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A B S T R A C T

To study non-ideal mixing in an entropy stabilized system, the entropy stabilized oxides HfTiO4 and ZrTiO4 were 
mixed to form the single phase (Hf-Zr)TiO4 system. HfTiO4 and ZrTiO4 are entropy stabilized relative to their 
constituent oxides (HfO2, ZrO2, and TiO2). Oxide-melt solution calorimetry (OSMC) was performed to determine 
enthalpies of formation relative to the constituent oxides (ΔHf,ox) for 11 compositions in the (Hf-Zr)TiO4 system. 
ΔHf,ox for HfTiO4 was determined to be 22.81 ±2.61 kJ/mol. ΔHf,ox for ZrTiO4 was measured to be 20.79 ± 2.67 
kJ/mol which is in good agreement with literature values. Positive ΔHf,ox values for HfTiO4 and ZrTiO4 dem-
onstrates entropy stabilization. X-ray absorption spectroscopy (XAS) data shows that Ti is locally segregated from 
the Hf and Zr. ΔHf,ox values for mixed HfTiO4-ZrTiO4 samples were used to calculate enthalpies of mixing relative 
to the HfTiO4 and ZrTiO4 end points (ΔHmix). ΔHmix was determined to be most exothermic (ΔHmix = -5.3 kJ/ 
mol) at a composition of (Hf.5Zr.5)TiO4. Negative ΔHmixsuggests that Hf and Zr experience further ordering upon 
mixing of HfTiO4 and ZrTiO4. X-ray powder diffraction (XRPD) experiments show that the (Hf-Zr)TiO4 system 
forms a single-phase product across the composition range with pbcn symmetry (space group #60) and does not 
form any ordered super structures, as noted by the lack of superlattice reflections. X-ray powder diffraction 
(XRPD) data additionally reveals that the (Hf-Zr)TiO4 system has a highly anisotropic positive excess volume, 
with the majority of the excess volume resulting from changes in the b-lattice parameter. X-ray absorption 
spectroscopy (XAS) results demonstrate that mixing between Hf and Zr on the local level is non-ideal but cannot 
ascertain if ordering or segregation occurs. High-resolution transmission electron microscopy (HR-TEM) exper-
iments are needed to fully elucidate the local structure in the (Hf-Zr)TiO4 system. Using the (Hf-Zr)TiO4 system as 
case study, this work shows that mixing in entropy stabilized systems is not always ideal and can give rise to 
complex local structures that can have interesting and unexpected effects on the chemical and physical prop-
erties, such as the large excess expansion along the b-direction.

1. Introduction

1.1. Entropy stabilized systems

In recent years there has been much excitement surrounding the 
fields of high entropy alloys (HEAs) [1–4], high entropy ceramics (HECs) 
[5], and high entropy oxides (HEOs) [6–14]. These compounds include 
compositionally diverse and highly tunable materials, providing vast 
potential for utility in several technological applications. High entropy 
ceramics are typically considered to have 5 or more components, 

resulting in a maximum ideal configurational entropy of 1.6079R [1–4]. 
In ‘high entropy’ systems, it is expected that non-ideal mixing effects 
will reduce the configurational entropy from this ideal value and could 
lead to interesting and unexpected properties. The criteria defining ‘high 
entropy’ ceramics is largely arbitrary, and it has been demonstrated that 
systems with as few as two components can form a single-phase com-
pound that is stabilized through entropic effects above a certain tran-
sition temperature, Ttrans [14]. Thus, multi-component single-phase 
ceramics, regardless of number of components, that are stabilized 
through entropic effects have been aptly named ‘entropy stabilized 
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ceramics [14]. At the transition temperature, the entropic term over-
comes a positive enthalpic term, leading to a negative Gibb’s free energy 
of formation (Eq. (1)). In such chemical systems, Gibb’s free energy of 
formation is an indicator of chemical stability. For example, the five 
component rocksalt oxide synthesized by Rost et al. [15–17] with MO 
stoichiometry (M = Mg, Ni, Co, Zn, Cu) has exhibited reversible endo-
thermic formation from the binary oxides and has existed as a test case 
for entropy stabilized oxides. 

ΔGf = ΔHf − TΔSf (1) 

Eq. (1): Gibb’s Free Energy of Formation as a function of the enthalpy 
of formation (ΔHf), the entropy of formation (ΔSf), and temperature (T).

In chemical systems it is thermodynamically preferred to minimize 
Gibb’s Free energy. In a formation reaction, a positive ΔGf indicates that 
reactants will dominate, rather than products. Thus, if a compound has a 
positive ΔHf , the reactants will be favored unless there is sufficient TΔSf 
to drive ΔGf below 0. With that in mind, if an endothermic reaction has a 
TΔSf > ΔHf , the compound is said to be entropy stabilized with respect 
to its components. It should be noted that as the entropic term scales 
with temperature, there will exist some critical temperature where the 
entropic contribution will not be large enough to overcome the positive 
ΔHf , and reactants will be favored [18,19].

Much work has been done to highlight properties in entropy stabi-
lized oxides [20], but the thermodynamics of mixing in these systems 
are often simplified by assuming that mixing in entropy stabilized sys-
tems is ideal. In mixed systems, the presence of excess thermochemical 
properties such as enthalpy and molar volume, are evidence of non-ideal 
mixing [21,22]. For example, a positive mixing enthalpy destabilizes the 
system by increasing Gibb’s free energy and implies chemical segrega-
tion in the local structure or phase separation through a miscibility gap if 
temperature is insufficient. A negative enthalpy of mixing further sta-
bilizes the system by lowering the Gibb’s free energy, and implies 
ordering in the local structure, which if large enough can lead to a 
change in symmetry from long range ordering of atoms. In many real 
oxide systems, the enthalpy of mixing is not negligible [14], and 
assuming ideal mixing neglects the importance of unique, non-ideal, 
structural and chemical interactions that can have a substantial effect 
on material properties. Unfortunately, enthalpy of mixing data is scarce 
in entropy stabilized systems. To understand the importance of 
non-ideal mixing in an entropy stabilized oxide, enthalpies of mixing, 
excess volume, and local-structure were examined using the (Hf-Zr)TiO4 
system as a case study.

1.2. The (Hf-Zr)TiO4 system

HfTiO4 and ZrTiO4 are both orthorhombic, pbcn symmetry (space 
group #60) [23–27], α-PbO2 derived structures [28], entropy stabilized 
oxides, that are well known as low thermal expansion [29–37], bulk 
refractory ceramics [38–45]. Most research on HfTiO4 and ZrTiO4 has 
historically been focused on electrical properties and utility as high-k 
microwave dielectric materials in telecommunications applications 
[39–45]. Lopez-Lopez et al. additionally studied the thermomechanical 
properties of ZrTiO4 to assess its potential for use in thermal shock ap-
plications [46]. Local structure and ordering in ZrTiO4 has also been 
examined in various studies using high resolution transmission electron 
microscopy (HR-TEM) and single crystal electron diffraction experi-
ments [47–55]. Studies have shown that Zr and Ti segregate on the local 
scale in bulk disordered ZrTiO4 compounds. A more in-depth discussion 
of local structures in ZrTiO4 is provided in Section 3.4. To date, no local 
structure studies have been published on HfTiO4, as recent work on 
HfTiO4 has been focused on its electrical properties and the manufacture 
of thin films through various deposition techniques [54–56]. With that 
said, HfTiO4 and ZrTiO4 are isomorphic, and thus it is expected that 
similar structural features would be observed.

As demonstrated by the endothermic polyphase to single phase 

transition, ZrTiO4 [57] and HfTiO4 (this work) have a positive ΔHf ,ox at 
298 K and are entropy stabilized with respect to the constituent oxides 
(TiO2, ZrO2 and HfO2) (Eq. (5), Eq. (6)). While HfTiO4 and ZrTiO4 are 
entropy stabilized, they do not have large enough ΔSconfig to be consid-
ered ‘high entropy’ by the typical n≥ 5 or ΔSconfig ≥ 1.6079R criteria 
[58]. 

AO2 + TiO2→ATiO4 (5) 

Eq. (5): Formation reaction of ATiO4 from the constituent oxides 
(AO2, TiO2). A = Hf, Zr. 

ΔGf ,ox = ΔHf ,ox − TΔSf ,ox (6) 

Eq. (6): Gibb’s free energy of formation for the formation of ATiO4 
compounds from their constituent oxides. ΔHf ,ox is formation enthalpy 
relative the constituent oxides, ΔSf ,ox is formation entropy relative to 
constituent oxides, and T is temperature.

To study the ZrTiO4 low temperature regime and gain a full under-
standing of the entropy of the system, Hom et al. measured the heat 
capacity from near 0 K up to room temperature [57]. It has been shown 
through X-ray powder diffraction (XRPD) that HfTiO4 and ZrTiO4 both 
form a single-phase structure upon heat treatment at 1300 ◦C. Thus, 
there exists some transition temperature where TΔSf ,ox > ΔHf ,ox for the 
(Hf-Zr)TiO4 system that marks polyphase to single phase transition. A 
phase decomposition temperature of T = 1250 ± 150K has been deter-
mined for ZrTiO4 [57], demonstrating that the compound is stabilized 
through entropic contributions that scale with temperature.

HfTiO4 and ZrTiO4 are isomorphic, suggesting that mixing the 
compounds will yield a single-phase solid solution (Fig. 1). It is impor-
tant to highlight the distinction between “ideal solid solutions” and 
“non-ideal solid solutions”. An ideal solid solution is one in which the 
mixing properties are purely entropic as the local structure is perfectly 
random. A non-ideal solid solution is one in which the mixing properties 
incorporate non-ideal effects such as excess enthalpy, excess volume, 
etc., as the local structure is not perfectly random. Examples of non-ideal 
solid solutions in mixed oxide systems include: ZrO2-Y2O3 [59], 
HfO2-Y2O3 [60], CeO2-Y2O3 [61], Y(Mn-In)O3 [62], rare-earth titanate 
pyrochlores [63], and Mg1-xNixAl2O4 spinel [64].

Fig. 1. Disordered crystal structure of (Hf0.5Zr0.5)TiO4 visualized using VESTA. 
Model was generated from X-Ray powder diffraction data of (Hf0.5Zr0.5)TiO4. 
The space group is Pbcn and in the disordered model, Ti, Zr, Hf atoms are sitting 
on the same sites and are coordinated with 6 oxygens to form distorted octa-
hedra. The octahedra exhibit both corner and edge sharing in the structure. The 
number of formula units per unit cell (Z) is 4.
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To understand the effect of mixing when mixing two entropy stabi-
lized oxides, this study will measure (i) the enthalpy of mixing between 
HfTiO4 and ZrTiO4 via oxide-melt solution calorimetry (OSMC), (ii) the 
excess volume of mixing between HfTiO4 and ZrTiO4 through X-ray 
powder diffraction (XRPD) and (iii) perform X-ray absorption spec-
troscopy (XAS) to probe the atomic local structure to understand how Ti, 
Zr and Hf are coordinating within the single phase, entropy stabilized 
(Hf-Zr)TiO4 system.

2. Methods

2.1. Synthesis

All compositions in the (Hf-Zr)TiO4 system were synthesized using 
the steric entrapment method [65–67]. HfCl4 (99.9%, Sigma Millipore) 
and ZrCl4 (99.99%, Sigma Millipore) were measured out in varying Hf: 
Zr ratios. Once weighed out, HfCl4 and ZrCl4 were stirred in 50 mL of DI 
water until completely dissolved. Titanium isopropoxide (99.9% Sigma 
Millipore), also known as Ti(iSO)4, was calibrated and dissolved in 80 
mL isopropyl alcohol (HPLC grade, Sigma Millipore). The HfCl4, ZrCl4, 
and Ti(iSO)4 solutions were mixed and allowed to homogenize. Once 
homogenized, Ethylene Glycol (99.8%, Sigma Millipore) was added to 
the mixture in a 4:1 cation valence to OH− ratio and continuously stir-
red. The ethylene glycol, HfCl4, ZrCl4, and Ti(iSO)4 mixture was heated 
on a hotplate set to 300 ◦C and stirred continuously until reduced to a 
clear gel. The gel was dried in a vented box furnace set to 450 ◦C for 12 h 
(Heated 5 ◦C/min, Cooled 5 ◦C/min). Product was obtained as a flaky 
brown powder. Product was ground in a Yttria-Stabilized Zirconia (YSZ) 
mortar and pestle and calcined in a lidded YSZ crucible at 1000 ◦C for 12 
h (Heated 5 ◦C/min, Cooled 5 ◦C/min) in air. Product was obtained as a 
shiny white powder. The powder was pressed into a 22 mm pellet at 155 
MPa in an MTI cold uniaxial hydraulic press. The pellet was then 
annealed in a lidded YSZ crucible at 1300 ◦C for 12 h (Heated 5 ◦C/min, 
Cooled 5 ◦C/min) in air. The annealed pellet was ground into the final 
product, a fine white powder, in an YSZ mortar and pestle.

2.2. X-ray diffraction and volume measurements

XRPD measurements were performed using the synchrotron source 
at the 11-BM beamline at Argonne National Laboratory’s Advanced 
Photon Source. The 11-BM program only accepts proposals for up to 
eight compounds, so synchrotron XRPD data is unavailable for compo-
sitions (Hf.3Zr.7)TiO4, (Hf.7Zr.3)TiO4, and (Hf.9Zr.1)TiO4. Compounds 
with even Hf-Zr stoichiometry were selected to maintain an even trend 
in the data. The midpoint, Hf.5Zr.5TiO4 was selected due to it being the 
composition where the magnitude of mixing enthalpy is maximized. 
Hf.1Zr.9TiO4 was selected to improve data resolution in the Zr rich 
compositions.

Rietveld refinement [68] was performed on XRPD patterns using the 
computer program GSAS-II [69] to confirm product purity and generate 
crystallographic information files (CIFs) at each composition. GSAS-II 
refinement files and the generated CIFs can be found in Supplemen-
tary Information S1 and S2, respectively. From these CIFs, unit cell 
volume and lattice parameters were obtained. Cation stoichiometry was 
confirmed using a Rigaku SuperMini200 X-ray Fluorescence Spectrom-
eter (XRF) Eq. uipped with LiF(200), PET, and RX25 crystals. Samples 
were loaded in boric acid substrate shells (5 mm, Vprep Corp). XRF 
measurements are included in the Supplementary Information S3.

2.3. Calorimetry measurements

Calorimetry of (Hf-Zr)TiO4 samples was performed on a Twin-Calvet 
high temperature oxide melt calorimeter at 700 ◦C with sodium 
molybdate (3Na2O*4MoO3) as the solvent. Oxide-melt calorimetry and 
its applications for determining formation enthalpies for oxides has been 
studied extensively by Navrotsky et al. [70–72]. Additionally, ΔHf ,ox for 

ZrTiO4 has been previously determined through oxide-melt calorimetry 
at 700 ◦C [57]. Thus, oxide-melt calorimetry was deemed a suitable 
method to determine ΔHf ,ox values for the (Hf-Zr)TiO4 system. 20 g of 
solvent per drop-tube was weighed and melted in platinum crucibles in a 
can furnace at 800 ◦C. Once melted and allowed to cool, solvent and 
platinum crucibles were transferred into the Twin-Calvet calorimeter 
and allowed to heat to 700 ◦C overnight.

Air was flushed through the setup via platinum bubbling tubes to 
ensure that solvent was well mixed and to increase dissolution rates. (Hf- 
Zr)TiO4 was pressed into pellets in a mass range of 5 mg - 30 mg. Pellet 
mass vs drop solution enthalpy (ΔHds) is plotted in Supplementary In-
formation S4 to demonstrate that pellets are dissolving fully, where ΔHds 
is the change in enthalpy generated by dropping a room temperature 
sample into the oxide melt, per mole of sample. Pellets were dropped on 
alternating sides of the calorimeter until a minimum of eight data points 
were obtained. Average dissolution time was 30 min. New solvent was 
used for every composition in the (Hf-Zr)TiO4 system to ensure a dilute 
solvent.

Calibration for endothermic samples such as oxides was performed 
by dropping sapphire or platinum in known masses and recording the 
resulting heat affect. The sapphire calibration factor is used for endo-
thermic samples with small heat effects and the platinum calibration 
factor is used for high heat-effect samples. (Hf-Zr)TiO4 calorimetry 
samples were prepared in the mass range of 5–25 mg, so the sapphire 
calibration factor was used for the (Hf-Zr)TiO4 system. As the oxide-melt 
calorimeters are twin calorimeters, each side needed to be calibrated 
individually. Calibration factors of −0.004700994120 J/μV*s and 
0.004677933 J/μV*s were determined for the used calorimeter. It 
should be noted that each side of the calorimeter is reverse wired. As a 
result, voltage readouts from the calorimeter’s two sides have opposite 
signs, leading to calibration factors having opposite signs. Raw data for 
all calorimetry drops in this work can be found in Supplementary In-
formation S5.

2.4. X-ray absorption spectroscopy

X-ray absorption spectroscopy measurements were taken for the Ti 
(4965 eV) and Zr (17,996 eV) K-edges and the Hf L3-edge (9558 eV) 
using the Materials Research Collaborative Access Team (MRCAT) 
bending magnet beamline, 10-BM-B at Argonne National Laboratory’s 
Advanced Photon Source [73]. Powder samples were prepared in pellets 
using boron nitride as a filler and polyvinylidene fluoride (PVDF) as a 
binder and measured in transmission for the Zr and Hf edges and in 
fluorescence using a 5-grid fluorescence detector for the Ti edge. Mul-
tiple data sets were collected for each edge in continuous scan mode, 
rebinned, merged, normalized, background subtracted and fitted using 
the IFEFFIT-based Athena and Artemis programs [74,75]. The data 
ranges used for the Fourier Transform of the χ(k) EXAFS data were 2.2 <
k < 7.5 Å−1, 2.0 < k < 12 Å−1, 3.0 < k < 11.0 Å−1 for the Ti, Zr, and Hf 
edges, respectively. All Fourier Transforms were processed with a 
Hanning window function with dk = 2.0 Å−1 for Zr and Hf and dk = 1.0 
Å−1 for Ti. The Fourier Transform χ(R) spectra were fitted over the range 
1.0 < R < 3.0 Å, 1.0 < R < 3.0 Å 1.0 < R < 4.0 Å and 1.0 < R < 3.8 Å for 
Ti, Zr, and Hf edges, respectively. Lower χν2 (reduced chi square) was 
used as the criterion for inclusion of an additional single-scattering paths 
in a path-by-path EXAFS fitting approach. Due to limited data ranges, all 
Ti edges were modelled simultaneously only with the nearest neighbour 
Ti-O scattering paths using common Ti-O bond lengths and disorder 
parameters, σ2 (Supplementary Information S8). The EXAFS of only the 
endpoint compositions, ZrTiO4 for Zr and HfTiO4 for Hf, were modelled.
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3. Results and discussion

3.1. Enthalpy of mixing

Drop solution enthalpies (ΔHds) at 700 ◦C were measured for 11 
compounds in the (Hf-Zr)TiO4 system. ΔHds (Eq. (6)) has a component 
that accounts for the heat effects of raising the sample from room tem-
perature to the calorimeter’s operating temperature (ΔHheat) as well as 
the heat of dissolution of the sample (ΔHdiss) (Eq. (1)) [50–52]. 

ΔHds = ΔHheat + ΔHdiss (7) 

Eq. (7): Drop solution enthalpy as recorded by Twin-Calvet high 
temperature oxide melt drop solution calorimeters. ΔHheat is the energy 
required to heat a sample in the calorimeter, it is equal to the integral of 
the heat capacity of the material across the specified temperature range. 
ΔHdiss is the heat of dissolution of the specified sample.

ΔHheat is a function of heat capacity and is determined through 
calibration of the calorimeters. Calibration of calorimeters is done to 
convert a voltage produced across the thermopile into heat. Once ΔHheat 
has been accounted for, the remaining term ΔHdiss, is a representation of 
the energy required to dissolve the compound into solution.

Enthalpies of formation (ΔHf,ox) from the constituent oxides, TiO2, 
ZrO2, and HfO2, were calculated by applying Hess’s law to the ΔHds data 
obtained through oxide-melt calorimetry. The thermocycles used to 
calculate ΔHf,ox are shown in Table 1. Hess’s law calculations are 
normalized to 1 mole of TiO2. The behavior of the sodium molybdate 
(3Na2O*4MoO3) melt has been studied extensively [72]. Mixing en-
thalpies were determined by subtracting the measured ΔHf,ox of mid 
points in the (Hf-Zr)TiO4 system from the ideal mixing calculated from a 
linear combination of the endpoints (HfTiO4 and ZrTiO4) (Eqs. (8), (9)). 

ΔHx1HfTiO4+x2ZrTiO4
idealmixing = x1ΔHHfTiO4

f ,ox,measured + x2ΔHZrTiO4
f ,ox,measured (8) 

Eq. (8): Calculation of ideal mixing in the (Hf-Zr)TiO4 system (i.e. 
excess enthalpy is zero). x1 is the mole fraction of HfTiO4 and x2 is the 
mole fraction of ZrTiO4. ΔHHfTiO4

f ,ox,measured and ΔHZrTiO4
f ,ox,measured are the ΔHf,ox 

values of the endpoints as determined through oxide-melt calorimetry. 

ΔH(Hfx1 ,Zrx2)TiO4
mix = ΔH(Hfx1 ,Zrx2)TiO4

f ,ox,measured − ΔHx1HfTiO4+x2ZrTiO4
idealmixing (9) 

Eq. (9): Calculation of ΔHmixfor any composition in the (Hf-Zr)TiO4 
system. x1 is the mole fraction of HfTiO4 and x2 is the mole fraction of 
ZrTiO4. ΔHHfTiO4

f ,ox,measured and ΔHZrTiO4
f ,ox,measured are the ΔHf,ox values of the end-

points as determined through oxide-melt calorimetry.
ΔHf,ox and ΔHmix are shown graphically in Fig. 2, as well as error bars 

for the calorimetric measurements. Error bars represent two times the 

standard error of the calorimetric measurements ( 2σ̅̅
N̅

√ , where σ is the 
standard deviation and N is the number of measurements). Values 
shown on the graph are tabulated in S6.

All members of the (Hf-Zr)TiO4 system have a positive enthalpy of 
formation with respect to the component oxides (HfO2, ZrO2, TiO2). This 
emphasizes that the polyphase to single-phase transition is entropy- 
driven at a sufficient temperature. As visible in the phase diagrams, 
the composition range where the ATiO4 phase forms (A = Hf, Zr) is 
rather narrow, spanning mole fractions of approximately 0.45–0.6 TiO2 
in AO2 [35,46]. A formal study into the enthalpy of mixing across the 
ATiO4 single-phase region has not yet been performed, but ΔHf,ox for 
HfTiO4 and for ZrTiO4 at the 1:1 points respectively was determined to 
be positive. ΔHf,ox for both HfTiO4 and ZrTiO4 are shown in Table 2.

Measurements show that mixing enthalpy in (Hf-Zr)TiO4 with 
respect to the HfTiO4 and ZrTiO4 end points is negative. A minimum 
ΔHmix for the (Hf-Zr)TiO4 system of −5.3 kJ/mol was recorded at a 
composition (Hf.5Zr.5)TiO4. Negative ΔHmix values show that mixing 
between HfTiO4 and ZrTiO4 is more enthalpically stable than would be 
expected for the ideal mixture (i.e. excess enthalpy of mixing is zero), 
and that mixing is non-ideal. This is visualized in Fig. 3. The result is that 
mixing in the (Hf-Zr)TiO4 system is favorable with respect to the HfTiO4 
and ZrTiO4 end points. As ΔHf,ox for all (Hf-Zr)TiO4 compounds is pos-
itive, it important to recall that the system is still entropy stabilized with 
respect to the constituent oxides TiO2, ZrO2 and HfO2.

ΔHmix data for the (Hf-Zr)TiO4 system was fit using the sub-regular 
solution model [78] (Eq. (10)). In a binary or pseudo-binary system, 
such as (Hf-Zr)TiO4, the key difference between the regular and 
sub-regular solution models is that the regular solution model assumes 
interaction parameters to be identical. For the sub-regular solution 
model, A∕=B, where A and B are interaction parameters determined 
through fitting. The result is that the sub regular solution model is better 
at fitting datasets that are asymmetrical. Upon observing Fig. 2, it can be 
noted the maximum of the magnitude of the mixing enthalpy is not 
centered on the midpoint but shifted towards the ZrTiO4 rich 
compounds. 

ΔHmix = AHx2
1x2 + BHx1x2

2 (10) 

Eq. (10): Sub-Regular Solution for excess enthalpy. AH and BH are 
sub-regular solution fitting parameters. x1 corresponds to ZrTiO4 mole 
fraction and x2 corresponds to HfTiO4 mole fraction. Fit parameters and 
statistics are tabulated in S6 of supplemental info.

Το understand the role of enthalpy in the stabilization of the (Hf-Zr) 
TiO4 system, ΔHmix can be compared with ideal configurational entropy. 
This relationship between enthalpy, entropy, and Gibb’s free energy is 
shown in Eq. (1). For the (Hf.5Zr.5)TiO4 midpoint, ΔHmix was determined 
to be −5.3 kJ/mol. At this same composition, there is an ideal config-
urational entropy of 1.04R. It must be made clear that this is the 
maximum possible value under the ideal mixing assumption, and as 
noted by the observed non-ideal mixing, the actual configurational 
contribution to the Gibb’s free energy will be less. At the synthesis 
temperature of 1300 ◦C and applying the ideal mixing assumption, the 
ideal configurational entropic contribution to Gibb’s free energy 
(-TΔSmix) is calculated to be −11.2 kJ/mol. By comparing the ideal 
configurational entropy and the enthalpy of mixing as recorded by 
calorimetry, enthalpic effects and entropic effects provide comparable 
contributions to the stability of mixed HfTiO4-ZrTiO4 compounds. The 
result is that enthalpic effects are insufficient to cause changes in bulk 
symmetry upon mixing in the (Hf-Zr)TiO4 system.

Positive ΔHf,ox values for HfTiO4 and ZrTiO4 suggest that Hf-Ti and 
Zr-Ti local segregation is possible. Positive ΔHf,ox values for mixed 
HfTiO4-ZrTiO4 compounds shows that the (Hf-Zr)TiO4 system is entropy 
stabilized with respect to the constituent oxides. Upon mixing HfTiO4 
and ZrTiO4, a negative ΔHmix was observed. This negative ΔHmix dem-
onstrates that mixing between HfTiO4 and ZrTiO4 is non-ideal and im-
plies that secondary ordering between Hf and Zr could be occurring. To 

Table 1 
Thermocycles used to calculate enthalpy of formation from constituent oxides 
(cycle 1) and enthalpy of formation from standard state components (Cycle 2) 
for oxide-melt calorimetry at 700 ◦C. a = measured in this work and presented in 
Supplementary Information S6 . b = values from Refs. [76,77].

Reactions in Thermocycle ΔH (kJ/mol)

Cycle 1: Enthalpy of formation from oxides
Hfx1Zrx2TiO4(s,298 K) → x1HfO2(sln,973 K) + x2ZrO2 

(sln,973 K) + TiO2(sln,973 K)

ΔH1 = ΔHds

HfO2(s,298 K) → HfO2(sln,973 K)
a ΔH2

ZrO2(s,298 K) → ZrO2(sln,973 K)
b ΔH3

TiO2(s,298 K) → TiO2(sln,973 K)
a ΔH4

x1HfO2(s,298 K) + x2ZrO2(s,298 K) + TiO2(s,298 K) → 
Hfx1Zrx2TiO4(s,298 K)

ΔHf,ox = x1ΔH2 + x2ΔH3 +
ΔH4 - ΔH1

Cycle 2: Enthalpy of formation from elements
Hf(s,298 K) + O2(g,298 K) → HfO2(s,298 K)

b ΔH5
Zr(s,298 K) + O2(g,298 K) → ZrO2(s,298 K)

b ΔH6
Ti(s,298 K) + O2(g,298 K) → TiO2(s,298 K)

b ΔH7
x1Hf(s,298 K) + x2Zr(s,298 K) + Ti(s,298 K) + 2 O2 → 

Hfx1Zrx2TiO4(s,298 K)

ΔHf,el = x1ΔH5 + x2ΔH6 +
ΔH7 + ΔHf,ox
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probe the length scales at which this ordering occurs in the system, and 
to assess their impacts on lattice parameters, XRPD was performed on 
the (Hf-Zr)TiO4 system.

3.2. Excess volume

XRPD data shows that all members of the (Hf-Zr)TiO4 system form 
single-phase non-ideal solid solution with Pbcn symmetry. This result 
indicates that mixing does not change the long-range structure of the 

system. This is evidenced by the lack of satellite peaks corresponding to 
superstructures in the XRPD data. It must be noted that while XRPD 
shows that the (Hf-Zr)TiO4 system forms a non-ideal single-phase solid 
solution when examined at larger length scales, XRPD is unable to probe 
the local structure of the system. Thus, local structure non-idealities in 
the (Hf-Zr)TiO4 system are studied using XAS as discussed in Section 3.3.

Fig. 4 shows a waterfall plot of the (Hf-Zr)TiO4 system as function of 
HfTiO4 mol fraction. The first key observation is that (Hf-Zr)TiO4 forms 
a single phase across the entire composition range, as noted by each 
peak being indexed to the Pbcn structure shown in Fig. 1. The peaks 
corresponding the (200), (020), and (002) indices are principal com-
ponents and are directly related to the magnitude of the a, b and c lattice 
vectors respectively. On inspection, the (020) (b-lattice vector) is 
expanding, as noted by the shift to the left, the (200) (a-lattice vector) is 
contracting, as noted by the shift to the right and the (020) (c-lattice 
vector) is relatively constant. These observations show that the lattice 
volume expansion of the unit cell is highly anisotropic. The volume and 
lattice parameters for the (Hf-Zr)TiO4 system were extracted by applying 
the Rietveld method [70] to XRPD and are plotted in Fig. 5(a) and Fig. 6
(a) respectively. To understand how non-ideal mixing in the (Hf-Zr)TiO4 
system effects volume, the excess volume for (Hf-Zr)TiO4 system was 
determined by subtracting the measured volume of mid points in the 
(Hf-Zr)TiO4 system from an ideal mixture of volumes (Eqs. (11), (12)). 

Fig. 2. (a) Formation enthalpy relative to the constituent oxides (x1ZrTiO4 and x2HfTiO4) in comparison to the (Zrx1,Hfx2)TiO4 mixed compound. The dashed black 
line shows the ideal mixing (i.e. excess enthalpy is zero) enthalpy across the system. b) Enthalpy of mixing (ΔHmix) in the (Zrx1,Hfx2)TiO4 system. Measurement 
uncertainty is denoted by error bars. Data was fit to the Sub-Regular Solution model. Fit statistics for the Sub-Regular solution model are as follows: A = −17.162 kJ/ 
mol, B = −26.171 kJ/mol, R2 = 0.9205. Data relevant to Fig. 2 can be found in the S5, S6.

Table 2 
Enthalpy of formation from constituent oxides and constituent elements for 
HfTiO4 and ZrTiO4 as determined by this study, and as determined by Hom et al. 
[57]. Values for HfTiO4 were not reported by Hom. Measurement uncertainty 

(MU) is defined as two times the standard error (
2σ̅̅̅̅

N
√ , where σ is the standard 

deviation and N is the number of measurements).

Compound ΔHf,ox (kJ/mol) (mean ± MU) ΔHf,el (kJ/mol)

HfTiO4 (This study) 22.81 ± 2.61 −2033.510
ZrTiO4 (This study) 20.79 ± 2.67 −2015.39
ZrTiO4 (Hom et. al) 20.23 −2024.4

Fig. 3. Vertical enthalpy diagram for (Hf0.5,Zr0.5)TiO4. The y-axis is enthalpy of 
formation relative to the constituent oxides. The top line shows the enthalpy of 

the ideally mixed mixture of 0.5HfTiO4 and 0.5ZrTiO4 

(
ΔHunmixed

f ,ox

)
, the middle 

line shows the enthalpy of the system when HfTiO4 and ZrTiO4 form a single- 
phase product ((Hf0.5,Zr0.5)TiO4) (ΔHmixed

f ,ox ), and the bottom line is the 
enthalpy of the constituent oxides (reference point). The lower the line on the 
plot, the more enthalpically stable.

Fig. 4. Waterfall plot of Synchrotron 11-BM XRPD data across the (Hf-Zr)TiO4 
system. Blue lines are peak positions determined from Rietveld Refinement. 
Powder diffraction peaks corresponding to the lattice vectors of the unit cell are 
denoted with red arrows. Data relevant to Fig. 4 can be found in the Supple-
mentary Information S1, S2, and S7.
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ΔVx1HfTiO4+x2ZrTiO4
idealmixing = x1ΔVHfTiO4

measured + x2ΔVZrTiO4
measured) (11) 

Eq. (11): Ideal mixing volumes for the (Hf-Zr)TiO4 system (i.e. the 
excess volume is zero). x1 is the mole fraction of HfTiO4 and x2 is the 
mole fraction of ZrTiO4. ΔVHfTiO4

measured and ΔVZrTiO4
measured are the volumes of the 

endpoints as determined by Rietveld Refinement. 

ΔV(
Hfx1 ,Zrx2)TiO4

excess = ΔV(
Hfx1 ,Zrx2)TiO4

measured − ΔVx1HfTiO4+x2ZrTiO4
idealmixing (12) 

Eq. (12): Calculation of Excess volume for any composition in the 
(Hf-Zr)TiO4 system. x1 is the mole fraction of HfTiO4 and x2 is the mole 
fraction of ZrTiO4. ΔVHfTiO4

measured and ΔVZrTiO4
measured are the volumes of the end-

points as determined by Rietveld Refinement.
Excess volume was also fit to the sub-regular solution model as it 

provided the best fit (Eq. (13)). 

ΔVexcess = Avx2
1x2 + Bvx1x2

2 (13) 

Eq. (13): Sub regular solution model for excess volume. Av and Bv are 
the volume-specific fit parameters, x1 is the mole fraction of HfTiO4 and 

x2 is the mole fraction of ZrTiO4. Fit parameters and statistics are shown 
in S7 of supplemental information.

The overall volume expansion is anisotropic with a positive contri-
bution in the b-direction, a negative contribution in the a-direction and 
negligible contribution in the c-direction. Thus, the excess lattice 
parameter (Δaexcess) in the (Hf-Zr)TiO4 system was determined by sub-
tracting the ideal mixing lattice parameters (Δaideal, Eq. (14)) from the 
lattice parameters determined through Rietveld Refinement of XRPD 
data (Eq. (15)). 

Δax1HfTiO4+x2ZrTiO4
idealmxing = x1ΔaHfTiO4

measured + x2ΔaZrTiO4
measured (14) 

Eq. (14): Linear combination of lattice parameters (Δaideal) calculated 
from the lattice parameters of the experimental endpoints (ΔaHfTiO4

measured, 
ΔaZrTiO4

measured) in the (Hf-Zr)TiO4 system. x1 is the mole fraction of HfTiO4 
and x2 is the mole fraction of ZrTiO4. 

Δa(
Hfx1 ,Zrx2)TiO4

excess = Δa(
Hfx1 ,Zrx2)TiO4

measured − Δax1HfTiO4+x2ZrTiO4
idealmixing (15) 

Fig. 5. Shows that there is a positive excess volume in the (Hf-Zr)TiO4 system. As with mixing enthalpy, the distribution peak skews off-center in the direction of the 
Zirconium rich compounds. The (Hf-Zr)TiO4 system was determined to have maximum excess volume of ΔVmix = .3260Å

3 
at a composition of (Hf.4Zr.6)TiO4. The 

excess volume for the system is positive (0.18 % increase), indicating that mixing HfTiO4 and ZrTiO4 is non-ideal and leads substantial strain on the crystal lattice. 
Data relevant to Fig. 5 can be found in the Supplementary Information S1, S2 and S7.

Fig. 6. (a) Lattice parameters vs composition for the (Hf-Zr)TiO4 system. Lattice parameters were determined through Rietveld Refinement of Synchrotron data 
recorded at the APS 11-BM beamline. Lattice parameters for xHfTiO4 = 0.3,0.7,0.9 are not shown as they were not measured at the APS 11-BM beamline. Lattice 
parameters were fit using 2nd order polynomials. The dashed lines indicate the ideal lattice parameter (linear combination) across all compositions. b) Contribution 
of each lattice parameter to the excess volume in the (Hf-Zr)TiO4 system. Excess volume is the same in Fig. 5(b). Lab source data for ΔVexcess and lattice parameters 
were used to fill in points where Synchrotron data was unavailable. Parameter contribution for lab source data is shown as faded bars. Lattice parameter fits and 
values at each composition are reported in the supplementary information. Data relevant to Fig. 2 can be found in the Supplementary Information S1, S2 and S7.
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Eq. (15): Calculation of excess lattice parameter (Δaexcess) from 

measured lattice parameters (Δa(
Hfx1 ,Zrx2)TiO4

measured ) and ideal lattice parame-
ters (Δax1HfTiO4+x2ZrTiO4

idealmixing ) for any composition in the (Hf-Zr)TiO4 system.
Excess lattice parameters were calculated at each composition and 

divided by the summation of all excess lattice parameters at that 
composition to determine the percent contribution from the excess. The 
resulting values were multiplied by excess volume to determine the 
percent contribution of each lattice parameter to excess volume. Eq. (16)
shows the calculation for excess lattice parameter contribution at any 
specified composition. 

Δai
contribution = ΔVexcess

(
aexcess

i∑3
i=1aexcess

i

)
(16) 

Eq. (16): Calculation of lattice parameter contribution to excess 
volume. a1,2,3 = a, b, c parameters respectively.

Fig. 6b shows the contribution of each lattice parameter to the 
measured excess volume in the (Hf-Zr)TiO4 system. This shows that the 
excess contribution of the b-lattice vector is dominating the overall 
excess volume expansion in the (Hf-Zr)TiO4 system. As mentioned in 
Section 1.2, in ZrTiO4 samples, the b-lattice parameter is cooling rate 
dependent. As cooling rate is increased, the b-parameter grows larger. 
The b-lattice parameter dependence on cooling rate is similar to the 
observed b-lattice parameter change in mixed (Hf-Zr)TiO4 samples. All 
(Hf-Zr)TiO4 samples were synthesized with a consistent cooling rate of 
5C/min. Thus, changes in b-lattice parameter are attributed solely to 
changes in composition.

XRPD and subsequent Rietveld refinement shows that there is a 
positive anisotropic excess volume for the (Hf-Zr)TiO4 system. This 

result further proves that mixing in the system is not ideal. XRPD pat-
terns do not show the presence of superlattice peaks, indicating that the 
observed excess volume and enthalpy are a result of non-ideal mixing on 
the local scale. To validate this assertion, the local structure of the (Hf- 
Zr)TiO4 system was studied using X-ray absorption spectroscopy (XAS).

3.3. X-ray absorption spectroscopy and local structure

XAS, specifically in the X-ray absorption near edge structure 
(XANES) and extended X-ray absorption fine structure (EXAFS), is 
documented as useful tool for studying local environments in mixed 
chemical systems [79,80]. To study the local environment and to pro-
vide insight on non-ideal mixing in the (Hf-Zr)TiO4 system, XAS was 
performed. Fig. 7(a) presents the XANES spectrum for the Ti K-edge for 
all samples across the composition range. There is little variation in 
these spectra, indicating that the Ti local environment is constant 
throughout the composition range. Fig. 7(d) shows the Ti EXAFS fit for 
(Hf.5Zr.5)TiO4 and is typical of all the Ti edge EXAFS which can be fitted 
using a model with 2 Ti-O paths (1.9 Å and 2.0 Å) with multiplicities 4 
and 2 and a Ti-Ti path (2.8 Å) with multiplicity ~2–3. There is no evi-
dence of any Ti-Zr or Ti-Hf scattering paths in any of the Ti edge data (SI 
section S8).

The XANES spectra for Zr and Hf (Fig. 7 (b,c) exhibit isosbestic 
points, indicating that the Zr and Hf atoms reside in two distinct local 
environments; local environment 1 being a local structure of 100 % Zr 
(Hf) next near neighbors and local environment 2 being dilute Zr (Hf) in 
a second near neighbor environment of mostly Hf (Zr). Furthermore, 
consistent with the Ti K-edge EXAFS, the Zr and Hf EXAFS in ZrTiO4 and 
HfTiO4, respectively can be fit without Zr-Ti and Hf-Ti paths as shown in 

Fig. 7. (a) XANES spectra for the Ti K-edge of the (Zr1-xHfx)TiO4 system with HfTiO4 at the bottom and ZrTiO4 at the top; (b) Zr K-edge XANES for ZrTiO4 (light red) 
through (Zr0.1Hf0.9)TiO4 (dark red); (c) Hf L3-edge XANES for HfTiO4 (light blue) through (Zr0.9Hf0.1)TiO4 (dark blue); (d) Ti K-edge EXAFS spectrum (green) and fit 
(black) for the (Zr0.5Hf0.5)TiO4 sample showing the individual paths making up the fit (grey dashed); (e) Zr K-edge EXAFS spectrum (red) and fit (black) for the 
ZrTiO4 sample showing the individual paths making up the fit (grey dashed); (f) Hf L3-edge EXAFS spectrum (blue) and fit (black) for the HfTiO4 sample showing the 
individual paths making up the fit (grey dashed).
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Fig. 7 (e,f). The Zr local environment consists of 2 Zr-O paths (2.06 Å and 
2.22 Å) with multiplicities of ~4 and ~2 and two Zr-Zr paths (3.47 Å 
and 4.08 Å) with multiplicities ~2 each. The Hf local environment, in 
contrast, shows a single Hf-O path (2.05 Å) with multiplicity ~6, two Hf- 
Hf paths (3.27 Å and 3.68 Å) with multiplicities of ~4 each and a second 
Hf-O path (3.73 Å) with multiplicity of 4. These results indicate that Ti, 
Zr, and Hf all preferentially reside in local environments made up of 
identical species rather than mixing uniformly spatially. To test this 
hypothesis, the Zr and Hf XANES and EXAFS data for all samples were 
fitted using the endpoint samples data, ZrTiO4 and (Zr0.1Hf0.9)TiO4 for 
the Zr edge, HfTiO4 and (Zr0.1Hf0.9)TiO4 for the Hf edge. The results of 
the fits for the XANES spectra are shown in Fig. 8, where the fraction of 
the pure HfTiO4 and ZrTiO4 endpoints used to fit the individual spectra 
are plotted as a function of the nominal sample composition. The Zr edge 
data, which have a distinct variation across the composition range, 
exhibit a nearly straight diagonal line while the Hf data, which have 
more subtle differences show a similar diagonal trend albeit with a lower 
slope.

3.4. Discussion of non-ideal mixing in the (Hf-Zr)TiO4 system

Transmission electron microscopy (TEM) studies on ZrTiO4 have 
shown that the compound is not perfectly disordered as is indicated by 
bulk X-ray powder diffraction, and that Zr and Ti segregate locally 
[43–52]. ZrTiO4 additionally has low temperature ordered modulated 
superstructures that have been reported to form exceptionally slowly 
below ~1147 ◦C. The ordered structures occupy a composition range 
that spans from ZrTiO4 to compositions close to ZrTi2O6. Zr5Ti7O24 is the 
most frequently observed and studied low temperature ordered phase in 
the system. Using TEM and single crystal diffraction, Christofferson and 
Davies [47] showed that compositions of Zr/Ti = 5/7 and 1/1 have 
incommensurate superstructures, and phases close to 1/1 are 
commensurate with an a-axis repeat of 2x compared to the long-range 
disordered ZrTiO4 structure. This commensurate/incommensurate 
transition is marked by Zr segregation onto every 3rd octahedra site on a 

given axis, leading to the formation of the triple celled Zr5Ti7O24 super 
structure. This ordering can be as represented as ZTTZTT, where ZTT 

denotes a Zr octahedra neighboring a pair of Ti octahedra aligned up-
wards, and ZTT denotes a Zr octahedra neighboring a pair of Ti octahedra 
aligned downwards. Results showed that the ZTTZTT repeating sequence 
is sporadically broken up by double layers of Zr, with the sequence ZZTT 

(or ZZTT), giving rise to an additional ZTTZZTT motif in the low tem-
perature ordered Zr5Ti7O24 phase [49]. Additionally, electron diffrac-
tion patterns showed the presence of superlattice formation in Zr5Ti7O24 
samples [47–49]. Smaller more diffuse superlattice peaks were also 
observed in electron diffraction for commensurate ZrTiO4, indicating 
that some additional long-range ordering may be present. Unfortu-
nately, peaks intensities were too weak for any structural refinement. 
TEM analysis showed no substantial difference between quenched and 
slow-cooled samples [47–49].

In samples that show the long-range disordered ZrTiO4 structure, the 
ZZTT sequence dominated on the local level. In these samples, TEM 
bright field analysis performed by Azough et al. [49] confirmed the 
presence of the ZZTTZZTT and ZTTZTT motif. Christoffersen and Davies 
[47] argue that due to the differing preferred oxygen coordination of Zr 
(4 Zr-O bonds, cubic) and Ti (6 Ti-O bonds, octahedra), that the two 
cations prefer not to be neighbors, leading to local cation segregation. 
This segregation of Zr and Ti is stated to influence the b-lattice param-
eter of the bulk disordered ZrTiO4 structure. Lopez-Lopez et al. and 
Azough et al. [48,49] both have studied the effect cooling rate has on 
lattice parameters in ZrTiO4 compounds. X-ray diffraction experiments 
show that altering cooling rate leads to a marked shift in peak position. 
Faster cooling rate led to larger b-lattice parameters, as well as larger 
crystal lattice volume. Lopez-Lopez reported b-lattice parameters of 
5.47731 Å in quenched samples, 5.4389 Å in samples cooled at 5 ◦C 
/min, and 5.4174 Å in samples cooled at 0.1 ◦C /min. Similar values 
were reported by Azough et al. Cooling rate dependent changes in the 
b-lattice parameter are attributed to the presence of ordering in the 
system. Quenching samples locks in the disordered high-temperature 
state where the ZZTTZZTT and ZTTZTT motifs do not occur at a local 
level, thus eliminating distortions in the b-direction.

XAS results in this work are consistent with literature data on local 
structure in ZrTiO4. Both techniques agree that Zr and Ti are segregating 
locally in a ratio that randomizes over the bulk and maintains the 
disordered structure as observed in XRPD. HfTiO4 experiences similar 
local segregation between Hf and Ti. Cation segregation was also 
observed in mixed HfTiO4-ZrTiO4 samples, resulting in the separate 
clusters of Hf/Zr and Ti.

XAS results in mixed HfTiO4-ZrTiO4 samples shows that Hf/Zr 
clusters are not mixed ideally. Within the Hf/Zr clusters, Hf and Zr 
cations can exist in two possible local environments; an Hf or Zr cation 
surrounded exclusively by one of Hf or Zr. Unfortunately, the exact ratio 
of cations in each unique environment, as well as the spatial orientation 
of the clusters, cannot be determined quantitatively from XAS. It is hy-
pothesized that short-range ordering (SRO) of Hf and Zr in mixed (Hf-Zr) 
TiO4 samples occurs on similar length scales to the Zr-Ti segregation 
observed by Christoffersen and Davies [47], but further experimentation 
is needed to confirm. Clusters are randomized at longer length scales, as 
noted by bulk XRPD data showing no signs of phase separation or sat-
ellite peaks in the synchrotron powder diffraction patterns. To fully 
understand non-ideal mixing at the local level in (Hf-Zr)TiO4 system, 
high resolution TEM experiments are needed. XAS data can be used to 
conclude that Hf/Zr segregate from Ti to form local clusters, and that 
mixing within the Hf/Zr cluster is non-ideal. The result is that the (Hf-Zr) 
TiO4 system is not truly disordered, even though HfTiO4 and ZrTiO4 are 
entropy stabilized with respect to the constituent oxides.

Hf and Zr intermingling can be further rationalized by looking at 
bond lengths. Both atoms prefer to exist with octahedral oxygen coor-
dination, which is why Hf and Zr octahedra can intermingle further. 
EXAFS analysis on nearest neighbor pairs provided cation-oxygen bond 
lengths for the (Hf-Zr)TiO4 system. In all samples, Ti octahedra 

Fig. 8. Fractional weight of ZrTiO4 (red circles) and HfTiO4 (blue squares) 
obtained from single parameter fits of the Zr and Hf XANES spectra with the 
endpoint compositions (100 % and 10 % Zr and Hf). Individual fits are shown in 
SI section S8.
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experienced a Jahn-Teller elongation, with an equatorial bond length of 
2.00 Å and an axial bond length 2.43 Å. Zr octahedra also experience a 
Jahn-Teller elongation; Zr-O bond lengths were determined to be 2.06 Å 
in the equatorial direction and 2.22 Å in the axial direction. In the case 
of Hf-O, only a bond length of 2.06 Å was found, meaning that Hf 
octahedra do not experience distortion. Due to differing axial lengths, it 
is reasonable that Hf and Zr octahedra would prefer to exist indepen-
dently of one another, giving rise to the secondary clustering within the 
Hf/Zr cation layer.

Christofferson and Davies [47] noted that cluster size in cation layers 
depends on directionality. These cluster switches occurred at different 
rates in different directions in the crystal lattice, with cation cluster sizes 
ranging from 5 to 20 nm in the b-direction and 50 nm in the c-direction. 
It is possible that directionally preferential arrangement of Jahn-Teller 
elongated Zr-O polyhedra and non-distorted Hf-O polyhedra could 
generate the observed anisotropic excess volume within the (Hf-Zr)TiO4 
system. Altering the Zr concentration in the (Hf-Zr)TiO4 system would 
lead to changes in Zr sub-cluster size and frequency, causing anisotropic 
distortions to the average bulk volume. Again, these local clusters are 
randomizing in terms of composition but are maintaining a direction-
ality. This is noted by the excess change in b-lattice parameter and the 
lack of superlattice peaks in the X-ray powder diffraction pattern. As 
before, to fully elucidate the mechanisms of polyhedra stacking, further 
experiments like high resolution TEM are needed.

Local structural findings from XAS agrees with calorimetry data. 
Both HfTiO4 and ZrTiO4 have a positive enthalpy of formation relative to 
the constituent oxides (HfO2, ZrO2, TiO2), suggesting that Hf-Ti and Zr- 
Ti do not prefer to mix. XAS showed that in both HfTiO4 and ZrTiO4 
there is distinct Hf-Ti and Zr-Ti local segregation. In mixed (Hf-Zr)TiO4 
samples, the negative mixing enthalpy relative to HfTiO4 and ZrTiO4 
endpoints implies that Hf and Zr cations experience non-ideal mixing. 
XAS results confirm that mixing between Hf and Zr is non-ideal, but that 
the two cations intermingle and form separate clusters from Ti. To gain 
insight into potential ordering between Hf and Zr, further experimen-
tation is needed.

Synthesis routes have been demonstrated to have a marked effect on 
structural and chemical features such as grain morphology, oxygen 
stoichiometry, local distortions, and chemical homogeneity in the HEO 
spinel structure [81]. Despite local variations, the average structure, as 
determined by XRPD, for the HEO spinel was consistent across different 
synthetic routes and resembles that of the thermodynamically favorable 
product. Thus, it can be assumed that (Hf-Zr)TiO4 prepared through 
steric entrapment could have slightly different local features when 
compared to a (Hf-Zr)TiO4 sample prepared through a different method, 
all while maintaining the observed X-ray diffraction pattern.

4. Conclusions

In this study, 11 compositions in the entropy stabilized (Hf-Zr)TiO4 
system were synthesized. It was determined through oxide melt calo-
rimetry that there is a negative enthalpy of mixing within the system 
with respect to HfTiO4 and ZrTiO4. This implies that mixing in the 
system is enthalpically preferred with respect to ZrTiO4 and HfTiO4, 
highlighting non-ideal mixing. It needs to be made clear that (Hf-Zr) 
TiO4 compounds are entropy stabilized with respect to the component 
oxides (TiO2, ZrO2 and HfO2). The negative enthalpy of mixing is con-
trasted by the determination of a positive excess volume. Additionally, 
the excess volume is highly anisotropic, with the majority of contribu-
tions to excess volume resulting from change in the b lattice parameter. 
XAS data from this study was used to confirm that mixing in the HfTiO4- 
ZrTiO4 system is non-ideal and that cations segregate locally to form 
independent clusters of Hf/Zr and Ti. In mixed HfTiO4-ZrTiO4 samples, 
it was determined that there are two local environments within the Hf/ 
Zr cluster, indicating that mixing between Hf and Zr is also non-ideal. 
Results from XAS were used in conjunction with a past TEM study on 
ZrTiO4 to build a hypothesis on the source of the negative mixing 

enthalpy and positive excess volume observed in the (Hf-Zr)TiO4 system. 
TEM is still needed to fully elucidate the local structure and potential 
SRO within the Hf/Zr cluster. Using the (Hf-Zr)TiO4 system as a case 
study, this work demonstrates that mixing in entropy stabilized oxides is 
not always ideal, and that enthalpic contributions can lead to the for-
mation of complex local structures that effect the physical and chemical 
properties of a system.
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