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Calorimetric and x-ray diffraction studies of a-to-@ structural phase transitions
in HIW ,Og and ZrW ,Ogq
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A powder x-ray diffraction experiment was performed on cubic HDA/and Zr\W,Og from 90 to 560 K. The
lattice parameter and absolute negative thermal expansion coefficient ofCdfsve smaller than those of
ZrW,0g. The heat capacity of HI\WDg was measured from 340 to 520 K using an adiabatic scanning calo-
rimeter. An anomaly in heat capacity of Hi@g corresponding to the-to-g structural phase transition was
clearly detected around 463 K. The phase transition temperature of®4fy the calorimeter is 26 K higher
than that of Zr\§Og. The entropy of transition of HM\Dg is the same magnitude as that of )@, indicating
that the mechanism of the phase transition of HDA/and ZrW,Og is the same.
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I. INTRODUCTION transitiof and also the temperature and frequency depen-
dence of ion conductivity.
A lot of studies on zirconium tungsten oxide, Z504, Hafnium tungsten, HMOg, is isostructural to Zr\AOg

have been carried out in the past several years.,0gi an  and shows the thermal contraction similar to ZMY.%>° It

isotropic compound with a negative thermal expansion oveis well known that zirconium and hafnium elements re-
a wide temperature range from 4 to 1053 R This interest- semble each other in chemical properties, in spite of a large
ing feature of ZrWQOs is closely related to its rare crystal difference in the atomic number of 32. Further, the two ele-
structure. ZrWOg belongs to the cubic system with a cell ments have nearly the same ionic radius because of lantha-
parametea=0.91568 nm at room temperatérand the unit Noide contraction for hafniurt? An ionic radius of Zf* with

cell contains four chemical formula units. The crystal has &1 coordination is 86 pm and that of Mf is 85 pm™* In
framework structure that is characterized by linkages of théPite of this, ZrQ, which is a famous oxide including zirco-

corner shared Weketrahedra and Zr{octahedra. The link- Nium, shows larger lattice constatftand lower phase tran-
age is such that the Zgbctahedral units share all corners _smon_ temperature from monoclinic to tetrggonal phase hav-
higher symmetry than that of H§3® This fact suggests

A : ing
with six WO, tetrahedral units. On the other hand, each WO . . :
unit shares 40n|y three of its four oxygens with the adji/genfhat a small difference in properties between Zr and Hf atoms

71O, units. The other oxygen of each Wanit is, therefore, eads to different physical properties of their oxides. Sleight

bound t | W at di hared vort t th and co-workers? stated in their several papers that physical
ound to only one Vv atom and IS an unshared vortex of g qherties of HWO, were nearly the same as those of
WOQ, tetrahedron. The framework structure and the liberatio FW,Og concerning a negative thermal expansion and phase

of the W_O4 unit with the unshared vortex result in the nature 4 ansition. Only negative thermal expansion datum by ther-

of negative thermal expansidr. momechanical analysiéTMA) was, however, reported for
ZrW,0g undergoes a structural phase transition at aboutifyy,0g in detail?

430 K from an acentric to a centric structure with increasing |n this paper, we report structural properties on HE®Y

temperaturé":2 The structural phase transition is related tognd Zr'W,0g by using powder x-ray diffractometry. Calori-

the orientation of the unshared vortex of W0nit. In the  metric study on HfWOg was also carried out, and thermo-

low temperature phase-phaseP2,3), the two WQ, tetra-  dynamic data obtained are compared with those of ZDYW

hedra point their unshared vertexes to fié1] direction,

whereas randomly t¢111] or —[111] directions with the

ratio 1:1 in the high temperature phagg-phase,Pa3)."2 Il. EXPERIMENT

The str.uctural phase trgnsition of ZpDyg is therefore.c.)f  HfW,04 was prepared by a conventional solid-state
order-disorder type. In this order-disorder phase transition, ifeaction® A stoichiometric amount of hafnium oxid@urity

was suggested from structural and thermodynamic considetg 959, Rare Metallic Co., Ltfland tungsten trioxid€pu-
ations that these two W etrahedra on thgl11] body di-  rity 99.99%, Kojundo Chemical Laboratory Co., Ltdvas
agonal change their orientation concertedif.Two possible  mixed in an agate mortar and made into pellets. The pellets
disordering processes have been proposed so far. One is aere calcined at 1473 K for 12 h in air and then rapidly
inverting process accompanied with the migration of thecooled down to room temperature. The calcined pellets were
oxygen ion that is the terminal oxygen of WO ground well and pressed into pellets again. The pellets were
tetrahedrort:? The other is a process without breaking thesintered at 1473 K for 12 h in air and then quenched in liquid
bond between the terminal oxygen and tungsten atom imitrogen.

WO, tetrahedror. The former process is, however, sup- The samples of H\WOg and ZrW,Og were characterized
ported by the movement of oxygen ions aito-8 phase by x-ray powder diffractometer using G« radiation with
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ce- a function of temperature. The broken lines at higher temperatures

] ) are calculated by a least-square method.
FIG. 1. X-ray diffraction patterns of Hf\WDg at room tempera-

ture (a) and 558 K(b). ) )
previous repor{0.913 nm.!® On the other hand, the lattice
40 kV—200 mA(RINT 2500V, Rigakiy, having low and high ~Parameterf0.915¢1) nm] of Zrw,Og is 0.0026 nm larger
temperature attachments capable of controlling temperatuf@an that of HWGOg. This distinction is attributed to a dif-
within +1 K. The XRD data were collected by a step- ference in ionic radius between‘Zr(86 pm and Hf** (85
scanning method in thegange from 10 to 100° with a step PM) ions.
width of 0.01° and a scan time of 0.7 s. The powder patterns _Figure ib) shows the powder x-ray pattern of Hj®s at
(26=10—-100) were obtained at about 35 temperatures frone28 K. A few diffraction peaks in Fig. (b), for example
90 to 560 K in a vacuum environment. Temperature was kept310 peak, are absent in comparison with the powder pattern
at constant for about 20 min before x-ray diffraction mea-at room temperature shown in Fig(al The indices of the
surement at each temperature. disappearing peaks in HMD; are identical to those in
The heat Capacity of Hf\éog was measured using an ZrWZOg on thea-to-ﬁ phase transition. ThIS disappearance,
adiabatic scanning calorimet¢ASC) from 340 to 520 K. therefore, suggests that Hi@g also undergoes the-to-3
Details of the apparatus and the operation of the ASC havBhase transition above room temperature. To compare lattice
been described elsewhéfeThe crushed sample of Hiy@, ~ Parameters of HAAOg with those of ZrWOg, powder x-ray
was loaded into a quartz ampul as a calorimeter vessel arféiffraction experiments on H\MDg and Zr'W,0Og were car-
sealed with a small amount of helium g@) kPa at room ried out at about 35 temperatures from 90 to 560 K. At all the
temperaturgto assist thermal equilibration within the ampul. temperatures, the lattice parameters of both Kévand
The amount of the sample used for the measurement wa&'W>Og Were determined by the same manner as described
about 16 g. Before heat capacity measurement, the amp@aft room temperature above. Figure 2 shows the lattice pa-
with the sample was annealed at about 800 K for one houfameters of Hf\WOg and ZrW;Og as a function of tempera-
in order to remove the quenching effects in the sample prepdure. Our results on ZrWDg agree quite well with the re-
ration. The heating ratgscanning rate chosen in this ported values by Sleight's grodp® The lattice parameters of
study was about 1.8 Kmirt. A preliminary heat capacity HfW,O5 are smaller than those of Z@; over the whole
measurement of sapphire using the ASC showed that a préemperature range covered in this study, reflecting a differ-
cision and an accuracy of the calorimeter were withia%  ence in ionic radius between Zrand Hf* ions. Figure 2
and +2%, respectively, in comparison with the reliable datashows that the temperature dependence of the lattice param-
of sapphire®® eter of H\W,Og is very similar to that of ZrWOg,. There are
anomalies in the lattice parameters of both Z@Y and
IIl. RESULTS AND DISCUSSION HfW,0g. These anomalies are due to tle¢o-B phase tran-
sition as discussed above. The temperature dependence of
The sample of Hf\WOg was characterized to be of single lattice parameters in both materials is continuous around the
phase by a powder x-ray diffraction method. The powdelphase transition temperature. These curves are, however, un-
pattern of H\WOg at room temperature shown in Figalis usual in comparison with a general continuous phase transi-
the same as the previous repdrfsand very similar to that tion, where the curve of lattice parameter bents at the phase
of Zrw,0g.2° The diffraction peaks in the powder pattern transition temperature. The phase transition temperatures
were assigned by referring to the previous work for 28y  were determined from both the temperature of disappearance
by Sleight’s groug-A lattice parameter of H\Og was de-  of (310 diffraction peak and the temperature where the lat-
termined using about 40 diffractions between 40 and 100° byice parameter curve af-phase reached the extrapolated line
a least-square calculation after correcting 6fwdth Nelson-  of the lattice parameters ig-phase(see broken lines in Fig.
Riley’s method!” The lattice parameter of HfYDg at room  2). The phase transition temperature of Hf®y is 468
temperature is 0.9181) nm, which is comparable to the =2 K, while that of Zr'W,Og is 444+ 2 K which is in good
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FIG. 3. Heat capacities of HiYDgz (O) and Zr'W,05 (¢) as a ) )
function of temperature. The broken line is a baseline used to esti- FIG. 4. Excess heat capacity dueddo-g order-disorder phase
mate the excess heat capacity for HOy. transition in HW,Og as a function of temperature.

agreement with the previous datu@48 K).3 It means that vibrational modes of Hf-O have smaller contributions to the
the phase transition temperature is 24 K higher in KDY  heat capacity than those of Zr-O at the same temperature. A
than ZrW,Os. more detailed discussion will appear elsewhé&r&hose

The thermal expansion coefficients of Hf@® were de- facts demonstrate the inadequacy of the statement that physi-
termined from Fig. 2 as about8.8x10 °K 1 (90-300 K  cal properties of two compounds are almost identical, as
and about-5.5x 10”8 K1 (500-560 K for the low and the  pointed out by Sleight's group?® The difference in heat ca-
high temperature phases, respectively. On the other hangacities of both compounds is even more our “classical un-
those of ZrWOg were about—9.6x10 K™ (90-300 K  derstandings” on them.
in a-phase and about6.2x10 K~ (500-560 K in There is an anomalous peak of heat capacity of KMV
B-phase. HIWOg shows slightly smaller absolute thermal at about 460 K in Fig. 3. The temperature range of the
expansion coefficients than Zp@; in both @ and 8 phases. anomaly in heat capacity seems to correspond to that of the

In Fig. 2, a small irregularity can be seen in the experi-anomaly in the results from x-ray experiments. The anomaly
mental curves of both ZryDg and HfW,Og at about 410 K. is, therefore, attributed to the-to-8 structural phase transi-
There is, however, no change in their diffraction patterndion. The shape of the anomaly of Hi is very similar to
around that temperature. The small irregularity is probablythat of Zr'W,0g,% but the anomalous peak of heat capacity for
due to the annealing effect stated in Ref. 3, where if thedfW,Og is 26 K higher than that of Zr'MDg. In addition, it
temperature was kept at 386 K for 4 h, an increase in latticés very interesting to note that, if the entire heat capacity of
parameter was observed in Zg®. In this XRD study, ZrW,Og shifts to higher temperature by 26 K, the heat ca-
since the temperature was kept at a constant for more thangacity curve of ZrwWOg (Ref. 6 matches with that of
h on every measurement, the annealing effect may cause thitfW,Og. For more detailed discussion on the thermody-
small irregularity in lattice parameter as a function of tem-namic properties of the phase transition, it is necessary to
perature. separate the excess heat capacity due to the phase transition

In order to get further information concerning thermody-from the total heat capacity by determining a baseline. In
namic properties on HM\WD;, a calorimetric experiment was general, the baseline may be determined by interpolating
performed from 340 to 520 K by an adiabatic scanning caloheat capacities in both higher- and lower-temperature ranges
rimeter (ASC). Figure 3 shows heat capacity,, excluding the phase transition region. For the base line of
HfW,0g as a function of temperature, together W|th the pre-ZrW,0Og in the previous work, the heat capacities in the
vious heat capacity data of Zr\@g by the present authoPs. temperature regions above 480 K and below 330 K have
Curiously, the magnitude of heat capacity before and aftebeen adopted. The base line in higher temperature region for
peak of Hf\W,Og is smaller than that of ZrWDs,® in spite of ~ HfW,Og can be obtained from the heat capacity data above
the larger mass of Hf than Zr. This inversion in the heatabout 505 K. On the other hand, the base line in lower tem-
capacity value between HM®Dg and ZrW,Og has been defi- perature region seems to be the heat capacity below about
nitely confirmed in adiabatic calorimetric measurements aB870 K. A smooth interpolating curve, as shown by the broken
Osaka University® where heat capacity data are reliableline in Fig. 3, was thus estimated in consistency with the
within 1 percent in absolute magnitude. The inversion of theresult on Zr\'WOg. The excess heat capacities are obtained by
heat capacity may result from a difference in frequency ofsubtracting the baseline shown in Fig. 3 from the total heat
high-energy optical phonon modes between Zr-O and Hf-Ocapacity and plotted in Fig. 4. The shape of the excess heat
The lattice parameters and the ionic radii suggest that theapacity is remarkably similar to that of Zp@s (Ref. 6 and
Hf-O bond is shorter and stronger than Zr-O one, leading tds regarded as-type, which is a general shape of the second-
the higher energy of the stretching vibrational modes oforder phase transition. Accordingly, the phase transition of
Hf-O than those of Zr-O. In this case, it is possible that theHfW,Og is of second(or highey order as in the case of
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TABLE |. Thermodynamic data of Zr{Dg and HfW,Osg.

Tus/ K(XRD) Tus/ K(ASO) AysH/Imol? AysSIIK T mol™t
ZrW,0q 444+2 437+ 1 907+ 10 2.1-0.2
HfW,0q 468+2 463+ 1 934+ 10 2.1+0.2

ZrW,0g. This is also supported by the x-ray experiment,ning effect, the phase transition temperature by ASC should
which shows the continuous temperature dependence on tf¢ higher than the result by XRD experiment keeping tem-
lattice parameter around the phase transition temperature 8€rature at constant. However, our experimental results for
described above. ZrW,0g and HIW,Og are contrary to this scanning effect. Of
Numerical integration of the excess heat capacities wasourse, we confirmed that the temperature difference is not
carried out between 370 and 505 K. The excess enthalpgaused by the unsatisfactory temperature calibration of the
(AyH) and entropy A H) attributable to the phase transi- x-ray diffractometry apparatus and the ASC. One probability
ton are determined as 9340Jmol’ and 2.1 of the temperature difference is attributed to gas environ-
+0.2JK *mol™?, respectively. Of course, the magnitudes ments around the samples in ASC and XRD equipments. In
of Ay H andA S depend on the choice of baseline, which is ASC the sample in the calorimeter vessel is in some He gas
not included in the error assessment. The predggtl and  to assist quick thermal equilibration. On the other hand, the
AysS should be regarded as the minimum value of the enXRD measurement is carried out under a vacuum environ-
thalpy and entropy of transition, respectively. It is possiblement, where the sample shows poorer thermal conductivity
that a depression of the baseline, which extends the tempergge to larger gas thermal resistance among particles. This
ture range for the integration of the excess heat capacitiegjtferent thermal conductivity of the sample between XRD
leads to larger magnitudes afH andA,S. The estimation  5nq ASC may lead to the difference in the phase transition

of frue baseline is, however, very hard only in this StUdy’.temperature. The difference of phase transition temperature

because of a narrow temperature range of the heat capaciy.,veen ZrWO, and HAW,0, is, however, about 25 K in
data obtained from ASC measuremeR, (XRD and ASG, both ASC and XRD. It is noticed that the enthalpy of transi-

AyH and Ay S of HfW,Og are summarized in Table |, to- tion (934 JmolY) for HAW,O, is larger than that(907

gether with those of ZrA0Og reevaluated the previous ther- 1 . . o
modynamic data of Zr'WO, (Ref. 6 by the present authors, Jmol ) for ZrW,0g, reflecting higher transition temperature

The obtainedA S (2.1 JK *mol™Y) of HfW,Og coincides of the former than the latter.

with that (2.1 JK *mol™Y) of ZrW,0g within the possible ~ NOW it is clear that both ZriOg and HW,Og show the
estimated errors. Although the coincidence may be effecte§@Me Phase transition mechanism, but the different phase
from the choice of baseline, this difference of absolfeS transition temperatures. That is, the phase transition tempera-
values between HfWDg and Zr'W,0g seems to be small be- ture of HiW,Og is about 25 K higher than that of Zri@.
cause the baselines of both Hf®% and ZrW,0Og are esti- AS mentioned earlier, the different physical quantities be-
mated in the same way. This coincidence of the excess eriween Zr'W,0Og and HfW,Og are mainly the atomic mass of
tropy suggests that both Hf¥®g and Zrw,0Og undergo the the constituent atoms and the lattice parameter including the
phase transition with the same order-disorder mechanisngontribution from ionic radius. It is now interesting to note
where two WQ tetrahedra ofi111] diagonal in the unit cell the presence of the previous report on the relation among the
have only two conformations in a concerted manner. Thisomposition, the lattice parameter and the phase transition
suggestion is not contradictory to the previous regdress  temperature in Zr\w._,Mo,QOg.*° In this ZrW,_,Mo,Og Sys-

well as the x-ray diffraction results described above. Theem, the more Mo contents having small atomic mass, the
phase transition temperature of Hf®% corresponding to a less lattice parameter and the lower temperature of phase
maximum of the excess heat capacity was determined to higansition. When Mo content is over=0.7, the solid solu-
463+ 1 K after correction for the scanning effect of ASC tions take the high-temperature pha§@phas¢ even at
measurement. This transition temperature of HDA/is 5 K room temperature. If this relation between the lattice param-
lower than the transition temperatu@68 K) obtained by the eter and the phase transition temperature for the
XRD experiment as described above, in spite of a se¢ond ZrwW,_,Mo,Og solid solution is applied to that for ZriDg
highep order phase transition. A similar difference in phaseand Hf\W,Og, the trend is opposite. On the other hand, if the
transition temperature is also seen in the case of Zsee relation between the formula mass and the phase transition
Table ). In general, a measurement with scanning methodtemperature for the Zry/.,Mo,Og solid solution holds, the
such as ASC, often shows that an apparent temperature tend agrees with that for Zr'y®g and Hf\W,Og. This agree-
phase transition moves to higher temperature with increasingent is very interesting. There is, however, no cogent reason
heating rate. A measurement with high scanning rate byor understanding the agreement. Moreover, it is necessary to
ASC, in fact, showed an increase in the phase transition teneonsider the difference in the substituted cation sites between
perature. The scanning effect is caused by the fact that th&rW,_,Mo,Og and ZrW,Og-HfW,Og systems. In spite of
sample and the sample holder during the measurement ne#ibse, to verify the relation among the lattice parameter, the
a finite time to reach thermal equilibrium. From this scan-atomic mass and the cation site may lead to understanding
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the mechanism of thex-to-8 phase transition in ABDg  changes due te-to-8 structural phase transition of Hf\@s,
system. similar to Zr'W,Og, were clearly detected by x-ray diffraction
and calorimetric experiments. Since Hf®4 has the same
IV. CONCLUSIONS entropy of transition as Zr¥Dg, the phase transition of

The lattice parameters on cubic Zpdk and HAN,O HfW,0q is_of order_—disorder_type,Where two Wetrahedra
were measured as a function of temperature by powder x-r A [1;1] diagonal in the unit cell have only two cpnfor_ma-
diffractometry. The lattice parameter and absolute negativ ons in a concerted manner. Both x-ray _qnd calorimetric ex-
thermal expansion coefficient of Hi®, are smaller than penmen';s show that t_he phase transition temperature of
those of ZrWO,. Thermodynamic properties on HiW, HNV2Q8 is about 25 K hlgher than that of Zry@s, probably
were obtained by calorimetric experiment. Anomalous'eflecting stronger chemical bond of Hf-O than Zr-O.
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