum

phase transitions at concentrations close to percolation, as suggested by Vojta42. Two prob-

lems arise in this system to compare experimental results with theoretical predictions. First,

the presence of paramagnetic Nd in the background makes extremenly difficult to obtain crit-

ical exponents from magnetic susceptibility measurements in samples near x = 0.31222–24,

as evidenced in Figs. 3 and 4. Second, the percolative quantum phase diagram suggested by

Vojta26,42 indicates that the effect of quantum fluctuations would be a higher than expected

critical temperature for concentrations near (and higher than) percolation. This may ap-

pear to be the case in NdFe0.4Ga0.6O3 as magnetization and neutron diffraction experiments

show. However, the experimental results may be simply due to the ordering of a wide dis-

tribution of Fe-rich regions, with higher than nominal concentrations and therefore, higher

than expected critical temperatures. Evidently, this “compositional distribution” makes dif-

ficult the study of quantum phase transitions at concentrations close to percolation. The

use of non-magnetic rare earth, like in the LaFexGa1−xO3 series, may pave the way to future

(quantum) critical exponents search.

IV. CONCLUSIONS

In this work we have shown that Fe ions in NdFexGa1−xO3 compounds order magnetically

for x ≥0.4 in the same configuration observed in NdFeO3, Γ4, but at a lower temperature

due to Fe dilution. The Fe ion anisotropy increment due to the substitution of Fe by a

non magnetic metal depresses the spin reorientation temperature of the metal sublattice.

However, the effect is not as large as described in other systems as TbFe1−xAlxO3
18, in

which the spin reorientation process is fully inhibited by a 2.5% aluminum concentration

due to the strong Ising character of the Tb ion. The lowest doublet of the Nd3+ in NdGaO3
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Table I. a, b, and c lattice parameters at room temperature, temperature at which the spin reorien-

tation begins, temperature of spin reorientation termination,∆TSR, TC , canted angle at T>TSR,

canted angle at T=1.5K, |µFe| at T>TSR and at T=1.5K of all compounds analysed in this work.

Data of NdFeO3 from Refs. 8,37,and 38 are also shown.

a b c TSR1(K) TSR2(K) ∆TSR(K) TC(K) θ1(◦) θ2(◦) |µFe|1(µB) |µFe|2(µB)

Ref.38 - NdFeO3 5.451 02 5.588 08 7.761 65 190 100 90 - 13 20 3.87(5) 4.18(5)

Ref.8 - NdFeO3 - - - 190 80 110 690 - - - -

Ref.37 - NdFeO3 - - - - - - - - 20.6 - 4.12(5)

NdFe0.9Ga0.1O3 5.4459 5.5759 7.7522 118±1 62.0±1 56±1.4 - 13±4 18±5 4.22±0.14 4.16±0.1

NdFe0.8Ga0.2O3 5.4448 5.5676 7.7495 88±1 53±0.5 35.0±1.1 520±1 19±3 22±3 4.1±0.05 4.46±0.12

NdFe0.7Ga0.3O3 - - - 70±3 50±1 20±3 - - - - -

NdFe0.6Ga0.4O3 5.4426 5.511 7.7409 61±1 47±1 14.0±1.4 350±2 21±8 26±3 4.00±0.18 4.62±0.14

NdFe0.5Ga0.5O3 5.4393 5.541 7.7327 56±1 51±1 4.0±1.4 230±2 - - - -

NdFe0.4Ga0.6O3 5.4385 5.5354 7.7304 52±1 50±1 2.0±1.4 54±2 37±12 31±9 2.42±0.13 2.74±0.22

has been proved to be slightly Ising-like43. However, the high temperatures at wich the

spin reorientation takes place in NdFeO3 ensures the thermal population of several crystal

field doublets of the Nd ion7, reducing even more the weight of its Ising ground doublet.

Therefore, the Fe spin reorientation is not inhibited even for Ga concentrations as high as

60%. The reduction of TSR1 and TSR2 is found to narrow the reorientation temperature

range, being nearly negligible for x = 0.4, for which a sharp Γ4-Γ2 transition is observed in

less than ∆T = 2 K. These results are summarized in Table I and in Fig.6

The uncompensated isotropic exchange field generated by the magnetic vacancies on Nd

sites magnetize Nd ions alongGzFx for T<TSR, therefore even at the higher Fe concentrations

no peak due to Nd polarization is observed in neutron diffraction measurements. Magnetic

vacancies induce an increment in the canted angle of the Fe spins both in the high- (Γ4) and

in the low-temperature (Γ2) phases. However, for Fe concentrations well above percolation

these canted angle values are in good agreement with previous results on NdFeO3 and so are

the Fe magnetic moments, ensuring that magnetic vacancies do not influence the ordering

type found for Fe in the diluted phase.
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Indeed, for x = 0.4, our fits to neutron diffraction data indicate that the ordered magnetic

moment per Fe ion is 2.4µB, which amounts only to 60% of the value for the pure NdFeO3,

pointing along a canting angle which is almost twice that found in the pure compound.

Moreover, no Néel temperature is clearly observed on the x = 0.4 sample, and the ordering

appears to be distributed below T = 170 K and T = 52 K, both in magnetization and neutron

diffraction experiments. All these facts indicate a strong magnetic disorder in this system.

In x = 0.2 and 0.3 the magnetic susceptibility data indicate the presence of relaxation

processes that may be related with the presence of cluster-glass-like phases. Both samples

present a common feature at T ∼ 5 K, while x = 0.3 has another one at T ∼ 12 K. This

suggests the freezing of magnetic moments of Fe clusters of different sizes and momenta,

whose concentration obviously depends on x.

Near percolation (0.2 ≤ x ≤ 0.4), three related dilution effects will influence the mag-

netism of the system. First, above percolation the fractal nature of the infinite cluster22,44

induces the presence of magnetically uncompensated regions, which are expected to have a

paramagnetic behavior, thus reducing the ordered magnetic moment per Fe. Second, both

above and below percolation, even in a chemically perfect distribution, the presence of finite

clusters is ensured. The random net magnetic moment, interactions and anisotropy of these

entities will reduce the ordered magnetic moment per Fe atom, as well as may give raise to

glassy behavior. Third, a chemical concentration distribution of Fe and Ga is intrinsically

related to the ceramic fabrication route, generating regions with local Fe concentrations

higher and lower than nominal, which may induce a distribution of magnetic properties,

and in particular, the TN of the x = 0.40 system observed both in macro- and microscopic

magnetic measurements.

The random isotropic exchange field created by Fe on the Nd system as a result of Ga

dilution inhibits the Nd polarisation in NdFexGa1−xO3, as observed in neutron diffraction.

The influence of Ga dilution and Fe magnetic disorder on the cooperative ordering of Nd

taking place in the pure compounds7,45 at T = 1K is currently under study.
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