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We present a detailed *' P nuclear magnetic resonance (NMR) study of the molecular rotation in
the compound [Cu(pz)2(2-HOpy)2](PFs)2, where pz = C4H4N2 and 2-HOpy = CsH4NHO. Here,
a freezing of the PF¢ rotation modes is revealed by several steplike increases of the temperature-
dependent second spectral moment, with accompanying broad peaks of the longitudinal and trans-
verse nuclear spin-relaxation rates. An analysis based on the Bloembergen-Purcell-Pound (BPP)
theory quantifies the related activation energies as F, /kp = 250 and 1400 K. Further, the anisotropy
of the second spectral moment of the 3'P absorption line was calculated for the rigid lattice, as well
as in the presence of several sets of PFg reorientation modes, and is in excellent agreement with
the experimental data. Whereas the anisotropy of the frequency shift and enhancement of nuclear
spin-relaxation rates is driven by the molecular rotation with respect to the dipole fields stemming
from the Cu ions, the second spectral moment is determined by the intramolecular interaction of
nuclear °F and 3'P moments in the presence of the distinct rotation modes.

I. INTRODUCTION

The mechanism of enhanced nuclear spin relaxation,
caused by thermally activated local field fluctuations at
the nuclear Larmor frequency, was first introduced in
1947 [1] and elucidated in more details [2] by Bloem-
bergen, Purcell, and Pound (BPP). Since then, the BPP
mechanism of enhanced nuclear spin relaxation was ob-
served in numerous material classes, such as cuprates [3—
6], iron-based superconductors [7, 8], spin glasses [9], low-
dimensional quantum magnets [10-12], molecular mag-
nets [13], organic conductors [14, 15], fullerene-based su-
perconductors [16, 17], materials for lithium-ion batter-
ies [18-20], nanostructured systems [21], and several oth-
ers [22-26]. Despite the diverse physical origins of the
local field fluctuations in these materials, the BPP for-
malism provides an adequate phenomenological descrip-
tion of the increased nuclear spin relaxation.

As a prominent example of the related phenomenol-
ogy, the coexistence and interplay of unconventional su-
perconductivity and low-dimensional magnetism is one of
the most extensively investigated topics in the research
of strongly correlated electron systems. In the iron-based
and high-T, cuprate superconductors, low-energy spin
dynamics are proposed as a key ingredient for the man-
ifestation of superconductivity. Until now, it is an un-
resolved issue under which conditions these spin fluctu-
ations may be constructive or rather detrimental to the
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formation of Cooper pairs [7]. In the case of glassy spin
freezing, manifested as a peak of the nuclear spin-lattice
relaxation rate, the behavior of the local field fluctuations
can be understood as a slowing down of the characteristic
electronic spin-fluctuation frequency with a Lorentzian
spectral density of the fluctuations at the Larmor fre-
quency wp [3-8]. The fluctuation rate 7,1, describing a
thermally activated process with a distribution of activa-
tion energies E,, indicates, e.g., glassy spin dynamics of
unresolved nature in the cuprates [3-6].
Low-dimensional quantum spin systems are model ma-
terials for the study of magnetic correlations that are also
present in unconventional superconductors. In these ma-
terials, the spin-spin exchange coupling is often given by
superexchange interactions. In molecular-based materi-
als, there is a manifold of possibilities for the occurrence
of thermally activated molecular motions [10]. These
structural fluctuations may also affect the absolute values
of the superexchange energies, as they relate to structural
parameters of the exchange pathways. Therefore, a de-
tailed knowledge of the molecular fluctuation parameters
is of great interest and may represent an important input
for density functional theory (DFT) calculations of the
exchange constants and structural parameters.

A recent nuclear magnetic resonance (NMR) study of
ultrafast molecular rotation in metal-organic frameworks
proposes molecular-based compounds as promising can-
didates for the realization of smart materials and artificial
molecular machines. Here, the utilization of molecular
dynamics may lead to a tuning of the thermal, dielectric,
or optical properties [26].

In view of this very rich phenomenology of BPP-type



local field fluctuations, and despite of several decades
of research, there is a strong need for model materials
that allow for a well-defined investigation of spin relax-
ation caused by the presence of BPP-type field fluctua-
tions. In particular, the study of rotation modes in single-
crystalline materials allows us to probe the anisotropy of
spectral properties and to perform a detailed analysis of
the local field contributions at the nuclear sites.

In the present work, we investigate molecular motions
in a paramagnetic single crystal of the recently synthe-
sized molecular-based compound CuPOF [27] by a com-
prehensive NMR study of both the static and dynamic
local field properties, including analysis by the BPP for-
malism as well as calculations of the spectral properties.

II. EXPERIMENTAL

Single-crystalline samples of the molecular-based com-
pound [Cu(pz)2(2-HOpy)2](PFg)2 (CuPOF) were grown
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FIG. 1. (a) In CuPOF, quasi-2D planes of Cu®" ions are
linked by pyrazine molecules, forming the motif of a mag-
netic square lattice. Two structurally slightly inequivalent
PFg molecules are located in-between the layers. (b) View on
two adjacent Cu-pyrazine layers, with hydrogen atoms omit-
ted for clarity. (c¢) Temperature dependence of the static sus-
ceptibility (circles). The red line shows the best fit of 2D
QHAF model calculations to the magnetic susceptibility of a
polycrystalline sample [27]. The inset of (c) shows the tem-
perature dependence of the inverse static susceptibility. The
blue line denotes the best fit with a Currie-Weiss behavior.

from solution [27]. Spin moments with S = 1/2, hosted
by the Cu?T ions, are coupled by a molecular matrix
of pyrazine molecules [pz = C4H4Ns| to form quasi-
two-dimensional (2D) layers with a square-lattice motif
along the ab plane [Fig. 1(a)], with a nearest-neighbor
intralayer exchange of J/kg = 6.80(5) K and an inter-
layer exchange of about 1 mK [27]. The Cu-pyrazine
planes are separated by 2-pyridone molecules [2-HOpy =
CsH4NHO] along the crystallographic ¢ axis, bridged to
the Cu?t ions via oxygen. These molecules not only re-
pel the molecular planes from each other, but also cause
a shift of adjacent layers by about half of an in-plane lat-
tice period along the crystallographic b axis, see Fig. 1(b).
The PFg anions are located in-between the layers, thus
contributing to the interlayer repulsion, as well as to the
effective distribution of charge density in the molecular
structure.

The 3!'P NMR investigations of a plate-like single-
crystalline sample of CuPOF, with dimensions of 4.0 x
3.7 x 0.7 mm?® and a weight of about 12 mg, were per-
formed at temperatures between 6 and 260 K, with ap-
plied magnetic fields between 2 and 7 T . In the inves-
tigated temperature range, the correlations of the elec-
tronic moments in CuPOF can be treated as paramag-
netic in good approximation. Figure 1(c) shows the tem-
perature dependence of the static susceptibility of a pow-
der sample [27]. Above around 40 K, the data are well
described by a Curie-Weiss law with a Curie constant
of 0.440(5) emuG~'mol 'K and a Curie-Weiss temper-
ature Ocw = —5.2(6) K, indicating a small antiferro-
magnetic interaction, as revealed by the temperature de-
pendence of the inverse static susceptibility in the inset
of Fig. 1(c). Towards low temperatures, the develop-
ment of the short-range correlations of the electronic mo-
ments yields a broad maximum at around 6.8 K, compare
Fig. 1(c). This behavior was modeled with the suscep-
tibility of a two-dimensional quantum Heisenberg anti-
ferromagnet (2D QHAF) model with a nearest-neighbor
intralayer interaction of J/kg = 6.80(5) K, see Ref. [27].
The best of the modeling process is denoted by the red
line in Fig. 1(c).

The spectra and the nuclear spin-spin relaxation time
Ty were recorded with a Hahn spin-echo pulse sequence
with a typical 7/2 pulse duration of 2.5 us, an output
power of 30 W, and waiting time of 75 = 55 us (for
the spectra) between the NMR radio-frequency pulses.
The experimental relaxation data of the nuclear mag-
netization component My, at selected temperatures are
presented in the Supplemental Material (SM) [28], see
Fig. S3(a). The nuclear spin-lattice relaxation time T}
was recorded by using an inversion-recovery method.
The experimental relaxation data of the nuclear mag-
netization component M, were modeled as M, (1;) =

My [1 — 2exp (— (7‘1/T1)B)}7 see Fig. S1 in the SM [28],
where 3 is a stretching exponent. We find that the
stretching exponent is essentially temperature indepen-

dent in the investigated temperature range, with ex-
perimental values close to unity, see Fig. S2(b) in the
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FIG. 2. (a) *' P-NMR spectra of CuPOF at different tempera-
tures and an external field of 7 T, applied parallel to the c axis.
The red, orange, and green shaded areas denote the modeling
of the spectral lineshape by a Gaussian, Pseudo-Voigt, and
Lorentzian function, respectively. The vertical line indicates
the Larmor frequency for zero shift. (b) Comparison between
conventional spin-echo 3'P-NMR and MAS spectra at about
200 K.

SM  [28], indicating a uniform spin-lattice relaxation
rate of the 3!'P nuclear ensemble. For the temperature-
dependent NMR measurements, the magnetic field was
applied parallel to the crystallographic ¢ axis, i.e., per-
pendicular to the molecular layers. 3'P magic-angle spin-
ning (MAS) NMR spectroscopy was performed on a poly-
crystalline CuPOF sample at an external field of 4.7 T
with a 3'P resonance frequency of 80.985 MHz and a
sample spinning speed of 30 kHz.

III. RESULTS AND DISCUSSION

Figure 2(a) shows representative 3'P-NMR spectra at
selected temperatures between 6 and 200 K. Since 3'P
has a nuclear angular momentum of I = 1/2, only one
transition (m, = —1/2 to +1/2) is observed. Figure 2(b)
shows a comparison of the conventional spin-echo 3'P-
NMR spectrum and that recorded by the MAS technique
at about 200 K. Due to the cancellation of local dipole
fields, by spinning the sample with a frequency of 30 kHz
at the magic-angle orientation, the MAS spectrum is re-
vealed as J resolved with 7 lines, separated by a scalar
spin-spin coupling of J = 712 Hz between the '"F and
31P nuclei [27]. The chemical shift of -143.2 ppm at 4.7 T
and J are in a good agreement with previously reported
values for compounds containing PFg molecules [29-31].
The relative intensities of the septet are given by the
binomial coefficients [32]. On the other hand, due to nu-
clear dipole-dipole broadening, the standard NMR spec-
trum is not J resolved. The small asymmetry of the NMR
spectrum is attributed to the existence of two structurally
slightly nonequivalent 3'P sites, see Figs. 1(a) and 1(b).

The absolute values of the MAS and NMR. frequency shift
differ by 22 ppm. This is attributed to a residual dipolar
contribution to the NMR shift at 200 K, which is absent
in the MAS spectrum.

The full width at half maximum (FWHM) of the
NMR spectrum at 200 K is less than 5 kHz (41 ppm
at 7 T), indicating a high homogeneity of the single-
crystalline CuPOF sample. As shown in Fig. 2(a),
the linewidth increases significantly upon cooling. Since
the 3'P-NMR spectrum is slightly asymmetric, the sec-
ond spectral moment My, the square root of which is
proportional to the FWHM), is used to characterize the
spectral width. The nth spectral moment is defined as
M, = [(w—wp)" f(w)dw, where the resonance curve
is described by a normalized function f(w) with a max-
imum at the frequency wg [33]. The temperature de-
pendence of the 3'P second spectral moment is shown
in Fig. 3(a). Instead of a simple Curie-type behavior,
i.e., a monotonic increase of /M, toward low temper-
atures [34], which would denote a continuously growing
width of the magnetic dipole-field distribution stemming
from the Cu?t moments, the temperature dependence of
the linewidth shows several steplike increases. At tem-
peratures below about 60 K, the 3'P-NMR spectrum re-
sembles a Gaussian lineshape, as exemplified by the red
shaded areas in Fig. 2(a). With increasing temperatures,
the spectral lineshape gradually changes, and a purely
Lorentzian form is observed above around 145 K, com-
pare the green shaded area in Fig. 2(a). At interme-
diate temperatures, between about 60 and 145 K, the
31P-NMR. spectrum can be described by a superposi-
tion of Lorentzian and Gaussian functions, displayed as
the orange shaded area in Fig. 2(a). Furthermore, the
temperature-dependent spin-spin and spin-lattice relax-
ation rates, 1/T» and 1/T3, display several broad max-
ima, compare Figs. 3(b) and 3(c). The increases of 1/7T5
coincide with temperature regimes for which the steplike
changes of the linewidth are found, whereas the related
maxima of 1/T; are observed at higher temperatures.
The broad maxima of the temperature-dependent 1/T}
and 1/T; rates, as well as the steplike behavior of the
linewidth, are ascribed to a motional narrowing process,
as described further below.

A. Nuclear relaxation and BPP phenomenology

According to the BPP model [1, 2], a time-dependent
local magnetic field ﬁ(t), stemming from either nuclear
or electronic moments, with a characteristic fluctuation
frequency close to that of the nuclear Larmor frequency
wo, represents a mechanism of nuclear spin-lattice relax-
ation:

1 —
e

Tc

2p2y—c
Y < J_>1+(W07'c)2

(1)

Here, v is the nuclear gyromagnetic ratio, and h, is the
perpendicular component of h(t) with a mean-square am-



plitude of (h%). In the case of liquids, where the effect
was first observed, 7. is a correlation time associated with
local Brownian motion, whereas in gases, 7, is the aver-
age time between molecular collisions. Gutowsky and
Pake showed that the same approach can be applied to
the study of atomic motion in solids, by treating 7. as
an average time between jumps from one atomic site to
another [35]. Typically, the temperature dependence of
the correlation time can be described as a thermally ac-
tivated process:

E,
Te = Toexp ( kBa ) , (2)

with the activation energy F, and the infinite-
temperature correlation time 7.

In most experiments, with only a few exceptions [23—
25, 35|, only one broad maximum of the spin-lattice re-
laxation rate is observed, eventually accompanied by a
steplike change of the temperature-dependent second mo-
ment. However, in the present case of CuPOF, each 1/T}
peak and related constant regime of the temperature-
dependent second moment can be attributed to a dif-
ferent set of characteristic rotational modes of the PFg
molecules. The temperature-dependent 1/7; data at 7 T
was modeled using Eqs. (1) and (2) as well as a weak lin-
ear contribution. For the two distinguishable maxima of
1/Ty, two separate sets of BPP parameters were used,
compare Fig. 3(c). The perpendicular component of
the local fluctuating field is determined as ((h% ;))¥/2 =
1.1 mT for the low-temperature peak, while for the high-
temperature peak, we find ((h% ,))/?2 = 1.8 mT. Since
these values are very similar, we ‘conclude that both pro-
cesses are related to motional modes of the same physical
object. The activation energies and related correlation
times are E,;/kp = 250 K and 79; = 20 ps for the
low-temperature process, and E,;/kp = 1400 K and
To,, = 3 ps for the high-temperature one, respectively.
Both the activation energies and the correlation times
are in the parameter range observed for other compounds
with a BPP-type enhancement of 1/7} by thermally ac-
tivated reorientation modes [24, 36, 37].

In order to further test the validity of the BBP model in
the present case, additional 1/77 measurements were per-
formed at 2 T. According to the BBP theory, a decrease
of the magnetic field and the corresponding NMR fre-
quency leads to an increase of the peak amplitude and a
temperature downshift of the peak position. The param-
eters (h?), 10, and E, of the molecular rotation remain
unchanged by the variation of the field amplitude. These
predictions are fully compatible with our experimental
results. The BPP modeling of the 1/T} data at 2 T gives
((h2 )2 =1.0mT, 79; = 20 ps, and E, ;/kp = 255 K.

The change of molecular reorientation modes also
yields three broad maxima of 1/75 at around 20, 60, and
150 K, coinciding with the temperature regimes of the
steplike growth of the second moment, compare Figs. 3(a)
and 3(b). In general, the T relaxation can be caused by
several mechanisms, such as nuclear spin-spin coupling
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FIG. 3. (a) Temperature dependence of the square root of the
31P second spectral moment at 7 T. The vertical arrows in-
dicate the temperatures at which the angular-dependent 3'P
NMR spectra were recorded, see Figs. 4 and 5. (b) Tem-
perature dependence of the 3'P nuclear spin-spin relaxation
rate at 7 T. (c) Temperature dependence of the *'P nuclear
spin-lattice relaxation rate at 7 and 2 T. The black (red) lines
represent fits with the BPP model to the 7 T (2 T) data.

(direct or indirect), or by slow longitudinal local field fluc-
tuations. Whereas the first mechanism may yield com-
plex transverse relaxation depending on the details of the
internuclear interactions [38], the latter mechanism, com-
monly referred to as the Redfield contribution, usually
leads to a solely exponential decay with a time constant
coupled to the spin-lattice relaxation. For the whole in-
vestigated temperature range, we find the spin-echo de-
cay to be purely exponential, modulated by a weak oscil-
latory component, stemming from the spin-spin coupling
between the 3'P and '°F nuclei. This oscillatory com-
ponent yields a frequency of about 790(70) Hz, which is
in good agreement with J = 712 Hz, determined by the
MAS-NMR spectroscopy, see Fig. 2(b). The observed ex-
ponential decay is in contrast to, e.g., a more complex



temperature evolution of the '3C spin-echo decay, re-
ported for molecular reorientations in the fullerene-based
superconductor K3Cgo [16].

Considering the purely exponential transverse relax-
ation in CuPOF, but also that 1/7% quantitatively clearly
exceeds \/m at most temperatures in the parameter
regime of our study, the main mechanism of the 75 re-
laxation is, most likely, not given by the internuclear in-
teraction within the PFg molecules, but is rather due to
longitudinal local field fluctuations, originating from the
dipolar fields of the Cu?*t electronic moments. A com-
prehensive quantitative description of the T, relaxation
process in CuPOF is, however, beyond the scope of the
present work.

In the rather complex molecular-based structure of
CuPOF, there are several candidates for yielding molec-
ular reorientation modes, namely the pyrazine molecules,
the 2-pyridone molecules, and the PFg anions. The
pyrazine molecules are bridging the Cu?* ions, consti-
tuting a superexchange pathway for the electronic mo-
ments, so that a rotational motion about the axis that
links nearest copper neighbors might influence the related
Heisenberg exchange coupling J [27]. However, both the
pyrazine as well as the 2-pyridon molecules may be ex-
pected to yield only one characteristic set of rotational
modes, as they are correspondingly chemically bound to
the layered structure.

Since the PFg molecules are not bound to any other
part of the molecular structure, they have the highest
degree of freedom, which makes them the most likely
candidates to yield complex motional modes. There are
a few NMR studies of the rotational motions of the
PFg anions in alkali hexafluorophosphates to compare
with [23, 24, 37].

B. Anisotropy of the spectral moments

In order to obtain further quantitative understand-
ing of the rotation of the PFg molecules and the re-
lated motional narrowing of the NMR spectra, mea-
surements of the angular-dependent 3'P resonance shift
were performed at 10, 35, 100, and 200 K, selecting
characteristic regions of the stepwise temperature depen-
dence of /My, see Fig. 3(a). Numerical estimates of the
anisotropic NMR, shift for the two structurally slightly
non-equivalent 3' P sites were performed by a summation
of the dipole fields from the localized Cu®* electronic mo-
ments in a volume of (100 A)2. The results of these calcu-
lations are in very good agreement with the experimental
data, see Fig. 4, and reveal that the full magnetic mo-
ment is, in fact, localized at the Cu?* sites. The isotropic
chemical-shift contribution is determined as -168 ppm.

At all temperatures, the anisotropy of the frequency
shift is much smaller than the spectroscopic linewidth.
Furthermore, by lowering the temperature from one
step of v/M, to another, the periodicity of the /My
anisotropy changes, see Fig. 5. In contrast, a =-
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FIG. 4. Angular dependence of the 3'P-NMR frequency shift
(full circles), recorded for a field rotation in the crystallo-
graphic ac plane at 7 T and 10 K. For both the P11 and P2
sites, the experimental data are compared to the calculated
anisotropy of the dipolar-field contribution, stemming from
the Cu®" ions. The sketch in the inset defines the polar and
azimuthal angles 6 and ¢, respectively. The case ¢ = 0 de-
notes the rotation in the ac plane.

periodicity of the frequency shift is observed at all tem-
peratures. The anisotropy amplitude scales with the
magnetic dipole-field distribution stemming from the
Cu?* moments. These findings strongly suggest that the
formation of the first (v,.s) and the second (Ms) spec-
tral moments are determined by different physical mech-
anisms.

For a further quantitative analysis of the experimental
data, we calculated the second spectral moment. Ac-
cording to the Van Vleck theory of the nuclear-resonance
linewidth in a rigid lattice [39], the second moment M
of the resonance absorption of the nuclear species j with
angular momentum I and gyromagnetic ratio y; can be
written as

2
3 1 —3cos? 6,
M = (Aw)® = L+ ny- [ﬁh( > J )]
k Jk
2
1 1 — 3cos? 0
+§S (S+1) Z Jrs +’YI’YS7:L(T3Jk)1 )
1% Ik’

3)
where 8, is the angle between the position vector 7 of
the magnetic moments j and k and the magnetic field,
and Jyg is the scalar coupling between unlike spins. The
first term of Eq. (3) represents the broadening by like
nuclear moments, whereas the second term of Eq. (3)
accounts for all other magnetic moments S*. The line
broadening caused by different types of spin systems, I*
and Sk/, is additive, and the broadening by like spins is
9/4 times more efficient than by unlike spins.

Since electronic magnetic moments are about 1000
times larger than nuclear magnetic moments (depend-
ing on the isotope), we first consider the line broaden-
ing due to dipole fields stemming from the Cu?* ions.
Our calculations of the anisotropic dipole broadening us-
ing the second term of Eq.(3) gives magnitudes of 46-
156 kHz, where 46 kHz results for an external magnetic



field perpendicular to the ab planes. The calculated val-
ues significantly exceed the experimentally determined
second moment, e.g., /My = 19 kHz at 10 K for the
out-of-plane orientation. The reason for this discrep-
ancy is found by considering the exchange interactions
between the Cu?t moments, contributing strongly to the
fourth spectral moment, which leads to a narrowing of
the absorption line [39]. The effective linewidth can be

estimated as (Aw)éuve” = (Aw)QCuh(Aw) /A, where

(Aw)éu is the calculated second moment of the electronic
copper moments, (Aw),_,. is the experimentally observed
width and A/h is the exchange frequency [40]. In the case
of CuPOF, A/h =~ 4-10! Hz is estimated from the known
Heisenberg exchange value of J/kp = 6.80(5) K [27].
Thus, the effective second moment contribution of the
copper ions for an out-of-plane orientation of the exter-
nal magnetic field is only about /M, = 25 Hz. In con-
sequence, whereas the Cu?" moments mainly determine
the first spectral moment of the 3'P absorption line, they
yield no significant contribution to the second moment
due to the exchange narrowing.

obs

Since the second moment is inversely proportional to
the sixth order of the distance between the interacting
magnetic moments, the nuclear intramolecular broad-
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FIG. 5. Angular dependence (with H || a or || ¢ corresponding
to @ = 0 or 90 degrees, respectively) of square root of the
3P second spectral moment at (a) 10, (b) 35, (c) 100, and
(d) 200 K, compared to calculations for the nuclear P1; and
P21 sites for (a) a rigid lattice and in the presence of PFg
molecular reorientations around the symmetry axes (b) 3Cly,
(¢) 6C3, and (d) 4Cs. The inset in (a) shows a sketch of
the local P11 and P21 symmetry with respect to the in-plane
(H || a, horizontal) and out-of-plane (H || ¢, vertical) field ori-
entation. The insets in (b), (c), and (d) show sketches of the
molecular symmetry axes, around which the PFg molecular
reorientations occur.

TABLE 1. Comparison between the calculated and experi-
mentally recorded second moment /Ma, for the rigid lattice
and rotations around twofold, threefold, and fourfold symme-
try axes. The mean-square amplitude of the transverse local
magnetic-field fluctuations, (h%), the correlation time at infi-
nite temperature 79, and the activation energy FE,, obtained
from the BPP analysis of the 3! P spin-lattice relaxation max-
ima, are presented for PFg molecular reorientations about 6C'
and 4C3. In all cases, the magnetic field is parallel to the ¢
axis.

Calculation Experimental

VMz | T VM ((B1)'? Ea/ks m

Rotational mode

(kHz) | (K) (kHz) (mT)  (K) (ps)
None, rigid lattice 20.16 | 10 19.14
3Cy 14.21| 35 12.95 1.1 250 20
6C2 3.62 [100 3.59 - - -
4Cs 2.49 (200 2.53 1.8 1400 3

ening of PFg is examined as the next possible mecha-
nism of the 3'P line broadening. As mentioned, there
are two structurally non-equivalent PFg molecules in the
structure, see Figs. 1(a) and 1(b), giving rise to different
second-moment anisotropies for the corresponding sites
Py; and Py;. Using the second term of Eq. (3), where
Jis = Jpp = 712 Hz, as determined by the MAS NMR
experiments [see Fig. 2(b)], the calculated anisotropy for
the Po; site agrees very well with the experimental data,
compare Fig. 5(a). Due to almost identical first-moment
anisotropies of the sites P17 and Psq, see Fig. 4, the
broader Py spectrum determines the experimentally ob-
served anisotropy of the second moment.

The second-moment contribution from the dipolar
broadening by the 3C, 4N, 1°N, 63Cu, and %°Cu nu-
clei, as well as the intermolecular broadening by the 3'P
and F nuclei, was evaluated by the second term of
Eq. (3). The total calculated contribution yields only
/My = 26 Hz, and is neglected in the following.

All of the above calculations are performed for a rigid
lattice, i.e., under the assumption that the lengths and
orientations of the vectors describing the relative posi-
tions of the magnetic moments are time independent. A
different situation appears for liquids and gases, as well
as for atomic diffusion in solids. In these cases, due to
the rapid relative motion of magnetic moments, the re-
sulting local fields at the nuclear sites fluctuate in time,
and only their average value is observed experimentally.
This mechanism is known as motional narrowing, and
can be observed under the condition that the average
is taken over a time period which is long in comparison
to the characteristic time scale of the fluctuations. The

v (Awp)? - T < 1,
where (Awo)2 is the second moment in the rigid lattice,
described by Eq. (3), and 7. is the correlation time char-

acterizing the rate of the local field fluctuations. In the
present case of CuPOF, this criterion is satisfied, since

criterion for motional narrowing is



7. is of the order of a few ps, whereasy/(Awp)? is of the
order of a few ten kHz, see Table 1.

Since the second moment of the 3'P resonance is
mainly determined by the interaction with the six neigh-
boring '°F nuclei of the same PFg molecule, it is rea-
sonable to consider that the motional narrowing is re-
lated to reorientation modes of the PFg molecule itself.
These molecules form almost perfect octahedral struc-
tures, the simplest and foremost motion of which are ro-
tations around well-defined symmetry axes. The rotation
about the twofold, threefold, and fourfold (C,,, n =2, 3,
4) symmetry axes narrows the !P line. In order to ac-
count for the molecular rotation, the angular-dependent
coefficient (1 —3cos?6j;) in Eq. (3) needs to be replaced
by its average over all possible angles 6, [33]. According
to the theorem for spherical harmonics,

(3cos20;, — 1) = = (3cos® v — 1) (3cos®0’ — 1), (4)

1
2
where v and 6’ are the angles between the symmetry-axis
direction vector and 7 or the externally applied mag-
netic field, respectively. The angular dependence of the
3IP_NMR second moment Ms of the Py; and Po; sites
was calculated in the presence of PFg molecular reori-
entations around the symmetry axes 6C5, 4C3, and 3Cjy,
using Egs. (3) and (4). The angular dependences for each
rotational PFg motion are compared to the experimental
values of /My at 35 K (3C,), 100 K (6C5), and 200 K
(4C3), as shown in Figs. 5(b)-5(d). An excellent agree-
ment between the calculations for the phosphorous site
P2y and the experimental data is observed. For the given
rotation in the ac plane, the different crystallographic ori-
entations of the PFg molecules of the sites P17 and Poq,
as depicted in the inset of Fig. 5(a), result in quantitative
differences of the calculated second moment anisotropies
for the respective sites, depending on the symmetry axes
of the given molecular rotation mode. Note that the cal-
culations of M5 do not include any free parameter.

As the only small deviation, at 100 K, the experimen-
tally determined +/Ms mostly follows the calculations
for the Po; site, although a broader line is expected for
the Py site. Nevertheless, the excellent overall agree-
ment between the experimental and calculated second
moment allows assignment of the PFg molecular reori-
entation modes to the respective temperature regimes of
constant /M. The motional modes in the different tem-
perature regimes can be described as depicted by the in-
sets in Figs. 5(b)-5(d). At all temperatures, the same
type of the PFg molecular orientations for both inequiv-
alent PFg molecules, yielding the P1; and Po; sites, are
expected.

C. Temperature-dependent evolution of the PFg
molecular reorientations

At temperatures above 155 K, all PFg molecules
are rotating around the four threefold symmetry axes

4C5, which pass through the centers of the octahedron
surfaces. These molecular reorientations yield a con-
stant linewidth of the 3'P-NMR spectrum with /M, =
2.5 kHz for the out-of-plane field orientation. With
decreasing temperature, these molecular reorientation
modes are continuously freezing out, as is manifested
by the broad high-temperature maximum of the 3!'P
spin-lattice relaxation rate, see Fig. 3(c). By lowering
the temperature below 155 K, a steplike increase of the
linewidth occurs with a concomitant broad maximum of
1/T5 [Figs. 3(a) and 3(b)]. At temperatures between
about 130 and 80 K, the molecular reorientation takes
place with respect to the six twofold symmetry axes
6C, which pass through the centers of the octahedron
edges. This type of PFg molecular rotations manifests as
a plateau of the temperature-dependent linewidth with
VM of about 3.6 kHz for H||c. Although these motional
modes are freezing out with further decrease of temper-
ature, no distinct maximum of the 3'P spin-lattice re-
laxation rate, associated with a slowing of this specific
molecular reorientation, is observed. The absence of this
1/T1 peak could either be caused by a significant and
abrupt change of the molecular reorientation frequency,
or by a cancellation of the local field fluctuations due
to the anisotropy of the geometrical form factors, the
anisotropy and magnitude of which determine the sensi-
tivity of the spin-lattice relaxation to the local field dy-
namics. By lowering the temperature below about 80 K,
a further stepwise increase of the linewidth is observed
and accompanied by an enhancement of the 3'P spin-
spin relaxation rate. A broad maximum of 1/T5 occurs
at 60 K, whereas below around 50 K, another plateau
of My and 1/T5 is reached, which is associated with ro-
tations of the PFg molecules around the three fourfold
symmetry axes 3Cy, which coincide with the space diag-
onals of the octahedron. The freezing of these molecular
motions yields another BPP peak in the 3'P spin-lattice
relaxation rate, see Fig. 3(c). Below about 26 K, an in-
crease of the linewidth is observed, accompanied by a
broad maximum of the 3'P spin-spin relaxation. Finally,
at around 10 K, all PF¢ reorientation modes are frozen
out and the rigid-lattice condition is reached. A molecule
with several equivalent orientations with respect to the
symmetry axis, separated by energy barriers, may flip
between these orientations with a given frequency. In
case of more than two such equivalent orientations of the
molecule, the calculation of the second moment gives the
same result for an averaging over a discrete number of
possible orientations or for a classical description of the
rotation, i.e., averaging over a continuous set of orienta-
tions [33]. A summary of all experimental and calculated
characteristic parameters is presented in Table 1.

IV. CONCLUSIONS

In summary, we used a combined approach by prob-
ing static and dynamic local-magnetic-field properties by



means of NMR spectroscopy, as well as molecular-motion
models, in order to investigate the freezing of molecular
rotation modes in a paramagnetic crystal CuPOF. By
analyzing the temperature-dependent relaxation rates,
the activation energies E, ;/kp = 250 K and E, ;/kp =
1400 K, with the corresponding correlation times 7y; =
20 ps and 79, = 3 ps of the molecular reorientations,
were determined. The angular-dependent frequency shift
and second moment, compared with our calculations, re-
veal the origin of the low-frequency local field fluctua-
tions. The excellent agreement between the calculations
and experimental data allows for a well-defined investi-
gation and identification of the temperature-dependent
evolution of the PFg molecular rotation modes. Perspec-
tively, the knowledge of the microscopic environment of
the Cu®t ions and its variation with temperature can
be used as an important input for detailed DFT calcu-
lations of the electronic properties in CuPOF. The pre-
sented approach can be used for a broad range of simi-
lar molecular-based compounds with localized magnetic
moments, and, thus, opens new possibilities for the ex-
ploration of molecular rotational modes in paramagnetic

single crystals.
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