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Abstract In this study, we present ac susceptibility

measurements for a synthetic and a natural hemo-ilmenite

(HI) solid solution (x)FeTiO3–(1 - x)Fe2O3 with compo-

sitions x = 0.87(1) and 0.88(8), respectively. The focus of

the investigation is the magnetic ordering at the Curie

temperature TC and the spin-glass-like freezing at the

freezing temperature Tf. The sharpness of TC for the syn-

thetic solid solution with well-defined structure indicates

the chemical homogeneity of the solution, whereas the

disperse magnetic ordering of the natural solid solution

reveals inhomogeneities described as spin glass system

ofvariations in composition x. The frequency dispersion of

Tf was determined between 10 Hz and 10 kHz and was

found to obey a dynamic scaling power law. The relaxation

rates deviate by five orders of magnitude where the syn-

thetic solid solution exhibits x0 = 3(1) 9 104 Hz and the

natural one 5.5 9 109 Hz. The strong deviation is attributed

to the difference in the ordered state above Tf. These find-

ings provide an insight into the cooling-rate effects of nat-

ural solid solutions and how magnetic thermodynamics can

be used to probe the chemical homogeneity of such systems.

Keywords Hemo-ilmenite � Chemical inhomogeneity �
Magnetic ordering � Spin-glass-like freezing

Introduction

The hemo-ilmenite (HI) solid solution series (x)FeTiO3–

(1 - x)Fe2O3 has attracted increasing interest in solid-state

physics and Earth sciences due to its complex magnetic

phase diagram and natural occurrence. In a petrological

context, the solid solution has been used as thermo-oxy-

barometer for the reconstruction of processes in the Earth’s

crust (Lindsley 1963; Sauerzapf et al. 2008).

The solid solution orders either in the R�3 or in the R�3c

symmetry when Fe(III) enters the lattice, where the Fe(II)

and Ti(IV) are partitioned into planes or distributed ran-

domly, respectively. The solid solution is stable above

T [ 1,000 K, and the transition temperature from R�3c to

R�3 is a function of the composition (Harrison et al. 2000).

Quenching during fast-ascent eruptions forms chemically

homogeneous solid solutions. Slow cooling in intrusive

systems and slow-ascent eruption with magma stagnation

in shallow domes generate the formation of exsolutions,

e.g., fine-structured lamellae (McEnroe et al. 2007). The

chemistry and texture of HI in geological systems is

determined mainly by the cooling rate, which can vary

from a few degrees per hour to a few degrees per millions

of years. Therefore, the system stores geological informa-

tion in its structure, which can in turn be used to constrain

cooling rates or temperature variations. The structure and

texture characterization usually proceeds via transmission

electron microscopy or microprobe analysis, which does

not probe the bulk properties of the sample. Such limita-

tions can, however, be overcome by magnetic

characterization.

The solid solution orders as a ferrimagnet for x [ 0.5

and as antiferromagnet for x \ 0.5 with an ordering tem-

perature that changes nearly linearly with the composition

M. Charilaou (&) � A. U. Gehring

Department of Earth Sciences, Institute of Geophysics,

ETH Zurich, 8092 Zurich, Switzerland

e-mail: michalis.charilaou@erdw.ethz.ch

J. F. Löffler
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(Ishikawa 1962; Burton et al. 2008; Engelmann et al.

2010). At low temperature (T \ 50 K), the solid solution

exhibits characteristic spin-glass-like freezing for

0.6 \ x \ 0.95. The spin-glass-like freezing was originally

studied by Ishikawa et al. (1983, 1985), Arai and Ishikawa

(1985) and Arai et al. (1985a, b) and has been observed in

synthetic (Burton et al. 2008; Charilaou et al. 2011a) and

natural samples (Gehring et al. 2007, 2008) in recent

studies. It was originally proposed by Ishikawa et al.

(1985) that HIs with compositions x [ 0.8 form Fe(III)-

rich clusters. Recently, ferromagnetic resonance and

Mössbauer spectroscopy experiments at low temperature

provided further evidence that such clusters may exist in

the system (Gehring et al. 2008; Frandsen et al. 2010). The

presence of clustered Fe(III) alters the chemical homoge-

neity of the solid solution and thus strongly affects the

magnetic thermodynamics of the system.

With this in mind, thermodynamic phenomena such as

ordering or freezing are best studied by measuring

the dynamic ac susceptibility v(T), which consists of the

in-phase component v0(T) and the out-of-phase component

v00(T). The in-phase component is the fundamental sus-

ceptibility, and the out-of-phase component describes dis-

sipation effects and is therefore an excellent proxy for the

detection of magnetic phase transitions. The ordering

temperature of the solid solution can be detected as a

divergence of v00(T) upon cooling, which is caused by the

onset of hysteretic effects (Rüdt et al. 2004). In a perfect

ferro- or ferrimagnet, the ordering is a singularity, and the

divergence of v00(T) is expected to describe a delta func-

tion. In real systems, however, anisotropy mechanisms and

chemical inhomogeneities result in a broadening of the

divergence below TC. The spin-glass-like freezing of the

system at low temperature (T \ 50 K) can also be deter-

mined using v00(T), which exhibits a Lorentzian-like peak

at freezing temperature Tf (Charilaou et al. 2011b). In

addition, Tf depends strongly on the frequency at which it

is measured, typical of thermal activation processes. The

frequency dispersion can therefore provide additional

information about the internal structure of the solid

solution.

In this study, we investigate in detail the magnetic

ordering and the dynamics of the spin-glass-like freezing of

two samples: a natural and a synthetic HI solid solution of

similar composition. In contrast to the synthetic samples,

the genesis of the detrital HI particles in the natural sam-

ples is not known. The experimental results and the anal-

ysis of the freezing dynamics are presented and provide an

insight into the freezing mechanisms of dilute and clustered

solid solutions. Finally, the freezing properties of the HIs

are discussed in the context of the geological origin of the

natural particles.

Samples and methods

The synthetic solid solution was fabricated by solid-oxide

reaction between the end-members at 1,400 K for 48 h in a

protective Ar atmosphere and was quenched in water. The

natural HI particles are residual products in a soil from a

flood plain in southern Mali (Gehring et al. 1997). The

mineral composition of the sample was determined by X-ray

diffraction (XRD). The magnetic measurements were taken

on untreated bulk samples and after treatment with HCl in

order to selectively remove magnetite (Gehring et al. 2007).

The effectiveness of the HCl treatment was checked by

magnetization analysis. The dynamic ac susceptibility was

measured in a Quantum Design Physical Property Mea-

surement System (PPMS) with a driving field amplitude of

Hac = 10 Oe and a frequency range of 10 Hz to 10 kHz,

using logarithmic steps. For exact determination of the

freezing temperature, the susceptibility was measured at

0.5 K steps from 10 to 300 K at 1 kHz with Hac = 10 Oe.

Results and discussion

The XRD data of the synthetic sample indicate single-

phase solid solution, and Rietveld analysis reveals ordering

in the R�3 symmetry (Charilaou et al. 2011b). The natural

samples consist of clay minerals, quartz, and feldspar as

detected by XRD. Magnetite and HI in the samples were

below the detection limits of XRD and were only detected

by magnetic measurements. In contrast to the untreated

sample, the magnetization measurements at room temper-

ature of the HCl-treated samples exhibited no phase car-

rying a remanence, which indicates that all magnetite was

removed. Figure 1 shows the normalized in-phase

v0(T) and out-of-phase component v00(T) of the suscepti-

bility v(T) for (a) the synthetic and (b) the natural HI after

HCl treatment. For the synthetic sample, v0(T) shows a

paramagnetic-like increase upon cooling from 300 K and

exhibits a strong peak at around 130 K. Upon further

cooling, v0(T) decreases strongly, and at around 40 K, it

shows an additional onset of reduction indicating spin-

glass-like freezing. The out-of-phase component v00(T) is

zero upon cooling from high temperature, and at 145 K, it

exhibits a steep increase, revealing an ordering of the fer-

rimagnetic structure at TC. The ordering is well defined

(see inset in Fig. 1a), implying the homogeneity of the

solid solution. The ordering temperature of 145 K corre-

sponds to a composition of x = 0.87(1) for the solid

solution (Engelmann et al. 2010). Upon further cooling,

v00(T) reduces to zero again, and at the freezing temperature

Tf, it exhibits another peak, which is much lower in

intensity than the peak at the ordering.
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For the natural solid solution, the in-phase component

steadily increases upon cooling and exhibits a pronounced

increase below 150 K and a well-defined peak at about

41 K. Upon further cooling, v0(T) decreases strongly with a

tail below 25 K, which is due to paramagnetic clay min-

erals in the matrix of the natural sample. The in-phase

susceptibility of the untreated samples reveals the same

features at low temperature, indicating that magnetite has

no effect on the dynamics of the low-temperature suscep-

tibility. The out-of-phase component is close to zero at

high temperatures and increases slightly upon cooling,

pointing to dispersed ordering. At 130 K, however, it

shows a strong increase (see inset in Fig. 1b), which

defines the Curie temperature TC of the solid solution.

Upon further cooling, v00(T) reaches a plateau between 100

and 50 K, and below 50 K, it exhibits a strong character-

istic peak, indicating the spin-glass-like freezing of the

system at the freezing temperature Tf. Although the

ordering is quite dispersed, the effective ordering temper-

ature of 130 K allows us to extract an effective

composition of x & 0.88 according to Engelmann et al.

(2010), which is higher than that estimated based on

structural data for this sample (Gehring et al. 2008).

However, above TC, there is a nonzero offset of v00(T),

which indicates the chemical inhomogeneity in the natural

HI and suggests a distribution of compositions among, or

inside, the HI grains. This in turn suggests the presence of

Fe(III)-richer regions, which order at temperatures well

above 130 K, and Fe(III)-deficient regions with an ordering

temperature close to that of the end-member ilmenite, as

seen from v0(T). Despite these inhomogeneities, the effec-

tive composition of x & 0.88 obtained using the magnetic

ordering is representative of the system, because the onset

of v00(T) at 130 K corresponds to the averaged bulk of the

sample. We may also estimate the width of the composi-

tional distribution to be Dx ¼ 0:08.

The comparison of the v00(T) temperature spectra of the

two samples reveals a striking difference between the rel-

ative intensities at TC and Tf. For the synthetic sample, the

peak at the magnetic ordering is about 40 times stronger

than the peak at Tf, whereas for the natural sample, the

peak at TC is 5 times smaller than the peak at Tf. We again

attribute this observation to the disperse ordering: While

the ordering temperature for compositions x = 1.0 to

x = 0.8 varies by 200 K, the freezing temperature only

varies by 10 K. Therefore, all compositions present in the

natural sample contribute to a superposition of the peaks at

Tf, whereas the opposite takes place for the ordering, where

the peak is spread across 200 K in the temperature axis. A

contribution of orientation effects to the peak/hight ratio

can be excluded because that effect would have the same

impact on both ordering and freezing peaks and would

therefore be canceled out in the ratio.

The well-defined peak in the v00(T) component of the

susceptibility at Tf makes possible a detailed investigation

of the dynamics of freezing. Figure 2a shows v00(T) of the

synthetic sample measured at 100 Hz, 1.0 kHz, and

10.0 kHz, whereas Fig. 2b shows the same measurement

for the natural solid solution. The exact Tf can be deter-

mined at the center of the peak, which is easily defined at

the zero-crossing of the derivative dv00(T)/dT. As can be

seen in Fig. 2, Tf is shifted to higher temperatures for

higher measurement frequencies in both samples, typical of

thermal activation effects. There are, however, two major

differences between the temperature spectra of the natural

and the synthetic solid solutions: (1) The shift of Tf is much

smaller for the natural sample, indicating faster dynamics;

and (2) the v00(T) peak becomes sharper with increasing

frequency for the natural sample, whereas for the synthetic

sample, it follows the opposite trend, i.e., becomes broader

with increasing frequency.

The width of the v00(T) peak indicates the spectrum of

relaxation times in the material: At a given frequency x,
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Fig. 1 Normalized ac susceptibility of a synthetic and b natural hemo-

ilmenite (HI) with in-phase v0(T) (spheres) and out-of-phase v0 0(T) (hol-
low spheres) components showing ordering at TC and freezing at Tf. The

inset shows a blow-up of the out-of-phase component between 50 and

200 K, indicating the onset of order for the respective sample
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the majority of spins will freeze at Tf, and depending on the

inhomogeneity of the structure, other parts of the system

will freeze at TfðxÞ � DTfðxÞ, whereas DTfðxÞ is the

linewidth of the peak, which is also frequency dependent.

This is also reflected in the profile of the absorption peak,

where the high-temperature tail exhibits more asymmetry

than the low-temperature one, for both samples, and thus

suggests a broader relaxation time distribution at higher

temperatures. This variation of relaxation with temperature

prevents the description of the frequency dispersion with

often utilized Arrhenius- or Vogel-Fulcher-type dynamics,

since both phenomenologies assume constant relaxation

over the whole temperature spectrum.

The variation of relaxation time with temperature,

however, can be well described by the dynamic scaling

power law of mean-field theory Ising spin-glasses, which

describes a critical slowing down (Hohenberg and Halperin

1977; Binder and Young 1984; Souletie and Tholence

1985; Ogielski and Morgenstern 1985), via

x ¼ x0

TfðxÞ
Tf

� 1

� �zm

; ð1Þ

where x is the measurement frequency, x0 is a parameter

associated with the intrinsic relaxation rate, TfðxÞ is the

freezing temperature at the specific measurement

frequency, and Tf is the static (intrinsic) freezing

temperature. The dynamic exponent zm is the product of

the critical exponent m for the coherence length n, which

diverges at the freezing temperature with nm, and the

dynamic exponent z, which relates the relaxation time to

the coherence length with s � nz (Djurberg et al. 1997;

Mauger et al. 1988).

As seen in Fig. 3, both datasets can be fitted nicely using

the power law of Eq. 1). It is evident from the data that the

freezing temperature range is relatively sharp for the nat-

ural and very broad for the synthetic sample. In order to

achieve a qualitative description of the data from the fit, we

keep the dynamic exponent constant for both samples at

zm = 7(1), which is the known value for the 3D Ising spin-

glass (Ogielski and Morgenstern 1985), since the HI solid

solution represents a typical Ising system (Harrison 2009).

Therefore, the fit parameters are the intrinsic freezing

temperature Tf and x0. By fitting the data, the intrinsic

freezing temperatures were found at 33(1) K for the natural

and 22(1) K for the synthetic sample. In addition, the

relaxation rate for the natural sample was found to be

5.5(2) 9 109 Hz, whereas for the synthetic sample, the

value is 3(1) 9 104 Hz. This striking deviation of five

orders of magnitude is quite surprising, considering that

both samples have similar compositions, i.e., Fe(II)/Fe(III)

ratios. Although different compositions are expected to

exhibit different relaxation frequencies, this large deviation

cannot be attributed to compositional variations.

The discrepancy in the relaxation rates can be reconciled

by considering the magnetic state above Tf. The synthetic
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Solid lines are fits using Eq. 1
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solid solution is in a homogeneous state with long-range

ordering, as opposed to the disperse ordering in the natural

sample. A disperse ordering suggests a variation in the

correlation length n in the sample, whereas long-range

order demands n[[ 1 (here 1 refers to lattice site units). In

the synthetic solid solution, the thermal fluctuations

therefore occur in collective flipping of spins, i.e., in a

superspin manner (Charilaou et al. 2011b), as opposed

to single-spin flipping in the natural solid solution. Con-

sidering that the rate of thermal fluctuations is

x / expð�E=kBTÞ, where E is the energy barrier, the

relaxation rate will decrease with increasing E, which is, in

turn, associated with the correlation length, because

E increases with increasing superspin size (i.e., correlation

length). Therefore, we attribute the large deviation of

relaxation rates to the difference in correlation lengths in

the synthetic and natural solid solutions.

The absence of well-defined long-range order in the

natural solid solution can be attributed to the chemical

inhomogeneity in the material, which is probably mani-

fested in a form of clustering. Such inhomogeneities can

appear in naturally occurring solid solutions depending on

the cooling rate of the material. In contrast, the synthetic

solid solution is rapidly quenched from 1,400 K, thus

preventing the formation of any effective inhomogeneity.

Finally, the inhomogeneity in the natural samples can be

discussed in a geological context. The degree of chemical

inhomogeneity in HI reflects its cooling history. The

absence of clusters in the quenched synthetic samples

provides evidence that fast cooling within seconds gener-

ates a solid solution that is homogeneous on the Å-scale. In

geological systems, cooling rates are lowered by orders of

magnitude even during fast-ascent eruptions. Therefore,

based on thermodynamic considerations, homogeneous

solid solutions on the Å-scale are unlikely to be formed.

However, the formation of inhomogeneities on a molecular

level in our natural samples is indicative of fast-cooling

processes, by which cation ordering generates an inhomo-

geneous magnetic pattern but does not form mineral

chemical exsolution textures.

Conclusions

We performed dynamic ac susceptibility measurements on

a natural HI solid solution with effective composition

x = 0.88 and on a synthetic solution with x = 0.87. Both

solid solutions exhibit spin-glass-like freezing at low tem-

perature T \ 50 K with a peak in the out-of-phase com-

ponent of the susceptibility v00(T). Analysis of the freezing

dynamics using a power law for dynamic scaling yields

relaxation rates that vary by five orders of magnitude. For

the natural sample, we obtain x0 = 5.5 9 109 Hz, whereas

for the synthetic sample, we obtain x0 = 3(1) 9 104 Hz.

We attribute this strong deviation to the chemical inho-

mogeneity on a molecular level in the natural solid solution,

which generates a reduction in the correlation length. These

findings clearly show that magnetic thermodynamics can

overcome the limitations of structural and textural analysis

in detecting inhomogeneities on a molecular level. More-

over, such information for solid solutions can help constrain

cooling processes in the Earth’s crust, based on the chem-

ical inhomogeneities of the solid solutions.
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Charilaou M, Löffler JF, Gehring AU (2011) Fe–Ti–O exchange at

high temperature and thermal hysteresis. Geophys J Int 185:647
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