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Abstract

Magnetoelastic coupling in the quantum magnet [Ni(HF2)(pyrazine)2]SbF6 is inves-

tigated via vibrational spectroscopy using temperature, magnetic field, and pressure as

tuning parameters. While pyrazine is known to be a malleable magnetic superexchange

ligand, we find that HF−
2 is surprisingly sensitive to external stimuli and actively in-

volved in the magnetic quantum phase transition and a series of pressure-induced
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structural distortions. The amplified spin-lattice interactions involving the bifluoride

ligand are discussed in terms of the intra- and inter-planar magnetic energy scales.

KEYWORDS: magnetoelastic coupling, metal halide coordination polymer, hydrogen

bonding, quantum magnet, external stimuli
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Introduction

Metal-halide coordination polymers provide a superb platform for testing the capability

of various ligands to manipulate and control properties such as dimensionality, electronic

structure, and magnetism. Within this broad class of materials, heterocyclic ligands (such

as pyrazine) often connect transition metal centers into extended arrays1,2 and can support

magnetic superexchange, leading to a soft lattice and overall low energy scales. Recently,

ligands such as HF−
2 and H2F

−
3 have drawn attention2 because strong hydrogen bonding

can also support magnetic interactions.3 However, in most mixed ligand systems, the role of

hydrogen bonded moieties is typically eclipsed by stronger superexchange mediated through

the organic ligands.1 Table 1 illustrates the intra- and interplane exchange interactions (J ’s)

for a few representative systems.4 Most materials of this type sport |Jinter/Jintra| ratios

that are less than or close to one, leading to dominant intraplane interactions especially

in the Cu(II) systems. [Ni(HF2)(pyz)2]SbF6 (pyz = pyrazine) is different. Here, the inter-

and intraplane superexchange strengths are reversed, with the Ni-FHF-Ni interaction being

substantially stronger,3 making it an ideal platform with which to explore the effects of

external stimuli on the HF−
2 ligand which consists of the strongest known hydrogen bonds.

Table 1: Summary of superexchange strengths in representative coordination polymers high-
lighting the strong interplane coupling and unique |Jinter/Jintra| ratio in [Ni(HF2)(pyz)2]SbF6.

Material |Jintra| (K) |Jinter| (K) |Jinter/Jintra| Reference
[Ni(HF2)(pyz)2]SbF6 1 11.3 11 5
[Cu(HF2)(pyz)2]SbF6 13.3 0.1 9×10−3 6
[Co(HF2)(pyz)2]SbF6 7 7 1 6

NiCl2(pyz)2 0.49 <0.05 <0.1 7
NiI2(pyz)2 <1.19 >1.19 >1 7

CuF2(H2O)2(pyz) 5.8 2×10−3 4×10−4 8

[Ni(HF2)(pyz)2]SbF6 combines pyrazine and HF−
2 ligands in a robust three-dimensional

tetragonal (P4/nmm) framework.3 Nickel(II) centers are connected by pyrazine rings within

the ab-plane whereas HF−
2 form bridges between the planes along the c-direction. Hexafluo-

roantimonate counterions (SbF−
6 ) reside in the interior sites to further stabilize the structure

3



(Fig. 1). These HF−
2 linkages facilitate magnetic exchange, and in [Ni(HF2)(pyz)2]SbF6

they result in quasi-one-dimensional (Q1D) antiferromagnetic chains that ultimately un-

dergo long-range order below TN = 12.2 K due to an additional, albeit weaker magnetic

exchange through the pyz bridges.3 This TN is among the highest magnetic ordering tem-

peratures for any metal-pyrazine coordination polymer,1 allowing the system to be unam-

biguously studied in the fully ordered state. Moreover, a Q1D magnet embedded within a

rigid three-dimensional crystal structure illustrates, yet again, that superexchange patterns

and lattice dimensionality do not always go hand-in-hand.9 A relatively unexplored magnetic

field-driven quantum phase transition also takes place at 37.4 T, above which the magneti-

zation saturates.3 The dual structural and magnetic role of HF−
2 in this particular quantum

magnet presents an ideal opportunity to reveal energy transfer mechanisms in a system with

strong inter-layer interactions mediated by hydrogen bonds.

(b) (c)(a)

Figure 1: (a) View of the tetragonal crystal structure (P4/nmm) of [Ni(HF2)(pyz)2]SbF6 at
300 K along the a-axis. (b) Close-up view of pyrazine rings that link Ni(II) centers within
the ab-plane. (c) HF−

2 inter-plane bridging ligands along the c-axis are held together by
notably strong hydrogen bonding. These linkages result in a three-dimensional structure
(Ni-pyrazine planes) with quasi-one-dimensional magnetism (through the HF−

2 ).3

In the present work, we measured the vibrational response of [Ni(HF2)(pyz)2]SbF6 as a

function of temperature, magnetic field, and pressure in order to explore spin-lattice cou-

pling mediated by the unique hydrogen bonded HF−
2 ligand as well as the pyrazine rings.
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Like the copper halides,10–12 applied field distorts the pyrazine rings which reduces antifer-

romagnetic interactions and stabilizes the fully polarized state. Strikingly, the HF−
2 ligand

also displays field-induced absorption changes on the order of 7%, indicating that distor-

tions of this superexchange pathway are also required to achieve the fully polarized state.

At the same time, pressure drives a structural phase transition at 3 GPa as well as more

local distortions at 1 and 6 GPa that involve both pyrazine and HF−
2 ligands. We argue

that the 3 GPa transition is most likely to modify the long range ordered state. What

distinguishes this work from prior efforts10,11,13 is the rare combination of physical tuning

techniques brought together to explore the rich temperature-field-pressure phase space in

[Ni(HF2)(pyz)2]SbF6.
12 What emerges from this unique approach to exploring spin-lattice

coupling processes is the finding that that while pyrazine is known to be a flexible superex-

change ligand,10–12 HF−
2 is surprisingly sensitive to external stimuli when inter-layer energy

scales are important (|Jinter/Jintra| > 1).

Materials and methods

[Ni(HF2)(pyz)2]SbF6 was synthesized by self-assembly in an aqueous solution as described

previously.3 Polycrystalline sample was mixed with a matrix as appropriate for infrared

transmittance measurements (15-5000 cm−1; 1 cm−1 resolution; 4.2-300 K). Absorption was

calculated as α(ω) = −1
hd

ln(T (ω)), where T (ω) is the measured transmittance, h is the sample

loading, and d is thickness. High field infrared measurements were performed in a resistive

magnet at 4.2 K and magnetic fields up to 35 T at the National High Magnetic Field

Laboratory. Absorption differences, ∆α = α(ω, B) − α(ω, B = 0 T), are used to present

the data in order to eliminate spectral commonalities. High pressure spectroscopies were

carried out at the National Synchrotron Light Source at Brookhaven National Laboratory in

order to take advantage of the high brightness infrared light.14 Ruby fluorescence was used to

measure pressure inside the diamond anvil cell.15 Pressure-induced distortions are reversible
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upon release of the pressure. Standard peak fitting procedures were employed as appropriate.

Calculations of mode frequencies, symmetries, and displacements patterns were carried out

using density functional theory as implemented in Spartan. Spin density distributions for the

antiferromagnetic and ferromagnetic states were calculated using density functional theory

and the Vienna ab initio simulation package.16–20

Results and discussion

Magnetoelastic coupling across the field-driven quantum phase tran-

sition

Like many transition metal halide framework materials, the infrared spectrum of [Ni(HF2)

(pyz)2]SbF6 displays a large number of vibrational modes.3,21 In order to simplify our dis-

cussion, we focus on features that are sensitive to external stimuli, namely the out-of-plane

pyrazine deformations centered at 490 and 820 cm−1 [Fig. 2 (a)] and the HF−
2 bending and

asymmetric stretch(es) between 1200 and 1600 cm−1 [Fig. 2 (b)]. The variable temperature

spectra show a gradual hardening of most modes down to 4.2 K, in line with the lack of

structural transitions down to 17 K reported from x-ray studies.3 Other classes of materials,

such as oxides and chalcogenides, often require lattice distortions to establish long-range

magnetic ordering,22–26 but no local lattice distortions appear through the 12.2 K ordering

temperature.

Magnetic field drives a quantum phase transition in [Ni(HF2)(pyz)2]SbF6 at 37.4 T.3

The pyrazine out-of-plane bending modes are quite sensitive to the changing microscopic

spin pattern - an indication of spin-lattice coupling. The overall softening of these features

is easily seen in the field-induced absorption difference, ∆α, [Fig. 2 (c)] where even at 5 T,

there is a clear deviation from the baseline. The field-induced absorption difference continues

to grow in magnitude with increasing field. Unfortunately, the quantum critical transition

is just beyond the range of powered resistive magnets so the absorption difference does not
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Figure 2: Close-up views of the infrared absorption spectrum of [Ni(HF2)(pyz)2]SbF6 at 300
and 5 K for the (a) pyrazine out-of-plane and (b) HF−

2 modes. Calculated spin-densities of
the (c) antiferromagnetic and (d) ferromagnetic states. Magnetic field-induced absorption
differences for the (e) pyrazine and (f) HF−

2 features. Scale bars represent 500 and 100 cm−1,
respectively. (g) Comparison of integrated absorption difference to magnetization3 and mag-
netization squared. These quantities are normalized in order to draw comparisons. Insets
are the HF−

2 and pyrazine ring in the (left) low field and (right) distorted high field states
to emphasize the field-induced changes.

saturate by 35 T. Nevertheless, the overall trend is quite clear. Prior estimates in chemically

similar Cu(pyz)2HF2BF4 indicate that a 1◦ out-of-plane bend of the pyrazine ring can be

accommodated in resistive magnet at full field; such a hypothetical distortion changes J by

approximately 3%.10

Magnetic field-induced changes in the higher frequency HF−
2 bending and asymmetric
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stretching modes are shown in Fig. 2 (f). The derivative-like absorption difference features

are not clearly seen above the background noise level until 15 T, although above this field the

derivative-like lineshape reveals that these modes soften in response to the collective transi-

tion. The absence of new spectral features related to the development of an asymmetric HF−
2

linkage (for instance, movement of the central H)27 indicates that the ligand remains sym-

metric across the magnetic quantum phase transition. With symmetry breaking ruled out,

hydrogen bonding or bond length modifications must account for the observed mode soft-

ening in applied field. Stronger hydrogen bonding typically reduces mode frequencies.28? ,29

Bond length modifications can, however, also lower vibrational frequencies. In this scenario,

mode softening is expected to relax the HF−
2 ligand, thereby reducing the antiferromagnetic

exchange interactions in the inter-plane direction.2,10 Since |Jinter/Jintra| = 11,30 this is the

dominant antiferromagnetic superexchange path that must be diminished in order to satu-

rate the magnetization. We therefore assign the field-induced absorption differences of the

HF−
2 -related modes to the development of longer bifluoride ligands under high field. This is

shown schematically in Fig. 2 (g). Based on a field-induced frequency shift on the order of 2

cm−1, we estimate that the H...F bond lengthens from 1.150 to approximately 1.152 Å at 35

T.30

In order to quantify spin-lattice effects in [Ni(HF2)(pyz)2]SbF6, we integrated the absolute

value of the absorption difference
∫
|∆α| =

∫ ω2

ω1
|α(B)−α(B = 0 T )|dω and plotted this data

as a function of applied field [Fig. 2 (g)]. Here, ∆α is the field-induced absorption difference,

B is magnetic field, and ω1 and ω2 are the frequency limits of integration. These values follow

the magnetization squared31 for both the pyrazine out-of-plane and HF−
2 modes [Fig. 2 (g)].

This trend and the pattern of predicted spin densities [Fig. 2 (c,d)] mirror those found in

[Cu(HF2)(pyz)2]BF4 and Cu(pyz)(NO3)2 where the pyrazine ring also distorts proportionally

to the magnetization squared.10,11 What is different about [Ni(HF2)(pyz)2]SbF6 is that field-

induced absorption differences related to changes in the HF−
2 modes indicate that this ligand

must also distort in order to stabilize the fully polarized state. That it does so as the square of
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the magnetization points to the generality of this type of mechanism across a quantum phase

transition.31 Moreover, it is the unique balance of inter- to intra-plane exchange interactions

(11.3 K through HF−
2 compared to 1 K for the pyrazine ring)3 that allows the effect to

be observed in [Ni(HF2)(pyz)2]SbF6. This finding suggests that other hydrogen bond-based

ligands, like H2F
−
3 , may participate in magnetoelastic coupling when the relative magnetic

energy scales are appropriate.

Revealing a series of pressure-induced structural phase transitions

Pressure is different than magnetic field in that it acts directly on bond lengths and bond an-

gles to reduce the overall volume of the system.32 Shorter bond lengths and smaller volumes

under pressure tend to harden the corresponding vibrational modes, and bond angle strain

drives changes in crystal symmetry. Chemical bonding variations also impact magnetism,33

and it is well known that compression can trigger magnetic crossovers - for instance, from

high-to-low spin or from the antiferromagnetic to ferromagnetic state.34,35 High pressure

and high field techniques thus provide complementary platforms with which to untangle

spin-lattice interactions.12,36–38 In order to explore these connections, we measured the in-

frared response of [Ni(HF2)(pyz)2]SbF6 under compression, searching for structural phase

transitions that might support emergent magnetic properties.

Figure 3 (a,b,e,f) displays close-up views of the pyrazine out-of-plane bending and HF−
2

bending and asymmetric stretching modes of [Ni(HF2)(pyz)2]SbF6 under pressure. Only

features related to these ligands show anything other than standard compression-induced

hardening, so we focus on frequency shifts, splittings, and mode appearances (or disap-

pearances) that define phase boundaries.37–40 Tracking the vibrational mode frequencies vs.

pressure [Fig. 3 (c,d,g)] reveals a series of three different structural phase transitions at 1, 3,

and 6 GPa which we discuss below.

The first pressure-induced transition in [Ni(HF2)(pyz)2]SbF6 occurs at PC1 = 1 GPa. It

is clearly signalled by the suppression of the HF−
2 bending mode near 1275 cm−1. Strikingly,
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this is the only feature that is sensitive to PC1 suggesting that it is merely a local lattice

distortion with the crystal structure remaining in the P4/nmm space group. One interaction

that might dampen this displacement is weak hydrogen bond formation between HF−
2 and

the nearby SbF6 counterion to pin the central hydrogen center in place. This interaction may

also explain the rigidity of this mode under compression [Fig. 3 (g)]. Since the geometries

of the superexchange ligands are not significantly altered, we anticipate that the magnetic
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Figure 3: (a,b) Spectra of [Ni(HF2)(pyz)2]SbF6 taken at increasing pressure showing the
pyrazine out-of-plane modes. (c,d) Frequency versus pressure for the pyrazine features. (e,f)
Spectra taken at the indicated pressures in the region of the HF−

2 modes. The arrows indicate
the position of the HF−

2 bending mode. (g) Frequency versus pressure for the HF−
2 modes.
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properties will not be strongly affected through the 1 GPa transition.

The 3 GPa structural phase transition is the most marked of the series. Both HF−
2 and

pyrazine display pronounced distortions making PC2 the most likely to drive new properties.

For instance, the HF−
2 bending mode that was lost across PC1 is recovered at a lower fre-

quency, and the symmetric stretch softens significantly. The asymmetric stretch also reverses

behavior and begins to soften under compression (rather than hardening). These pressure

vs. frequency trends suggest that the bulk modulus of [Ni(HF2)(pyz)2]SbF6 is substan-

tially reduced across the 3 GPa transition. Importantly, the HF−
2 bridge remains symmetric

throughout. There is no evidence for modes related to formation of an asymmetric HF−
2

linkage.27 Based on the frequency shift of the HF−
2 asymmetric stretching mode through

PC2, we estimate a 0.08 Å reduction in the H...F bond length. The pyrazine ligands also

display pronounced changes through PC2. New modes appear on the low frequency edges

of both pyrazine clusters; the 502 cm−1 mode disappears, and the out-of-plane mode at

487 cm−1 begins to split into a doublet. Taken together, these distortions are consistent

with a major reduction in symmetry - probably to a monoclinic space group. Since these

ligands form the superexchange pathways in [Ni(HF2)(pyz)2]SbF6, we anticipate emergent

magnetic properties across PC2 - a possibility that merits further investigation. In any case,

splitting of the pyrazine out-of-plane bending modes above 3 GPa implies that the ring is

strongly distorted - consistent with reduced antiferromagnetic interactions (in analogy to

the high field behavior)10,11 that imply a lower TN , a reduced critical field, or perhaps even

support a crossover to a ferromagnetic state. Other molecule-based materials sport magnetic

crossovers in a similar pressure range.35,36,41

The pressure-induced phase transition at PC3=6 GPa mainly involves the pyrazine ring.

The 480 cm−1 out-of-plane C bending mode switches from softening to hardening, two new

features appear around 490 cm−1, the 810 cm−1 out-of-plane H bending mode of the ring

begins to harden, and the 820 cm−1 feature splits into a doublet. By contrast, HF−
2 -related

features display only normal hardening, demonstrating that the HF−
2 linkage is unaffected.
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Since additional vibrational structure related to the pyrazine ligands develops through the

6 GPa transition, the rings must be experiencing additional symmetry-breaking distortions.

These ring distortions will further reduce the antiferromagnetic exchange between Ni centers,

and while they may reduce TN , they should also lower the critical field - making the quantum

phase transition in [Ni(HF2)(pyz)2]SbF6 easier to realize.42

Structure-property relations

Coordination polymers sport a wide variety of ligands affording opportunities to explore

structure-property relations. When pyrazine rings are incorporated into magnetic systems,

they are typically the dominant superexchange ligands, even if HF−
2 bridges are present,1,2

such that little is known about HF−
2 because there have been no opportunities to study it.

The situation is different in [Ni(HF2)(pyz)2]SbF6
3 making it an ideal system to highlight and

investigate the role of the HF−
2 ligand. We find that HF−

2 is a robust, yet sensitive, superex-

change ligand in [Ni(HF2)(pyz)2]SbF6. This moiety also remains symmetric under different

perturbations. To recap, the H...F linkages are known to lengthen at low temperature (from

1.130 Å at 298 K to 1.150 Å at 17 K).3 Applied magnetic field also lengthens the H...F link-

ages, although only about one-tenth as much as that under temperature. Compression, of

course, shortens the H...F distances. A frequency shift analysis suggests a 0.15 Å reduction

of the H...F distance at 9 GPa. These changes are reversible and demonstrate malleability

of the HF−
2 ligand despite the strength of the three-center two-electron bonding.

This surprising stability likely arises from the linearity of the Ni-F...H...F-Ni bridge. Non-

linear hydrogen bond-based ligands such as H2F
−
3 will deform more easily2,43 because the

angles present an additional route by which to easily alter the magnetic exchange or re-

duce volume. Although the Goodenough-Kanamori rules dictate that linear bond angles

support the strongest antiferromagnetic coupling,33 incorporating non-linear ligands such

as H2F
−
3 may provide additional tunability. Comparison of two structural polymorphs of

[Ni(HF2)(pyz)2]PF6 demonstrated that HF−
2 supports stronger superexchange when the Ni-

12



F...H...F-Ni chain is linear.44 In this case, the lower critical field of the non-linear analog may

be due to a combination of weaker exchange and more easily driven lattice distortions. We

anticipate the non-linear HF−
2 system to have comparatively lower critical pressures as well

since changing the Ni-F...H bond angles would present pathways for readily reducing the unit

cell volume. Structural and magnetic stability under external stimuli are therefore increased

when the HF−
2 ligand is linear.

Conclusion

In summary, we combined infrared spectroscopy with variable temperature, magnetic field,

and pressure techniques to investigate spin-lattice coupling processes in [Ni(HF2)(pyz)2]SbF6,

a rare system where superexchange in the inter- and intra-layer directions, as represented

by the HF−
2 and pyrazine ligands, respectively, are reversed from the typical pattern. Even

though it only links the Ni centers in one direction, the HF−
2 ligand surprisingly must relax

to reduce antiferromagnetic interactions through the magnetic quantum phase transition,

analogous to the known distortions of the pyrazine ring.10–12 Compression reveals similar

processes at work. We find a pressure-induced structural phase transition at 3 GPa that is

very likely to modify the magnetic properties as well as more subtle local lattice distortions

at 1 and 6 GPa. High pressure magnetization and x-ray measurements are clearly needed

to explore the crystal structures and spin arrangements of these new high pressure phases.

Taken together, these results indicate that the three-center two-electron bond HF−
2 ligand

is surprisingly sensitive to external stimuli, and that its inclusion as a superexchange ligand

enhances tunability in transition metal coordination polymers.
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