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a b s t r a c t   

The compression behavior of zircon-type DyVO4 has been investigated in a diamond anvil cell by angle- 
dispersive X-ray diffraction (ADXRD) at high pressures up to 36.4 GPa. Under quasi-hydrostatic compression 
with argon as the pressure transmitting medium, DyVO4 underwent a sluggish zircon-to-scheelite phase 
transformation that started at approximately 8.0 GPa and was completed at 15.3  ±  0.9 GPa. The scheelite- 
type phase remained stable at pressures up to 25.3 GPa and during the process of decompression to am
bient conditions, implying that the zircon-to-scheelite transformation is irreversible. Fitting the pressure- 
volume data using the third-order Birch-Murnaghan equation of state yielded a bulk modulus B0 = 129 (7) 
GPa and a pressure derivative of bulk modulus B = 3.4 (4) for the zircon-type phase, and B0 = 184 (10) GPa 
and B = 5.3 (8) for the scheelite-type phase. When compressed in a methanol-ethanol (4:1) pressure 
transmitting medium, DyVO4 was transformed into the scheelite-type phase at a pressure of 8.8  ±  1.1 GPa 
and then transformed into a fergusonite-type phase at 21.3  ±  1.6 GPa. The scheelite-to-fergusonite trans
formation was reversible during decompression. Our study indicates that DyVO4 under compression ex
periences a sequential zircon-scheelite-fergusonite phase transformation and that the scheelite-fergusonite 
transformation is sensitive to nonhydrostatic conditions. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

The rare-earth orthovanadates RVO4 (where R = rare-earth ele
ment) have attracted great interest because of their technological 
applications and theoretical importance in materials science. These 
compounds are widely exploited as catalysts and laser host materials  
[1–5]. In particular, due to their excellent luminesce and physical- 
chemical stability, they are also promising candidates for displays 
and optical communications and medical applications [6–8]. Under 
ambient conditions, they usually crystallize in zircon-type structure 
(space group: I41/amd and Z = 4) with the exception of LaVO4, which 
adopts either a zircon-type structure or a monazite-type structure 

(space group: P21/n and Z = 4) depending on the growth conditions  
[9,10]. It is generally accepted that the electronic, optical and ther
modynamic properties of materials are closely associated with their 
crystal structures, which can be regulated by pressure. Therefore, a 
number of experimental and theoretical studies have been con
ducted in recent decades to investigate the compression behavior of 
RVO4 orthovanadates [11–26]. These studies show that applying 
pressure leads to structural transformations, insulator-metal tran
sitions and electronic band-gap reduction of RVO4 compounds. 

DyVO4 is a member of the rare-earth orthovanadate RVO4 family. 
It has been investigated by many researchers for its Jahn–Teller 
distortion and giant magnetocaloric effect [27–30]. Recent studies 
have focused on its photocatalytic properties for splitting water and 
degrading organic compounds [31–33]. However, in contrast to other 
rare-earth orthovanadates, relatively few high-pressure studies have 
been carried out on DyVO4. Thirty years ago, Duclos et al. observed 
an irreversible phase transformation of DyVO4 from zircon-type 
structure to scheelite-type structure at 6.5 GPa using Raman 
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scattering spectroscopy [34]. The zircon-to-scheelite phase trans
formation of DyVO4 was also confirmed by a later Raman scattering 
study but was found to occur at approximately 8 GPa [35]. Until now, 
only one high-pressure XRD study has been reported for DyVO4 [20]. 
Paszkowicz et al. [20] conducted energy-dispersive X-ray diffraction 
measurements on synthesized zircon-type and scheelite-type 
phases of DyVO4 at pressures up to 8.44 GPa using a multi-anvil 
press. They employed Vaseline as a pressure transmitting medium 
that maintained pseudohydrostatic conditions up to approximately 
6 GPa, and used XRD data obtained below 6 GPa to determine the 
equations of state for both phases. Hence, further in-situ XRD ex
periments run over a wide pressure range are still needed to shed 
light on the structural evolution of DyVO4 across the zircon-scheelite 
transformation and probe whether a new phase could emerge after 
the scheelite-type phase. Bastide proposed a two-dimensional dia
gram that correlates the crystal structures of ABX4 ternary com
pounds with the ionic radius ratios rA/rX and rB/rX [36]. Bastide’s 
diagram indicates that the pressure-induced phase transition se
quence of an ABX4 compound follows the so-called northeast (NE) 
rule and occurs in the direction in which both rA/rX and rB/rX values 
increase simultaneously. Such a NE rule has been verified with many 
tungstates and orthovanadates [37,38]. It can reasonably be pre
dicted that scheelite-type DyVO4 will transform to the fergusonite 
structure under high pressure. 

Motivated by the issues mentioned above, we performed syn
chrotron angle-dispersive X-ray diffraction (ADXRD) measurements 
at high pressures up to 36.4 GPa on orthovanadate DyVO4. Our ex
periments extended the pressure range covered by previous Raman 
and XRD experiments [20,34,35], allowing us to investigate the 
pressure-induced structural evolution of DyVO4 and seek new high- 
pressure polymorphs. The aim of this work is to observe the zircon- 
scheelite transformation in situ, probe the possible existence of the 
fergusonite phase, and determine the evolution of lattice parameters 
and the equations of state for the DyVO4 polymorphs. In particular, 
the effect of hydrostaticity on the phase transformations is also 
evaluated. 

2. Experimental details 

Polycrystalline DyVO4 was synthesized by the solid-state reac
tion of stoichiometric amounts of Dy2O3 and V2O5. A homogeneous 
mixture of Dy2O3 and V2O5 powders placed in a platinum crucible 
was heated at 1073 K for 12 h, subsequently heated at 1373 K for 
another 12 h in an electrical furnace, and then cooled to room 
temperature naturally. By means of X-ray diffraction measurements, 
the synthesized product was verified to be a pure zircon-type phase 
of DyVO4. The unit-cell parameters were determined to be 
a = b = 7.1540(3) Å, c = 6.3136 (4) Å, and V = 323.13(2) Å3, which are 
very consistent with the values reported in the literature [39]. 

Angle-dispersive X-ray diffraction (ADXRD) measurements were 
performed on zircon-type DyVO4 at high pressure to investigate its 
compression behavior. Pressure was generated by a symmetric Mao- 
Bell type diamond-anvil cell (DAC) with a culet size of 300 µm. 
Powder samples approximately 15 µm in thickness and 50 µm in 
diameter were loaded into the sample chamber, a 100 µm-diameter 
hole in a T301 steel gasket preindented to a thickness of 45 µm. Two 
series of in situ high-pressure ADXRD experiments were conducted: 
one up to 25.3 GPa with argon employed as pressure transmitting 
medium (Ar experiments) and the other up to 36.4 GPa with a 
mixture of methanol–ethanol (ME) in a 4:1 ratio as the pressure 
transmitting medium (ME experiments). The argon experiments 
were performed with an incident monochromatic X-ray wavelength 
of 0.6199 Å and a focused beam size of approximately 20 × 10 µm2 at 
the 4W2 beamline of the Beijing Synchrotron Radiation Facility 
(BSRF), and the two-dimensional diffraction patterns were recorded 
with an exposure time of 10 min using an image plate detector 

(MAR-345). The experiments with the ME pressure medium were 
conducted with a wavelength of 0.6199 Å and a focused beam size of 
approximately 5 × 5 µm2 at beamline 15U1 of the Shanghai 
Synchrotron Radiation Facility (SSRF), and the two-dimensional 
diffraction patterns were recorded with an exposure time of 40 s 
using a Mar-165 charge-coupled device (CCD) detector. Ruby fluor
escence and platinum pressure scales were applied to determine 
pressures for the experiments with argon and ME pressure med
iums, respectively [40,41]. For both series of experiments, the dis
tances between the sample and detector and the orientations of the 
detector were calibrated by using CeO2 as a standard. The two-di
mensional diffraction images were integrated with the Fit2D and 
Dioptas programs to obtain one-dimensional diffraction patterns of 
intensity versus 2θ [42,43]. The LeBail refinements of structural 
parameters were performed using the GSAS software package [44]. 

3. Results and discussion 

Representative angle-dispersive X-ray diffraction patterns of 
DyVO4 collected from the experiments with the argon pressure 
medium are shown in Fig. 1. The diffraction pattern at 1.8 GPa can be 
indexed well to a zircon-type structure. A weak peak marked by the 
pound symbol (#) at approximately 12º indicates that a small 
amount of impurity exists, which can be assigned to the scheelite- 
type phase of DyVO4 probably produced during the process of 
sample preparation. DyVO4 was found to maintain its zircon-type 
structure at pressures up to 6.5 GPa as no significant changes were 
observed except for a slight shift and broadening of diffraction peaks 
with pressure. At 8.5 GPa, the diffraction pattern shows that several 
new but weak diffraction peaks, as marked by short arrows, began to 
appear, indicating transformation into a new phase. We estimate 
that the onset of the phase transformation is at around 8.0 GPa. 
Under further compression, the intensities of the diffraction peaks 

Fig. 1. Angle-dispersive X-ray diffraction patterns collected at various pressures for 
the experiments with argon as the pressure transmitting medium. Weak diffraction 
peaks of the scheelite-type phase (marked by arrows) appear in the 8.5 GPa pattern 
and the peaks of the zircon-type phase disappear in the 16.2 GPa pattern. The pound 
symbols (#) denote the diffraction peaks for the minor impurity of the scheelite-type 
phase. The asterisks (*) denote the diffraction peaks for the impurity of V2O5. 
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for the zircon-type phase decreased while the intensities of the 
diffraction peaks for the new phase increased gradually. In the 
16.2 GPa diffraction pattern, all the typical diffraction peaks of 
the DyVO4 zircon-type phase disappeared completely, implying that 
the phase transformation was completed. We estimate that the 
phase transformation ends at 15.3  ±  0.9 GPa. The new phase persists 
up to the maximum pressure of 25.3 GPa and can be decompressed 
to ambient conditions as the diffraction patterns at the two 
pressures are nearly identical. 

Fig. 2 displays representative diffraction patterns of DyVO4 

measured up to 36.4 GPa for the experiments with the ME pressure 
medium. The diffraction patterns at pressures below 6.6 GPa exhibit 
no obvious changes, and all the diffraction peaks except for two 
peaks of the platinum (Pt) pressure marker can be indexed to the 
zircon-type structure (space group I41/amd). This was also confirmed 
by a LeBail refinement of the diffraction pattern at 2.1 GPa, which 
yielded lattice parameters a = 7.1171(9) Å and c = 6.300(4) Å, as 
shown in Fig. 3(a). When the pressure was increased to 9.7 GPa, 
significant and discontinuous changes were observed; these are si
milar to those seen during the phase transformation from the 
zircon-type phase to a new phase in the argon experiments, in that a 
few new diffraction peaks appeared, and these peaks of the zircon- 
type phase vanished. In the diffraction pattern at 9.7 GPa, most dif
fraction peaks can be assigned to the scheelite-type structure (space 
group I41/a) except for two peaks of Pt. The LeBail refinement shown 
in Fig. 3(b) also confirms that the 9.7 GPa diffraction pattern 
corresponds to a scheelite-type structure with no zircon-type 
phase, yielding unit-cell lattice parameters a = 5.0144(9) Å and 
c = 11.0274(1) Å. Hence, when pressure was increased from 7.7 GPa to 
9.9 GPa, DyVO4 was fully converted from the zircon-type phase into 
the scheelite-type phase. The scheelite-type phase remained stable 
up to 19.7 GPa. It is worth noting that the diffraction peaks of the 
scheelite-type phase are much broader than those of the zircon-type 
phase. A similar phenomenon has been reported for other 

orthovanadates, such as SmVO4 and HoVO4 [19,23], and such a sig
nificant peak broadening of the scheelite-type phase is taken as an 
intrinsic property of these materials. It is expected that the zircon- 
scheelite structural transformation need to overcome high energy 
barrier and that many defects are introduced in the system during 
transition. 

The scheelite-type phase of DyVO4 was stable at pressures be
tween 9.7 GPa and 19.7 GPa and showed no obvious broadening of its 
diffraction peaks with pressure. Under compression to pressures 
beyond 19.7 GPa, the diffraction peaks began to broaden and some 
new peaks, marked by short arrows, emerged in the diffraction 
pattern at 22.9 GPa. These changes are consistent with a scheelite- 
to-fergusonite phase transformation, which has been reported for 
some other orthovanadates [45]. In particular, the (101) diffraction 
peak of the scheelite-type phase (2θ ≈ 8.0°) in the 19.7 GPa diffrac
tion pattern split into the (101) and (011) peaks of the fergusonite- 
type phase in the 22.9 GPa diffraction pattern, and the strongest 
peak at 2θ ≈ 12.0° (identified as the (112) and (103) diffraction lines 
of the scheelite-type phase) became strongly asymmetrical at 
22.9 GPa as a consequence of the appearance of new diffraction 
peaks for the fergusonite-type phase. A LeBail refinement of the 
diffraction pattern at 22.9 GPa further confirmed the fergusonite- 
type structure (Fig. 3(c)), and yielded the unit-cell lattice parameters 
a = 5.0035(8) Å, b = 10.9302(0) Å, c = 4.7509(1) Å and β = 93.51(8) Å. 
The fergusonite-type phase remained stable up to 36.4 GPa, the 
maximum pressure for the experiments with the ME pressure 
medium. When the pressure was released to ambient conditions, the 
fergusonite-type phase reverted into the scheelite-type phase; this 
indicates that the scheelite-to-fergusonite phase transformation is 

Fig. 2. Angle-dispersive X-ray diffraction patterns collected at various pressures for 
the experiments with 4:1 methanol-ethanol mixture as the pressure transmitting 
medium. The zircon-scheelite phase transformation occurs as the pressure increases 
from 6.5 GPa to 8.5 GPa. The diffraction peaks marked by arrows in the 22.9 GPa 
pattern indicate a transformation into the fergusonite-type phase. 

Fig. 3. LeBail refinements of the diffraction patterns for various phases of DyVO4: (a) 
zircon-type phase at 2.1 GPa (b) scheelite-type phase at 9.9 GPa; (c) fergusonite-type 
phase at 22.9 GPa. Experimental diffraction patterns are represented by red circles; 
black, blue and dark cyan solid lines represent refined diffraction patterns, back
grounds and residuals respectively. Black and red vertical ticks indicate the calculated 
Bragg reflections of DyVO4 and Pt respectively. 
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reversible, but the zircon-to-scheelite phase transformation is 
irreversible. 

By comparison with the experiments with the ME pressure 
medium, the phase transformation at approximately 8.0 GPa ob
served for the experiments with an argon pressure medium can also 
be assigned to the zircon-to-scheelite phase transformation; the 
variations in diffraction patterns across the phase transformations 
for both series of experiments were nearly identical. For the ex
periments with an argon pressure medium, the zircon-to-scheelite 
phase transformation started at approximately 8.0 GPa and was 
completed at approximately 15.3  ±  0.9 GPa, implying that zircon- 
type and scheelite-type phases coexist over a wide span of pressure. 
For the experiments with an ME pressure medium, however, the 
pressure span for the coexistence of the two phases was much 
narrower as the zircon-to-scheelite phase transformation initiated 
and was completed when the pressure increased from 7.7 GPa to 
9.9 GPa. Using argon as a pressure transmitting medium provided 
quasi-hydrostatic environments up to a maximum pressure of 
25.3 GPa; however, using a 4:1 methanol-ethanol mixture as a 
pressure transmitting medium can guarantee quasi-hydrostatic 
conditions only up to approximately 10 GPa [46]. This means that the 
pressure range for coexistence of the two phases in the zircon-to- 
scheelite phase transformation can be affected by the selection of 
the pressure transmitting medium. In addition, the scheelite-to- 
fergusonite phase transformation seems to be sensitive to non
hydrostatic conditions as we observed this phase transformation 
only for the experiments with an ME pressure medium. 

To extract the unit-cell parameters of the three DyVO4 phases, we 
performed LeBail refinements on the diffraction patterns collected in 
this study. The pressure evolution of the unit-cell parameters of 
DyVO4 is depicted in Fig. 4. The lattice parameters of the zircon-type, 
scheelite-type and fergusonite-type phases show an approximately 
linear relationship with pressure. For the experiments with the ME 
pressure medium, the nonhydrostaticity of the methanol-ethanol 
pressure transmitting medium at pressures above 10 GPa resulted in 
that diffraction data that are not of high quality; hence, we mainly 
analyze the diffraction data collected from the experiments with the 
argon pressure medium in this study. The lattice parameters of the 
zircon-type and scheelite-type phases for the experiments with an 
argon pressure medium can be fitted as a linear function of pressure 
as follows:  

Zircon-type phase: a = 7.147(6)−1.77(1) × 10−2P                                

c = 6.308(9)- 1.08(8)×10−2P                                                            

Scheelite-type phase: a = 5.058(4) −5.8(3) × 10−3P                            

c = 11.237(6)−1.87(3) × 10−2P                                                         

Both the zircon-type and scheelite-type phases show anisotropic 
axial compression behavior. For the zircon-type phase, the a-axis is 
more compressible than the c-axis, as indicated by the linear com
pressibilities of lattice parameters a and c, Ka = 1.77 × 10−2 GPa and 
Kc = 1.08 × 10−2 Å/GPa. For the scheelite-type phase, however, the c- 
axis becomes more compressible than the a-axis as indicated by its 
compressibility values Ka = 0.58 × 10−2 GPa and Kc = 1.87 × 10−2 Å/ 
GPa. The difference in anisotropic compression behavior between 
the zircon-type and scheelite-type phases is also reflected in their 
dependence on pressure, which shows a monotonic increase in the c/ 
a ratio with pressure for the zircon-type phase but a monotonic 
decrease in the c/a ratio with pressure for the scheelite-type phase. 
Similar anisotropic axial compression behavior has been reported for 
some compounds in the RVO4 family [12]. For the fergusonite-type 
phase, it is found that the lattice parameters a and c are close to the 
value of lattice parameter a for the scheelite-type phase. The β is 
approximately 90 degrees and gradually shifts to higher angles 
under compression. 

The unit-cell volumes were calculated from the unit-cell para
meters at each pressure and plotted as a function of pressure in  
Fig. 5. It is obvious that the zircon-to-scheelite phase transformation 
can be characterized as a first-order transition accompanying a vo
lume collapse approximately 9.1%. However, the volume change for 
the scheelite-to-fergusonite phase transformation is much smaller. 
We analyzed pressure-volume (P-V) data with the third-order Birch- 
Murnaghan equation of state, as follows [47,48]: 

= +P V
B V

V
V
V
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V
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where B0 and V0 are the bulk modulus and unit-cell volume at am
bient pressure respectively, and B is the pressure derivative of the 
bulk modulus. To avoid the significant influence of deviatoric stress, 
we only fitted the pressure-volume data for the experiments run 
with an argon pressure medium. The best least squares fitting 
yielded the bulk modulus B0 = 129(7) GPa and the pressure deriva
tive of the bulk modulus B = 3.4 (4) for the zircon-type phase, and 
B0 = 184(10) GPa and B = 5.3 (8) for the scheelite-type phase. We 
noticed that the pressure-volume data points for the experiments 
with the ME pressure medium agreed well with the fitted lines from 

Fig. 4. Pressure dependence of the lattice parameters for various DyVO4 phases: (a) 
Ar experiments, the inset shows the variations of c/a ratio as a function of pressure for 
zircon-type and scheelite-type phases; (b) ME experiments, the inset shows the 
evolution of monoclinic angle β in the fergusonite-type phase. Solid symbols denote 
the compression data，while open symbols denote decompression data. Solid lines 
are linear fitting results of the data. 
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the Birch-Murnaghan equation of state for the experiments done 
with the argon pressure medium but deviated from the fitted line of 
the scheelite-type phase at pressures above approximately 12 GPa; 
this is probably due to the nonhydrostaticity of the ME pressure 
medium. The obtained values of the bulk modulus and its pressure 
derivative of DyVO4 are summarized in Table 1, together with those 
for other RVO4 orthovanadates with small rare-earth cations. The 
bulk modulus values of the zircon-type and scheelite-type phases of 
DyVO4 determined in this study are higher than the values reported 

by Paszkowicz et al. [20]. This may be attributed to the use of Va
seline as a pressure transmitting medium in their experiments, 
which limited pseudohydrostatic conditions to pressures only below 
6 GPa. We note that our bulk modulus value for the zircon-type 
phase is very close to those of SmVO4, GdVO4, TbVO4 and TmVO4, but 
is smaller than those of EuVO4, HoVO4, ErVO4, YbVO4 and LuVO4. Our 
bulk modulus value for the scheelite-type DyVO4 phase is close to 
that of HoVO4, slightly lower than those of EuVO4 and LuVO4, but 
higher than those of SmVO4, GdVO4, TbVO4, ErVO4, TmVO4, and 
YbVO4. It seems that there exists no obvious correlation between the 
bulk modulus and rare-earth cation radius, especially for the 
scheelite-type phase. Our present experiments and previous ex
perimental studies on rare-earth orthovanadates employed various 
pressure transmitting mediums, including argon, helium, methanol- 
ethanol mixture (ME, 4:1 in ratio) and methanol-ethanol-water 
mixture (MEW, 16:3:1 in ratio). Klotz et al. (2009) investigated the 
hydrostaticity of common pressure mediums, and found that ME and 
MEW are nonhydrostatic at high pressures above 10 GPa [46]. 
Therefore, the bulk modulus values determined in the present and 
previous studies may be affected more or less by pressure trans
mitting mediums, especially for the scheelite-type phase which is 
stable at pressures from approximately 8 to 20 GPa. In this regard, 
using noble-gases such as He, Ne and Ar, which are known to pro
vide excellent hydrostatic conditions at very high pressure, as 
pressure transmitting mediums, will be more reasonable for the 
acquisition of precise parameters for the equation of state. However, 
according to previous studies, the transition to a fergusonite-type 
phase is triggered by the existence of deviatoric stress, which re
quires the use a nonhydrostatic pressure transmitting medium. For 
instance, Garg et al. reported that fergusonite-type HoVO4 appeared 
at 23 GPa when ME was applied as a pressure transmitting medium, 
whereas the scheelite-type phase was stable up to 28 GPa when 
argon was used as a pressure transmitting medium [19]. Recently, 
ScVO4 was found to transform directly from zircon-type to fergu
sonite-type phases under nonhydrostatic compression without un
dergoing the scheelite-type phase [49]. Therefore, nonhydrostatic 
pressure transmitting mediums such as ME and MEW are still im
portant for probing high-pressure polymorphs and phase transfor
mations of rare-earth orthovanadates and other compounds. 

Our ADXRD experiments on zircon-type DyVO4 at pressures up to 
36.4 GPa certified that DyVO4 under compression follows the zircon- 
scheelite-fergusonite structural sequence. The crystal structures of 
these three polymorphs are depicted in Fig. 6. The zircon-to-schee
lite phase transformation took place at approximately 8.0 GPa and 
was accompanied by a volume reduction of approximately 9.1%. 
Although both the zircon-type and scheelite-type phases belong to 
the same tetragonal crystal system, they showed opposite axial 
compressibility behaviors, which can be attributed to their re
spective crystal structures. As seen in Fig. 6, both phases are com
posed of two types of basic structural (polyhedral) units, VO4 

tetrahedra and DyO8 dodecahedra, but the arrangements of the two 
types of units in the two phases are significantly different. In the 
zircon-type phase, alternating edge-sharing VO4 tetrahedra and 
DyO8 dodecahedra form chains parallel to the crystallographic 
c-axis. Each of these chains is connected laterally through edge- 
sharing DyO8 dodecahedra along the a-axis direction. Many previous 
studies on zircon-type RVO4 compounds revealed that the RO8 do
decahedra are more compressible than the VO4 tetrahedra [12], 
which makes the a-axis more compressible than the c-axis. Ac
cordingly, the anisotropic axial compressibility of zircon-type DyVO4 

can be explained by considering its specific crystal structure. How
ever, in the scheelite-type phase, chains composed of alternating 
VO4 tetrahedra and DyO8 dodecahedra are arranged in directions 
parallel to the a-b plane and linked by corner-sharing DyO8 dode
cahedra along the c-axis. Therefore, the scheelite-type phase shows 
that the compressibility in the c-axis is higher than that in the a-axis, 

Fig. 5. Pressure dependence of the unit-cell volume for various DyVO4 phases: (a) Ar 
experiments; (b) ME experiments. Solid and open symbols represent the compression 
and decompression data respectively. The solid lines represent the fitting results of 
the data for the Ar experiments using the third-order Birch-Murnaghan equation of 
state. 

Table 1 
Experimental results of the bulk modulus and its pressure derivative for the 
zircon-type and scheelite-type phases for RVO4 orthovanadates with small rare-earth 
cations. The pressure transmitting mediums (PTM) are also indicated (MEW: 
methanol-ethanol-water; ME: methanol-ethanol; Ar: argon; He: helium).         

RVO4 Zircon Scheelite PTM Ref.  

B0 (GPa) B B0 (GPa) B

SmVO4  129  4  133  4 MEW [23] 
EuVO4  150  5.3  195  5.5 ME [21] 
GdVO4  122  4.2  137  6 Ar [25] 
TbVO4  122  6.2  163  5.8 Ar [14] 
DyVO4  118  4.6  153  4.2 Vaseline [20]   

129.2  3.4  184.2  5.3 Ar This work 
HoVO4  160  5  180  5.5 ME [19] 
ErVO4  158  4  158  4 ME [26] 
TmVO4  120  4  131.8  4 He [24] 
YbVO4  141  4  159  4 ME [13] 
LuVO4  147  4.3  194  5.3 ME [11]    
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exhibiting completely different axial compressibilities than the 
zircon-type phase. 

Finally, we summarize the compression behaviors of zircon-type 
rare-earth RVO4 orthovanadates which have been investigated by X- 
ray diffraction and Raman scattering spectroscopy measurements  
[11,13–16,18,19,21–26,35], as illustrated in Fig. 7. Orthovanadates 
with rare-earth R cations of large radius, e.g., La-Ce, exhibit se
quential zircon-monazite-post-monazite phase transformations 
under compression. The crystal structure of the post-monazite phase 
has not yet been determined due to its low symmetry which leads to 
the overlap of diffraction lines in the powder X-ray diffraction pat
tern. Orthovanadates with small rare-earth R cations, e.g., Sm-Lu, 
undergo an irreversible zircon-to-scheelite phase transformation 
with onset pressures of approximately 4–8 GPa. The pressure ranges 
for coexistence of the zircon-type and scheelite-type phases for Ho, 
Er, Tm, Yb and Lu orthovanadates are obviously wider than those for 
orthovanadates with other rare-earth cations. With further 
compression, the scheelite-type phase transforms into the ferguso
nite-type phase. The pressure of the scheelite-to-fergusonite trans
formation is sensitive to the ionic radius of the rare-earth cation. 
Orthovanadates with large rare-earth cations (e.g. Tb, Dy and Ho) 

show higher scheelite-to-fergusonite transformation pressures than 
those with small rare-earth cations (e.g. Lu). By taking into account 
all the experimental results of the zircon-type rare-earth RVO4 or
thovanadates and the similarities of the lanthanide elements, we 
postulate that the zircon-scheelite-fergusonite structural sequence 
is a general rule for the pressure-induced structural evolution for all 
orthovanadates with small rare-earth cations [45]. Therefore, it can 
be reasonably expected that scheelite-to-fergusonite transformation 
may also take place with ErVO4, TmVO4 and SmVO4, which has not 
yet been confirmed. 

4. Conclusions 

In summary, the compression behavior of DyVO4 has been in
vestigated by in situ ADXRD measurements at high pressures up to 
36.4 GPa. Two series of experiments were conducted, one with argon 
as the pressure transmitting medium and the other with a me
thanol-ethanol mixture as the pressure transmitting medium. The 
successive sequence of zircon-scheelite-fergusonite phase transfor
mations was clearly observed. The irreversible phase transformation 
from zircon-type to scheelite-type structure take place at approxi
mately 8.0 GPa. The reversible scheelite-to-fergusonite phase trans
formation takes place at approximately 21.3  ±  1.6 GPa and is 
sensitive to nonhydrostatic conditions. The pressure-volume data 
obtained from the experiments with an argon pressure medium 
were fitted by the third-order Birch-Murnaghan equation of state, 
which yielded a bulk modulus B0 = 129 (7) GPa and a pressure de
rivative of the bulk modulus B = 3.4 (4) for the zircon-type phase, 
and B0 = 184 (10) GPa and B = 5.3 (8) for the scheelite-type phase. 
Our study indicates that DyVO4 under compression experiences a 
sequential zircon-scheelite-fergusonite phase transformation, and 
the scheelite-fergusonite transformation is sensitive to non- 
hydrostatic condition. The high-pressure phase behavior of DyVO4 

observed in this study is in good agreement with those of other 
rare-earth orthovanadates with rare-earth cations with small radii 
reported in previous studies [45], implying that the sequence of 
zircon-scheelite-fergusonite phase transformations might be a 
common path of pressure-induced structural evolution for these 
orthovanadates. 
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