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Abstract 

We report a detailed single-crystal and powder neutron diffraction study of Co2TiO4 and 
Co2SnO4 between the temperatures 1.6 K and 80 K to probe their spin structures in the ground 
state. For both compounds the strongest magnetic intensity was observed for the (111)M 
reflection due to ferrimagnetic ordering, which sets in below TN = 48.6 K and 41 K for Co2TiO4 

and Co2SnO4, respectively. An additional low intensity magnetic reflection (200)M was noticed 
in Co2TiO4 due to the presence of an additional weak antiferromagnetic component. 
Interestingly, from both the powder and the single-crystal neutron data of Co2TiO4 we noticed a 
significant broadening of the magnetic (111)M reflection, possibly results from the disordered 
character of the Ti and Co atoms on the B site.  Practically, the same peak broadening was found 
for the neutron powder data of Co2SnO4. On the other hand, from our single-crystal neutron 
diffraction data of Co2TiO4 we found a spontaneous increase of particular nuclear Bragg 
reflections below the magnetic ordering temperature. Our data analysis showed that this unusual 
effect can be ascribed to the presence of anisotropic extinction, which is associated to a change 
of the mosaicity of the crystal. In this case it can be expected that competing Jahn-Teller effects 
act along different crystallographic axes can induce anisotropic local strain. In fact, for both ions 
Ti3+ and Co3+ the 2tg levels split into a lower dxy level and yields a higher two-fold degenerate 
dxz/dyz level. As a consequence, one can expect a tetragonal distortion in Co2TiO4 with c/a < 1, 
which could not significantly detected in the present work. 
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I.  INTRODUCTION  
 

Magnetic properties of oxides with spinel crystal structure [AB2O4 = A2+(B3+)2O4 for 

normal spinels, and B3+(A2+B3+)O4 for inverse spinels] have been the subject of extensive 

research because of their unusual magnetic behavior and wide variety of applications in high-

frequency electronic components such as transformers, tunable noise filters, and magnetic read-

write heads [1-10]. Substitution of non-magnetic elements (dilution) inside these oxides at 

tetrahedral (A) or octahedral (B) sites often induces disorder or lattice distortions. Such issues 

may generate new pathways of magnetic interactions leading to some complex ferrimagnetic 

ordering with altered ground state [11-18] and brings about some interesting magnetic 

phenomena like reentrant spin-glass characteristics, magnetic frustration and bipolar exchange 

bias [19-29].  

Among various classes of spinel compounds that exhibit above properties, cobalt 

orthotitanate (Co2TiO4), cobalt-zinc titanates (Co2−yZnyTiO4), cobalt-germanium titanates 

(Co2GexTi1−xO4) and cobalt orthostannate (Co2SnO4) are some of the best known ferrimagnetic 

systems which exhibits glassy behavior just below TN [30-38]. The magnetic ordering in these 

compounds has already been studied by several authors in polycrystalline form [22-25, 32-38]. 

In this work we focus on the neutron diffraction studies of Co2TiO4 [(Co2+)[Co3+Ti3+]O4] 

together with the magnetic characterization of a single-crystalline sample and compared the 

results systematically with the polycrystalline Co2SnO4. Let us first recall that both compounds, 

Co2TiO4 and Co2SnO4 [Co2+(Co2+Sn4+)O4], exhibit ferrimagnetic behavior due to unequal 

magnetic moments of Co2+ ions at the tetrahedral A sites [μ(A) = 3.87 μB] and octahedral B sites 

[μ(B) = 5.19 μB and 4.91 μB for Co2TiO4 and Co2SnO4, respectively] [22-25]. The nature of 

magnetism in polycrystalline Co2TiO4 was first investigated by Sakamoto and Yamaguchi in 

1962 using temperature dependent remanence and torque measurements [39]. These authors 

report ferrimagnetic behavior in Co2TiO4 with Néel temperature TN ~ 53 K together with 

displaced hysteresis loops along the magnetization axis at 4.2 K [39]. Further, Ogawa and Waki 

report the temperature dependence of specific heat CP(T) in Co2TiO4 synthesized by cobalt 

ammonium sulfate and TiO2 as precursors [40]. These authors observed a weak anomaly across 

49 K in the CP(T) which is associated to the magnetic transition and reported the Debye 

temperature ӨD ~ 560 K with T3/2 dependence for T < 30 K [40]. Later studies by Hubsch and 

Gavoille reported a semi spin-glass transition TSG ~ 46 K (< TN) in Co2TiO4 [32]. According to 



this report Co2TiO4 undergoes a compensation temperature across 30 K where the two-sublattice 

magnetizations balance with each other [32]. In 1991 Gavoille et al. reported that the random 

anisotropy plays a major role on the global magnetic behavior of Co2TiO4 system [33]. Such 

random anisotropy originates mainly in unsystematic lattice distortions which screen the local 

charge fluctuations due to large charge difference between the electronic configurations of Co2+ 

and Ti4+ [33].  

The ac-magnetic susceptibility χac(T) studies by Srivastava et al. reveals few multiple 

transitions in Co2TiO4 below 20 K which are related to the ‘Gaby and Toulouse’ type mixed 

phases TM1 and TM2 [34, 35]. The χac(T) measurements performed in the presence of low dc-bias 

field dependence (0 ≤ HDC ≤ 150 Oe) for frequency f = 21 Hz show the first transition at 16.5 K 

due to a transition from paramagnetic to a spin-glass state, which disappears as the dc-bias field 

approaches to 150 Oe [34]. In 1975, Sherrington and Kirkpatrick (SK) first established the 

theoretical study for such reentrant spin-glass behavior in spinels using mean-field approach [41-

43]. Later, Gabay and Toulouse extended the SK Ising model calculations to the vector spin-

glasses and showed that it is possible to have multiple phase transitions such as: magnetically 

ordered state 
𝑇𝑇C or 𝑇𝑇N�⎯⎯⎯⎯� paramagnetic state 

𝑇𝑇M1�� mixed phase-1 
𝑇𝑇M2�� mixed phase-2 [44-46]. The 

cation distribution and magnetic properties of series of spinels based on Co2GexTi1−xO4 (0 ≤ x ≤ 

1) and Co2−yZnyTiO4 (0 ≤ y ≤ 1) was reported by Strooper et al. [30, 36]. For x = y = 0 they 

obtained the sublattice magnetizations MA(0) = 20450 (G/cm3)/mol and MB(0) = 19750 

(G/cm3)/mol, TN ~ 53 ± 2 K,  Curie constant C = 5.4 ± 0.1 K cm3/mol, and exchange constants 

JAB ~ −6.3 ± 0.3 K, JAA ~ −4.6 ± 0.3 K and JBB ~ −5.5 ± 0.3 K [30, 31, 36]. Recently, Nayak et. 

al. reported that the electronic state of Ti in Co2TiO4 is Ti3+ instead of Ti4+, unlike the case of 

Co2SnO4 system where Sn4+ occupies the octahedral B-sites [22]. Using heat capacity, dc-

magnetization and χac(T) studies these authors reported that polycrystalline Co2TiO4 exhibit a 

quasi-long-range ferrimagnetic state below TN ∼ 47.8 K and a compensation temperature Tcomp ∼ 

32 K together with giant sign reversible exchange bias at low temperatures [20,22,38]. Although 

a significant frequency dispersion was observed in χac(T) of Co2TiO4, the mathematical analysis 

based on the Power-law of critical slowing down 𝜏𝜏 = 𝜏𝜏o [(TP/Tg) −1]−zν yields a higher value of 

critical exponent zν = 16 as compared to zν = 6.4 for Co2SnO4 [22,25].  Usually, for a typical 

spin-glass system the magnitude of zν should lie between 4 and 12 [49]. Therefore, the χac(T) 

studies reported in references [22,38] reveal a lack of perfect spin–glass transition below TN in 



Co2TiO4 as compared to Co2SnO4 (TSG = 39 K < TN = 41 K) even though the ac-susceptibility 

data follows the A-T line behavior (H2/3 vs TP) [38]. 

On the other hand, previous studies on Co2SnO4 system reported that the longitudinal 

component of spins are responsible for the ferrimagnetic ordering below 41 K, and transverse 

component is accountable for the spin–glass state below 39 K, in which non-magnetic Sn4+ ions 

on the B sites are responsible for this disordered state [23,24]. Such coexistence of two magnetic 

phase transitions in Co2SnO4 are consistent with the semi spin-glass behavior predicted by 

Villain and the experimental observations of Srivastava et al. [34,35,50]. Theoretical studies by 

Villain reveal that the long-range interactions between the canted local spins are responsible for 

the collective freezing of the transverse spin component at the spin-glass transition [50,51]. In all 

these studies, the samples are of polycrystalline in nature and no single-crystal study has been 

reported so far. Therefore, there is a need to pin down the spin configuration of Co2TiO4 and its 

sister compound Co2SnO4 precisely using neutron diffraction measurements below TN which is 

the main objective of this article. 

 
II. EXPERIMENTAL DETAILS 

The single-crystalline sample of Co2TiO4 was prepared by the floating zone method. For this, 

the ceramic feed rod of Co2TiO4 sample was first prepared using the binary transition-metal 

oxide precursors; cobalt (II, III) oxide (Co3O4) and titanium dioxide (TiO2) of 4N purity powders 

were taken in appropriate amounts and mixed in ethanol. These mixtures were calcined at 500oC 

for 12 h in air and finally packed in a rubber tube of cylindrical geometry of 7 mm diameter and 

100 mm length. These cylindrical samples were hydrostatically pressed at 2.5 kbars and sintered 

at 1350°C for 30 h in air (with 200°C/h heating and cooling rates) to obtain high density feed and 

seed rods for the floating zone growth. Small portions were cut-off from a feed rod and used for 

powder X-ray diffraction and magnetization measurements. The Co2TiO4 crystals have been 

grown by crucible-free floating zone method in air flow (500 ccm) using the four-mirror type 

image furnace (CSC, Japan) equipped with 1 kW halogen lamps. The pulling rate was 

maintained at 1.5-2.0 mm/h. The upper and lower shafts were counter rotated at 15 rpm, in order 

to suppress temperature fluctuations in the molten zone. The as-grown ingot was about 55-60 

mm in length and about 6.5 mm in diameter with a metallic luster. The powder samples of 

Co2SnO4 have been prepared by standard solid-state-reaction method similar to the method given 



in Ref [25]. Neutron powder diffraction experiments were carried out on a crushed Co2TiO4 

single crystal using the instruments E2, E6, and E9 available at the BER II reactor of the 

Helmholtz-Zentrum Berlin. The instrument E9 uses a Ge-monochromator with neutron 

wavelength λ = 1.309 Å, while the instruments E2 and E6 use a pyrolytic graphite (PG) 

monochromator of neutron wavelengths λ = 2.38 Å and λ = 2.42 Å, respectively. On these 

instruments powder patterns were recorded between different ranges of diffraction angles: (a) 

19.2 and 95.3° (E2), (b) 5.5 and 136.4° (E6), and (c) 5 and 141.8 ° (E9). On the instrument E2, 

neutron powder diffraction patterns of single-crystal Co2TiO4 and polycrystalline Co2SnO4 were 

collected at 1.6 (magnetically ordered regime) and 80 K (paramagnetic region) with very good 

counting statistics (24 h/pattern). In order to improve the instrumental resolution during the 

experiments we have used a 15 min collimator. The temperature dependence of magnetic 

ordering of both Co2TiO4 and Co2SnO4 has been investigated on the instrument E6.  

The crystal and magnetic structures of cylindrical form of Co2TiO4 single-crystal of 

dimension d = 6.3 mm and h = 6.5 mm has been investigated on the four-circle diffractometer 

E5. The data were collected with a two-dimensional position sensitive 3He-detector, 90 × 90 mm 

(32 × 32 pixels). The instrument E5 uses a Cu and PG monochromator selecting the neutron 

wavelengths λ = 0.896 and 2.39 Å, respectively. The shorter neutron wavelength has been used 

to collect a full data set to investigate in detail the crystal structure of Co2TiO4. For the 

investigation of the magnetic structure we have used the plane grating (PG) monochromator. For 

the investigation of the crystal structure at low temperature, a powder sample (crushed crystal) of 

Co2TiO4 was used. Neutron powder patterns were collected on the instrument E9 at 2 K and 60 

K. Furthermore, we have followed the thermal variation of the intensity of prominent nuclear and 

magnetic Bragg reflections. The refinements of the crystal and magnetic structure were carried 

out with the FullProf suite [52]. In addition to this we have used the program Xtal 3.4 (Ref. [53]) 

for the refinements using the single-crystal data of Co2TiO4 collected at room temperature. For 

the absorption correction (Gaussian integration) we used the absorption coefficient µ = 0.75 cm–

1. Secondary extinction has been corrected using the formalism of Zachariasen (type I) and the 

following nuclear scattering lengths were used: b(O) = 5.805 fm, b(Ti) = 3.30 fm, b(Co) = 2.50 

fm, and b(Sn) = 6.228 fm [54]. The magnetic form factors of the Ti3+, Co2+ and Co3+ ions were 

taken from Ref. [55]. The ac-magnetic susceptibility (χac) and dc-magnetization measurements 

(M) were performed using a superconducting quantum interference device (SQUID) based 



magnetometer from Quantum-design with temperature capabilities of 2 - 320 K and magnetic 

field (H) up to ±70 kOe. The low temperature heat capacity data was recorded by means of a 

physical property measurement system (PPMS) from Quantum Design. 

 

III. RESULTS AND DISCUSSION 
 
A. Crystal and Electronic structure 
 

Figure 1 shows the neutron powder diffraction pattern of Co2TiO4 collected at temperatures 

between 1.6 K and 60 K together with their Rietveld refinement data. The calculated patterns 

(shown in red color) are compared with the experimentally observed data (shown in black 

circles). In the lower part of each diagram the difference pattern (shown in blue color) as well as 

the positions of the nuclear reflections of Co2TiO4 is shown. In the powder pattern collected at 

1.6 K magnetic intensity appears at the position of the reflections (111)M. It is well known that 

the inverse spinel Co2TiO4 crystallizes in the cubic space group mFd3  (No. 227, cell choice 2). 

Usually, in normal spinels with the general formula AB2O4 the A2+ ions are located on the 

tetrahedral site (A site), while the B3+ ions are located on the octahedral site (B site). In Co2TiO4 

cobalt occurs in two valence states as Co2+ and Co3+ [22]. Therefore, it can be expected that Co2+ 

occupy the A site and Co3+ occupy one half of the B site. Consequently, the titanium ions have 

the trivalent state and they statistically occupy the other half of the B site. The formula of this 

inverse spinel can be given as Co(Co0.5Ti0.5)2O4. In order to check the correctness of the 

chemical composition we have investigated the detail crystal structure of Co2TiO4. At room 

temperature no additional reflections could be detected, which clearly indicated that the F 

centering and the d-glide planes are not lost. For the refinements a total of 1680 (94 unique) 

reflections were collected in the 2θ range from 5.3 to 48.6°. Due to the vastly different scattering 

lengths of the titanium and cobalt atoms we were able to determine the occupancies of these 

atoms with good accuracy. For the A site and B site the metal atoms are located at the Wyckoff 

positions 8b(⅜,⅜,⅜) and 16c(0,0,0), while the O atoms are located at the position 16e(x,x,x). 

During the refinement we allowed to vary the following parameters: (i) the overall scale and 

extinction factor g, (ii) the positional parameter x of the O atom, and (iii) the isotropic thermal 

parameters of the Ti and Co atoms as well as the anisotropic thermal parameters U11 (= U22 = 

U33) and U12 (= U13 = U23) of the O atom. For the A and B sites we have used the constraint 



occ(Ti) + occ(Co) = 1. Further we have used the constraint for the isotropic thermal parameters 

U of the atoms of the A and B sites. This is due to the fact, that the scattering power of the B site 

is strongly reduced by a partial compensation of the positive and negative scattering lengths of 

the Co and Ti atoms. However, the refinements resulted in a satisfactory residuals RF = 0.043 

defined as RF = ∑(||Fo
2| − |Fc

2||) / ∑|Fo
2|. For the A site we have obtained the occupancies occ(Ti) 

= −0.031(16) and occ(Co) = +1.031(16). This clearly shows that the A site is fully occupied with 

Co2+ ions. On the other hand, the occupancies of the B site were found to be occ(Ti) = 0.513(8) 

and occ(Co) = 0.487(8). These are very close to the expected values of 0.5. Thus, our 

investigation does affirm the highly unusual oxidation state of Ti ions (+3) in the crystal 

structure of Co2TiO4 phase when prepared in air. For the extinction parameter g, which is related 

to the mosaic distribution, we obtained the value g = 929(113) rad–1. The results of the 

refinements are summarised in Table I.  

       In order to investigate the structural properties at low temperature we have collected neutron 

powder diffraction data on E9 at 1.6 and 60 K (Fig. 1), in the magnetically ordered regime as 

well as in the paramagnetic region. In Fig. 1 it can be seen that additional intensity occurs at the 

position of the reflection 111 due to a ferrimagnetic ordering at 1.6 K, which will be discussed in 

detail in the following section. Furthermore, in the low-temperature powder pattern we could not 

found any peak splitting or broadening. Therefore, within the instrumental resolution we cannot 

find a transition to a lower symmetric structure. For example, the normal spinel NiCr2O4 shows a 

transition from the cubic space group mFd3  to tetragonal one with the space group I41/amd 

followed by another transition into an orthorhombic structure with the space group Fddd [56]. A 

refinement in the next lower symmetric space group I41/amd resulted in lattice parameters aorth = 

atet √2 = 8.4402(14) Å, and corth = ctet √2 = 8.4416(29) Å. Further, in Table 1 it can be seen, that 

the changes of the refined parameters are negligible from 297 K down to 1.6 K. Interestingly, our 

single-crystal data showed, that the thermal variation results in a strong change of the intensity of 

strong nuclear reflections (Fig. 2). The strong increase of the 400 reflection of about 65 % (from 

60 K down to 8 K) cannot be purely ascribed to an increase of magnetic intensity. From our 

powder data collected on E2 the increase is only 16 %. In this case the increase in the intensity of 

the neutron powder diffraction peak 400 can be purely ascribed to a onset of the magnetic 

ordering, because of the absence of secondary extinction. On the contrary, for the single crystal 

one can clearly confirm the presence of extinction effects from the crystal structure refinements 



as discussed above. Such effect can be ascribed to a change of the orientation of mosaic blocks in 

the single crystal caused by strain effects and results in an increased broadening of Bragg 

reflections with decreased extinction. Since the extinction coefficients ‘y’ refer to the reductions 

in F2 (y ~ Fobs
2/Fcal

2) the intensities of the strongest reflections are significantly affected. 

Moreover, for the reflection 222, which is at 60 K even stronger than the 400, this effect is much 

less pronounced. Here we found an increase of only 7 and 14 % from the powder (E2) and the 

single-crystal diffraction (E5) experiments, respectively. This indicates that the change of 

mosaicity (or extinction) is anisotropic at low temperature. This effect was also observed by a 

high-resolution synchrotron powder diffraction study of Ni0.85Cu0.15Cr2O4, where a strong peak 

broadening was observed for the 400, whereas the reflection 222 remains unchanged [56]. Thus, 

the strong anisotropic strain broadening is essentially based on competing Jahn-Teller effects 

acting along different crystallographic axes. For the Co2+ ions at the A site, which have the 3d7 

configuration, cooperative distortions of the CoO4 tetrahedra through the Jahn-Teller effect 

should be absent. Nevertheless, electronic energy could be gained for the Ti3+ and Co3+ ions 

having the 3d1 and 3d6 configurations, respectively. For both ions the 2tg levels are expected to 

split into a lower dxy level and a higher twofold generate dxz/dyz level. Thus, one would expect for 

both ions tetragonal distortions with a c/a ratio smaller than 1. From the refined tetragonal lattice 

parameters of Co2TiO4 in the space group I41/amd as given above we obtained a c/a ratio of 

1.0002(7), which is practically equal to 1. On the other hand it has to be mentioned that the 

reflection 400 measured at 1.6 K was found to be slightly broader than that measured at 60 K 

(FWHM from 0.414 to 0.429°). A similar trend shows the reflection 222 (FWHM from 0.423 to 

0.440°). However, the observed FWHM values practically represent the instrumental resolution. 

Therefore, the FWHM of the reflection 222 is slightly larger than that of the 400. This confirms 

that a tetragonal splitting is hardly to detect from our powder data, since a significant peak 

broadening should only expected for the reflection 400 (into 400/040 and 004). For comparison 

the reflection 400, measured in our single-crystal experiment, was found to be even broader 

(FWHM = 0.73°) taking into account the instrumental resolution (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠 =

�𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑜𝑜𝑜𝑜𝑠𝑠
2 −  𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐼𝐼𝐼𝐼𝑠𝑠𝐼𝐼𝐼𝐼

2  ). As discussed above the intrinsic peak broadening can be ascribed 

to a rougher orientation of mosaic blocks in the single crystal. Due the worse resolution of the 

PG monochromator and the intrinsic peak broadening no change of the peak width is observable 

between 8 and 80 K. Furthermore, it is important to note that Co2TiO4 does not show a 



spontaneous structural phase transition could not be observed, which is in agreement with our 

neutron powder data. In Fig. 2 it can be seen, that such a transition is smeared out due to the 

structural disorder in this material. However, extinction effects can give us additional 

information about the increase of anisotropic strain effects, which are locally induced by the 

Jahn-Teller effect in the Co2TiO4 single crystal.  

In order to determine the electronic state of all the ions present in the single crystal Co2TiO4 

systems, we performed the X-ray photoelectron spectroscopy (XPS) measurements with Al-Kα 

X-rays as source. Figure 3 shows the photoelectron intensity of the sample versus binding energy 

(eV) of the core level spectra of (a) Co-2p (b) Ti-2p and (c) O-1s, and (d) Co-2p (e) Sn-3d and (f) 

O-1s for Co2TiO4 single crystal and Co2SnO4 polycrystal, respectively. We noticed two major 

peaks at 780.58 eV and 795.68 eV associated with the spin-orbit splitting (2p3/2 and 2p1/2 levels) 

which are further deconvoluted into four peaks at 780.35 eV(P1), 782.26 eV(P2), 795.85 eV(P3) 

and 797.26 eV(P4) signifying the presence of Co3+ state [Doublet: P2–P4] in addition to the Co2+ 

[Doublet: P1–P3]. In addition, three weak broad satellite peaks were noticed at 773.46 eV (S1), 

785.84 eV (S2) and 802.45 eV (S3). Usually, the energy splitting (∆E) between the two levels due 

to spin-orbit coupling should be different for the divalent and trivalent Co ions with ∆E = 15.7 

eV and 15.0 eV for Co2+ and Co3+, respectively [57-59]. In the present case for Co2TiO4 single 

crystal the separations between the doublet peaks found to be ∆EP1-P3 = 15.5 eV and ∆EP2-P4  = 15 

eV corresponding to the Co2+ and Co3+ respectively.  On the other hand, the highest intensity 

peak for Ti-2p3/2 centered at 457.93 eV, together with this peak we noticed a second peak across 

463.75 eV corresponding to Ti-2p1/2 (Fig. 3b). Usually, Ti ions exhibit tetravalent oxidation state 

in most of the oxides; for example, in TiO2 the binding energy separation for doublets of Ti 

∆[2p3/2-2p3/2] = 5.7 eV, however, in the present case the ∆[2p3/2-2p3/2] = 5.82 eV signifying the 

presence of Ti3+. The observed position of the peak at 457.93 eV agrees with the previously 

reported data of Ti3+ surface defects in TiO2 system [60]. Moreover, our observations rule out the 

presence of any metallic ‘Ti’ ions in Co2TiO4 matrix which usually show their signatures in XPS 

spectra at 454 eV [59]. Figure 3c shows the core level spectra of O-1s which requires a minimum 

of three Gaussian-Lorentzian peaks to reproduce the experimentally observed XPS spectra. 

These deconvoluted peaks are centered at 530.03 eV, 532.20 eV and 533.63 eV signifying the 

presence of surface oxygen, metal-ligand bonding and excess oxygen present in the system [57-

59,62-64]. On the contrary, the Co-2p XPS spectrum (Fig. 3d) for Co2SnO4 deconvoluted only 



into two major peaks at 780.6 eV and 796.3 eV, with satellite peaks at 786.15 eV and 802.4 eV. 

The binding energy seperation ∆E between the two major peaks (2p3/2 and 2p1/2) is 15.7eV, which 

confirms the presence of divalent oxidation state of Co i.e. Co2+, and no additional signatures for 

the Co3+ state are observed in Co2SnO4. Figure 3(e) shows the Sn-3d core level XPS spectrum 

for Co2SnO4 which exhibits sharp peaks at 485.65 eV and 494.8 eV and a weak shoulder at 

496.75 eV signifying the presence of the Sn4+ state. The O-1s XPS spectra (Fig. 3(f)] shows the 

characteristics of Co–O lattice oxygen and surface oxygen.  

As compared to the single crystal O-1s core level spectra there is a significant asymetric peak 

broadening was noticed which may be associated with the presence of increase in surface oxygen 

vancancies [65]. Usually, polycrystalline samples contains many grain boundaries and 

dislocations as compared to the singlecrystalline sample. Moreover, in polycrystalline cobalt 

orthotitanate the peak positions are shifted towards higher binding energy (and an additional 

peak at 527.8 eV) due to the significant role of electronegativity (since the oxygen ions are 

linked with different electronic states of cobalt and titanium ions) [66]. On the contrary, in cobalt 

orthostannate the oxygen ion is bonded with only divalent cobalt ions at both tetrahedral A and 

octahedral B sites and tetravalent stannus ions, therefore electronegativity plays a small role) 

[66]. From this analysis we observed that Co2TiO4 single crystals exhibits electronic structure 

(give as (Co2+)[Co3+Ti3+]O4) similar to that of the polycrystalline samples reported recently. 

 

 B. Microscopic magnetic moments and magnetic structure 

       For a detailed understanding of the magnetic order in Co2TiO4 we have collected the powder 

patterns on the instruments E2 and E6. It has already been mentioned above that Co2+ occupy the 

A site, and the magnetic ions Ti3+ and Co3+ statistically the B site. Complementary to this study 

we also have investigated the magnetic ordering of Co2SnO4 to separate out the individual 

contributions of the Co2+ and Co3+ ions. In this compound the B site is occupied with magnetic 

Co2+ and diamagnetic Sn4+ ions. Neutron powder diffraction patterns of Co2TiO4 and Co2SnO4 

were collected at 1.6 and 80 K on the instrument E2. In Fig. 4 it can be seen, that the intensities 

of the nuclear Bragg reflections are significantly different for Co2TiO4 as compared to Co2SnO4. 

This can be ascribed to the strongly different scattering lengths of the Ti and Sn atoms. The 

refinements of structural parameters at 80 K resulted in satisfactory residuals of RF = 0.031 

(Co2TiO4) and RF = 0.014 (Co2SnO4). In contrast, the difference patterns of both compounds 



(Fig. 4) look very similar indicating that their magnetic structures are practically the same. Here 

all magnetic intensities were found to be on the positions of allowed nuclear Bragg reflections, 

which indicate a ferrimagnetic ordering between the atoms located at the tetrahedral and 

octahedral sites. Figure 4 shows that for both the strongest magnetic intensities can be observed 

at the position of the reflection 111. The only difference arises through the presence of the 

magnetic reflection (200)M in the powder pattern of Co2TiO4, which is forbidden for the cubic 

space group mFd3 . Thus, the presence of this reflection suggests a loss of at least one of the d-

glide planes resulting in an additional antiferromagnetic ordering with a moment direction 

perpendicular to the ferrimagnetic ones. Magnetic intensity of the (200)M can be generated, if the 

moments of the Co1(Ti) atoms at the positions (1) 0,0,0; (2) ¾,¼,½; (3) ¼.½,¾; (4) ½,¾,¼ show 

the spin sequences + − − +, + − + −, and + + − −. Due to the fact, that the reflection (200)M could 

only be observed for Co2TiO4 the existence of an additional antiferromagnetic ordering in 

Co2SnO4 can be excluded. A similar type of ordering was found for the Cu-rich chromites in the 

system Ni1−xCuxCr2O4 [5]. In both spinel types one finds strong exchange interactions between 

the atoms located at the tetrahedral and octahedral sites resulting in a ferrimagnetic spin 

alignment. For the chromites, where orthorhombic distortions (space group Fddd) are strongly 

pronounced, the ferri- and antiferromagnetic components were found to parallel to the a and c 

axis, respectively. Further it has to be mentioned that in NiCr2O4 the ferrimagnetic and the 

antiferromagnetic transition sets in at two different magnetic transition temperatures, where the 

magnetic ordering can be described with two different propagation vectors [5]. 

         In contrast to the system Ni1−xCuxCr2O4, we cannot distinguish the difference between the 

three cubic axes of Co2TiO4 and Co2SnO4. For the Co2+ ions (in our case Co2) at the A site, 

which have the 3d7 configuration (eg
4, t2g

3), cooperative distortions of the CoO4 tetrahedra 

through the Jahn-Teller effect should be absent. Assuming a high-spin state three unpaired 

electrons in the t2g level give a magnetic moment µeff = g · S = 3.0 µB. On the other hand, 

electronic energy could be gained for the Ti3+ and Co3+ ions (in our case Co1) having the 3d1 

(t2g
1, eg

0) and 3d6 (t2g
4, eg

2) configurations, respectively. For both ions the t2g levels are expected 

to split into a lower dxy level and a higher twofold generate dxz/dyz level. Here Ti3+ has one and 

Co3+ has four unpaired electrons and accordingly one expects magnetic moments µeff = 1.0 µB 

and µeff = 4.0 µB, respectively. Therefore, we have used in the refinements, as described in detail 

below, of Co2TiO4 a constraint µ(Co3+) = 4 µ(Ti3+).  



 Interestingly, in Fig. 4 it can be seen that the magnetic peak (111)M of both Co2TiO4 and 

Co2SnO4 is much broader than the nuclear one 111 observed for Co2SnO4. The Rietveld 

refinements of the powder patterns of both Co2TiO4 and Co2SnO4 (collected on E2) resulted in 

the best fit for the nuclear reflections, where a pure Gaussian profile was used. In contrast, for 

the magnetic reflections, a pure Lorentzian resulted in the best fit. Usually, the diffraction 

profiles of both the nuclear and magnetic reflections are expected be the same. The origin of the 

peak broadening of the magnetic (111)M reflection in the powder pattern may be related to the 

disorder of the Ti and Co cations at the B site, which form perfect-crystal microdomains (called 

magnetic mosaic blocks) leading to a Lorentzian distribution. On the other hand, the absence of 

secondary extinction in the powder diffraction data signifies the fact that the magnetic moments 

are not perfectly ordered. Usually in the case of a perfect three-dimensional magnetic order, one 

would expect the similar peak profiles as observed in the case of nuclear ones. The cause of this 

effect might be the statistical distribution of the Co and Ti/Sn atoms at the B site. Therefore, one 

can assume that a part of the moments shows a partial disorder in a so-called spin-glass state (the 

ac-magnetization dynamics discussed later provides further evidence to the existence of spin-

glass state in the Co2TiO4 single crystals). In order to estimate the degree of 3-dimensional 

magnetic ordering we have deduced the correlation lengths (defined as ξ = 1/HWHM) from the 

strongly broadened magnetic reflection (111)M. For Co2TiO4, where the magnetic reflection 

(111)M is much stronger pronounced that the nuclear one 111, we could obtain from the neutron 

powder data the correlation length ξ ~ 15 Å. For comparison, the obtained correlation length ξ ~ 

20 Å, obtained from the single-crystal data, was found to be somewhat larger. However, in the 

present study we have used the integrated magnetic intensities of both Co2TiO4 and Co2SnO4 to 

estimate the magnitude of the magnetic moments (µ). The results of the refinements are 

summarized in Fig. 4 and Table II. For the Co2+ and Co3+ ions one finds three and four unpaired 

electrons, respectively. Assuming a spin-only system the expected theoretical magnetic moments 

(µeff = g S µB) are µeff = 3.0 µB (Co2+) and µeff = 4.0 µB (Co3+). Assuming Co2+ on the A site and 

Co3+ on the B site it can be seen for that the experimental moments are somewhat reduced, where 

one finds for Co1 atoms on the B site µtot(Co1) = 3.17(5) µB (E2) and µtot(Co1) = 2.94(6) µB 

(E6), and for the Ti atoms µtot(Ti) = 0.79(2) µB (E2) and µtot(Ti) = 0.74(2) µB (E6). For Co2 on 

the A site the moments are µtot(Co1) = 1.62(4) µB (E2) and µtot(Co1) = 2.11(4) µB (E6). Due to 

the much better counting statistics on E2 we were able to determine the z component of Co1/Ti 



with better accuracy. Here we found the values µx(Co1) = 0.89(9) µB and µx(Ti) = 0.22(2) µB. 

For Co2SnO4 the strongest magnetic intensity was also found at the position of the reflection 111. 

In Fig. 4 it can be seen the nuclear intensity of the 111 of Co2SnO4 is rather strong, whereas in 

the case of Co2TiO4 it was negligible. Therefore, the magnetic moments could not be determined 

with same accuracy as those of Co2TiO4. Interestingly for Co2SnO4 no intensity could be 

observed on the position of the reflection 200 (as shown in Fig. 4), suggesting the absence of an 

additional antiferromagnetic component. Due to this reason we were not able to determine the 

temperature dependence of magnetic moments of Co2SnO4 precisely from our E6 experimental 

data. Therefore, in Fig. 5 we only present the temperature dependence of the magnetic moments 

of the cobalt and titanium atoms in Co2TiO4. Below the ferrimagnetic Néel temperature TN ~ 

48.6 K (estimated from ∂(χDCT)/∂T vs. T as shown in the supplementary Fig. 1s of Ref. [67]) the 

magnetic moments of Co1 and Ti atoms located at the B sites are coupled antiparallel to the 

moments of the Co2 atoms located at the A site. During the refinement we have used a moment 

ratio µ(Co3+)/µ(Ti3+) = 4. As well as the moment direction parallel to the ‘a’ axis. 

         Moreover, in order to obtain the effective magnetic moment μeff, the temperature 

dependence of inverse paramagnetic susceptibility curves χZFC−1(T) (χZFC = MZFC/H) (Fig. 2s of 

Ref. [67]) for Co2TiO4 single-crystal and poly-crystal are fitted to the experimental data with the 

Néel’s expression for ferrimagnets viz. 1/χ = (T/C) + (1/χ0) – [σ0/(T − θ)] [68]. A systematic 

comparison of all the fitting parameters including the molecular field constants (NAA, NAB and 

NBB) and exchange constants (JAA, JAB and JBB) obtained from the above analysis for Co2TiO4 

single and polycrystalline samples are listed in Table III. The effective magnetic moment μeff = 

7.526 μB/f.u. of Co2TiO4 is determined by using the relation C = Nμeff
2/3kB. Since the tetrahedral 

co-ordination does not allow orbital contribution, the magnetic moment at A-site of Co2+ ions is 

fixed as μ(A) = 3.87 μB with spin S = 3/2 and g = 2 and μ(B) = 6.46 μB is determined using the 

formula µeff
2 = [µ(A)]2 + [µ(B)]2 for Co2TiO4 single crystal which yields ferrimagnetism below 

‘TN’ with net small moment of 2.59 μB/f.u. and these values are greater (1.32 μB) than their 

polycrystals. The experimentally obtained value μeff = 7.526 μB for Co2TiO4 single crystal is 

slightly larger (1.04 μB per f.u.) than the theoretically predicted value 

�[(3.87μB)2]𝐴𝐴=Co2+ + [(1.73μB)2]𝐵𝐵=Ti3++[(4.9μB)2]𝐵𝐵=Co3+ = 6.48 μB. This is due to the 

significant role of orbital contribution of the cations occupying the octahedral sites. Note that in 

the present case the trivalent titanium ions Ti3+ with its 3d1 electronic configuration has magnetic 



moment μ = 1.73 μB. Considering the magnetic moment of Ti3+ , μeff = 7.526 μB and μ(A) = 3.87 

µB our calculation yields the total moment of μ(Co3+) ~ 6.218 μB, which is greater than its spin-

only moment 4.9 μB signifying the orbital contribution (1.318 μB) in the octahedral sites. On the 

contrary, no such orbital contribution was noticed for the polycrystalline Co2TiO4 which exhibits 

μeff = 6.5 μB/f.u. and is less than the μeff obtained for single-crystal but higher than the 

isostructural compound Co2SnO4. The important difference between the Co2TiO4 and Co2SnO4 is 

that the B sites are occupied by trivalent Co and trivalent Ti in Co2TiO4 both of which exhibits 

non-zero magnetic moment, however, non-magnetic tetravalent Sn and divalent Co fills the 

octahedral B sites in Co2SnO4. Consequently, the effect of magnetic dilution is expected to be 

very less in Co2TiO4 as compared to its sister compound Co2SnO4. The strength of the 

antiferromagnetic exchange coupling between the two Co2+ spins on the tetrahedral 'A' and 

octahedral 'B' sites is often termed as asymptotic Curie temperature Ta= C/χ0. The corresponding 

values of Ta are 202.48 K and 125.18 K for single crystal and polycrystalline Co2TiO4, 

respectively.  Another key feature of Co2TiO4 is the observation of compensation effect at TCOMP 

~ 30.4 K below the ferrimagnetic ordering temperature. 

In order to confirm the spin-glass behavior a detailed frequency dependence (0.17 Hz ≤ f 

≤ 1200 Hz) of ac-magnetic susceptibility studies were performed. Figure 6 shows the 

temperature dependence of real- and imaginary-components of χac(T) (= χ′(T)  + i χ″(T) ) for 

different values of ‘f’. For these measurements the peak-to-peak amplitude of ac-magnetic field 

hac is set to ~ 4 Oe with negligible HDC. It is clearly evident that the peak maximum (TP) in χʹ(T) 

shifts towards higher temperature side with increasing the frequency which is a typical 

characteristic of spin-glass system. To examine such property, the variation of TP with-respect-to 

f has been analyzed using the dynamic scaling-law given by the equation
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[69,70]. In this equation τ0 is related to the relaxation of the individual cluster magnetic moment 

(τ0 = 1/2πfo is the value of attempt frequency), ‘TF’ is the spin-glass transition temperature, ‘z’ is 

the dynamical critical exponent and ‘ν’ is the critical exponent of correlation length. The 

scattered points shown in Fig. 7(a) shows the logarithmic variation of TP as a function of ‘τ’ and 

the straight lines represents the least square fits (ln [τ] against ln[(TP − TF)/TF]) to the TP data 

obtained from χac(T). This fitting analysis yields the following parameters for the single crystal of 

Co2TiO4: fo = 3.746×1025 Hz, TF = 46.85 K and ‘zν’ = 12.04 ± 0.05 for TP(χʹ) and fo = 3.746×1016 



Hz, TF = 41.59 K and ‘zν’ = 2.17 ± 0.05 for TP (χʺ). The magnitudes of ‘fo’ and ‘zν’ are consistent 

with the glassy characteristics of prototype spin-glasses reported in literature [68-71]. On the 

contrary, our earlier report dealing with the polycrystalline Co2TiO4 samples shows zν > 16 

indicate the departure from a proper spin-glass nature [22]. In particular, the magnitude of fo ≃ 

1016 Hz corresponds to spin-flip frequency of magnetic moments of ions or atoms [69,71,75,76]. 

We also analyzed the frequency dispersion of χac(T) data with the Vogel-Fulcher law 

which is usually expressed as 
( )
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aττ ; where τ0 is the relaxation time constant  (τ0 

= 1/2πfo is the characteristic frequency of the clusters), T0 is a measure of the interaction between 

magnetic clusters, kB is the Boltzmann constant and Ea is the activation energy or the potential 

barrier separating two adjacent clusters [69,71-76]. The solid-lines in Fig. 7b represents the best 

fits corresponding to the above discussed Vogel-Fulcher law to the experimental data points 

obtained from χac(T). This exercise yields T0 = 46.86 K (41.52 K) and f0 = 1.081 × 1015 Hz (1.07 

× 1015 Hz) for χʹ(χ'ʹ). Usually, the large values of f0 has been seen in other spin-glass systems as 

well, for example AgMn, CuMn, and AuFe which indicates the presence of interacting magnetic 

spin clusters of significant sizes in the investigating system [69,71,72,75,76]. The competition 

between ferrimagnetism and magnetic frustration in the system is the main source of existence of 

spin clusters which leads to a short-range order occurring just below TN. Earlier investigations on 

the magnetic properties of Y0.7Ca0.3MnO3 and La0.96−yNdyK0.04MnO3 (0 ≤ y ≤ 0.4) reported the 

formation of such spin-clusters with short-range order [73,74]. Another important gauge to 

understand the nature of the spin-glass freezing processes is that the determination of relative 

shift (Φ) of the peak temperature per decade frequency using the expression Φ = ∆Tp/(Tp ∆log f), 

where ∆TP is the change in TP with change in log f [77,78]. Consequently, we have calculated the 

values of Φ = 0.0044 and 0.0052 using χʹ versus T and χʺ versus T, respectively. Usually, Φ 

parameter should lie between 0.005 and 0.05 for typical spin-glasses. Thus, the values of Φ 

estimated from both real- and imaginary components of χac(T) are consistent with the literature 

data on spin-glass ordering and is supporting the scaling analysis discussed above. Further 

evidence to the spin-glass behavior in Co2TiO4 single crystals was noticed from the temperature 

dependence of heat-capacity CP(T) (Fig. 3s of Ref. [67]). The fact that peak in ‘CP’ at ‘TN’ in H = 

0 is quite weak compared to peaks observed in typical second order transitions in 3D systems is 

due to unconventional ordering in Co2TiO4 (lack of proper long-range order and the presence of 



spin-glass-like features). Therefore, the absence of sharp peak in the CP(T) is a well-known 

characteristic feature of the existence of disordered spin configuration and proof to the existence 

of spin-glass nature [76]. 

The temperature variation of CP/T (Fig. 3s of Ref. [67]) for T < 100 K for Hdc = 0, 1 and 5 

T suggests the entropy loss due to spin-glass-like ordering starting near to TP2 (supplementary 

data in Fig. 1s and 3s of Ref. [67]). The zero-field CPT−1 data shows a weak hump across the TN 

(= TP2) and without any signatures across the compensation point TCOMP. However, after 

applying the field a sharp transition across TCOMP emerged with complete suppression of the 

hump observed across TP2. There is a one-to-one concurrence between the location of these 

anomalies and the sharp transitions noticed in χdc(T) data at 48.18 K and 30.4 K. Nevertheless, 

no significant measurable difference was observed in the CP values measured at H = 0 and 5 T 

except the emergence of TCOMP and disappearance of weak anomaly across TN. Nonetheless, a 

rapid decrease in CPT−1 with decreasing T beginning near 25 K (a hump across 18 K), indicating 

further changes in the magnetic ordering of the system. These anomalies are clearly evident in 

the computed plots of differential magnetic entropy ∂SM/ ∂T versus T curves. 

It is well known that in magnetic materials the total specific heat CP(T) consists of two 

main components: The first one is due to lattice specific heat (CL) and the second contribution is 

from magnetic counterpart (CM). The lattice contribution consists of the electronic part Ce and 

the phonon part CPhonon = N fD(ΘD/T)= 9 N R (T /ΘD)3∫ 𝑥𝑥4𝑒𝑒𝑥𝑥

(𝑒𝑒𝑥𝑥−1)2
𝑑𝑑𝑑𝑑

𝜃𝜃𝐷𝐷
𝑇𝑇
0 , where fD(ΘD/T) = 9R 

(T/ΘD)3∫ 𝑥𝑥4𝑒𝑒𝑥𝑥

(𝑒𝑒𝑥𝑥−1)2
𝑑𝑑𝑑𝑑

𝜃𝜃𝐷𝐷
𝑇𝑇
0  is the single Debye function, N is the number of atoms per formula unit, R 

is the universal gas constant (8.314 J/mol K), and ΘD is the Debye temperature [42]. Usually, the 

electronic contribution is significant only at very low temperatures, the phonon contribution has 

been extracted from the total specific heat. For this we have fitted the experimentally obtained 

heat capacity data using Debye function [fD(ΘD/T)] at temperatures much higher than the TN 

where the magnetic contribution vanishes [80]. For the single crystalline Co2TiO4 the extrapolate 

data is shown in the inset of Fig. 3s in Ref. [67]. The solid continuous line depicts the 

contribution of the phonon and the solid-circles represents the magnetic-specific heat component 

individual derived from the above relation. Consequently, we obtained ΘD = 554.16 K which is 

higher than the ΘD = 525 K pure Co3O4 reported by Roth but consistent with the polycrystal data 

and are in close agreement with ΘD = 560 K reported by Ogawa and Waki for Co2TiO4 [42,81]. 



Furthermore, the temperature variation of the ∂SM/∂T (= CMP/T) exhibit a hump across 18 K and 

a sharp peak across the TCOMP of Co2TiO4 at high fields (≥ 1 T) typical for a first-order-like 

transitions, however, this field-dependent anomaly is not sharp at low fields. Previous studies 

from Ogawa and Waki reveals that the CP(T) data of Co2TiO4 follows the simple T3/2 dependence 

in a narrow range of temperatures whereas, the modified T3/2 dependence (according to the 

equation CM = (kB/8)( kBT/πℏa)3/2 F(x)) was noticed over a wide range of temperature (5 - 30 K). 

The effective anisotropy constant Ka (~1.2×105 erg/cc) estimated by them is less than Ka = 

9.3×105 erg/cc obtained from the present case (at T = 10 K). 

Extensive ac-magnetization studies on polycrystalline Co2TiO4 and Co2SnO4 reported by 

Srivastava et al. observed four different transitions in the χac(T) data recorded in the presence of 

small probing external dc-magnetic field in the range 285 - 460 Oe with f = 21 Hz and Vp-p ~ 0.5 

Oe [34,35]. The first two transitions and their field dependence given in these reports are in-line 

with the two transitions observed in the χac(T) data (Fig. 8) of Co2TiO4 single crystals measured 

in the same temperature window as that of frequency dependence studies discussed above, 

however, with a superimposition of a small fixed dc-bias field Hdc =10, 20 and 30 Oe similar to 

that reported in Ref [22]. Figure 8 shows the χʹ(T) and χʺ(T) measured at various Hdc with fixed f 

= 2 Hz with Hac = 4 Oe. The amplitude of both χʹ(T) and χʺ(T) decreases significantly (~88%) 

with increasing the HDC by 0.2 %, nevertheless, two peaks are clearly evident in χʹ(T) curves 

(inset of Fig. 8) with the extent of splitting increases with increase of Hdc. This behavior is 

consistent with the two-peak scenario of differential dc-magnetic susceptibility shown in the 

supplementary data (inset of Fig. 1s of Ref. [67]). Since the out-of-phase component of the χac(T) 

is related with the transverse spin component, the current observations supports the co-

occurrence of ferrimagnetism in the longitudinal spin component at TN and spin-glass ordering of 

the transverse spin component at a slightly lower temperature across TF. Such phenomenon of 

semi-spin-glass state was predicted in the papers by Gabay and Toulouse and Villain in 

insulators with non-magnetic impurities [46,50,51].  

 

IV. SUMMARY 

The structural and magnetic properties of Co2TiO4 and Co2SnO4 were investigated by 

powder and single-crystal neutron diffraction. Complementarily the temperature dependence of 

heat-capacity, dc-magnetization and ac-susceptibility was measured. Both compounds exhibit 



strongest magnetic intensity for the (111)M reflection due to ferrimagnetic ordering. Also, a low 

intensity magnetic reflection (200)M was noticed in Co2TiO4 due to additional weak 

antiferromagnetic ordering. A significant broadening of the (111)M reflection has been observed 

due to the disordered character of the Ti and Co atoms on the B site. The neutron diffraction 

study of Co2TiO4 single-crystals showed that some nuclear reflections exhibit a strong increase in 

their peak intensity below the ordering temperature of about 50 K which is associated to a 

change of the mosaicity of the crystal. The cause of anisotropic local strain effects in the crystal 

appears due to the competing Jahn-Teller effects acting along different crystallographic axes in 

which the t2g levels of both the trivalent cations Ti3+ and Co3+ split into a lower dxy level resulting 

to a higher twofold degenerate dxz/dyz level. As a consequence, one can expect a tetragonal 

distortion in Co2TiO4 with a c/a ratio less than 1. However, our powder diffraction data could not 

evidence any peak splitting, which could indicate a transition into a tetragonal structure. Based 

on the dynamic scaling analysis of ac-susceptibility and the heat-capacity measurements, it is 

suggested that Co2TiO4 first goes through a ferrimagnetic ordering across 48.6 ± 1 K, and then 

subsequently goes through a reentrant spin-glass transition across 46.8 K with critical exponent 

‘zν’ = 12.04 ± 0.05 as determined from the frequency dependence of real-component of ac-

magnetic susceptibility χ′(T). From the temperature dependence of heat-capcity CP(T) data we 

estimated the Debye temperature ΘD = 554.16 K for the single crystalline Co2TiO4 which is 

significantly higher than the ΘD = 525 K for polycrystalline Co3O4 reported by Roth [81]. A 

weak hump across 18 K was noticed from the CPT−1 vs. T data indicating further change in the 

magnetic ordering which is independent of the external applied magnetic field.  
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TABLE I. Results of the refinements of the single-crystal (sc) neutron diffraction study of 

Co2TiO4 collected on E5 at 297 K. The refinement of the crystal structure was carried out in the 

cubic space group mFd3  (cell choice 2). The thermal parameters Uij (given in 100 Å2) are in the 

form exp[−2π2(U11 h2a*2 + …2U13 hla*c*)]. For symmetry reasons one finds for the O atom x = 

y = z, U11 = U22 = U33, and U12 = U13 = U23. In the lower part of the Table the positional and 

isotropic thermal parameter of the O atoms are given as obtained from the neutron powder 

diffraction study (pc) on E9 at 1.6 and 60 K, respectively.  

E5, sc mFd3  x y z U11 U12 

Co22+ 8b ⅜ ⅜ ⅜ 0.51(7) - 

Ti3+/Co13+ 16c 0 0 0 0.51 - 

O 32e 0.24002(11) 0.24002 0.24002 1.06(5) −0.23(2) 

Lattice parameter: a = 8.4440(4) Å at 297 K, RF = 0.043 

E9, pc mFd3  x y z Uis  

Co22+ 8b ⅜ ⅜ ⅜ 0.80(2)  

Ti3+/Co13+ 16c 0 0 0 0.80  

O (at 60 K) 32e 0.23937(6) 0.23937 0.23937 1.07(2)  

Co22+ 8b ⅜ ⅜ ⅜ 0.79(2)  

Ti3+/Co13+ 16c 0 0 0 0.79  

O (at 1.6 K) 32e 0.23941(6) 0.23941 0.23941 1.04(2)  

Lattice parameter: a = 8.4413(2) Å at 1.6 K, RF = 0.047; a = 8.4421(2) Å (60 K), RF = 0.062 

 

 

 

 

 

 

 

 

 



TABLE II. Magnetic moments (in µB) of the Co and Ti atoms in Co2TiO4 and Co2SnO4 at 1.6 K 

as obtained from the refinements using the neutron diffraction data collected on the instruments 

E2 and E6. In the space group mFd3  (cell choice 2) the magnetic Co1(Ti) atoms are located at 

the positions (1) 0,0,0; (2) ¾,¼,½; (3) ¼.½,¾; (4) ½,¾,¼; while the Co2 atoms are located at (1) 

⅜,⅜,⅜; (2) ⅛,⅝,⅛, respectively. The ferrimagnetically (FI) and antiferromagnetically (AF) 

coupled moments are lying orthogonal to each other. 

 

Moment Co2TiO4, E2 Co2TiO4, E6 Co2SnO4, E2 Co2SnO4, E6 

µ(Co1), FI 3.04(6) 2.89(6) 2.57(11) 2.18(11) 

µ(Ti), FI 0.76(2) 0.72(2) - - 

µ(Co1), FI 0.89(9) 0.55(17) - - 

µ(Ti), AF 0.22(2) 0.14(4) - - 

µtot(Co1) 3.17(5) 2.94(6) 2.57(11) 2.18(11) 

µtot(Ti) 0.79(2) 0.74(2) - - 

µ(Co2), FI 1.62(4) 2.11(4) 2.04(7) 1.97(6) 

RM 0.058 0.083 0.060 0.124 

 

 

TABLE III: The list of various parameters obtained from the Néel fits of 𝜒𝜒𝑍𝑍𝑍𝑍𝑍𝑍−1  versus T curve 
recorded under zero-field-cooled condition for both single-crystal and polycrystalline Co2TiO4. 

 

 

 

 

Systems C 

(emu K mol−1Oe−1) 

χo 

(emu mol−1Oe−1) 

σo 

(emu−1Oe mol K) 

θ 
(K) 

μeff 

(μB) 
μ (A) 
(μB) 

μ (B) 
(μB) 

Co2TiO4 
(Single-crystal) 

7.087 0.035 99.812 46.736  7.526 3.87 6.46 

NAA 
63.453 

NBB 
41.372 

NAB 
84.385 

JAA 
11.979 kB 

JBB 
12.312 kB 

JAB 
14.656 kB 

Co2TiO4 
(Poly-crystal) 

5.245 0.0419 31.55 49.85 6.5 3.87 5.19 

NAA 
17.319 

NBB 
12.720 

NAB 
35.700 

JAA 
3.25 kB 

JBB 
4.47 kB 

JAB 
3.18 kB 
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FIG. 1. (color online) Rietveld refinements of the neutron powder diffraction data of Co2TiO4 

collected at 1.6 K and 60 K. The crystal structure was refined in the cubic space group mFd3 . 

The calculated patterns (red) are compared with the observed one (black circles). In the lower 

part of each diagram the difference pattern (blue) as well as the positions of the nuclear 

reflections of Co2TiO4 are shown. In the powder pattern collected at 1.6 K magnetic intensity 

appears at the position of the reflections 111.  

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG 2. (color online) Temperature dependence of nuclear and magnetic Bragg reflections of 

Co2TiO4 single crystal. The strongest magnetic intensity shows the reflections 111, which is 

increasing well above Curie temperature TC = 50 K. The presence of the magnetic reflection 200 

can be ascribed to an additional weak antiferromagnetic ordering. The strong increase of the 400 

indicates the existence of anisotropic change of the mosaicity in the crystal.  
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FIG. 3. The X-ray photoelectron spectra (XPS) of (a) Co-2p, (b) Ti-2p and (c) O-1s peaks of 

single crystal Co2TiO4 and (d) Co-2p, (e) Sn-3d and (f) O-1s peaks of polycrystalline Co2SnO4. 
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FIG 4. (color online) Neutron powder patterns of (a) Co2SnO4 and (b) Co2TiO4 at 1.6 (blue) and 

80 K (red) collected on the instrument E2. Due to the vastly different scattering lengths of the Ti 

and Sn atoms the intensities of the nuclear reflections of Co2TiO4 and Co2SnO4 strongly differ. 

In contrast, the difference patterns (black) of both compound are very similar indicating that the 

magnetic ordering is practically the same. The only difference arises through the presence of the 

magnetic reflection (200)M in the powder pattern of Co2TiO4. The observed and calculated 

powder patterns of (c) Co2SnO4 and (d) Co2TiO4 as obtained from Rietveld refinements are 

compared in the right part of the figure. The calculated patterns (red) are compared with the 

observed one (black circles). In the lower part of each diagram the difference pattern (blue) as 

well as the positions of the nuclear reflections of Co2TiO4 are shown. For comparison the 

calculated of the pure nuclear part (green) is also shown. The sample of Co2SnO4 contains a 

small impurity of SnO2. The positions of the strongest reflections are marked with stars. 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 5. Temperature dependence of magnetic moments of the cobalt and titanium atoms in 

Co2TiO4. Below the Curie temperature TC = 50 K the magnetic moments of Co1 and Ti atoms 

located at the B site are coupled antiparallel to the moments of the Co2 atoms located at the A 

site. During the refinement we have used a moment ratio µ(Co3+)/µ(Ti3+) = 4. As well as the 

moment direction parallel to the a axis. 
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FIG. 6. Temperature dependence of ac-magnetic susceptibility of Co2TiO4 single crystal (a) 

real component χ′(T), and (b) imaginary χ″(T) components measured at various frequencies 

between 0.17 Hz and 1200 Hz under warming condition using ac-peak-to-peak amplitude Hac= 3 

Oe without any external dc-magnetic field.  
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FIG. 7. (a) The logarithmic variation of the peak-temperature obtained from χ′(T) and χ″(T) (i.e. 

Power law analysis ln [τ] versus ln([TP − TF]/TF)) the solid line represents the best fit to the 

experimental data. (b) Plots associated with the Vogel-Fulcher law ln [τ] versus [1/(TP – To)] using 

the peak positions in χ′(T) and χ′′(T) and the solid lines shows the best-fit to experimental data.  
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FIG. 8. Temperature dependence of ac-magnetic susceptibility (a) real part χ′(T), and (b) 

imaginary χ″(T) components of single crystalline Co2TiO4 system measured at three different bias 

fields Hdc (10, 20 and 30 Oe) at a constant frequency of 2 Hz and ac-magnetic field peak-to-peak 

amplitude of 4 Oe. The inset shows peak splitting in χ′(T) which is significant at higher values of 

Hdc. 
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