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In this study the spin-glass-like properties of (z)FeTiOs—(1-z)Fe203, with £ = 0.8 and 0.9, as
prominent mixed valence state solid solution, were investigated by means of ac susceptibility and
dc magnetization measurements. Dynamic ac susceptibility indicates freezing at finite temperature
Tt, obeying a power law with a dynamic exponent zv = 7, close to that of the 3D Ising spin-glass,
and relaxation rates in the kHz-range. The slow dynamics are explained by the presence of ordered
superspins, whose relaxation rate decreases with increasing superspin size. In the frozen state,
symmetry breaking is observed at a critical field H., which decreases with temperature obeying a
power law H2? T, and is followed by a metamagnetic transition with increasing field similar to
that of the end-member FeTiOs3, obeying a H2/* « T law. The two transitions converge near the
freezing temperature, thus denoting the H — T phase diagram of the system.

PACS numbers: 75.30.Et, 75.40.Gb, 75.47.Lx, 75.50.Lk, 64.60.Ht
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I. INTRODUCTION

Disorder, magnetic frustration, and spin-glass behavior have been studied extensively in the past decades'®. A
variety of such spin-glass systems has been investigated experimentally and valuable, often system-specific information
has been gained over the years. Among the synthetic systems there is one mixed valence state oxide solid solution that
has a naturally occurring equivalent: the hemo-ilmenite solid solution series (z)FeTiO3-(1-z)Fe2Og3 is an important
magnetic carrier in fast-cooled rock bodies in the Earth’s crust and can cause long-wavelength magnetic anomalies” 1°.
Moreover, different members of this series have been used for thermometry in order to constrain physical chemical
conditions to infer geological processes in the crust!!''2. Synthetic!3 ¥ and natural!®?° solid solutions with z > 0.6
exhibit a characteristic spin-glass-like freezing at low temperature (7' < 40 K). In a geological context this intrinsic
property has a strong potential to detect ilmenite-rich solid solutions in rock samples. Although this property has been
investigated both experimentally'®2° and theoretically?! the mechanism behind the spin-glass freezing still remains
unclear. In this paper we therefore present an extensive experimental investigation at low temperature in order to
elucidate the spin-glass state of the hemo-ilmenite solid solution.

Both end-members are antiferromagnetic, with Néel temperature Ty = 58(1) K for ilmenite FeTiO3 (R3), and
950(5) K for hematite a—FeaO3 (R3c). The solid solution is a large band-gap semiconductor and exhibits ferrimagnetic
ordering for compositions 0.5 < x < 0.95, and is antiferromagnetic for 0 < x < 0.5. The ordering temperature of the
solid solution and the transition from R3c to R3 symmetry is a linear function of the composition x'822:23, In the R3
symmetry, Fe(IT) and Ti(IV) ions are ordered in alternating layers and the Fe(III) ions are distributed evenly in the
unit cell, whereas in the R3¢ symmetry there is no preferential ordering and all cations are distributed evenly in the
unit cell?2. This distribution of cations of different valence states creates charge imbalances, which are evened out at
the octahedral Og faces by means of charge sharing. This leads to lattice distortions along the c-axis and in the basal
planes which affect the magnetic ordering of the solid solution. This results in a single-ion anisotropy which differs
from site to site and generates frustration.

The frustration in the solid solution is manifested in a spin-glass-like freezing at low temperature for the composition
range 0.60 < z < 0.95'3. Pioneering work was published by Ishikawa et al.!3'4 who postulated that the spin-glass
behavior of the hemo-ilmenite changes from cluster spin-glass above the percolation threshold (z &~ 0.83) to reentrant
spin-glass below it. Although it is intuitively deducible that the spin-glass-like state is due to the competing Fe(IT)—-
Fe(III) interactions, the freezing ‘transition’ is still not well understood and the behavior of the system in the frozen
state remains unclear. Therefore, in order to provide more insight into the mechanisms of the spin-glass freezing,
we fabricated two solid solutions with composition = 0.8 and 0.9, and investigated the thermodynamics of the
magnetic ordering. Dynamic study of the freezing and investigation of hysteretic effects was performed by means
of ac susceptibility. The static properties of the magnetic structure above and below the spin-glass freezing were
investigated by dc magnetization measurements to determine the H — T' phase diagram of the solid solution.

II. THEORETICAL CONSIDERATIONS

The ac susceptibility x(T") is a powerful tool in investigating thermal activation effects, such as freezing processes,
because it probes the dynamic response of the system. Hysteretic effects due to domain-wall movements result in a
time delay between field and signal?* which is manifested in the out-of-phase component of the susceptibility x”(T),
which is proportional to the energy dissipation?®. Therefore, the dependence of x”(T") on the amplitude of the driving
field H,. can be used to detect the change in hysteretic behavior with temperature and determine the transition from
ferrimagnetic to spin-glass, which is characterized by a peak of x”(T') at the freezing temperature T3'%20.

With this in mind, the freezing process can be further studied by means of the frequency dispersion of T;. Shifting
of the transition temperature with frequency is a typical feature of thermal activation processes, such as spin-glass
freezing or superparamagnetic blocking. In spin glasses the frequency dispersion is due to the change of relaxation
rates with temperature, which are expected to slow down?%27. This can be described using a dynamic scaling law?262°:

where Tt(w) is the freezing temperature at frequency w, wp is an intrinsic constant related to the relaxation rate (but
not the actual rate), and zv is the dynamic exponent??:3°. This exponent is the product of the critical exponent v
for the coherence length &, which diverges at the freezing temperature with £, and the dynamic exponent z, which
relates the relaxation time to the coherence length with3%3! 7 oc 7p€2.



s In addition, the freezing temperature Tt is predicted to shift when an external static field is superimposed, following
so the so-called de Almeida-Thouless (AT) line®?. The AT-line separates a non-ergodic (spin-glass-like) phase from an
s ergodic (paramagnetic) phase in the H — T plane and may be described by the power law3? 34

H? o (1 = T/T)3. (2)
s The existence of the AT-line is a controversial topic in the spin-glass community®>3*. Most measurements were
s2 performed by superimposing a dc field on the system during cooling which can shift the freezing temperature3®. For
63 Feg.sMng 5 TiO3, similar to hemo-ilmenite solid solution, such a transition was absent36. This kind of experiments on
6 multi-component systems such as hemo-ilmenite can generate complications because the external field pins part of the
e magnetic structure and subsequently influences the measurement process. In this study another approach is presented
e where the line of transitions is scanned at constant temperature below Tt under a sweeping field, which is expected
&7 to break the spin-glass symmetry. Therefore we attempt to determine the H — T phase diagram of hemo-ilmenite by
e measuring virgin lines at different temperatures below T;.

o

3

69 III. EXPERIMENTAL DETAILS

Solid solutions were synthesized by means of solid oxide reaction using high-purity ilmenite FeTiO3 (99.98%) and
hematite FesO3 (99.99%) powders (Alpha Aesar, Germany) . The powders were weighed to mol percentage, mixed
with an agate mortar, dried in air at 500 K, and pressed into pellets with a pressure of 80 MPa. The pellets were
placed on an Al;O3 substrate in silica tubes, which were flushed with Ar gas and sealed with a pressure adjusted to
reach 1 atm at 1400 K. The tubes were then heated in a radiation furnace at 1400 K for 50 hrs and then quenched in
water. The crystalline structure of the final products was investigated by means of powder X-ray diffraction (XRD)
in a Phillips PW1200 diffractometer, using Cu K, radiation with A = 1.5405 A. Diffraction patterns were recorded in
77 the 260 angle range between 20° and 90° with a step size of 0.01°. A soller slid of 0.04° was used for better resolution.
s Magnetic characterization was performed with a Quantum Design Physical Property Measurement System (PPMS),
which operates a superconducting solenoid magnet with field capability of up to 90 kOe, equipped with the ac/dc
magnetometry option ACMS. The instrument allows high-precision measurements with an accuracy of 10~7 emu in
s ac and 107° emu in dc mode®”. The ac susceptibility was recorded at 1 kHz with amplitude 5 Oe from 300 K down
& to 5 K in order to determine the Curie temperature of each sample and ensure that no other phases with magnetic
ordering are present. Detailed susceptibility measurements were performed in the range 10 K to 60 K with increasing
amplitude from 1 Oe to 14 Oe and at frequencies between 1 Hz and 10 kHz, in order to investigate the field and
frequency dependence of the freezing. Magnetization loops were recorded in a field range of + 15 kOe with a field
sweep rate of 10 Oe/s, at temperatures 5 K < T < 60 K.
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87 IV. RESULTS AND DISCUSSION
88 A. Structure and magnetic ordering

s  In this study hemo-ilmenite solid solutions with compositions x = 0.8 and 0.9 are named as HIS0 and HI90, respec-
w tively. As a reference for structure determination pure ilmenite (HI100) was used, following the same experimental
a1 protocol. The XRD pattern exhibits that the ilmenite R3 symmetry is evident for both solid solutions, as is expected
o for quenching from 1400 K22. All peaks can be indexed according to the thombohedral (hexagonal) hemo-ilmenite
o3 structure (Fig. 1). The absence of additional peaks suggests no impurity contents within the empirical 3% detection
o limit of XRD. Rietveld refinement shows, based on the difference between the calculated and the measured patterns
os Iobs — Igt, that disorder is evident in the structure along the c-axis but also in the basal planes. As discussed in
o Sec. I, this disorder in hemo-ilmenite originates from the charge imbalance between Fe(III) and Fe(II)-Ti(IV) and the
o subsequent lattice distortions. The randomness of the Fe(II)-ion positions in the R3 symmetry, and therefore of the
s local distortions, permits no quantitative considerations but only a statistical description, which is reflected in the
% quality of the profile fitting. The weighted profile values R, are a measure of the agreement between fitted (I5;) and

w observed data (Tns): Rup = /3 W (ne — Lons)*/ S WIZ

obs> Where W is a weighting factor. These factors lie in the

1 range of 14% — 17%, the smallest being that for ilmenite. The fit quality decreases with increasing Fe(III) content
12 due to enhencement of lattice distortion. The Ry, values and the lattice constants are listed in Table I.

103 The unit cell volumes V,. calculated from the lattice constants are used to deduce the composition of the end-
s products®® (Table I). The values obtained for HIS0 and HI90 agree well with those reported in literature?!-38.
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FIG. 1. X-ray diffraction patterns for samples HI80 (a), HI90 (b) and HI100 (c). Dots represent measured data Iobs, solid lines
represent fitted patterns Ig¢, and dotted lines represent the difference Iops — Int-

TABLE I. Lattice constants a and ¢, unit cell volumes V;., weighted profile fit parameters Ryp, and Curie temperatures T¢ for
HI80, HI90, and HI100.

x a [A] c [A] Vae [A%] Rwp [%] Tc [K]
0.80 5.081(2) 14.010(2) 313.28(5) 16.7 227(1)
0.90 5.084(2) 14.021(2) 313.99(5) 149 143(1)
1.00 5.089(2) 14.082(2) 316.09(5) 144 58(1)

10s Compared to V., the Curie temperature T¢ of the solid solution is a much more reliable index to infer composition
ws because it changes by 9 K per mol% ilmenite, in contrast to Vi, which changes by only 0.14 A3. Considering the
107 experimental uncertainties with 0.05 A3 for Ve and 1 K for T, the latter is more accurate. The Curie temperature T¢
108 of the samples determined by ac susceptibility at the onset of the x”(T') component of the susceptibility upon cooling,
10 where hysteretic effects first appear at the ordering?*. The T¢ of the the solid solutions are indicated by arrows in
1o Fig. 2(a) and listed in Table I. The obtained values for T are in good agreement with the starting composition of
w the solid solution.
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B. Dynamic susceptibility

In a first step the exact freezing temperature 7t was determined by investigating the hysteretic behavior upon
cooling using the amplitude dependence of the imaginary part of the susceptibility x” (see Fig. 2(b)).

The characteristic peak of x” occurs at Tt, which is more accurately determined by using the derivative of the
susceptibility dx”(T)/dT, which becomes zero at Ty (Fig. 2(b)). The field dispersion x”(H,.) provides more infor-
mation. Above the freezing temperature the field dispersion is parabolic, which indicates the energy dissipation due
to the rotation of domain magnetization vectors in the ferrimagnetic structure®*2°. Upon cooling the field dispersion
becomes narrower and at the center of the characteristic peak x” becomes linear, i.e. x”(T) < Hy. (Fig. 2(b)). The
linear behavior with H,. indicates that domains are smeared out with freezing. Below the freezing point less energy
is dissipated (because no magnetization rotation takes place), which results in a decrease of x”(T') with decreasing
temperature.

With increasing frequencies, Tt is shifted to higher temperatures and the x” peak becomes wider (Fig. 3). The
width of the x” peak is an index for the distribution of relaxation times, and the fact that it gets narrower for low
frequencies, i.e. for lower temperatures, suggests a convergence of relaxation times with decreasing temperature,
consistent with critical slowing down. Fig. 3 shows the frequency dispersion of the freezing temperature for samples
HISO and HI90. The data for both samples can be fitted to the power law describing critical slowing down using
equation 1 (Fig. 3). The three-parameter fit needs to be performed iteratively in order to avoid reciprocative over-
or under-estimations of the parameters. The best fit is given with values of T; = 18(2) K and zv = 8(1) for HIS0,
and Ty = 22(1) K and zv = 7(1) for HI90. The values for wy lie in the range of a few kHz (30(10) kHz) and are quite
low considering typical GHz rates for spin glasses determined in the Néel formulation. However, attempting to use
an Arrhenius activation law (Néel equation), which assumes no transition at finite temperature, does not adequately
describe the data. The fits using Eq. 1 produce finite freezing temperatures for both solid solutions, which points to
an actual transition. The dynamic exponents are also very close to the theoretical value of 6(1) for the 3D Ising spin
glass??. The Ising-like behavior of the system has been confirmed and investigated extensively in Ref.?!.

Moreover, the discrepancy of the low relaxation rates can be reconciled by the following scenario: values for wq
in the GHz range, usually found for spin glasses, correspond to thermal fluctuation rates of single spins, which, in
turn, corresponds to paramagnetic-like behavior above T¢3C. However, in the case of an ordered magnetic structure,
such as ferrimagnetic hemo-ilmenite, the thermal fluctuations occur by collective flipping of coupled spins, i.e., of a
superspin®®3?, whose size can be defined by the number of single spins N it comprises. The energy barrier that a
superspin has to overcome during each collective flip is approximately N—times larger than the barrier of the single-
spin flip. Hence the thermal fluctuation rate, i.e., the relaxation, of the collective flipping decreases with increasing
superspin size according to w o exp(—NFE,/kpT), where E, the energy barrier of a single-spin flip.

Considering superspins, it can be assumed that they define the coherence length £ instead of single spins, i.e., lattice
sites. Therefore, when £ = 1 the correlation lies at the dimension of the superspin and contains N lattice sites. With
this in mind, when the frequency of the ac measurement is comparable to wq, as found for this system, £ is very close
to 1.

The comparison between HI80 and HI90 indicates no distinctive freezing processes, i.e. as proposed for reentrant
and cluster spin-glass by Ishikawa!4. However, there is a minor deviation of process parameters, such as the dynamic
exponent zv and freezing temperature T¢, which is probably an effect of increasing Fe(III) in the system.

C. Static dc magnetization

In order to study the static behavior of the spin-glass-like state we performed dc magnetization measurements.
Fig. 4 shows the virgin lines m(H) and the de susceptibility dm(H)/dH for HI90 at two temperatures below Tt.
For small applied fields the magnetic moment increases linearly with the applied field H up to a critical field Hc,
where the de susceptibility dm(H)/dH exhibits a peak. Within the field range up to H,, the curve is fully reversible,
indicating the symmetry in the glassy state. At H, the magnetic moment increases abruptly and hysteretic effects
appear, which indicate a breaking of the symmetry. At T = 5 K, only one transition at around 5.5 kOe is visible.
At T = 15 K, however, two transitions are found: one at around 1 kOe and the other at 3 kOe. The m(H) curve
becomes irreversible after the transitions pointing to the onset of order. When the external field is removed, the
remanent moment relaxes with time and obeys a power law mg(t) = At~* (data not shown), similar to that observed
for Mng.sFeg 5 TiO3%0. This suggests that, although order can be induced by the external field after a long enough
period of time, the system may eventually relax and reach the glassy pseudo-ground state again. The reentry in the
glassy state can also be forced by gradually demagnetizing the system with the external field which is slowly oscillated
with decreasing amplitude down to zero. After this process the virgin lines exhibit the same behavior as they do in
the initial condition.
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FIG. 2. (a) In- (full symbols) and out-of-phase component (hollow symbols) of the ac susceptibility for HI90 and HI80
indicating the Curie Tc and freezing temperature 7%, measured at 1 kHz with a driving field amplitude of 5 Oe. (b) Out-of-
phase susceptibility x”(T) of the HI80 sample measured at different field amplitudes H,. varying from 1 to 14 Oe at 1 kHz.
Upper right inset shows the field-dispersion of x”(T") above (circles) and below (diamonds) the freezing temperature Tr. Lower
middle inset shows the determination of the exact freezing point by using the derivative of the susceptibility dx”(T)/dT.



166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

10.0 0.08

© 0.06 -
@)
75F © -
£
>
| £ 1
o
. 0.02
50 F -

@ (kHz)

00 — OO s L
25 30 35 40 45

T(o) (K)
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power-law (see Eq.1). The inset shows the x”(T") of HI80 for three different frequencies as indicated in the figure.

The temperature evolution of the two transitions shows immediately that they are of different nature (Fig. 5). The
low-field and high-field transitions can be identified separately only below a threshold value of approximately 25 K.
Above this point the two transitions merge, and disappear upon warming (see closed circles in Fig. 5). The threshold
value of about 25 K is in reasonable agreement with the value of Tt determined by ac susceptibility. The occurrence
of this transition above T; demonstrates that frustration is evident for temperatures higher than the actual 7, and
can be interpreted as the ordering of the Fe(II). Moreover, at low temperature (T' < 5 K) the transition takes place at
a higher field H > 5.5 kOe and shows a discontinuity at around 6 K. This suggests a merging of the two transitions
into one single event with decreasing temperature. A field-induced symmetry breaking and a transition from spin
glass to paramagnetic was expected according to the AT-line, as discussed in Sec. II. However, the occurrence of two
field-induced transitions yields information that is system-specific for hemo-ilmenite.

We find that the critical field of the low-field transitions can be described by the power law for the AT-line (Fig. 5).
The high-field transition obeys another power law, H o (1—T/T})?/3, and indicates a metamagnetic transition similar
to that of ilmenite*! (see inset of Fig. 5). The thermodynamic behavior of the metamagnetic transition indicates
that the process is governed by the inter-layer exchange interaction*!. The dramatic drop of the critical field (85 kOe
for FeTiO3 to 6 kOe for the solid solution) is a result of the dilute presence of Fe(II) and Fe(III) in the lattice: due
to their different modulation lengths along the c-axis*? the uniaxiality of the layered structure is strongly reduced.
The symmetry-breaking and the metamagnetic transition may therefore be attributed to the Fe(III) and Fe(II) ions,



FIG. 4. (a) Initial magnetization m and (b) dc susceptibility dm/dH of HI90 at 5 K and 15 K. The critical fields H,. are
indicated by the arrows in (a).

13 respectively. It follows that the symmetry breaking occurs only for the Fe(IIT) moments which decouple from the Fe(1I)
184 sub-system at the critical field. During the metamagnetic transition subsequent to the symmetry breaking, major
185 flipping of Fe(II) moments takes place as they are redirected along the external field. A drastic change at T' < 6 K
18 for the high-field transition is observed, which indicates that below this temperature the symmetry breaking and the
17 metamagnetic transition occur simultaneously. Since symmetry breaking is caused by Fe(III) and metamagnetism by
188 Fe(IT), the simultaneous occurrence of these effects suggests that the two cation species are strongly coupled below
189 7' < 6 K. In this final stage of freezing the field-induced transition results in a ferrimagnetic arrangement, which is
100 studied further below.

1 Figure 6 shows the magnetization loops m(H) above and below T;. All features of the magnetization loops, i.e.
12 remanent moment mg and coercive field Hg, start from low values at high temperature, T > T¢, and increase
103 exponentially with decreasing temperature, obeying a law oc e(=7/70) (for H¢ see inset in Fig. 6). This exponential
s behavior has also been observed in amorphous magnets, such as PdFeMn?*?, Fe-Zr*4, and in rare-earth alloys*>46.
195 Such behavior indicates that the thermodynamic evolution of hysteresis originates from intrinsic exchange interactions
106 and not from thermally-activated domain-wall movement, which would be the case, if the coercivity obeyed a power
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wr law?” Ho(T)Y# o T/Tg. (This would represent the case when the mixed valence states are percolated). In the
s presence of interface exsolution patterns the Fe(II)-Fe(III) interactions would manifest as interface exchange bias*8:49.
199 As shown in the inset of Fig. 6 the magnetic moment does not saturate at low temperature, even at a field of 85
200 kOe. The moment reaches a pseudo-saturation at approximately 10 kOe and increases continuously with increasing

0 applied field, revealing a paramagnetic-like behavior. The theoretical saturation moment my.x for a solid solution

1=}

2 with composition z can be calculated using®® M. = \/(2 — 22)mZ, qyp) + (¥)Mf gy According to Hund’s rule we

23 obtain the respective ionic moments as mpe(riry = 5.92up and mpery = 4.90up using S = 5/2 for Fe(III) (3d%), and
2a S = 4/2 for Fe(Il) (3d%). This gives theoretical magnetic moments for the solid solution of 5.76up / fu. for z = 0.8
205 (HI80) and 5.35up / f.u. for = 0.9 (HI90), for all moments aligned parallel to the field. The continuous increase
206 0f the moment indicates enhanced unfolding of moments along the field. We can therefore make a rough estimation
207 of the degree of polarization starting from 0 (mg = 0) to 1 (Meff = Mmax). At a field of 85 kOe the moment lies at
208 3.4 pp/f.u, which suggests a polarization of more than 0.6. We therefore conclude that increasing the applied field
200 generates spin flops, resulting in a continuous spin alignment along the field axis.
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V. CONCLUSIONS

We investigated the dynamics of freezing in the (2)FeTiO3—(1-2)Fe2O3 system and found that it obeys a power law,
indicative of critical slowing down. Samples with z = 0.8 and 0.9 behave like an Ising 3D spin glass with dynamic
exponent zv & 7. The relaxation rates are quite slow (kHz-range) due to the collective flipping of superspins during
thermal fluctuations. Moreover, there is no evidence of specific reentrant or cluster spin-glass characteristics in these
samples. Magnetization curves in the frustrated phase reveal symmetry breaking from the spin-glass-like state to an
intermediate state, followed by a subsequent metamagnetic transition similar to that of ilmenite. The critical field
H,, where symmetry breaking occurs denotes the AT line and obeys a H o (1 — T/Tt)/? law. Increasing the dc field
above the two transitions continuously flops spins along the field axis. Finally, the deeper understanding of spin-glass
freezing as an intrinsic property has strong potential for aiding identification of hemo-ilmenite solid solutions in rock
samples on the Earth and other planets.
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