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High-pressure Raman scattering experiments were performed on the zircon-type RCrO, (R=Nd,
Dy) compounds with the space group I4,/amd by using diamond anvil cell techniques at room
temperature. These two compounds exhibit similar Raman behaviors. Pressure-induced structural
phase transitions were observed at the onset of 1.3 and 4.1 GPa for R=Nd and Dy, respectively.
Moreover, pressure-released Raman spectra indicate that the structural transitions are irreversible.
The high-pressure new phases were convincingly confirmed to be the scheelite structure in /4/a
symmetry based on the same Raman vibrations between the pressure-released DyCrO, and the
scheelite-type DyCrO, synthesized at 6 GPa and 450 °C. In addition, we also calculated the bulk
moduli according to Errandonea’s method as well as the mode Griineisen parameters of RCrO,.
© 2008 American Institute of Physics. [DOI: 10.1063/1.2909202]

I. INTRODUCTION

The zircon-type structure with the chemical composition
of ABX, is named after the important mineral zircon ZrSiOy,
which crystallizes into a tetragonal lattice with the space
group I4,/amd (Diz, No. 141, Z=4) at ambient conditions.
The crystal structure of zircon is characterized by AXjg
dodecahedrons with eight close A-X distances and isolated
and slightly distorted BX, tetrahedrons.' Zircon-type com-
pounds are fairly common in nature and can form into lots of
charge combinations at A and B sites. For example, the com-
pounds Ca**Cr%0,% Y**V™0,°’ Hf*Si*0,' and
Ta>*B3*0, (Ref. 5) with different charge couplings crystal-
lize into the zircon-type structure at normal conditions.
Therefore, zircon-type materials extensively exhibit physical
and chemical properties.

Most of the results obtained from experiments and the-
oretical calculations have shown that the zircon-type struc-
ture is rather sensitive to external pressure and temperature.
For instance, a lower symmetry phase (orthorhombic) was
observed in the zircon-type TbMO, and DyMO, (M=Cr, V)
compounds at low temperature.&9 In particular, the tetrago-
nal zircon-type phase usually transforms into another tetrag-
onal scheelite-type structure accompanying the reduction of
symmetry into I4,/a (CS,, No. 88, Z=4) under a high
pressure.lo_19 It is well known that material properties are
closely related to the correlated structure. Therefore, it is
interesting to study the pressure-related structures and prop-
erties of zircon-type compounds.

The family of RECrO, have the zircon-type crystal
structure at ambient conditions, where RE stands for rare
earth elements except for La and Ce. They were primarily
prepared by using the solid-state reaction method several de-
cades ago.” However, a small quantity of impurities such as
Cr,05 always occurred when using this method. In the past
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several years, a series of single phase zircon-type RECrO,
compounds were obtained owing to the advancement in syn-
thesis methods.”*'** Furthermore, their magnetic properties
have also been extensively investigated, taking into account
the unusual valence state of chromium (V) ions in
REC1rO4.9’2'_27 We recently observed a pressure-induced ir-
reversible structural phase transition from the zircon to the
scheelite structure in YCrO4.28 Moreover, a ferromagnetic to
antiferromagnetic transition was also observed accompany-
ing the structural phase transition.”

In the present paper, we report a high-pressure structural
study on the zircon-type RCrO, (R=Nd, Dy) by using Ra-
man scattering methods at room temperature. Pressure-
driven, zircon-scheelite irreversible structural phase transi-
tions were observed in them, and the mode Griineisen
parameters were calculated.

Il. EXPERIMENTAL

According to the synthesis procedure proposed by Saez-

Puche et al.” zircon-type RCrO, polycrystalline samples
were prepared by using highly pure (>99.9%)
R(NO3)5-6H,0 and Cr(NOs);-9H,0 as starting materials.
The stoichiometric nitrates were fully mixed and ground in a
mortar. Then, a special thermal treatment was performed on
the mixture in oxygen flow as follows: 2 °C/min to 160 °C
for 30 min, 2 °C/min to 200 °C for 30 min, and then
10 °C/min to 580 °C for 60 min. Finally, green color
zircon-type RCrO, compounds were obtained with natural
furnace cooling.

Pressure was generated by using a Mao—Bell-type dia-
mond anvil cell (DAC) with 0.5 mm diamond culets. T301
stainless steel preindented up to 10 GPa with a thickness of
0.05 mm was used as the gasket, where a small hole of 0.2
mm in diameter was drilled as the sample chamber. RCrO,
polycrystalline powder and a few of ruby grains used as
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FIG. 1. (Color online) Pressure-related Raman spectra of NdCrO, at (a) the lower and (b) the higher frequency regions.

pressure calibrant were carefully loaded into the chamber. In
order to obtain a hydrostatic pressure condition, a mixture of
methanol and ethanol with a molar ratio of 4:1 was applied
as the pressure transmitting medium. The pressure was mea-
sured by using the ruby fluorescence method.*”

Raman spectroscopic measurements were performed by
using a LABRAM-HR confocal laser micro-Raman spec-
trometer (HR800) equipped with a charge-couple device de-
tector in backscattering geometry. Raman spectra at different
pressures were collected in the frequency range from 100 to
1000 cm™" with a 1 ecm™! resolution. For Raman excitation,
the 532 nm line from a Verdi-2 solid-state laser was used.
Due to the thermal instability of RCrO,, the laser power was
set to a lower level (~1 mW). The recording time was 100
s for each Raman spectrum. In order to focus the laser beam
and collect the scattered light, a 25X microscope objective
lens was adopted. All of the measurements reported here
were carried out at room temperature.

lll. RESULTS AND DISCUSSION
A. Ambient-pressure Raman spectra

Figures 1 and 2 show a series of Raman spectra of
RCrO, at various pressures. The bottom patterns represent
the ambient-pressure Raman spectra. Both NdCrO, and
DyCrO, exhibit similar Raman behaviors since they have the
same zircon-type crystal structure. A group theory analysis
indicated that there exist 12 Raman active modes (24,
+4B),+By,+5E,) for the zircon-type structure with the
space group 14,/amd (Dig).Sl Eight of them are observed in
our experiments on the polycrystalline samples. It is possible
that some polarized phonon modes are overlapped in the
samples.32 In addition, some weak Raman modes probably
cannot be discerned in our experiment. All of these are re-
sponsible for the partial “missing” of Raman modes in the
present paper.
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FIG. 2. (Color online) Pressure-related Raman spectra of DyCrO, at (a) the lower and (b) the higher frequency regions.

The Raman active modes of the zircon-type RCrO, were
assigned based on the method proposed by Jayaraman et
al.'"" to the isostructural LnVO, (Ln=Y, Tb, Dy) com-
pounds, as shown in Figs. 1 and 2. Specifically, six Raman
peaks were assigned as the internal vibration modes of CrOy,
tetrahedrons: stretching v, (A,) and v; (B, and E,) modes
and bending v, (A, and B,) and v, (B,) modes; the other two
were assigned as the external translation modes of CrO,
polyhedrons: T (B, and E,). Because the Raman intensity of
the stretching modes, which reflects the vibrations of Cr-O
bonds in CrO, units, is much stronger than those of other
modes, the Raman spectra were separately shown in two
different phonon frequency regions in this paper: (a)
100-650 cm™! and (b) 650—1000 cm™!

It has been reported that as a general rule in the zircon-
type compounds, the v; and v; modes appear in a higher
frequency region than other modes, and the intensity of the
v, mode is the strongest and the v, mode is the weakest.>
The Raman vibrational behaviors of RCrO, are well accor-

dant with this rule at ambient conditions. When we compare
the Raman spectra of NdCrO, and DyCrO,, the v; (B, and
E,) modes tend to overlap in NdCrO,, while they are obvi-
ously separated in DyCrO,. In addition, the phonon fre-
quency of the v; mode is somewhat larger in DyCrO,
(860 cm™) than that in NdCrO, (852 cm™). These results
are related to the different bond lengths and angles of CrO,
tetrahedrons in them.’

B. Pressure-related Raman spectra

In the beginning, we will describe the pressure-related
Raman spectra of NdCrO,. When the pressure increases to
1.3 GPa, abrupt changes in Raman spectrum take place com-
pared to that at normal pressure, as presented in Figs. 1(a)
and 1(b). In the lower frequency region (100-650 cm™), a
series of new Raman peaks appear at 153, 196, 238, 324,
364, and 559 cm™!, respectively. The most distinct change is
the occurrence of the new Raman peaks at 196 and
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238 cm™!. These features are indicative of a pressure-
induced structural phase transition. As we will describe later,
the new high-pressure phase is identified to be a tetragonal
scheelite-type structure with the space group /4,/a. By a
comparison of the phonon frequency, Raman intensity, and
pressure coefficient of the new Raman peaks to those of
other scheelite-type compounds reported by Manjon et al.*
the new Raman modes that appeared in NdCrO, are assigned
as shown in Fig. 1. It should be noted that it is difficult to
accurately record the phonon frequency of the new-phase v,
(B,) mode due to its broadening under pressure.

In the higher frequency region (650—1000 cm™'), the
zircon-phase v; (B, and E,) modes of NdCrO, have been
thoroughly separated at 1.3 GPa, and the intensity of v, (A4,)
mode becomes much lower. Interestingly, the relative inten-
sity of the 3 (E,) versus the »; (4,) modes noticeably in-
creases, as presented in Fig. 2(b). This feature implies the
presence of a structural phase transition. A reasonable expla-
nation is that a new Raman peak occurs at a similar fre-
quency as that of the zircon-type v; (E,) mode at 1.3 GPa.
Moreover, this new Raman peak can be assigned as the
strongest Raman mode v, (A,) of the scheelite-type new
phase. With increasing pressure, the v; (A,) mode of the new
phase gradually strengthens, and the reverse is true for the
zircon-type v; (A,) mode, which completely disappears at
16.1 GPa. In addition, the zircon-phase v; (B,) mode be-
comes ambiguous as the pressure increases to 2.6 GPa, at
which another new Raman mode v (E,) starts to emerge and
becomes clear with the pressure up to 4.4 GPa.

As shown in Fig. 1, the total Raman intensity quickly
lowers when the pressure exceeds 11.7 GPa. Moreover, the
pressure-driven structural transition is sluggish at room tem-
perature. Within the pressure range from 1.3 to 11.7 GPa, the
zircon phase and the scheelite-type new phase always coex-
ist. When the pressure reaches the highest value of 19.7 GPa
that was used in this experiment, it is difficult to identify the
Raman modes due to the peak broadening effect. Finally, the
pressure is slowly released to 0.2 GPa, and only the Raman
modes of the scheelite phase are observed. It means that the
structural phase transition occurred in NdCrO, at the onset of
1.3 GPa is irreversible.

For DyCrO,, the pressure-related Raman spectra are
shown in Figs. 2(a) and 2(b). In the lower frequency region,
the Raman vibrational intensity is somewhat weaker than
that of NdCrO,. However, the characteristic features of struc-
tural transition are unambiguous. When the pressure gradu-
ally increases to 4.1 GPa, new Raman peaks are clearly ob-
served at the lower frequency region. In addition, the zircon-
phase v; (B,) mode becomes indiscernible at this pressure.
Just like the case observed in NdCrQO,, the relative intensity
of the v; (E,) versus the v, (A,) modes also strongly in-
creases in DyCrO, at 4.1 GPa. These features indicate the
appearance of the structural phase transition of DyCrO,.
With increasing pressure up to 9.4 GPa, the Raman peaks of
the new phase become stronger and stronger. All the new
Raman peaks observed in DyCrO, are also assigned based
on the scheelite-type structure, as shown in Fig. 2.

When the pressure increases to 13.0 GPa, the zircon-
phase v, (A,) mode of DyCrO, becomes very weak, and the
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FIG. 3. Powder XRD patterns and the corresponding indices for (a) the
zircon-type and (b) the scheelite-type DyCrO,.

Raman intensity of the new phase also decreases obviously.
With the pressure up to 19.1 GPa, only the new-phase v,
(A,) mode is discriminable. Similarly, the structural transi-
tion of DyCrO, is sluggish too. The zircon phase and the
scheelite phase coexist between 4.1 and 13.0 GPa. The
pressure-released Raman spectrum to 0.1 GPa shows that the
high-pressure phase appeared in DyCrO, at 4.1 GPa is also
quenchable at ambient conditions.

The broadening of Raman peaks at higher pressures can
usually be ascribed to the reduction of the hydrostatic pres-
sure environment in DAC, as well as pressure-induced struc-
tural disorder or even amorphization. Errandonea et al. gave
a detailed description on the influence of pressure environ-
ment on structural transition.” In our previous study on the
isostructural compound CaCrO,, Raman peaks severely
broadened with pressure up to 20 GPa.'® However, fine X-ray
diffraction (XRD) peaks were observed even if the pressure
reached 30 GPa."” Therefore, the broadening of Raman
peaks observed in RCrO, is most probably attributed to the
reduction of the hydrostatic environment.

C. Determination of the new phases

NdCrO,4 and DyCrO,4 have the same zircon-type crystal
structure at ambient pressure. Moreover, the new phases that
appeared in both of them also exhibit similar Raman behav-
iors, as clearly shown by the pressure-released Raman spec-
tra in Figs. 1 and 2. It means that they should have the same
high-pressure phase.

The high-pressure structural properties of zircon-type
compounds have been widely investigated experimentally.
For example, high-pressure Raman scattering experiments
were performed on LnVO4,10’11 and zircon-scheelite transi-
tions were determined in them based on an XRD analysis of
pressure-released samples. This kind of transition was subse-
quently confirmed by an in situ high-pressure synchrotron
XRD experiment in YVO4.]2 Most recently, we also ob-
served the zircon-scheelite structural transition in YCrO, by
using high-pressure Raman scattering and XRD methods.”®
RCrO,4 have the same ambient-pressure crystal structure as
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FIG. 4. Raman spectra of (a) the pressure-released DyCrO, to 0.1 GPa and
(b) the scheelite-type YCrO, prepared at 6 GPa and 450 °C.

well as charge combination (A3*B>*Q, type) with LnVO,
and YCrO,. Furthermore, the Raman behaviors of the high-
pressure phases observed in RCrO, are very alike with those
of the scheelite phase observed in LnVO, and YCrOy. There-
fore, we can infer that the new phases occurred in RCrO,
also have the tetragonal scheelite-type structure with the
space group I4,/a (CS,). As a matter of fact, the zircon-
scheelite structural conversion seems to be a universal phase
transition route for zircon-type compounds under a moderate
pressure and/or temperature.

Due to the irreversibility of the structural transitions as
well as the lower transition pressures of RCrO,4, a bulk
scheelite-type DyCrO, was obtained at 6 GPa and 450 °C by
using a cubic anvil high-pressure apparatus. Figure 3 shows
the powder XRD patterns for the zircon-type DyCrO, as well
as the quenched scheelite-type one. All the diffraction peaks
can be indexed based on the correlated structural modes. A
Rietveld structural analysis was performed. Table I shows the
refined structural parameters such as lattice constants and
atomic positions.

J. Appl. Phys. 103, 093542 (2008)

TABLE I. Crystallographic data for the zircon- and scheelite-type DyCrO,.
For the zircon phase, Dy and Cr atoms occupy the special sites 4a (0, 3/4,
1/8) and 4b (0, 1/4, 3/8), respectively. For the scheelite phase, Dy and Cr
atoms occupy the special sites 4b (0, 1/4, 5/8) and 4a (0, 1/4, 1/8), respec-
tively.

Formula Zircon Scheelite
Space group 14,/amd 14,/a
a (A) 7.1364(2) 5.0157(1)
c (A) 6.2687(2) 11.3196(3)
v (A% 319.26(2) 284.52(2)
Z 4 4
o, 0 0.2611(9)
0, 0.4315(6) 0.1124(8)
0, 0.2020(6) 0.0488(4)
Ry (%) 11.40 8.32
R, (%) 8.60 6.58

Raman scattering is one of the powerful tools to charac-
terize material structure. In order to accurately identify the
crystal structure of the new phases observed in RCrO,, Ra-
man scattering was also performed on the synthesized
scheelite DyCrO, at ambient conditions. As obviously shown
in Fig. 4, this scheelite-type compound exhibits the same
Raman vibrations as those of the pressure-released DyCrO,.
Based on this fact, the new phases appeared in RCrO, in our
high-pressure Raman experiments are convincingly assigned
to the tetragonal scheelite-type structure, agreeing with well
the compared results described above. Pressure-induced
zircon-to-scheelite phase transition mechanism was dis-
cussed in detail in our recent 1rep01rt.29

D. Mode Griineisen parameters

Figures 5 and 6 show the pressure dependence of the
phonon frequencies of NdCrO, and DyCrO,, respectively.
The solid lines represent the linear least-squares fits for dif-
ferent Raman modes. The fitted results give the slopes of
phonon frequency versus pressure dw;/dp, as well as the
zero-pressure phonon frequencies wg;, where the subscript i
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FIG. 6. Pressure dependence of the phonon frequencies of DyCrO, in
0-19.1 GPa. The open and solid circles represent the zircon and scheelite
phases, respectively. The vertical dot lines show different phase regions. The
solid lines are linear least-squares fits, giving the slope of dw;/dp.

denotes the ith Raman mode, as listed in Table II. Obviously,
the stretching modes exhibit the larger shift speed with pres-
sure than other modes. In addition, a soft mode with a nega-
tive pressure coefficient is observed at the scheelite-type
NdCrO,. It implies that a second structural phase transition
(most likely from scheelite to fergusonite phase’*) will
probably happen at a higher pressure than that reached in our
experiments.”

The mode Griineisen parameters 7y; can be calculated
according to  the formula  ¥=—(d1n w;/d1n V)
=B,/ wy;dw;/ dp, where V and By, are the unit cell volume and
bulk modulus, respectively. For the zircon- and scheelite-
type ABO, compounds, a useful experiential formula,

TABLE II. Ambient-pressure phonon frequencies wy;, pressure derivatives
of frequencies dw,/dp, and mode Griineisen parameters 7; for various Ra-
man modes of RCrO,.

Raman (o dw;/ dp
mode (ecm™) (em™ GPa™) v
Zircon-type DyCrO,
T (B,) 114 0.45 0.53
T (E,) 150 -2.14 -1.93
v, (B,) 241 2.85 1.60
v, (Ap) 363 2.88 1.07
vy (By) 553 2.16 0.53
v3 (B,) 771 5.48 0.95
v; (E,) 805 3.39 0.57
vy (Ap) 860 3.97 0.62
Scheelite-type Dy/NdCrO,
T (B, 117/151 0.33/-1.16 0.39/-0.92
T (E,) 175/194 1.98/2.09 1.55/1.29
R (A,) 232/237 0.54/0.55 0.32/0.28
v, (A,) 303/322 2.79/1.40 1.26/0.52
v, (B,) 356/362 2.01/1.24 0.77/0.41
vy (By) ~417/430
vy (E,) 559/557 1.48/1.61 0.36/0.34
v3 (E,) 750/753 1.65/2.92 0.30/0.47
vy (A,) 810/812 2.44/2.67 0.41/0.39

J. Appl. Phys. 103, 093542 (2008)

By(GPa)=(610=110)Z,/d;_,, was proposed by Errandonea
et al. to calculate the bulk modulus,”” where Z4 and dy_ are
the formal charge for an A-site cation and the average A-O
distance (in angstroms) in AQOg units, respectively. According
to this formula, the bulk modulus was calculated to be 135
and 137 GPa for the zircon- and scheelite-type DyCrO,, re-
spectively. Consequently, the mode Griineisen parameters
were obtained, as shown in Table II.

Concerning NdCrQO,, the average Nd—O distance of the
zircon phase was determined to be 2.477 A but no crystal-
lographic data are available for the scheelite phase at present.
Experiments show that the change of the average A-O dis-
tance is very small in the zircon-scheelite transition.'**’ For
example, d, o is 2.362(3) and 2.366(4) A in the zircon- and
scheelite-type  YCrOy,, respectively.29 Therefore, we used
here the zircon-phase average Nd—O bond length to calculate
the bulk modulus of the scheelite-type NdCrO,. It was deter-
mined to be 120 GPa, and the mode Griineisen parameters
for this phase were then obtained, as presented in Table II.
Unfortunately, the data we collected for the zircon-type
NdCrO, are not enough to calculate its mode Griineisen pa-
rameters in the present paper.

IV. CONCLUSION

The high-pressure structural properties have been stud-
ied on the zircon-type RCrO, compounds by using Raman
scattering methods at room temperature. The crystal structure
of NdCrO, is very sensitive to pressure. A structural phase
transition occurs at the onset of 1.3 GPa. A similar structural
conversion is observed in DyCrO,, but the transition pres-
sure increases to 4.1 GPa. Pressure-induced structural transi-
tions are sluggish in these two compounds at room tempera-
ture. The zircon phase and the new phase coexist in 1.3—11.7
and 4.1-13.0 GPa in NdCrO, and DyCrO,, respectively.
Pressure-released Raman spectra show that the high-pressure
new phases that appeared in both of them can be quenched to
ambient conditions. A scheelite-type DyCrO, bulk sample
was prepared at 6 GPa and 450 °C. Moreover, it exhibits the
same Raman vibrations as that of the pressure-released
DyCrO,. This fact convincingly confirms the zircon-to-
scheelite structural phase transitions of RCrO, at the high
pressure that we used. Finally, we calculated the mode Grii-
neisen parameters of RCrO, by using the formula v;
=B/ wy;dw;/ dp. The bulk moduli of both the zircon- and
scheelite-type phases were determined according to Errando-
nea’s method.
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