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Abstract 

Among nanoparticles based materials, ferrite with spinel structure (MeIIFe2O4) play very 

important role in new technological applications, thanks to their chemical and thermal stability, 

and a rich crystal chemistry that can be exploited for the fine-tuning of the magnetic properties. 

The crystal and magnetic structure of spinel Zn0.3Cu0.7Fe1.5Ga0.5O4 has been studied by 

means of neutron diffraction method. Neutron powder diffraction measurements was performed 

on the DN-12 diffractometer at the IBR-2 high-flux pulsed reactor (Frank Laboratory of Neutron 

Physics, Joint Institute for Nuclear Research, Dubna, Russia). Experimental data were analyzed 

by the Rietveld method using the FullProf software. Spinel Zn0.3Cu0.7Fe1.5Ga0.5O4 belong to the 

cubic space group Fd3̅m. The investigation was held at the wide range of temperatures from 297 

K up to 424 K and at the wide range of pressures from 0.8 GPa to 3.4 GPa. 

As the result, the crystal and magnetic structures of spinel Zn0.3Cu0.7Fe1.5Ga0.5O4 was 

defined. Also, lattice parameters, unit cell volume, interatomic bond lengths, bond angles and 

magnetic moments were observed for each pattern. 
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Introduction 

Among nanoparticles based materials, ferrite with spinel structure (MeIIFe2O4; MeII = Fe2+, 

Ni2+, Co2+, Cu2+, Zn2+, etc.) play an important role in the quest for new technological applications, 

thanks to their chemical and thermal stability, and a rich crystal chemistry that can be exploited 

for the fine tuning of the magnetic properties [1]. Most spinel belong to the cubic space group 

Fd3̅m. Spinel ferrites form a large group of metal oxides in which the trivalent metal ion is Fe3+ 

ion. The diversity of the magnetic properties of spinel ferrites is caused by the peculiar distribution 

of iron ions between two crystallographic sites [2]. Oxygen anions are densely packed in a surface-

centered cubic lattice, while the space between them is filled with cations. Cations occupy two 

types of positions: tetrahedral (A) and octahedral (B) positions. Cation distribution in spinel 

structures refers to the distribution of cations between tetrahedral (A) and octahedral (B) positions, 

so that the structure of spinel ferrites can be described by the general formula:  

                                                  (M2+
1-δFe3+

δ)A(M2+
δFe3+

2-δ)BO4,                                                     (1) 

where δ represents the cation distribution factor (degree of inversion) and it shows which part of 

the tetrahedral sites A is occupied by divalent cations [3]. In relation to the degree of inversion, 

we distinguish the following spinel structures: 

 Normal spinel (δ = 0) - all M2+ ions occupy A positions, while Fe3+  ions occupy B positions. 

The structural formula of this type of spinel is (M2+)A[Fe3+
 2]BO4 and this structure is shown 

by zinc ferrite (ZnFe2O4),  

 Inverse spinel (δ = 1) - all M2+ ions occupy B positions, while Fe3+  ions are equally distributed 

between A and B positions. The structural formula of this type of spinel is (Fe3+)A [M2+Fe3+] 

BO4 and this structure is shown by cobalt ferrite (CoFe2O4), nickel ferrite (NiFe2O4),  

 Mixed spinel (0 ≤ δ ≤ 1) - cation distribution corresponds to that between normal and inverse 

distribution; the general formula of this type of spinel can be represented by equation (1) [4, 

5]. 

Interconnection between electronic and magnetic properties in the Zn-Cu-Ga ferrites 

makes this family of ferrites an interesting candidate for exploring the origin and the mechanism 

of the interplay between structural, electronic and magnetic degrees of freedom in doped spinel 
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ferrites. Structurally, the interatomic distances and angles can control the strength of the magnetic 

interactions in spinel-type ferrites [6].  

In this work, Zn0.3Cu0.7Fe1.5Ga0.5O4 ferrite was a chosen sample for a neutron diffraction 

study of the interplay between the crystal and magnetic structures. The neutron diffraction 

measurements were performed at high pressures form 0.8 GPa to 3.4 GPa and in temperature range 

300–424 K. 

Properties of Zn0.3Cu0.7Fe1.5Ga0.5O4 

The magnetic properties of spinel depend on the magnetic moments of the ions that make 

up spinel. In ferrites, the main contribution of the magnetic moment comes from the spin moment, 

while the orbital moment is negligible. Depending on the number of electrons in the outer shell, 

ions can have different values of total magnetic moment [7, 8]. Since oxygen O2- ions do not have 

a magnetic moment, the total spinel moment will depend on the magnetic moments of divalent 

metal ions and trivalent iron ions (or some other trivalent ions, such as gallium). As already 

mentioned, there are two types of positions that metal cations can occupy and they are tetrahedral 

(A) and octahedral (B) positions. Néel presented a hypothesis in which the A and B positions are 

magnetized in opposite directions, which is a consequence of the negative forces of change 

between the A and B positions in the structure [9]. Moreover, A-B, A-A and B-B interactions tend 

to be negative, but they cannot be all negative at the same time. These interactions depend on the 

distance of metal ions from oxygen and the angles between them. A-B interactions are usually the 

strongest (in A-A or B-B interactions the angles are too small or the distance from oxygen ions is 

too large), so that all moments at A sites are oriented parallel to each other and antiparallel to those 

at B sites (Figure 1). However, ions usually do not have the same values of magnetic moments, so 

they do not cancel each other out and ferrimagnetism occurs - there will be total magnetization 

[10].  

In inverse spinel, such as copper ferrite, iron ions are evenly distributed between A and B 

sites, so that their magnetic moments cancel each other out and the total magnetization is due to 

the magnetization of divalent cobalt ions (Cu2+). In the case of zinc ferrite, which is a normal 

spinel, the situation is a little different. Namely, zinc ions (which occupy A positions) do not have 

a magnetic moment, so there are no A-B interactions. As a result, B-B interactions can be negative, 
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so that iron ions (in B places) have antiparallel moments that cancel each other out and the total 

magnetization is equal to zero. However, B-B interactions are very weak, so zinc ferrite is 

paramagnetic (it shows antiferromagnetism only at very low temperatures) [9]. 

 

Fig. 1. Schematic representation of the orientation of magnetic moments in the spinel [4] 

In Zn-Cu ferrites, the cation-cation [Cu–Cu] and cation-anion-cation [Fe3+–O2––Fe3+] 

interactions determine the conductivity of the material. For lower concentrations of zinc (x < 0.3), 

Cu–Cu interaction is dominant, which leads to the behavior of this material as a p-type 

semiconductor. As the Zn2+ concentration increases, the number of Fe3+–O2––Fe3+ interactions 

increases. On the other hand, Cu-Cu interactions consequently weaken, which leads to the behavior 

of this material as an n-type semiconductor. The number of Fe3+–O2––Fe3+ bonds determines the 

magnetic ordering temperatures Tc of ferrite. The incorporation of gallium into the structure, which 

occupies octahedral positions, reduces the number of Fe3+–O2––Fe3+ bonds and leads to a decrease 

in Tc [6]. 

Neutron diffraction 

The neutron is a subatomic particle with a neutral charge which was discovered in the first 

half of the 20th century by James Chadwick. Characteristic properties of neutron scattering are: 

they interact with the nuclei in the sample, considerable penetration into the depth of the sample, 

better interaction with lighter atoms, they have spin and they also interact with the magnetic 
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components in the sample, so it is possible to determine the magnetic arrangement in the sample, 

the beam of thermal neutrons has wavelengths on the same order of magnitude as the activation 

energies for many of the solid-state excitations, etc.  

The concept of neutron diffraction is opened by W.H.Bragg, W.L.Bragg and Y.V. Wulff 

and the method is based on reflection of neutrons from some crystal planes when passing through 

a crystal and on the observation of reflected waves’ maximums. The diffraction of thermal 

neutrons on crystal can be described using Wulff-Bragg’ law which is shown in equation (2): 

                                                     2𝑑 ∙ sin 𝜃 = 𝑛  (2) 

where n represents the order of reflection and it must be an integer (n = 1,2, 3…),  is de 

Broglie wavelength of neutron 𝜆 =
ℎ

𝑚𝑣
=

ℎ

𝑝
=

ℎ

√2𝑚𝐸
 .  Any three dimensional periodical crystal can 

be divided into various sets of equidistant parallel planes and value ‘d’ represents the distance 

between two adjacent planes.  Angle  represents an angle of the incident beam and the preferential 

plane, as it is shown on the Figure 2a. According to Wulff - Bragg’s law, constructive interference 

between the incident and reflected rays occurs when the path between them is equal to the integral 

multiple of the wavelength. If the total neutron scattering consider as an elastic scattering, the 

equation that represents Wulff - Bragg’s law (2) can be rewritten in another form. In that case, 

wave vectors of incident and reflected neutrons are equal  |�⃗� | = |𝑘0
⃗⃗⃗⃗ |, as it is shown on the Figure 

2b. 

              a)                           b) 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.  Bragg reflection from the set of planes with an inter planer spacing of ‘d’,  is Bragg angle (a), 

triangle of neutron scattering (b) 
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Based on Figure 2b, it can be seen that the scattering wave vector is define as �⃗� = �⃗� − 𝑘0
⃗⃗⃗⃗  

and the diffraction condition can be written as: 

Q⃗⃗ = | �⃗� − 𝑘0
⃗⃗⃗⃗ | = 2k sinθ = 4π ∙ sinθ/,    (3) 

where  represents wavelength of incident neutrons. The distance between two adjacent planes of 

reciprocal lattice is 𝑑 = 1/|�⃗⃗� | and another version of Wulff-Bragg’s law can be written as: 

( Q⃗⃗   2n �⃗⃗� ).     (4) 

Using Fermi potential it can be described interactions between neutrons and nucleus: 

𝑉 =
2𝜋ℎ2

𝑚
𝑏 ∙ 𝛿(𝑟 − �⃗� ),     (5) 

where �⃗�  is a spatial value of the nucleus. Neutron diffraction cross section on the crystal has a new 

form: 

(
𝑑𝜎

𝑑Ω
)
ког

=
(2𝜋)3

𝑉0
∑ (Q⃗⃗   2𝑛) ∙ |F(�⃗⃗� )|2𝐻 ,         (6) 

where Vo is volume of unit cell. Intensity of the diffraction peaks of neutron scattering is 

proportional to |𝐹(�⃗⃗� )|
2
 and they will be observed when the scattering wave vector is actually a 

vector of the reciprocal lattice: 

𝐹(𝐻) = ∑ 𝑏𝑗 exp(2𝜋 ∙ 𝑖�⃗⃗� 𝑟�⃗⃗� )𝑗 ,     (7) 

where bj represents the coherent amplitudes of neutron scattering and 𝑟 𝑗 represents coordinates of 

atoms in the cell. 

Time of flight method (TOF) 

 Time of flight method (TOF) is one of the common methods of analysis of neutron 

diffraction. During the long flight path, the neutrons of the sample have some distribution over 

time, so their energy or wavelength is obtained by measuring this time of flight. In Figure 3 is 

shown the schema of a TOF diffraction experiment. 

The detector signal is stored in a multichannel time analyzer which is started synchronously 

with each pulse emission. The spectrum represents dependence between recorded counts and 

neutron flight time [11]. Neutron diffraction patterns, obtained in such way, represent time-
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resolved diffraction spectra. The range of wavelengths are widely used on the TOF diffractometers, 

generally 0,9 – 8 Å.  

 
 

Fig. 3. The lay-out of a TOF diffraction experiment: 1 – pulsed neutron source, 2 – moderator, 3 – flight 

path of the primary beam, 4 – sample, 5 – detector, 6 – time analyzer, 7 – RW memory  

 

Kinetic moment of neutron, 𝑝, can be described by formula: 

𝑝 = 𝑚𝑣 =
ℎ


,       (8) 

where m is neutron mass and 𝑣 its velocity. The wavelength of neutron can be described by the 

Louis de Broglie equation: 

 =
ℎ

𝑚𝑣
.       (9) 

From the measurements of flight times of neutrons (𝑡), their velocity is: 

𝑣 =
𝐿0−𝐿1

𝑡
.      (10) 

Thus, the wavelength of neutron can be written as 

 =
ℎ𝑡

𝑚(𝐿0+𝐿1)
.      (11) 

If the crystal planes have Miller indices (hkl) and if 𝜃0 and  are fixed, the reflection occurs 

when Wulff-Bragg’s low is fulfilled: 

                                                                 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃0 =                                                           (12)  

The distance between two adjacent planes 𝑑ℎ𝑘𝑙 should measure up and combining equations (11) 

and (12) it can be expressed by following equation: 

𝑑ℎ𝑘𝑙 =
ℎ𝑡

2𝑚(𝐿0+𝐿1)𝑠𝑖𝑛𝜃0
.     (13)  

The resolution of the TOF diffractometer is given as: 
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𝑅 =
∆𝑑

𝑑
= ((

∆𝑡

𝑡
)
2
+ (𝑐𝑡𝑔𝜃∆𝜃)2)

1
2⁄ ,     (14) 

where t is equivocation of time of flight and ∆𝜃 is geometric equivocation of dispersal process.  

The main advantages of TOF diffraction are: ability to conduct measurements in fixed 

geometry, working in high pressure cells and increase of the factor of using neutrons from the 

source in comparison with the other neutron methods. On the other side, the main disadvantage is 

relatively less precision in comparison with the other neutron methods. 

 

Experimental results and discussion 

Neutron powder diffraction measurements for Zn0.3Cu0.7Fe1.5Ga0.5O4 ferrite was performed 

on the DN-12 diffractometer at the IBR-2 high-flux pulsed reactor (Frank Laboratory of Neutron 

Physics, Joint Institute for Nuclear Research, Dubna, Russia). Diffraction patterns were collected 

at scattering angle 90° with the resolution ∆d/d=0.012 at d=2 Å [6]. Measurements of pressure 

dependence from 0.8 GPa to very high pressures of 3.4 GPa were performed at ambient 

temperature. Measurements of temperature was performed from ambient temperatures (297 K) up 

to 424 K. Experimental data were analyzed by the Rietveld method using the FullProf software. 

Spinel Zn0.3Cu0.7Fe1.5Ga0.5O4 belong to the cubic space group Fd3̅m [5]. 

 

Fig. 4. Photography of DN-12 diffractometer  

 



11 
 

Temperature dependence measurements 

Temperature measurements were performed from 297 K up to higher temperatures of 424 

K. At ambient temperature (297 K) spinel Zn0.3Cu0.7Fe1.5Ga0.5O4 has the crystal structure of cubic 

space group Fd3̅m, in which trivalent iron ions Fe3+ are distributed between A and B sites [12]. 

Neutron diffraction patterns of Zn0.3Cu0.7Fe1.5Ga0.5O4 measured at different temperatures are 

shown in Figure 5. 

 

Fig. 5. Neutron diffraction patterns of Zn0.3Cu0.7Fe1.5Ga0.5O4 spinel measured at selected temperatures 

up to 424 K and processed by the Rietveld method. Experimental points, calculated profiles by the 

Rietveld method and positions of Bragg peaks are shown 

 

The temperature dependence of the unit cell volume of Zn0.3Cu0.7Fe1.5Ga0.5O4 spinel is 

shown in Figure 6. Temperature dependences of interatomic bond lengths and angles for the 
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tetragonal (FeA – O) and octahedral (FeB – O) oxygen are shown in Figure 7a and Figure 7b, 

respectively. 

 

Fig. 6. Temperature dependence of the unit cell volume of Zn0.3Cu0.7Fe1.5Ga0.5O4 spinel. The solid line is 

linear fit of experimental data. 

 

Fig. 7. (a) FeA–O and FeB–O bond lengths of Zn0.3Cu0.7Fe1.5Ga0.5O4 spinel as a function of temperature. 

The solid line represents a linear fit to the experimental data. (b) FeA–O–FeB bond angle of 

Zn0.3Cu0.7Fe1.5Ga0.5O4 spinel as a function of temperature. The solid line represents a linear fit of the 

experimental data 
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By increasing the temperature, FeA–O bond length slightly increases. From literature [6] 

we expected this bond length to decrease. The problem might be in measurements on 295 K 

temperature, because this value deviates from other values. The FeB – O bond length increase with 

increasing the temperature, which is consistent with the literature [6]. By increasing the 

temperature, FeA–O–FeB bond angle decrease (Fig. 7b). 

The magnetic moments of the iron ions in different crystallographic sites (A and B) have 

antiparallel orientation. The temperature dependence of the ordered magnetic moments of Fe in A 

and B sites are shown in Figure 8. The values of iron magnetics moments are MA= 3.2(4) μB for 

Fe ions located in tetrahedral sites (A sites) and MB = 2.6(4) μB for those distributed in octahedral 

(B) sites [9]. 

 

Fig. 8. Temperature dependences of the magnetic moments of iron ions FeA and FeB located in A and B 

sites, respectively 
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Pressure dependence measurements  

Pressure measurements were performed from 0.8 GPa up to high pressures of 3.4 GPa at 

ambient temperature. At ambient temperature (297 K) spinel Zn0.3Cu0.7Fe1.5Ga0.5O4 has the crystal 

structure of cubic space group Fd3̅m, in which trivalent iron ions Fe3+ are distributed between A 

and B sites [12]. Neutron diffraction patterns of Zn0.3Cu0.7Fe1.5Ga0.5O4 measured at different 

pressures are shown in Figure 9. 

 

Fig. 9. Neutron diffraction patterns of Zn0.3Cu0.7Fe1.5Ga0.5O4 spinel measured at selected pressures up to 

3.4 GPa and processed by the Rietveld method. Experimental points, calculated profiles by the Rietveld 

method and positions of Bragg peaks are shown 

 

The obtained pressure dependence of the lattice parameter and unit cell volume are shown 

in Figure 10a and Figure 10b, respectively. 



15 
 

 

Fig. 10. (a) The pressure dependence of the cubic lattice parameter of Zn0.3Cu0.7Fe1.5Ga0.5O4 spinel. (b) 

The pressure dependence of unit cell volume of spinel 

 

The pressure dependence of unit cell volume were fitted by the third-order Birch–

Murnaghan equation  of state [13]:   

𝑦 =
3

2
∙ 𝐵0 ∙ (𝑥−7

3⁄ − 𝑥−5
3⁄ ) ∙ (1 +

3

4
∙ (𝐵1 − 4) ∙ (𝑥−2

3⁄ − 1)), (15) 

where x = V/V0 is unit cell volume divided by volume at pressure 0 GPa, while B0 and B1 are the 

bulk modulus B0 = -V(dP/ dV) T and its pressure derivative B1 = (dB0/dP)T [6]. The best fit is 

achieved by B1= 4 GPa. The value of bulk module B0 is 76.3 GPa. 

 

Pressure dependences of interatomic bond lengths for the tetragonal (FeA–O) and 

octahedral (FeB–O) oxygen is shown in Figure 11a, while pressure dependences of FeA–O–FeB 

bond angle is shown in Figure 11b. By increasing pressure interatomic bond FeA – O slightly 

decrease, while interatomic bond FeB – O slightly increase. The FeA–O–FeB bond angle increase 

under compression. 

The magnetic moments of the iron ions in different crystallographic sites (A and B) have 

antiparallel orientation. The pressure dependence of the ordered magnetic moments of Fe in A and 
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B sites are shown in Figure 12. The values of iron magnetics moments are MA= 3.9(4)μB for Fe 

ions located in tetrahedral sites (A sites) and MB = 2.8(4)μB for those distributed in octahedral (B) 

sites. 

 

Fig. 11. (a) FeA–O and FeB–O bond lengths of Zn0.3Cu0.7Fe1.5Ga0.5O4 spinel as a function of pressure. The 

solid line represents a linear fit to the experimental data. (b) FeA–O–FeB bond angle of 

Zn0.3Cu0.7Fe1.5Ga0.5O4 spinel as a function of pressure. The solid line represents a linear fit of the 

experimental data 

 

Fig. 12. Pressure dependences of the magnetic moments of iron ions FeA and FeB located in A and B sites, 

respectively 
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Conclusion 

The structural and magnetic properties of spinel ferrite Zn0.3Cu0.7Fe1.5Ga0.5O4 have been 

studied by means of the neutron diffraction method at pressures from 0.8 GPa to high pressures of 

3.4 GPa and in temperature range 297–425 K. Experimental data were analyzed by the Rietveld 

method using the FullProf software. Spinel Zn0.3Cu0.7Fe1.5Ga0.5O4 belong to the cubic space group 

Fd3̅m.  

By increasing the temperature, FeA–O and FeB – O bond lengths both increases. By 

increasing the temperature, FeA–O–FeB bond angle decrease. The magnetic moments of the iron 

ions in different crystallographic sites (A and B) have antiparallel orientation. The values of iron 

magnetics moments are MA= 3.2(4) μB for Fe ions located in tetrahedral sites (A sites) and MB = 

2.6(4) μB for those distributed in octahedral (B) sites.  

The best fit of dependence between pressure and unit cell volume was achieved when bulk 

modules was B1= 4 GPa and B0=76.3 GPa. By increasing pressure interatomic bond FeA – O 

slightly decrease, while interatomic bond FeB–O slightly increase, while the FeA–O–FeB bond 

angle increase under compression. The values of iron magnetics moments are MA= 3.9(4) μB for 

Fe ions located in tetrahedral sites (A sites) and MB = 2.8(4) μB for those distributed in octahedral 

(B) sites. 
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