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Raman scattering spectroscopy is used to monitor the transition of reduced niobium oxyfluoride
Nb2O2F3 single crystals from their high-temperature monoclinic (/2/a) into the low-temperature
triclinic (P1) phase at T. ~ 90 K due to charge disproportionation of (Nb-Nb)™* dimers and
creation of crystallographically non-equivalent dimers with a long and a short Nb-Nb bonds. The
group theoretical analysis of lattice vibrations is performed and the assignment of observed phonon
lines to the specific lattice eigenmodes of the two phases is achieved based on a comparison with
the results of density functional lattice dynamics calculations. Nb-Nb dimers are found to possess
stretching vibrational frequencies as high as 382 cm™!. Strikingly, the kinetics of the monoclinic-
to-triclinic structural transformation and the volume fraction of corresponding phases below T. is
shown to strongly depend upon the sample cooling rate. Fast cooling results in a ”freezing” of the
high-temperature monoclinic phase and allows to observe a spin-ordered state below Txn = 49 K.

PACS numbers: 63.20.D-, 78.30.Er, 64.70.kp

I. INTRODUCTION

Recent interest toward reduced niobium (III/IV)
oxyfluoride crystals, NbyO2oF3, is due to their unique
chemical and physical properties and a delicate interplay
between charge, spin, and orbital degrees of freedom, de-
spite apparent structural similarity to the well known
Nb,Os compound!. In this sense the NbyOsF5 became
a model material for uncovering a non-trivial relation-
ship between chemical bonding and magnetism in 3d, 4d
and 5d transition metals compounds.?® Interestingly, Nb
ions are strongly bonded in NbayOoF3 with one unpaired
electron per (Nb-Nb)”* dimer in the high-temperature
phase. Upon cooling NbyO3F3 exhibits two phase tran-
sitions, which have previously been identified by X-ray
diffraction, magnetic, and heat capacity measurements.!
Below 90 K, a first order structural transition takes place,
which is accompanied by the charge disproportionation
between distinct Nb-Nb dimers. At lower temperature
(near 49 K), a sharp peak of the heat capacity and an
anomaly of the magnetic susceptibility indicate another
transition, the nature of which is not yet fully under-
stood.

Despite of initial structural, magnetic, and thermody-
namic studies, the vibrational properties of NboOoF3 re-
main unexplored. Of special interest here, apart from the
assignment of observed phonon lines, is also a long stand-
ing issue of the interpretation of spectra of metal cluster
compounds, and in particular the effect of metal-metal
bonding on their vibrational spectra.5®

In this paper we report on an experimental Raman
scattering spectroscopic study of vibrational modes of

both the high-temperature monoclinic phase of NbyOsF'3
and its low-temperature triclinic modification. The as-
signment of observed vibrational modes to the specific
lattice eigenmodes is based on a close comparison with
the results of density functional theory (DFT) lattice
dynamics calculations. Further, Raman spectroscopy is
used to monitor the dynamics of the structural phase
transition. Strikingly, a pronounced kinetics of this tran-
sition is detected, such that the transition could be
clearly observed to occur during extended time interval of
up to 30-60 minutes. On the other hand, it is shown that
the high-temperature monoclinic phase could be ”frozen”
upon fast cooling of NboO2F3 to low temperatures.

II. SAMPLES, EXPERIMENTAL AND
CALCULATION TECHNIQUES

NboOgF3 crystals were synthesized from the reaction
of Nb, SnFs, and SnO in Sn flux within welded Nb con-
tainers, enclosed in evacuated fused silica jackets, as re-
ported earlier in Ref. 1. The typical size of crystals was
about 50x30x150 pm. X-ray powder diffraction as well
as single crystal diffraction experiments revealed unam-
biguously the monoclinic structure of NboOsF3 at room
temperature: space group 12/a (no. 15), lattice parame-
ters a = 5.7048(1)A, b = 5.1610(1)A, ¢ = 12.2285(2)A,
B = 95.751(1)°, unit cell volume V = 358.225(11)A3.
The structure of the low-temperature phase (below T, =
90 K) was found to be triclinic: space group P1 (no. 2),
lattice parameters a = 5.1791(5)A, b = 5.7043(6)A, ¢
= 6.8911(7)A, o = 108.669(3)°, 8 = 109.922(2)°, v =
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FIG. 1: (Color online) Crystal structure of the high-
temperature monoclinic and the low-temperature triclinic
phases of NbaO2F3. Nb-Nb dimers are crystallographically
equivalent within the monoclinic phase (Nb-Nb bonds are
shown by thick black lines), but due to the charge dispropor-
tionation are non-equivalent in the low-temperature phase.
The short Nb1-Nbl bond is depicted in gray, while the long
(Nb2-Nb2) bonds - in blue. Oxygen atoms are shown in red,
F - in green, Nb in grey.

90.332(3)°, V = 179.82(3) A3,

Crystallographic structure of both high-temperature
monoclinic and low-temperature triclinic phases of
NboOsF3 are shown in Fig. 1. The unit cell of the mono-
clinic phase is centered so that its primitive cell contains
only half of the unit cell volume (2 formula units, or 14
atoms in the primitive cell). It features two equivalent
Nb-Nb dimers with rather short 2.5739(1) A bond length.
The dimers are connected via oxygen and fluorine vertices
to form the three dimensional structure.

Unlike the high-temperature monoclinic phase, the
unit cell of the triclinic phase contains two non-equivalent
Nb-Nb dimers: one doubly bonded with the short bond
(2.5000(9)A) and one singly bonded with a longer bond
2.6560(9)A. Formation of these dimers is a consequence
of the charge disproportionation.’?

Raman scattering spectra were excited with the
514.5 nm line of an Ar™ ion laser and recorded in
the back-scattering geometry with a Horiba Jobin Yvon
64000 triple spectrometer equipped with an optical mi-
croscope and a liquid nitrogen cooled CCD detector. The
spectral resolution was 1.5 cm™!. Laser power within
the excitation spot of about 2 pym in diameter was kept
below 2 mW in order to minimize heating of the sam-
ple. By comparing current temperature dependent Ra-
man scattering data with earlier reported heat capac-
ity measurements® we estimated that heating within the
laser excitation spot does not exceed 4 K. Variable tem-
perature measurements were performed with a helium
flow Oxford Microstat, where the sample temperature
was controlled within 0.1 K.

The first principle calculations of the electronic ground

state of both structural modifications of NbyOsF3 were
performed within the generalized gradient approximation
using the Perdew-Burke-Ernzerhof local functional® as
implemented in the CASTEP code.!® Norm-conserving
pseudopotentials were used. Prior to performing calcu-
lations the structures were relaxed while keeping lattice
parameters fixed and equal to the experimentally deter-
mined ones, so that forces on atoms in the equilibrium po-
sition did not exceed 10 meV/A. For calculations of the
electronic structure and other relevant electronic prop-
erties an integration within the Brillouin zone was per-
formed over a 5x5x4 Monkhorst-Pack grid'! in recipro-
cal space. The plane wave basis cut-off was set to 850 eV.
Lattice dynamics properties were further accessed via fi-
nite displacement method on a 2x2x1 supercell.

III. RESULTS AND DISCUSSION

A. DFT lattice dynamics calculations and the
phonon modes assignment

First of all, it is instructive to perform a group theo-
retical analysis'? of vibrational spectra of both phases of
NbyO2F3 in order to determine the number and symme-
try of modes, which are expected to contribute to Raman
scattering spectra. In Tables I and II the results of such
analysis are summarized.

TABLE I: Wyckoff position, site symmetry, and irreducible
representations of atoms within the high-temperature mono-
clinic phase of Nb2O2F3 (space group 12/a).

Atom Wyckoff Site
notation symmetry

Irreducible

representantions

Nb  8f Ci  3A,+3A, + 3B, + 3B,
F1 8f C1  3A,+3A, + 3B, + 3B,
F2 de Cy Ay + Ay + 2B, + 2B,

0 8f C1  3A,+3A, + 3B, + 3B,

Mode classification
Facoustic = Aw + 2By
I'Raman = 1044 + 11By
I'r = 9A., + 9B,

We note that the primitive cell of both phases con-
tains the same amount of atoms (14) so that the total
number of optical vibrational modes remains the same
for both structural modifications of NboOsF3. F2 atoms
of the high temperature monoclinic phase occupy crys-
tallographic sites with the Cy symmetry, while all others
- general position sites with the C; symmetry. Thus, fol-
lowing Table I, one expects 21 (104, + 11B,) Raman ac-
tive modes for this phase. On the other hand, all atoms of
the low-temperature triclinic phase occupy general posi-
tion sites and generate the same amount of Raman-active
modes (21Ay).



TABLE II: Wyckoff position, site symmetry, and irreducible
representations of atoms within the low-temperature triclinic
phase of Nb2O2F3 (space group P1).

Atom Wyckoff Site
notation symmetry representantions

Irreducible

Nbl  2i Ch 344 + 34,
Nb2 2 Ch 344 + 34,
F1 2 Ch 344 + 34,
F2 2 Ch 34, + 34,
F3 2 Ch 344 + 34,
01 2 Ch 344 + 34,
02 2 Ch 344 + 34,

Mode classification
TCacoustic = 344
FRaman = 2144

I'ir = 184,

In Fig. 2 experimental Raman spectra of NboOsF3 in
its monoclinic (T = 90 K) and triclinic (T = 75 K and
8 K) modifications are presented, which are both charac-
terized by a series of narrow intense lines, proving a good
quality of crystal under investigation. The total number
of lines in both spectra remains the same. Between the
room temperature and about 90 K (in the monoclinic
phase) the lines exhibit some frequency hardening and
line width narrowing due to lattice anharmonicity. At
the structural transition temperature T, ~ 90 K, how-
ever, one observes an abrupt shift of the lines by as much
as 8 cm~! and redistribution of their relative intensities.
Importantly, there is no evidence of any additional struc-
tural phase transition upon further lowering the temper-
ature down to 8 K. At the same time one can notice an
anomalous softening of mode frequencies below T, from
the data presented in the insert of Fig. 2, which will be
analyzed in more detail later on.

The assignment of observed phonon lines to the spe-
cific lattice eigenmodes is performed based on a compar-
ison of experimental mode frequencies with the results of
DFT lattice dynamics calculations. Moreover, the anal-
ysis of relative intensities of spectral lines of monoclinic
NbsOsF3 under parallel and crossed polarizations of exci-
tation laser and scattered beams allowed us to distinguish
A, (which are expected to be stronger in the parallel scat-
tering polarization) and B, symmetry modes. It turns
out that they coincide very well with the symmetries,
predicted by calculations and summarized in Table III.

We have to note that calculations produced several
modes with slightly negative frequencies, so that calcu-
lated results for the low-frequency modes should be con-
sidered with caution. However, as it is seen from Ta-
ble III, for the modes in the frequency interval of interest
(above 165 cm ™) there seems to be a reasonable agree-
ment between calculated and experimental data (the

Jooeecer
SSOJ--nq.'" * 0 00 o

360 "

o00sees
— ®eee o 0 00
Sawl
T c e,
S e
.g 1754 :pcu. oo o0
a
0000000
2 1703 hees 0 0 oy |
- 3

1654 "
1604

Peee o 0 00 o
0000000

155

L L B L L B
* 0 50 100 150 200 250 300

* i Temperature (K)

Scattering Intensity (arb. units)
1

Triclinic
T=75K

Monoclinic
T=90K

200 300 400 500 600 700 800
Raman Shift (cm'1)

FIG. 2: (Color online) Raman scattering spectra of the high-
temperature monoclinic (red line, T=90 K) and the low-
temperature triclinic (T=75 K and 8 K) phases of NbaO2F3.
Asterisks mark the lines which, according to the DF'T calcula-
tions, involve Nb motion. The insert shows the temperature-
dependent position of selected lines. Dashed vertical line
marks the structural transition temperature T..

mean deviation of experimental frequencies from calcu-
lated ones is only 3.2%), which justifies presented com-
parative analysis.

The analysis of mode vibrational patterns clearly
shows that there is a number of modes, which involve
Nb motion. They are marked with an asterisk in ex-
perimental spectra of Fig. 2 and are shown in bold face
in Table III. The importance of identifying those mode
steams from the fact that "bonded” metal atoms are
likely to generate higher frequency stretching vibrations
compared to ”unbonded” ones. Despite general complex-
ity of mode vibrational patterns such that several atoms
are simultaneously involved in a given vibration, in the
case of NboO3F3 both theory and experiment point to-
ward the existence of Nb-Nb stretching modes with fre-
quencies as high as 382 cm ™! despite rather high atomic
weight of Nb (92.9 at. units). Vibrational modes of Nb
with frequencies up to 300 cm™! were earlier observed
in the cubic symmetry cluster compound NbgF15, which
features Nbg octahedra as the central building block of
the structure.b



TABLE III: Experimental and DFT-calculated Raman-active vibration frequencies of the high-temperature monoclinic and the
low-temperature triclinic phases of NbaO2F3. The frequencies shown in bold correspond to the modes involving Nb motion.
Note that Nb1-Nbl and Nb2-Nb2 refer to the short and long dimers in the triclinic phase. All data are in cm™*.

Monoclinic phase

Exper. Theory (mode symmetry)

Triclinic phase
Main displacements

Exper. Theory (symmetry) Main displacements
169
175 167 (B,) tilt Nb-Nb
206 201 (Ay) tilt-stretch Nb-Nb
213 207 (B,) tilt Nb-Nb
223
247 245 (A,) F2
276 280 (B,) 0
331 311 (A,) F1 + F2
353 339 (By) stretch-tilt Nb-Nb +F2
385 405 (A,) tilt Nb-Nb + F2
410 426 (B,) F2+Fl+0
429
452 451 (A,) 0
468 472 (B,) F2
504 (A,) F2+F1
678 750 (Bg) out-of-phase O around Nb-Nb
786 788 (Ag) in-phase O around Nb-Nb

171
198
207
224
247
272
326
357
382
416
434
449
473
508
678
795

166 (Ay) stretch-tilt Nb1-Nbl
213 (Ay) O1 rotation about Nb1-Nbl
275 (A,) tilt Nb1-Nb1 + O1

334 (Ay) stretch Nb1-Nbl + F2 + O1
363 (Ay) stretch-tilt Nb2-Nb2 + F1
364 (Ay) stretch-tilt Nb1-Nbl + F3
410 (A,) tilt Nb1-Nb1 + O1 +F3
422 (A,) tilt Nb1-Nb1 + tilt Nb2-Nb2 + O1
456 (A,) F2

484 (A,) 02

743 (Ayg) 02 around Nb2-Nb2
803 (Ay) O1 around Nb1-Nbl

Remarkably, the modes involving Nb atoms appear to
be the most intense in the Raman scattering spectra, a
fact which was earlier documented in Ref. 6. Obviously,
it is a consequence of high polarizability of corresponding
vibrations. As an example, vibrational modes calculated
at 275 and 364 cm ™! and representing two intense lines of
the low-temperature triclinic phase, are shown in Fig. 3.
The first one involves tilting of the Nb1-Nb1 dimer along
with deformation of Nb15-O1s5 structural unit. The other
mode is due to stretch-tilt of Nb1-Nbl dimer with simul-
taneous modulation of Nb1-F3 bonds.

As far as higher frequency oxygen related vibrations,
Fig. 4 shows Raman scattering spectra of both phases

Triclinic phase

275 cm’

FIG. 3: (Color online) Vibrational pattern of the two modes
in the low-temperature triclinic phase of Nb2O2F'3, calculated
at 275 and 364 cm ™.

of NbyO9F3 along with the vibrational patterns of corre-
sponding modes. According to the DFT lattice dynamics
calculations, for both phases there exist only two Raman-
active modes in the frequency range above 510 cm ™. In
the case of monoclinic high-temperature phase, they cor-
respond to the in-phase (calculated at 788 cm™!) and at
lower frequency out-of-phase motion of oxygen around
Nb-Nb dimers, as shown by the lower panel pictures in
Fig. 4. For the low-temperature triclinic phase one ex-
pects, instead, the mode due to fully symmetric oxygen
motion around the short Nb1-Nbl dimer (calculated to
be at 803 cm ™!, somewhat higher with respect to the
mode in the monoclinic phase) along with lower lying line
with oxygen motion around the long Nb2-Nb2 dimer.

Of principal importance is a complex line shape of the
highest frequency band in the low-temperature triclinic
phase of NbyO2F3, shown in the right upper corner of
Fig. 4. Tt is obviously a superposition of two closely
lying lines. The lower-frequency component practically
coincides in the position with the line of the monoclinic
high-temperature phase, while the higher frequency com-
ponent corresponds apparently to the ”intrinsic” triclinic
phase vibration. This fact points toward apparent coex-
istence of the two phases of NbyOsF3 at sample temper-
atures below the T, as determined from crystallography
experiments. As we will see further on, this is indeed the
case.

As already mentioned, an anomalous softening of mode
frequencies upon cooling below T, (triclinic phase) is
observed. Indeed, the well established model for an-
harmonic phonon decay through phonon-phonon scat-
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FIG. 4: (Color online) High-frequency part of Raman spectra
of Nb2O2F3: lower frame - monoclinic phase, upper frame -
triclinic phase. Points - experimental data, solid lines - results
of fitting to Lorentzian profiles. DFT-calculated vibrational
patterns of corresponding modes are shown next to each line.
Rather large width and complex line shape of the highest fre-
quency mode for the low temperature spectrum (upper right
corner), that signal coexistence of two phases, is obvious.

tering describes temperature dependencies of the mode
frequency (w) and the line width (T") for crystals as
follows!314:

24
w(T) = wo — ohw/2kpT _ 1’
2B
D(T) =Ty +

ehw/QkBT _ 1 ’

(were wp and I'y are mode frequency and line width at
T=0 K, hw is the phonon energy, and kp is Boltzmann
constant, while A and B are positive constants), thus
predicting hardening of mode frequency and narrowing
of line width upon lowering temperature. It is oppo-
site to what is experimentally observed for Raman-active
modes of NbyOsF3 below T.. Note that modes shown in
Fig. 5 represent not only modes that involve Nb displace-
ments (with frequencies around 171 and 382 cm™!), but
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FIG. 5: Temperature dependence of phonon parameters of
Nb2O2F3 in the triclinic phase. Dotted lines are guide for the
eye.

also the one where O2 motion dominates (at 508 cm™1).
Other Raman modes NboOsF3 show qualitatively similar
temperature behavior. Quantitatively, observed anoma-
lies are rather weak (0.2 - 0.4 cm™?! for both frequency
and line width) in comparison with those reported earlier
for rare earth manganese oxides'®'% and other magnetic
materials'?.

It is plausible to expect that observed anomalous be-
havior in the low-temperature triclinic phase of NboOsF3
could be due to phonon coupling to underlying magnetic
excitations. The results of magnetic measurements, how-
ever, indicate the absence of a global long range magnetic
state of triclinic NboOsF3 at low temperatures. Thus, the
anomalies could be associated with either fluctuations of
magnetization or a presence of microscopic domains of
magnetic monoclinic phase. We also want to point out
that both mode frequency and line width exhibit some
kind of discontinuity around 40 K, which might signal
modification of magnetic structure of NbyOoF3. As re-
vealed by magnetic measurements, such changes indeed
takes place and will be discussed in the Section III B.

It is also worth noting that spectra of NbsOsF3 ex-
hibit rich multi-phonon structure, typical of ionic mate-
rials, II-VI semiconductors for example. For the zinc-
blend based binary tetrahedrally coordinated semicon-
ducting compounds there is only one optical vibrational
mode, the longitudinal (LO) component of which typ-
ically shows a series of intense multi-phonon overtones
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FIG. 6: (Color online) Multi-phonon Raman scattering spec-
trum of quenched monoclinic Nb2O2F3 taken at T = 20 K.
Note an enlarged by factor of 8 high-frequency part of the
spectrum.

under resonant excitation.'®19 This is the consequence
of the Frohlich-interaction-induced electron-LO-phonon
coupling. Similar effects have been documented for mate-
rials with several LO-modes (alloys of binary compounds
and ternary semiconducting materials), which showed
an enhanced role of combinational lines with respect to
the overtones.2®2! Recently intense multi-phonon pro-
cesses (overtones of LO-modes as well as combinations of
LO phonons with non-polar fully symmetric A, modes)
have been reported for the quaternary semiconductor
CuzZn(Ge,Sn)S,.22

In the case of NbyOsF3, as it was shown above, all
Raman-active phonons are non-polar so that they do not
possess any LO-TO splitting. Despite of this, as it is seen
in Fig. 6, one clearly observes overtones of the most in-
tense line A; (at 788 cm™!) up to the forth order. Many
lines involving combinations of other intense Brillouin
zone-center lines (those at 678, 382, and 282 cm ™!, which
are marked in Fig. 6 as Ag, Az, and Ay, respectively)
are also observed in the multi-phonon spectrum. It is
worth mentioning that, if one compares relative intensi-
ties of combinational lines (n — 1)A; + As with respect
to overtones nA; of the same order, obvious is a rise of
relative intensity of the former as the scattering order (n)
increases. It is the consequence of an increase of the num-
ber of possible diagrams for the multi-phonon scattering
processes, like in the case of earlier studied materials with
several non-equivalent LO phonons.2%:2!

B. Kinetics of the monoclinic-to-triclinic phase
transition: Raman scattering and magnetization

As we already mentioned, the analysis of the Raman
scattering line shapes of high frequency oxygen-related
modes (shown in Fig. 4) indicated a non-trivial rela-
tion between volume fraction of monoclinic and triclinic
phases and points toward their possible coexistence. It
turns out that sample cooling rate and a pre-history of
warming-cooling is of prime importance for the observed
relative volume fraction of monoclinic and triclinic phases
in the crystal. In particular, our magnetic measure-
ments revealed the appearance of a spin-order phase be-
low about 49 K, volume fraction of which depends on the
sample cooling rate in a way that faster cooling results
in a higher volume fraction of spin-ordered monoclinic
phase.!

As an example of a non-trivial kinetics of the
monoclinic-to-triclinic phase transition, we show in Fig. 7
the results of the following experiment: from initial sam-
ple temperature of 100 K (the monoclinic phase) the sam-
ple was cooled down to the temperature of 78 K (slightly
below T.) and the temperature was kept constant. A
series of spectra were taken with several minutes inter-
val in order to monitor the development of the triclinic
phase. In the selected spectral interval 404-422 cm ™" one

time after cooling to 78K
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FIG. 7: (Color online) Time-dependent Raman scattering
spectra of NbaOsF3 as the sample was cooled from 100 K
to 78 K and kept at this temperature. Gradual development
of the triclinic phase is obvious.
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FIG. 8: (Color online) Raman scattering spectra of Nb2O2F3
in its high-temperature monoclinic phase at T=90 K (red
curve) and quickly cooled sample to T=20 K (black curve).
Obvious is a persistence of the monoclinic phase at low tem-
perature. Lower signal-to-noise ratio for the T=20 K spec-
trum is due to short accumulation time.

clearly observes two non-overlapping lines, corresponding
to the high-temperature monoclinic (at 410 cm~!) and
the low-temperature triclinic (at 416 cm~!) phase. It
is seen that initially the monoclinic line dominates the
scattering spectrum. However, after 6-8 minutes the line
of the triclinic phase appears in the spectra, which sig-
nals the development of corresponding crystallographic
phase. Simultaneously the volume fraction of the mon-
oclinic phase starts to decrease, as the intensity at 410
cm~! line diminishes. Only after about 25-30 min one
observes predominant contribution of the triclinic phase.

Identical experiments with sample cooling from 100 K
to lower temperatures (70 K and 60 K) show similar, but
faster kinetics of the transition, when the monoclinic-
triclinic transformation appears to be completed within
only several minutes.

Another striking effect is observed wupon fast
(15 K/min) cooling of the sample. In this case, as it
is shown in Fig. 8, quick cooling of the sample to as low
as 20 K results in ”bypassing” the structural monoclinic-
to-triclinic transformation so that the monoclinic phase
remains the dominant crystallographic phase of the sam-
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FIG. 9: (Color online) Time relaxation of the magnetization
(m) after sample cooling from 100 K to 75 K and fixing the
temperature. The decrease of m is due to the slow transfor-
mation from the monoclinic to the triclinic phase.
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FIG. 10: (Color online) Magnetic susceptibility in the triclinic
(circles) and quenched monoclinic (open squares) phases mea-
sured upon warming. The dashed line indicates the transition
from monoclinic to triclinic phase.

ple even at low temperatures. Careful analysis of Raman
line intensities shows, however, some minor contribution
from the low-temperature triclinic phase, even though
the volume fraction of this latter is estimated to be only
at the level of 5%.

In order to confirm and support the conclusions
from Raman measurements we have conducted a time-
dependent magnetization study. Fig. 9 shows magnetiza-
tion data acquired after fast sample cooling from 100 K to
75 K, i.e. just below the structural phase transition tem-
perature. After stabilizing temperature at 75 K, the mag-
netization of NbyO5F3 continues to decrease as a function
of time for more than 1 hour. This time dependence is a
consequence of rather slow transformation from the mon-
oclinic to the triclinic phase. While the monoclinic phase
is paramagnetic with relatively high magnetic suscepti-



bility, the triclinic phase has low magnetic susceptibility
due to the pairing of the two electrons (spins) on one of
the two Nb-Nb dimers within the unit cell in a spin sin-
glet state.!® Therefore, a decrease of magnetization in
Fig. 9 reflects a slow kinetics of the structural transfor-
mation, consistent with the Raman data of Fig. 7.

In order to achieve the thermodynamic equilibrium and
nearly complete transformation of the monoclinic phase
into the triclinic one, the temperature change through the
structural transition has to be extremely slow. In Fig. 10
we display with open squares the magnetic susceptibil-
ity of NboOoF3 measured upon warming after waiting
for several hours in the temperature range below 90 K.
The susceptibility below the structural transition is small
and shows only minor temperature dependence, which is
consistent with a spin singlet state of the two electrons
forming a bond on every other Nb-Nb dimer. Faster cool-
ing, however, results in a significantly larger low tem-
perature susceptibility and a stronger temperature de-
pendence, as shown in Fig. 10 (bold red circles, mea-
sured after fast quenching to 5 K). It is obvious that the
quenched monoclinic phase shows a sharp phase transi-
tion at T y=49 K, which is characterized by a distinct de-
crease of the magnetic susceptibility towards lower tem-
perature. This behavior is typical for a phase with anti-
ferromagnetic order and, therefore, it can be concluded
that the single spins (per dimer) of the quenched mono-
clinic phase order antiferromagnetically below T . This
is also consistent with the high temperature susceptibil-
ity of NboOgF3, which follows a Curie-Weiss law with
a negative Weiss temperature.! Upon increasing temper-
ature beyond 50 K the quenched monoclinic phase be-

comes unstable and converts into more stable triclinic
phase, as indicated by the dashed line in Fig. 10, before
it transforms back into the high temperature monoclinic
structure at T, = 90 K.

Conclusions

In summary, the lattice vibrational spectra of a re-
duced niobium oxyfluoride crystals, NbyOsF3, are stud-
ied experimentally by Raman scattering and theoretically
within DFT lattice dynamics calculations. Experimen-
tally observed lines are assigned to the specific lattice
eigenmodes in the high-temperature monoclinic phase a
well as low-temperature triclinic phases. Vibrations of
Nb-Nb dimers are found to possess frequencies as high
as 382 cm™ L.

A non-trivial dynamics of the crystallographic
monoclinic-to-triclinic phase transition is observed: fast
sample cooling to low temperatures results in preserva-
tion of high-temperature crystallographic phase even at
20 K. On the other hand, cooling sample to slightly below
T. and keeping the temperature fixed allows to observe
rather slow (up to 30-60 min.) dynamics of the structural
phase transition. This slow kinetics is confirmed by time
dependent magnetization measurements. The magnetic
properties of both structures at low temperature are de-
termined in long time annealing (triclinic phase) and fast
quenching (monoclinic phase) experiments. The data
suggest a possible antiferromagnetic order below Ty =
49 K in the quenched monoclinic phase.
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