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Abstract

Raman spectroscopy is a standard and powerful investigation technique for minerals, and garnet
is one of the most observed and visible minerals, undoubtfully important both as a witness of our
planet’s evolution, and as a main component in many high-tech applications. This paper presents
the Raman spectrum of grossular, the calcium-aluminium end-member of garnets (CazAlsSizO12),
as computed by using an ab initio quantum-mechanical approach, an all-electron Gaussian-type
basis set and the hybrid B3LYP functional. The wavenumbers of the 25 Raman active modes
are in excellent agreement with the available experimental measurements, with the mean absolute

difference being between 5 and 8 cm™!.

The apparent disagreement between a few experimental
vs calculated data can be easily justified through the analysis of the corresponding calculated peak
intensities, which is very low in all of these cases. The intensities of the Raman active modes
of grossular were calculated here for the first time, thanks to a recent implementation by some
of the present authors that allows for accurate predictions of the Raman spectra of minerals.
To the authors’ knowledge, there are no tabulated data sets for Raman intensities of grossular,
though qualitative information can be extracted from the published spectra. This study can then

be considered as an accurate reference data set for grossular, other than a clear evidence that

quantum-mechanical simulation is an actual tool to predict spectroscopic properties of minerals.
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I. INTRODUCTION

The crucial role of garnets in our everyday’s life and in our planet history has been recently
highlighted by all the main world Geological, Mineralogical and Geochemical associations
through the publication of a themed issue on the journal Elements (vol. 9, issue 6, 2013). In
this context, achieving a comprehensive knowledge of their crystal structure and properties
as a function of composition at the atomic level is expected to help in the interpretation of
the experiments and to provide accurate reference data sets that allow for making realistic
predictions in the design of new garnet-based devices.!?

The first purpose of this paper is improving the current knowledge of the Raman vibra-
tional spectrum of grossular, one of the main end-members of the garnet family having ideal
formula CazAlySizOq5. In the last two decades, a number of experimental Raman studies on
grossular has been published,®> ® one of which reporting the full set of Raman active modes
(including their symmetry classification),® and two reporting the almost complete list,%®
with a few missing peaks and minor disagreements with respect to each other. Five years
ago, a computational study based on first-principle methods was published by some of the
present authors,” where the nature of the Raman active modes was discussed and the agree-
ment with all the aforementioned experimental data resulted to be excellent concerning the
position of the peaks.

However, to the best of our knowledge, the available information on the intensity of
the peaks is still only qualitative. From the point of view of computer simulation, the
calculation of Raman intensity is a highly-demanding task, and its implementation has been
finalised only in very recent times.!%! This paper reports the Raman intensities of grossular
computed through this new scheme, and addresses a certain number of questions related to
the few cases where important disagreements among the available experimental sets, and
between the latter and the computed data set by Dovesi et al.” were observed.

As a matter of facts, the quantitative prediction of Raman intensities is here shown to
be important for understanding whether modes in the experimental spectra are missing or
in disagreement with each other due to their low intensity, or because they are very close
to a much larger peak, or for some other reasons (defects, impurities, low crystallinity,
background).

Aside from the production of an accurate reference data set for the Raman spectrum of



grossular, a second main purpose of this paper is showing that first-principle techniques are
powerful tools able to predict with high accuracy the Raman features of complex minerals,

such as garnets.

II. COMPUTATIONAL METHODS

All the calculations were performed by using an all electron Gaussian-type basis set and
the hybrid B3LYP functional'? ' as implemented in the 2014 release of the CRYSTAL
code.'®6 The approach here adopted has extensively been able to provide a highly accurate
description of the IR vibrational properties of garnets (e.g. Ref. 17 and references therein).
Geometry optimization and calculation of vibrational frequencies were performed following
the same schemes and adopting the same parameters, thresholds and basis set as described
in a previous publication,” where the Raman active vibrational frequencies of grossular were
computed and analysed. The optimized cell parameter is 11.9458 A.

We rather focus here on the calculation of Raman intensities, as recently implemented
in the CRYSTAL code.'® The relative intensities of Raman peaks were obtained through an
analytical approach, which is an extension of the algorithms that allow for the calculation
of infrared intensities.’® This formalism is based on combining gradients of mono- and bi-
electronic integrals'®? with a Coupled Perturbed Hartree-Fock/Kohn Sham (CPHF/KS)
scheme?"?2 for the response of the crystalline orbitals to a static electric field.

Within the Plackzek approximation, non-resonant Raman intensity for an oriented single-
crystal (consider, for instance, the zy directions) associated with the mode of wavenumber
w; is:

Ii, x Clal,)? 1)
where aiy is the xy element of the Raman tensor for the i-th mode. The prefactor C
depends?® on the laser frequency w;, and temperature 1" as follows:

C
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where the Bose occupancy factor n(w;) is given by
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Raman intensities for a crystalline powder at a given temperature and laser wavelength
are then computed according to tensor invariants as described by Prosandeev et al.?*
Further details on the methods can be found in Ref.!>1¢ Input and output files are avail-

able for download at http://www.theochem.unito.it/garnets/ .

III. RESULTS AND DISCUSSION

The highly symmetric grossular structure (space group la3d) belongs to the O, point-
group. The decomposition of the reducible representation built on the basis of the Cartesian
coordinates of the atoms in the unit cell leads to the following symmetry assignments of the

240 normal modes (this analysis is performed automatically by the CRYSTAL code):
[iotal = 3A1y + 5Ag, + 8E, + 14Fy, + 14F5, + 5A;, + bAs, + 10E, + 18F, + 16,  (4)

In total 25 modes are Raman active (3A4;,, 8, and 14F5,). 17 modes are IR active (Fy,

modes; one F,, mode is translational) while 55 modes are inactive.

A. Review of experimental data from the literature

In the last twenty years, several groups have measured and characterized the Raman
peaks of grossular. First, in 1991, Hofmeister and Chopelas® classified the full set of 25
symmetry allowed modes. Some of the assignments were later reconsidered, in 2005, in a
paper devoted to uvarovite,® where a set of 24 wavenumbers is reported for grossular, showing
some relevant differences. Pinet and Smith?® in 1993, while discussing solid solutions of the
uvarovite-grossular—andradite series, reported measurements of an almost pure grossular
end-member sample (there labeled G16); they assigned only 20 out of 25 peaks. A final
major source of information is the work by Kolesov and Geiger® published in 1998, which
identified 22 modes.

Here and in the following we will refer to the four sets as Hof,> Chop,® Pinet,?® and
Kol,® for sake of brevity. Table I reports the wavenumbers of these fours sets, with the

corresponding cross-statistics given in Table II. Overall, the four experimental datasets are
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in good agreement, the mean absolute difference being 7 cm™" in the worst case. The set

with relatively larger discrepancies is Pinet, showing 7 and 5 cm~! when compared to Hof

and Chop, respectively. The largest difference, 36 cm ™!

Chop.

, is found when comparing Hof and

Table I shows that most of the modes were recognized nearly at the same wavenumber
by all authors. However, it appears that certain modes cannot be unambiguously assigned

to a given wavenumber:

1. the two lowest modes, 1 and 2, are characterized as a composite band by Hof and
Pinet only; the corresponding wave numbers are rather different, 178 and 185 cm™!,
respectively. Chop identified mode 1 at a wavenumber much higher than all other

authors, 214 cm™! (in the paper itself the assignment is marked as doubtful);
2. mode 3 (238-239 cm™!) was not seen by Kol, and found at 248 cm™! by Pinet;

3. mode 15 was characterized by Pinet as a composite band at the same wavenumber as

mode 14, 513 em™!. Other authors reported it at 526-529 cm™!;

4. mode 21, not seen by Kol, was assigned to 852-854 cm~! by Hof and Pinet, and to
826 cm~! by Chop. In fact, Hof and Pinet identified a composite band with mode 22,

whereas Chop assumed a composite with mode 20;

5. mode 23, not seen by Kol and Pinet, has a 20 cm~! difference between Hof and Chop

assignments (904 and 884 cm™!, respectively).

Wavenumbers corresponding to these doubtful assignments are underlined in Table I.
Notably, cross-statistics among the four experimental sets (Table II) show a relevant im-
provement if these doubtful wave numbers are not taken into account: the largest mean

absolute error decreases to 4 cm™!, the maximum absolute error to 7 cm™!.

B. Simulated wave numbers and intensities

Computed Raman wavenumbers and intensities (both isotropic and directional) are re-
ported in Table I, in comparison with the experimental wave numbers. The mean absolute

difference [Av| between calculated and experimental wavenumbers is as small as 8, 5, 8



and 8 ecm™! for Hof, Kol, Chop and Pinet, respectively; the maximum absolute deviation
|AV|imaz is 32, 13, 37 and 31 cm™!. The set by Kol shows the best performance. Note that
wavenumber values for many of the the doubtfully assigned modes (see Section III A above)
show rather large discrepancies compared to our computed data. If doubtful wavenumbers
are excluded from the statistics, the agreement for Hof, Chop and Pinet improves and gets
closer to Kol (which has no doubtful assignments). Remaining discrepancies larger than 10
cm ™! are found in the ranges 520-640 cm™! (modes 15, 16, 17 and 19, positive) and 810-890
cm™! (modes 20, 22 and 23, negative).

A closer comparison between computed and experimental data helps in a proper charac-
terization of the doubtful modes, with simulated intensities giving evidence to clarify their
origin. Modes 1 and 2 are two distinct peaks with distance on the order of a few cm™1,
as recognized by Kol, though their symmetry assignment of these two peaks is reversed
compared to that from calculation. The almost null intensity of mode 1 is probably the
main cause of its difficult identification. Apparently, the assignment by Hof and Pinet was
made by simply merging mode 1 with the intense and neighboring mode 2. Beside that, the
origin of the large overestimation of mode 1 by Chop remains not clear. Mode 3 lies at the
wavenumber proposed by Hof and Chop, with its low intensity probably being the reason
for the missing value of Kol and the misattribution by Pinet. Mode 15 is independent from
mode 14, as recognized by all but Pinet, and the peak shows a non-negligible intensity.

As regards mode 21, simulation indicates that Chop provides the right attribution,
whereas Hof and Pinet put it in close correspondence with mode 22, which is about 25 cm™!
higher in wavenumber, and Kol could not identify it. Once again, the almost null computed
intensity substantiates these experimental difficulties. Aslo mode 23 was correctly assigned
only by Chop, whereas Kol and Pinet did not find it, and Hof listed it 20 cm™! higher. In
this case, the computed intensity results high enough and non-negligible. However, mode 24
(the most intense in the whole spectrum) has a computed wavenumber only 4 cm™! higher,
which can cause peak overlapping. Actually, modes 23 and 24 are characterized by different
symmetry (E; and A, respectively), so that directional measurements could have revealed
it. In fact, Figure 2 shows that contamination among symmetries is occurring, with the
leakage from A, symmetry hiding the E, peak (see Section III C below for further discussion
on Figure 2).

Finally, three more modes, 8, 13 and 17, show very small computed intensities. Apart



from the set by Pinet, where modes 8 and 17 were not identified, experimental assignments
are in quite good agreement. This good outcome can be related to the isolation characterizing

these peaks: closest modes lie at a distance of at least 10 cm™!.

C. Polycrystalline and single crystal spectra

Figure 1 compares the simulated and experimental Raman spectrum for a polycrystalline
sample. As powder experimental spectra relative to the data sets of Table I were not
available in digitized form, we will refer here to a spectrum obtained from the Lyon Raman
database.?0 Despite the several other experiments available in the RUFF database®” do not
differ significantly from that from Lyon Raman database, the latter looks of higher quality.

The overall comparison between simulated and experimental spectra is very good. In
particular, the ranking for the four most intense peaks is the same: ~880 cm™!, ~370 cm™*,
~550-560 cm ™!, ~820-830 cm~!. Minor discrepancies are seen in the intensity of the peaks
around 180 and 510 cm ™!, in the wavenumber of the peaks at ~550-560 cm ™! and ~820-830
cm™!, in both wavenumber and intensity of the peak at ~630-640 cm™!.

In Figure 2 our simulated directional spectra are compared with those by Kol®. The
agreement is satisfactory also in this case, despite three major intensity overestimation in
the case of Fy, symmetry (~ 510, 630-640 and 1005 cm™'). However, in this case the most
relevant aspect is how simulation can help in distinguishing fundamental mode peaks from
leakages. The latter are marked in Figure 2 by dotted lines. Note how, in the region 200-350
cm ™! of the E, spectrum, at least three peaks of comparable intensity are experimentally
observed. Thanks to our simulation, we can unambiguously state that two of them are
leakages from the Fy, symmetry. It is also easy to recognize leakage of two Fy, and one
A, modes in the range 800-900 cm™! of the E, spectrum. Finally, in the Fy, spectrum the

leakage of A, most intense mode is quite evident around 880 cm™".

IV. CONCLUSIONS

By means of a full ab initio approach, we have simulated the Raman spectrum of grossular
garnet. The CRYSTAL program has been used, adopting a Gaussian basis set and a hybrid
functional such as B3LYP.



Agreement with the experimental data is excellent, and has allowed us to solve the remain-
ing controversies among experimental groups concerning the assignment of Raman peaks.
Thanks to the availability of computed intensities, we have been able to show that some
vibrational modes of grossular, though Raman active according to symmetry considerations,
have nearly zero intensity, and in fact cannot be seen in the experimental spectrum. Misat-
tributions due to leakages have been properly addressed, too.

This study confirms the reliability of modern quantum chemical methods in the simulation
of vibrational spectra of materials, highlighting their relevant role in the interpretation of

experimental data.
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FIG. 1: Calculated and experimental®® polycristalline (powder) Raman spectra of grossular;
wavenumbers range from 100 to 1400 cm~!. Both spectra are normalized to the most intense
peak. Experimental conditions are 300 K and 514.5 nm for temperature and laser frequency, re-
spectively. The baseline was subtracted from the experimental data. The simulated spectrum is
obtained through Lorentzian broadening of the peaks; a non uniform broadening parameter was
adopted, that varies linearly from 5 to 3 cm™! when going from 100 to 1100 cm™!, respectively;
this strategy improves the fit to the experiment, as already pointed out in the case of jadeite.?®
Note that peak positions are reported exactly as computed, with no further processing (i.e. down

shift). A representation of the crystal unit cell is also shown.
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FIG. 2: Calculated and experimental® single crystal Raman spectra of grossular for Ay, + E,,
E, and Fy; mode symmetries. Wavenumbers range from 0 to 1200 cm~!. In each panel spectra
are normalized to the most intense peak. Experimental conditions are 300 K and 488 nm for
temperature and laser frequency, respectively. See caption to Figure 1 for more details on the

construction of the spectra. Dotted lines are reported as a guide for the indentification of peak

leakages, as discussed in the text.
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Calculated Experimental
This work Hof? Kol® Chop®  Pinet?
Mode Symm. v Tiso Lair v Av v Av v Avr v Av
1 Fyy 176.8 0.2 0.2 178 -1 18 -9 214 -37 185 -8
2 E, 184.8 234 334 178 7 181 4 178 7 18 0
3 Fyy 236.8 1.6 1.1 238 -1 - - 239 -2 248 -11
4 Fyy 242.6 57.2 409 246 -3 247 -4 246 -3 250 -7
5 Fyy 279.4 84.8 60.6 278 1 280 -1 278 1 283 -4
6 E, 3226 10.2 14.6 317 6 320 316 7 318 5
7 Fog 333.2 383 273 330 3 333 330 3 334 -1
8 Foq 355.9 2.3 1.7 349 7 351 348 8 - -
9 E, 370.8 205.8 294.0 369 2 373 -2 368 8 - -
10 A, 374.8 273.5 2735 3714 1 376 -1 374 1 378 -3
11 Fyq 390.1 14.3 10.2 383 7 389 - - - -
12 E, 422.4  70.0 100.1 416 6 420 416 6 420 2
13 Fog 483.1 3.8 2.8 478 5 483 478 5 482 1
14 Fq 515.2  93.0 66.4 509 6 512 508 7 513 2
15 E, 538.8 21.8 31.2 526 13 529 10 526 13 513 26
16 A 562.8 184.2 184.2 549 14 550 13 549 14 552 11
17 Fyy 586.5 1.1 0.8 577 10 582 577 10 - -
18 E, 597.1 24.6 35.2 590 7 592 590 7 594 3
19 Fog 641.9 969 69.2 629 13 630 12 629 13 635

20 Fyq 814.7 129.1 92.2 826 -11 827 -12 827 -12 828 -13
21 E, 823.1 0.2 0.3 852 -29 - - 826 -3 854 -31
22 Fyy 839.8  59.1 422 850 -10 848 -8 851 -11 854 -14
23 E, 872.1 8.7 124 904 -32 - - 884 -12 - -
24 Ag 876.1 1000.0 1000.0 881 -5 880 -4 882 -6 884 -8
25 Fyy 1007.2 809 57.8 1007 0 1007 O 1007 O 1014 -7
N 25 (22) 22 24 (23) 20 (16)
Av 1(3) 12 -3(2)

|Av| 8 (6) 8(7)  8(6)
| AV|imax 32 (14) 13 37 (14) 31 (14)

13



TABLE I: Calculated and experimental Raman properties of grossular. Wavenumbers v are in
em~!. Calculated Raman intensities I are normalized to the most intense peak, whose value is
arbitrarily set to 1000.0; they refer to the experimental conditions T' = 293 K, A = 488 nm; both
powder (polycristalline) and single crystal intensities are reported (I;s, and Ig;,., respectively).
Underlined font mark modes with doubtful attribution (1, 21 and 23 for Hof; 1 for Chop; 1, 3, 15
and 21 for Pinet). Differences Av are equal to Veale — Vexp. IV is the number of peaks considered

in each statistics; Av, |[Av| and |Av|__ are the mean difference, the mean absolute difference and

max

the absolute maximum difference evaluated over the set of N peaks. Numbers in parentheses refer

to the statistics obtained when excluding modes with doubtful attribution.

14



Kol® Chop® Pinet?®

N 22(21) 24 (21) 20 (16)
Hof>* Av  -3(-2) 0(0) -4(-4)
Av| 3(3) 4(0) 5(4)

8(6) 36 (1) 13(7)

|AV|max

N 21 (20) 18 (16)

Kol® Av 12 -1(2)

|Av| 43) 30)

| AV max 28 (5) 16 (7)
N 20 (16)
Chop® Av -3 (-4)
|Av| 7(4)
|AV|max 29 (7)

TABLE II: Crossed statistical analysis among experimental data. A is the number of modes

considered in each statistics. Numbers in parentheses refer to the statistics obtained when excluding

modes with doubtful attribution. For further details see caption to Table I.
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