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We combined synchrotron-based infrared and Raman spectroscopies, diamond anvil cell tech-
niques, and first principles calculations to unveil pressure-induced distortions in quasi-one-

dimensional Cu(pyz)(NOs3)s.

The crossover at 0.7 GPa is local in nature whereas the transition

at 5 GPa lowers symmetry from Pmna to P222; and is predicted to slightly increase magnetic
dimensionality. Comparison with prior magneto-infrared results reveals the striking role of out-of-
plane bending of the pyrazine ligand, a finding that we discuss in terms of the possibility of using
pressure to bias the magnetic quantum critical transition in this classic S = 1/2 antiferromagnet.

PACS numbers: 62.50.-p ,78.30.-j, 75.50.Xx, 75.10.pq

One of the fundamental challenges in functional
magnetism is to understand quantum phase tran-
sitions, a classic example of which is the crossover
from the antiferromagnetic to the fully polarized
state [1-5]. Standard approaches to this problem of-
ten take advantage of molecule-based magnetic ma-
terials which are well-known to display overall low
energy scales, complex phase diagrams due to com-
peting interactions, and soft lattices [6-11]. One
consequence is that small perturbations by an exter-
nal stimulus can drive out-sized property changes.
Copper pyrazine dinitrate, Cu(C4NoH4)(NO3)2 or
Cu(pyz)(NO3)2, is a superb physical realization
of an S = 1/2 quantum Heisenberg antiferromag-
net, and as such, it has provided a platform for
foundational investigations of quantum magnetism
including magnetic quantum critical transitions,
Tomonaga-Luttinger liquid behavior, and geometric
frustration [12-21]. While copper pyrazine dinitrate
has been widely studied over a range of temperatures
and magnetic fields [18-25], almost nothing is known
about the properties under pressure [26] despite ev-
idence for spin-lattice coupling in applied magnetic
field [21]. As we will show, this is because the criti-
cal pressure of Cu(pyz)(NOs3)2 is much higher than
previously anticipated [26].

In this work, we bring together synchrotron-
based infrared and Raman spectroscopies, diamond
anvil cell techniques, and complementary first prin-
ciples calculations to unveil spin-lattice coupling in
Cu(pyz)(NO3)2 under compression. We find criti-
cal pressures near 0.7 and 5 GPa that are related
to nitrate group distortions and reduction of over-

all crystal symmetry from Pmna to P222;, respec-
tively. The vibrational response of Cu(pyz)(NO3)2
under compression also provides an opportunity to
make a detailed comparison with prior magneto-
infrared spectra [21] which reveal local lattice distor-
tions through the quantum phase transition. Strik-
ingly, we find that the out-of-plane pyrazine bending
modes that red shift in applied magnetic field are a
subset of those that break symmetry under pressure.
This commonality provides enhanced opportunities
for tuning the properties of this classic S = 1/2 an-
tiferromagnet. Although spin-lattice mixing is most
easily investigated in soft, low energy scale materials
like Cu(pyz)(NOg3)2, similar energy transfer mecha-
nisms are relevant in higher energy scale compounds.

Needle-shaped crystals of Cu(pyz)(NOg)2 were
grown as described previously [13]. A polycrystalline
sample was loaded into a diamond anvil cell (Fig.
1(a)) either neat or with a pressure medium [27]
and an annealed ruby ball [28]. Infrared measure-
ments (100-4000 cm~!; 1 em™! resolution, 300 K)
employed the high brightness beam at the National
Synchrotron Light Source at Brookhaven National
Laboratory [29]. Raman scattering (20-3260 cm™!;
0.5 cm ™! resolution, 300 K) was carried out with A
= 532 nm at <1 mW power. For both infrared and
Raman spectra, compression is reversible within our
sensitivity. Calculations of phase stability and lat-
tice dynamics were carried out with spin-polarized
density functional theory with the generalized gra-
dient approximation [30] using the projector aug-
mented wave method [31-33].

Figure 1(b,c) displays a close-up view of the low



FIG. 1. (a) Schematic () I
representation of the dia-

mond anvil cell used for
high pressure vibrational
spectroscopy, with the
ambient condition struc-
ture of Cu(pyz)(NOs3)s2
inset between the dia-
monds. (b,c) Infrared
and (d) Raman spectra
under compression and
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frequency infrared spectra of copper pyrazine dini-
trate under compression [33]. We track the mode fre-
quencies versus pressure to identify structural tran-
sitions as indicated by mode splitting, abrupt fre-
quency shifts, and the appearance or disappearance
of various peaks. Examination of the frequency ver-
sus pressure trends (Fig. 1(h)) reveals two different
transitions. The crossover at 0.7 GPa, designated
here as P¢1, is marked by the separation of the two
nearly degenerate modes at 338 and 340 cn ™! that
we assign as Cu-NOgs counter-rotations and Cu-NOg
shearing, respectively (Fig. 1(e,f)) [34]. The former
has little interchain motion while the latter is a su-
perior probe of interchain interactions. As pressure
is applied the chains are forced together until the
nitrate groups between the chains eventually come
close together around Pc;, hindering their inter-
chain displacement. This explains why the upper
branch hardens strongly (=11 cm~!/GPa) whereas
the lower branch is nearly unaffected.

Since the pyrazine rings are not involved in this
transition, it should be anticipated that the mag-
netic properties will be unaffected. Indeed, sus-
ceptibility measurements up to 1.16 GPa show
no sign of a crossover or change in exchange
anisotropy [26]. This is quite different from other
molecule-based magnets such as Co[N(CN)s]s [35]

and CuFy(H20)2(3-chloropyridine) [36] that display
pressure-induced magnetic crossovers near 1 GPa.
The difference is due to the magnetic orbitals point-
ing along the chain direction in Cu(pyz)(NOs)so
which is not modified through Pc ;. At the same
time, examination of the C-H stretching modes
(not shown) reveals no evidence for strengthened
hydrogen bonding between the nitrate groups and
pyrazine rings, so the rings must be rotating in order
to allow the nitrate groups in the neighboring chains
to move closer. A small ring rotation may explain
the slight decrease in magnetic susceptibility above
0.75 GPa [9, 26]. No other infrared- or Raman-active
vibrational modes are significantly modified through
P¢,1 indicating that this crossover involves only ni-
trate groups and is local in nature.

Things are different at higher pressure where a
second, more gradual process occurs between 3.5
and 6.5 GPa. This transition, henceforth called the
5 GPa transition and designated as P¢ 2, is broader
and associated with phase coexistence [33]. It also
involves modes throughout the infrared and Raman
spectra - consistent with a space group modification.
For instance, nitrate group symmetry is reduced
through this transition, as the 340 cm~' Cu-NOj
shearing mode is blocked and new modes appear
(Fig. 1(h)). The pyrazine ring is also strongly af-
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FIG. 2. (a) Relative enthalpy (H = E 4+ PV) and (b) unit cell volume of the ambient Pmna and high pressure
P222, phases as a function of pressure. Insets in (a) are calculated magnetic isosurfaces where red and blue surfaces
represent spin up and spin down states, respectively. The high pressure state is still a collinear antiferromagnet. The
inset in (b) is the calculated high pressure distortions of the pyrazine ring in the indicated directions. (c¢) Predicted
crystal structure of Cu(pyz)(NOs)2 in the P222; space group at 10 GPa.

fected as exemplified by the out-of-plane C-H bend-
ing mode behavior (Fig. 1(d,g)). Overall there are
more pyrazine-related vibrational modes observed in
the high pressure phase, indicative of lower symme-
try due to ring buckling. Cycling tests reveal that
spectra before and after compression match very well
demonstrating that these local lattice distortions are
fully reversible when released from 9 GPa.

The crystal structure above Pc o will naturally
be a subgroup of the ambient pressure Pmna space
group. [37] Since the pyrazine ring (which is aligned
along a) buckles under compression, the symmetry
along this axis should be lowered. The most likely
subgroup candidates are Pnc2 and P222; as they
have reduced a-axis symmetry compared to Pmna.
In order to distinguish between these possibilities,
we analyzed peak splitting as a function of pressure
with particular focus on pyrazine ring and nitrate
group behavior. The out-of-plane pyrazine ring dis-
tortions through P¢ o clearly break symmetry along
the a axis. The nitrate group also displays a new
splitting pattern across the structural transition, as
mentioned above. Inspection of the correlation table
reveals that Pnc2 requires only symmetry lowering
along a whereas P222; requires reduced symmetry
in all three directions. The latter is therefore the
more likely subgroup for the high pressure phase of
Cu(pyz)2(NOs3)a.

For additional tests of phase stability across the
pressure-driven structural transition, we constructed
models of several different phases of Cu(pyz)(NO3)2
and performed structural optimizations at various
pressures to determine unit cell enthalpy, volume,
and magnetic properties [33]. These calculations

uncover two stable phases: Pmna and P222;. As
shown in Fig. 2(a), the enthalpy of the Pmna struc-
ture is lower than that of P222; at modest pres-
sures, whereas P222; becomes more stable above
~4.5 GPa. This transition pressure agrees very
well with the experimentally determined P 2 near
5 GPa. Volume trends (Fig. 2(b)) are also con-
sistent with a transition to P222; under compres-
sion. The predicted crystal structure in the high
pressure P222; phase is shown in Fig. 2(c). Here,
the chains shift ~0.5 A along the a axis, with neigh-
boring chains moving in opposite directions. This
brings the NOg3 groups closer together and forces
them to bend out of plane (Fig. 2(c)), reducing
symmetry in the bc plane. The pyrazine rings also
display permanent out-of-plane distortions as shown
in the inset of panel (b), although they are modest
compared to the NO3 bending. This leads to a sym-
metry reduction of the ring and thereby the a axis.
The rings also have a small rotation about a, in line
with the absence of strengthened hydrogen bonding
under pressure.

Assuming that ring distortions and magnetic
property changes are commensurate, we anticipate
that the magnetic properties of Cu(pyz)(NO3)s will
start to change only around 5 GPa. The pressure-
induced out-of-plane ring distortions modify bond
lengths and angles altering the magnetic orbital
overlap and reducing J as t?/U [21, 38] which, in
turn, is expected to weaken intrachain antiferromag-
netic ordering. Pressure effects on interchain cou-
pling are, however, still unknown - although decreas-
ing volume generally favors improved exchange in-
teractions. That said, the absence of improved in-



terchain hydrogen bonding under pressure rules out
any hydrogen bonding-driven magnetic exchange
network dimensionality crossover of the type seen
in CuF3(H20)z2(pyrazine) [26] or CuF2(H20)2(3-
chloropyridine) [36] - at least in this pressure regime.
We therefore conclude that the overall trend in the
107 mK ordering temperature in Cu(pyz)(NO3)2 [19]
will depend upon the relative importance of ring dis-
tortion vs. volume effects. As a point of comparison,
we note that pressure elevates Ty and T¢ in sev-
eral other molecule-based materials [35, 39-41]. In
order to support these hypotheses, we used the cal-
culated high pressure structure to predict the mag-
netic properties of the P222; phase. We find similar
antiferromagnetic character as evidenced by the out-
of-phase spin density pattern (insets, Fig. 2(a)).

One of the major advantages of materials like
Cu(pyz)(NOs3)s2 is their overall low energy scales
compared to cuprates. From the magnetic prop-
erties point of view, these compounds can be sat-
urated in experimentally available magnetic fields
[6, 42, 43], providing a superb platform for the study
of quantum phase transitions. Cu(pyz)(NO3)2 is
well known to display a magnetic quantum critical
transition at 15 T [18]. Here, applied field drives an
antiferromagnetic — fully polarized state transition
that is facilitated by spin-lattice interactions (which
lower Japps and help to stabilize the fully polarized
state) [21, 44].

What links the high pressure work presented here
with prior magneto-infrared spectroscopy [21] is the
fact that the modes which couple to the field-driven
quantum critical transition are the same out-of-
plane pyrazine bends that are involved in the 5 GPa
structural transition. Figure 3 summarizes this be-
havior. This similarity is interesting because of
the different coupling mechanisms: pressure acts di-
rectly on bond lengths and angles to tune magnetism
[38] whereas spin-lattice coupling across the mag-
netic quantum critical transition relies on spin-orbit
effects to link structure and magnetism. As shown
in Fig. 3(a), the out-of-plane bending modes soften
through the 15 T transition. The size of this simple
red-shift follows the square of the magnetization [21]
- a clear signature of spin-lattice coupling. Pressure
is different. The N out-of-plane bending mode near
490 cm ™! splits under pressure, with one branch di-
minishing while the other grows. Moreover, the clus-
ter of peaks centered near 810 cm™! (assigned as H
out-of-plane bends on the ring) blue shift and split
into a five-fold multiplet. We conclude that while
softening of the out-of-plane ring bends under ap-
plied field is small, symmetry is significantly lowered
under compression.
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FIG. 3. Close-up views of the infrared response of

Cu(pyz)(NOs)2 in the vicinity of the infrared-active
pyrazine ring out-of-plane distortion modes. Panel (a)
summarizes the magnetic field-driven changes in these
modes (reproduced from Ref. [21]), and (b) brings to-
gether complementary high pressure spectra. The con-
ditions for each spectrum are indicated by labels with
matching colors.

What is fascinating is that both types of exter-
nal stimuli modulate the out-of-plane pyrazine dis-
placements in Cu(pyz)(NOs)z. It is well known that
the pyrazine ring mediates magnetic exchange be-
tween copper centers [18], so there may be inter-
esting opportunities to link the mechanisms of mag-
netic field and pressure driven transitions in this S =
1/2 Heisenberg antiferromagnet. The commonality
of key displacement patterns under different types
of physical tuning, revealed here for the first time in
copper pyrazine dinitrate, may be present in other
molecule-based materials and is associated with the
presence of soft ligands that act as superexchange
pathways. In fact, recent work by Ghannadzadeh
et al. demonstrates that magnetic dimensionality
and even the critical field is tunable under pressure
in a chemically-similar molecule-based magnet that
also incorporates pyrazine ligands [26]. This sug-
gests that pressure may be able to bias the quantum
phase transition in Cu(pyz)(NO3)2 as well.

In summary, we measured the vibrational proper-
ties of copper pyrazine dinitrate up to 9 GPa in order
to explore local lattice distortions in a quasi-one-
dimensional S = 1/2 quantum Heisenberg antiferro-



magnet. The structural transition centered at Pc o
= 5 GPa results in a lower symmetry space group
(P2227) under pressure. The energy scale for mag-
netic property changes is therefore much higher than
previously explored. At the same time, comparison
of the behavior of the pyrazine out-of-plane distor-
tion modes under pressure to that under magnetic
field reveals that incorporating soft ligands as mag-
netic superexchange pathways can lead to enhanced
tunability. In addition to advancing the understand-
ing of spin-lattice coupling in molecule-based mate-
rials, this work emphasizes the advantage of combin-
ing pressure and magnetic field to bias the properties
of quantum magnets.
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