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Raman characteristics of Eu3+:GdVO4 nanosystems 
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Raman spectroscopy is an effective analytical tool for probing the solid state 

structure of crystals as it is subtly sensitive to the manifestation of 

dopants/impurities, and crystal defects in the host lattice. Any disturbance in the 

general crystalline symmetry upon inclusion of dopants/ impurities thereby 

affects the lattice vibrational modes of the host crystal. Of all the laser host 

materials known to us, Yttrium, gadolinium, and calcium orthovanadate crystals 

are recognized as the most effective ones and has gained considerable attention 

[1, 2]. Gd based orthovandate crystals display much higher absorption coefficient 

properties, high thermal conductivity as well as larger emission cross-section as 

compared to Y based crystals, proving them to be better lasing host materials 

amongst the well-studied orthovanadates [3, 4]. These orthovanadate crystals can 

also be used as the active materials for stimulated Raman scattering (SRS).  In 

GdVO4 system, the most intense mode observed is usually the high frequency 

1~882 cm−1 corresponding to V-O stretching (symmetric) internal vibration in the 

tetrahedral (VO4)3– anionic group [5]. For self-Raman lasing activity, this high 

frequency Raman mode has been considered to be most effective [6]. The other 

important Raman mode, although weak, observed in such crystals 2 ~380 cm−1 

corresponds to the O-V-O bending mode [3]. Recent reports can be found in 

literature that effectively utilized  the low frequency mode for self-Raman lasing 

[7]. This line is relatively broader than the other modes observed considering 

overlap of two symmetric bending (scissoring and twisting) modes (Ag + Bg) of 

internal vibrations of the tetrahedral [VO4]3– group [8]. 

Reports can be found that deal with discussions on zircon-type REVO4 system 

displaying various polymorphs undergoing phase transitions to a tetragonal 

scheelite-type structure under high pressure [9, 10]. However, such phase 

transitions are studied considering the high frequency Raman modes. In the low 

frequency regime temperature dependent inhomogeneous splitting of the low 

frequency ν2 vibrational lines has been assigned to structural disordering caused 

in the crystal lattice [11]. Interestingly the line is asymmetrical and is composed of 

two modes. One of which is temperature dependent characteristic of scheelite 
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type structure and is non-zero even at room temperature [10]. So far we have not 

come across any report that deals with valuable information on the effect of 

dopant inclusion in the 2 raman mode. In the present work, we try to observe 

effect of dopant concentration on the nature of the low frequency ~2 raman mode 

following detection of shifting, change in intensity and broadening of Raman 

bands of the host crystal.  

5.1. Experimental details: 

Raman study employing a Renishaw In-Via Raman spectrometer (Make: 

Renishaw, Wottonunder- Edge, UK) and using the 514.5 nm line of Ar+ laser as 

the excitation source were performed on samples prepared as described in 

Chapter II.  

5.2. Results and discussion: 

5.2.1. Detection and analysis of active Raman modes 

Analysis of group theory regarding vibrations in the zircon type crystal  structure 

with space group D4h19  and two formula units in the unit cell gives the following 

vibration spectrum composed of two sublattices of RE cationic and [VO4]3-  

anionic, decomposed in the terms of the irreducible representations [12, 13]. 

� = 2��� +  �� + 4��� +  ��� + 5�� + ��� + 4��� +  ��� + 2��� + 5��                 (5) 

The Raman active modes observable, marked in bold in above Eq. (5) can thence 

be elaborated as: 

� = ���(��, ��) + ���(2�,  +  �� , ��) + ���(��) + ��(2�, �, ��, ��)                         (6) 

In Eq. (6) i (i = 1,…, 4) correspond to four internal vibrational modes 

(symmetric and asymmetric stretching and bending) of the VO43- tetrahedron and 

T, R corresponds, to the translational or rotational motion respectively [14]. 

Of the observable 12 Raman active modes at the center of the Brillouin 

zone, modes observed in our study (FIGURE 1 (A)), in the region 260-1000 cm-1 

are internal stretching and bending vibrations of the tetrahedral group while the 
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modes observed at 100-250 cm-1 are external ones and are in good agreement with 

the reported literature [14-16]. B2g translatory vibrational (asymmetrical) mode, 

observed at ∼258 cm−1 represents the Eu–O stretching while A1g corresponds to 

O-V-O vibration. Gd-O stretching. The most intense Raman mode observed in our 

case as shown in FIGURE 5.1 (a) is the high-frequency 1 = 880 cm–1, 

corresponding to vibrational structure (stretching internal vibration in the 

tetrahedral [VO4]3- anionic group) for an ideal tetragonal zircon-type structure 

(I41/amd) [5, 17-19].  

The only anomaly observed was in the case of 5% EuGdV where the most intense 

peak was centered at ~143 cm-1, which is elaborated in FIGURE 1 (b). This peak 

supposedly originates due to Bg(IV) of fergusonite structure and in some reports 

is also attributed to the presence of V2O5 probably caused by some partial 

decomposition [11, 20]. Moreover, the signal can be ascribed to external mode T-

like vibrations, corresponding to Gd-O stretching [14, 15]. Since XRD results do 

not display any signal arising due to presence of unreacted V2O5, the latter  

FIGURE 5.1: Raman shift observed for the various doped samples is shown in (a). 

Normalized Raman spectra displaying significant modes in various ranges are 

displayed in (b-e). 
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 explanation for the origin of the peak is more appropriate. Presence of external 

mode signals in Eu3+ doped GdVO4 system can be confirmed from existing 

literature [21]. We also observed secondary Raman modes ~257 (Gd-O stretching) 

[22]. The other significant peak observed is the low-frequency (bending mode) 

Raman line 2 ~380 cm–1 for GdVO4 symmetric V-O stretching or O-V-O bending 

mode1 [7]. It is known that the [VO4]3- anionic group in zircon type crystal 

structure vanadates exists in the form of isolated tetrahedra [23]. This anionic 

group provides such strong covalent bonds that they may as well be treated as 

individual structural elements, and thus their internal vibrations observed in. 

Raman spectra reveals information on the structural ordering of the crystal 

system; distortions in the lattices to be more specific [11]. The symmetric 1(A1) 

Shift (cm-1) Modes assigned 

260-1000 
Internal stretching and bending vibrations of the 

tetrahedra 

258 
B2g translatory vibrational (asymmetrical) mode 

Eu–O stretching 

257 Gd-O stretching 

143 T-like vibrations, corresponding to Gd-O stretching 

2 ~380 Symmetric V-O stretching or O-V-O bending model 

3 modes 

~800-820 

Overlap of two Eg and B1g modes. 

1 mode ~880 
Vibrational structure (stretching internal vibration 

in [VO4]3- anionic group) 

Table 5.1: Assignment of various Raman modes observed 
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vibration is a singlet, while 2(E),  3(F2), and 4(F2) modes are in general 

recorded as doublets [11]. The 3 modes are detected ~800-820 cm-1 and are 

viewed to be an overlap of two Eg and B1g modes.  

The normalized raman spectra can be found in FIGURE 1 (b-e). Interestingly 

upon doping, B1g mode gains intensity, to be highest as in case of 5% doped 

sample ((FIGURE 1(b)). Upon normalization we observe that the signal at ~380 

cm−1 (O-V-O bending mode) signal had the paramount effect of Eu3+ dopant 

concentration with the spectra displaying more complex and asymmetrical as well 

as broader profile when dopant concentration was increased (Figure 1(c)). The 3 

modes i.e. Eg and B1g observed in our study maintained their profile without much 

changes, as can be seen in FIGURE 5.2.  Minimal effect of doping was observed 

while the width ratio between Eg and B1g being the highest for 3% EuGdV 

(FIGURE 5.2. (b)). As for the 3 and 1 mode, the observations were similar with 

decrement of intensity beyond 3% dopant concentration. Only a limited number 

FIGURE 5.2:  Raman spectra for as prepared samples displaying deconvoluted 3 

mode showing overlap of Bg(I) and Eg(I) modes for (a) GdV, (b) 1% EuGdV, (c) 3% 

EuGdV, (d) 5% EuGdV and (e) 7% EuGdV respectively. (f) displays the plot for 

intensity and width ratio of the two components ibserved in 3 mode. 
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of reports can be found in literature that discuss the effect of dopants on the 

Raman spectra of a nanosystem. Pal et al. reported that increment in Eu3+ dopant 

concentration influences the vibrational properties of host to a great extent such 

that  the  intensities of Raman mode decreases drastically [24]. D. Tuschel reported 

the effect of RE doping in ABO4 system and observed asymmetry induced due to 

inclusion of dopant [25]. Ningthoujam, R.S. et al. reported weakening of intensity 

of Raman modes in Eu3+ doped GdVO4 nanosystem as a function of Eu3+ 

concentration increase from 2% to 5% [26]. While discussing the effect of dopant 

concentration, the most important aspect of concern is the site occupancy of the 

dopant ion. In our study, Eu3+ is supposed to substitute Gd3+ sites due to closer 

ionic sizes. However, occupancy of defect sites cannot be overlooked. Both the 

features are effected by a great deal with variation in dopant concentration and 

hence the dissimilarity in the facets of Raman spectra observed. Incorporation of 

dopant disrupts the long-range translational symmetry at a crystal lattice site 

which in turn is responsible for rise in the distribution of phonon energy states, 

thus effecting the Raman bands [25]. Another important observation is that not all 

modes are affected equally, by virtue of heterogeneity induced in the crystal due 

to Eu3+ inclusion. It is known that active lattice vibrational modes, which consists 

of substantial contribution of atomic motion from the substituted atom, 

demonstrates the most significant variation in spectra [25].  

5.2.2. Zircon-scheelite partial phase transition  

Raman spectra profiling of the asymmetric A1g(II) vibration line, caused due 

to 2(E) internal vibration splitting of the free tetrahedral anionic group by strong 

RE matrix crystal field, can be observed in FIGURE 5.3. Upon deconvolution our 

observations suggest presence of strong overlap of two bending modes (A1g and 

B2g). Such an overlap is characteristic of partial scheelite type structures and 

although similar in many respects, an ideal zircon structure does not reveal any 

such overlap [6, 11]. Researchers have tried to explain this nature, with emphasis 

on existence of intermediate minima for a rotation of molecular units at a certain 

angle with respect to their regular sites [27, 28].  
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Observation of such an overlap, as in this case, confirms existence of 

aforementioned intermediate minima for a rotation of molecular units, in this case 

the anionic tetrahedral [27].  Such partial zircon–scheelite phase transition has 

been previously reported following thermally activated rotation by 45° of few 

tetrahedral anionic groups whereby the additional component in the ν2 Raman 

line can be identified as the scheelite-type internal vibration [11]. Existence and 

occupancy of irregular sites of the tetrahedral anion [VO4]3- can lead to shifting 

and widening observed with respect to one another, thereby manifesting the 

observance of splitting due to different crystal field in case of different dopant 

concentration (FIGURE 5.3). We speculate that inhomogeneous structural 

disordering as a consequence of irregular incorporation of Eu(III) into irregular 

sites of the vanadate matrix lead to the line widening as well as intensity gain of 

the scheelite component as observed in our study [29]. Furthermore, the 

asymmetry in the band induced due to the Eu-doping describes that the lattice 

structure of the partially transitioned doped samples are under stress [30, 31]. 

Various zircon peaks are likely to overlap with those of the scheelite character 

and therefore, XRD diffractogram refinement does not give accurate lattice 

FIGURE 5.3. Deconvoluted (Ag+Bg) overlap 2 mode displaying the zircon type (green line) 

and structural disordering dependent scheelite type component (yellow line) for GdV, 1% 

EuGdV, 3% EuGdV, 5% EuGdV and 7% EuGdV respectively (g-k). 
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parameters [10].  Cases of partial or secondary phases in tetragonal crystal 

structures thus are difficult to be determined from XRD analysis. In this scenario, 

importance of Raman spectroscopic analysis grows as it has been proven to be an 

efficient way to detect spurious phases even for relatively very low concentrations 

which are in general almost undetectable by means X-ray diffraction technique 

[31, 32].  Importantly, tetragonal scheelite type structures have a space group of I 

41/a which is a subgroup of zircon type tetragonal system with a space group of I 

41/amd [33]. The zircon a-axis is ~√2 times diagonal that of scheelite-type unit-

cell and hence lattice structure of both crystal types are similar per se. 

Furthermore, in both the lattice types the tetrahedral group and the dodecahedral 

group are found to be interconnected in a comparable manner which can be 

interpenetrated as diamond-like lattices if we consider "deoxygenated" structures 

[34]. However, the scheelite c-parameter is double than that of the zircon unit cell 

and has volume contraction of ~10% [10]. It can thus be established that the zircon-

scheelite transitions are first-order non-reversible transitions [33, 35]. A possible 

mechanism of the transition has been described which involves two processes 

which may occur simultaneously as well: (1) Increment of density by ~10% 

leading to simple shearing of the zircon-type structure and (2) relative 

displacement of atoms [36].  

The structure converts to a quasi scheelite-type structure in the first process 

itself and is achieved by readjustments of the site symmetries. In such processes, 

the [110] direction of zircon becomes the [100] direction of scheelite, whereas [001] 

direction is shared however the c-axis for scheelite is twice as elongated. We 

attempted to illustrate the mechanism involved with a graphical representation 

for the unit cell transition from zircon to scheelite type crystal in Figure 5.4. The 

unit cells are prepared using Vesta® following information available from XRD 

analysis of the sample. Note that the orientations in the figure are projections 

along the hkl planes undergoing transformations upon dopant induced structural 

disorder. Interestingly, the most drastic change in such transitions from zircon to 

scheelite type, is observed in the difference of bond angles, specifically ∠Gd-V-O 
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and ∠Gd-O-Gd [35]. It is worth mentioning that Gd-V-O interact via interlinking 

of two different groups: free tetrahedral for V-O and dodecahedra for Gd-O. Thus 

two different bond length of ∠Gd-V-O exists in the system which can be effected 

upon inclusion of dopants significantly. Although such transitions in AVO4 

nanosystem are at large associated with alterations due to high pressure and 

temperature variation, the correlation of the internal vibrations of free tetrahedra 

[VO4]3- groups with of their local symmetries and the crystal factor needs to be 

emphasized upon [11]. GdVO4 crystal with a larger cation, displays comparable 

scheelite-type and zircon-type component intensities even at room temperature, 

and the occurrence of the scheelite-type component can be attributed to originate 

from structural disordering in the lattice system [6]. Thus in case of GdVO4 crystal, 

the scheelite component need not be induced by pressure or temperature and can 

Figure 5.4: Unit cells are prepared using Vesta® demonstrating (A) transition 

from Zircon to scheelite. display change in orientations for projections along the 

hkl planes B) [110] to [100] and (C) [001] sharing by the two lattice types. 
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be observed at ambient conditions. It can be observed in Figure 5.3 (f) that the 

asymmetry profile fluctuates with increment in the scheelite-type component as 

dopant concentration was increased. Meanwhile, the intensity ratio for zircon to 

scheelite-type component is observed to be following a decreasing trend. The best-

fit curved line for the observation made is a logarithmic trend suggesting that the 

rate of variation in the component decreases quickly and then levels out as Eu 

incorporation was increased.  It is noteworthy that the incorporation of dopants 

into the system can only effect the local symmetry of the site occupied by the 

dopant ion. Since the dopant concentration is below 10%, only a fraction of unit 

cells undergo transition and hence the scheelite phase is not prominently 

deliberated in other studies except for the low frequency 2 mode of Raman 

spectra. We conclude in terms of crystal lattice both the zircon and scheelite type 

lattice structures, containing indistinguishable tetrahedral cation sublattices, 

undergo transformation (from zircon to scheelite lattice type) following change in 

bond angles via rotation of the tetrahedral anions through 45° around their 

fourfold axis as facilitated by incorporation of dopants in the host lattice system 

[11, 37, 38].  

5.3. Conclusion 

Room temperature Raman spectra revealed internal stretching and bending 

vibrations of the tetrahedral as well as external mode signals of Eu3+. Raman mode 

in the high-frequency regime corresponding to vibrational structure in free 

tetrahedral [VO4]3- anionic group was found to be most intense among other 

modes observed. While the low frequency signal displayed highly asymmetrical 

profile upon varying Eu3+ concentration. Importantly, scheelite like characteristic 

overlap of two modes: A1g (scissoring) and B2g (twisting) was observed. Lattice 

distortions due to dopant induced crystal defect. and partial phase transformation 

has been elucidated. Partial zircon lattice to scheelite lattice can thus be facilitated 

as a rotation of the tetrahedral anions through 45° around their fourfold axis 

existence even at ambient conditions. Occupancy of irregular sites of the 

tetrahedral anion [VO4]3- lead to shifting and widening observed with respect to 
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one another, thereby manifesting splitting due to change in crystal field upon 

doping. An attempt has been made to visualize the transition process with change 

in projections of the related hkl planes required for the phase change. The study 

can be extended with evaluation of temperature and pressure dependency on 

partial phase transition and its correlation with varying dopant concentration. 
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