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We report an extraordinary pressure dependence of the magnetic interactions in the metal-organic system
[CuF,(H,0),],pyrazine. At zero pressure, this material realizes a quasi-two-dimensional spin-1/2 square-
lattice Heisenberg antiferromagnet. By high-pressure, high-field susceptibility measurements we show that
the dominant exchange parameter is reduced continuously by a factor of 2 on compression. Above 18 kbar,
a phase transition occurs, inducing an orbital re-ordering that switches the dimensionality, transforming the
quasi-two-dimensional lattice into weakly coupled chains. We explain the microscopic mechanisms for
both phenomena by combining detailed x-ray and neutron diffraction studies with quantitative modeling

using spin-polarized density functional theory.
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Quantum fluctuations are especially strong in low-
dimensional systems, giving rise to numerous exotic
phenomena in quantum magnetism [1-3]. The design
and control of materials with quasi-one-dimensional
(Q1D) and quasi-two-dimensional (Q2D) antiferromag-
netic (AFM) interactions is of particular interest for
potential applications in AFM spintronics, where energy
efficiencies are outstanding compared to ferromagnets and
the spin dynamics is faster by orders of magnitude [4-6].
A full exploitation of this potential requires further progress
in theoretical, experimental, and materials physics, specifi-
cally designer low-dimensional materials with experimen-
tally controlled magnetic exchange to benchmark accurate
theoretical descriptions.

Metal-organic compounds based on Cu’?* ions make
excellent model quantum magnets because of their local-
ized spin-1/2 moments and large charge gap. Suitable
materials are based on soft coordination polymers with
rigid linkers such as pyrazine (pyz), which provide Cu?*
networks with exchange parameters on the scale of
0.1-10 K that are robust and strongly anisotropic in space
[7,8]. These interactions can be determined to high
accuracy from thermodynamic and spectroscopic
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measurements, and interaction control can be achieved
by chemistry or physics. Chemical variation of ligands and
counterions allows for significant modification [9,10], to
the point of dimensionality control [11], while fine-tuning
is possible by isotopic substitution [12]. Physically, an
applied pressure provides direct control of structural and, in
turn, magnetic properties [13,14].

In this Letter, we report on two types of extreme behavior
in [CuF, (H,0),],pyz under pressure. Magnetic susceptibil-
ity measurements show massive and continuous changes of
the dominant exchange parameters in two different low-
dimensional magnetic states. These states, a Q2D spin-1/2
square-lattice antiferromagnet at pressures up to 18 kbar
and Q1D AFM chains at higher pressures, are separated
by a phase transition which switches the magnetic orbital
and thus the dimensionality. By diffraction studies and
quantitative modeling using spin-polarized density func-
tional theory (DFT), we show that its origin lies in the
pressure sensitivity of superexchange paths involving water
ligands. Our results allow unprecedented control of mag-
netic interactions and thus represent an important step
towards materials choices for quantum magnetism by
design.

© 2018 American Physical Society
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FIG. 1. (a) Measured TDO resonance frequencies @ at selected

pressures P (kbar) for T = 1.5 K (solid lines), shown with the
magnetoresistive background of the resonator coil (dashed).
(b) x(B) for the same T and P values. (c) M/M_.(B) at
P =371, 31.9, and 25.8 kbar (dashed lines), measured at
0.4 K, and at the pressures shown in panels (a) and (b) (full
lines), measured at 1.5 K. (d) y(B) at 1.5 kbar and 1.5 K as
obtained from experiment (full line) and from QMC simulations
(dashed line).

Single crystals of [CuF,(H,0),],pyz were grown as
described in Sec. S1 of the Supplemental Material (SM)
[15]. Magnetic susceptibility measurements were per-
formed using a tunnel diode oscillator (TDO), as detailed
in Sec. S2 of the SM [15], while the magnetic exchange was
controlled by isotropic compression of a sample aligned
with the crystallographic a axis parallel to the field. We
performed two independent experiments using (i) a piston
cylinder cell for pressures up to 17.9 kbar in fields up to
35 T and temperatures down to 1.5 K and (ii) a specially
designed moissanite anvil cell for pressures up to 37.1 kbar
with maximum field 18 T and minimum temperature 0.4 K.

The TDO resonance frequency w is shown in Fig. 1(a) as a
function of field at five different pressures and a constant
temperature of 1.5 K. The magnetic susceptibility, y =
OM /OB in Fig. 1(b), was obtained by subtracting the
magnetoresistive background of the resonator coil from w.
The peak observed at low fields is due to a spin-flop transition,
which occurs at B = 1.2 T at 1.5 kbar and shifts to 1.0 T at
17.9 kbar, then from 0.84 T at 25.8 kbar to 0.7 T at 37.1 kbar.
Otherwise y(B) shows a gradual increase with field and a
pronounced peak prior to saturation. The magnetization, M
[Fig. 1(c)], obtained by integrating y(B), changes little for
fields below By, then shows increasing field alignment up to a
saturation field B, that changes dramatically with pressure.

The Néel temperature, T in Fig. 2(a), was determined
by measuring the temperature dependence of w at the field
B = By; corresponding to each pressure point. This allows
for a precise measurement because the changes are par-
ticularly pronounced at 7y (Sec. S2 of the SM [15]). The
relative change of T with pressure is also dramatic, and its
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FIG. 2. (a) Ty measured as a function of P at field values
corresponding to B;. (b) B, obtained from self-consistent fitting
procedure; black lines show linear fits. Blue circles show data
obtained using the piston cell, red squares using the moissanite
cell. (¢) Ratio Ty /B, as a function of P, illustrating the evolution
of dimensionality; the sharp drop marks the phase transition to the
Q1D magnetic system. Two missing values of Ty for calculating
Ty/B, were obtained from linear interpolation based on panel
(a). (d) Exchange parameters obtained from QMC fits to the
experimental data, shown together with a linear fit (black lines).

continuous change over such a wide pressure range is quite
unprecedented. Because 7'y is a significant fraction of our
measurement temperature, care is required to extract the
underlying magnetic exchange parameters and we adopt
the consistent fitting procedure described next.

At low pressures, [CuF,(H,0),],pyz is a prototypical
spin-1/2 square-lattice antiferromagnet with dominant in-
plane magnetic exchange J, and weak interlayer inter-
actions [14]. We observe that [CuF,(H,0),],pyz has three
interlayer exchange parameters and analyze J, J,, and J;3
in connection with Fig. 3, but to complete the experimental
analysis we combine them as follows. We have performed
neutron diffraction measurements of the magnetic structure
of [CuF,(H,0),],pyz, detailed in Sec. S3 of the SM [15],
which establish that the interbilayer coupling J, is AFM
while the effective intrabilayer coupling J,, which is a
combination of J, and J3, is effectively FM. Within the
mean-field random-phase-approximation (RPA) treatment
[32] summarized in Sec. S5 of the SM [15], one may show
that only the sum |J,| + |J,| = 2/ enters the susceptibil-
ity, and hence extract a single effective interlayer exchange
parameter J .

For a full investigation of pressure dependence, we note
that gugpB.(P) = 4Jy(P) 4+ 2J,(P) is the sum of all
interaction strengths at a single Cu’* site, with g = 2.42
determined experimentally for Blla [14]. Jo(P) and Ty (P)
can be used to determine one interlayer exchange parameter
by employing the empirical relation

JL(P) = Jo(P)ebm:/Tn(®), (1)
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FIG. 3. Crystallographic structure of [CuF,(H,0),],pyz
in the a phase, showing (a) the ac and (b) the bc plane.
The dominant exchange parameter J, is mediated by
Cu-O-H - - -F-Cu superexchange paths. (c) Calculated spin-
density distribution of the ground state, with spins up and down
represented, respectively, in cyan and green. Red lines mark the
coordination octahedron of the Cu?* ions and thick dashed lines
the pseudo-Jahn-Teller axis. Structure in the S phase, showing
(d) the ac and (e) the ab plane. The dominant exchange
parameter J3 is mediated by Cu-O-H---F-Cu paths. (f) Spin-
density distribution; both the pseudo-Jahn-Teller axis and the
magnetic orbitals are reoriented at the phase transition.

developed from quantum Monte Carlo (QMC) simulations
for the spin-1/2 Q2D AFM Heisenberg model [33], where
b = 2.43 is a nonuniversal constant and p; = 0.183J, is the
spin stiffness. This equation is valid for 0.001 < J, /J, < 1
and is obtained from a modified RPA (Sec. S5 of the
SM [15]).

From the zero-temperature estimates provided by these
equations, we obtain self-consistent values for J,(P) and
J1(P) by computing y(B) at the temperatures of our
measurements. We perform QMC simulations using the
stochastic series expansion with generalized directed loop
updates [34] as implemented in the ALPS open-source code
[35] and detailed in Sec. S6 of the SM [15]. The results of
Fig. 1(b) can be reproduced with quantitative accuracy at all
fields and pressures by using a nearest-neighbor XXZ
Hamiltonian on a simple cubic lattice, as illustrated in
Fig. 1(d) for the data at P = 1.5 kbar. The spin-flop
transition means that the SU(2) spin symmetry is broken
down to U(1), and the measured By value is obtained by
setting AJ§ = J§ — Jo = 0.09 K, i.e., with a 1% easy-axis
anisotropy in J.

We show our results for B.(P) in Fig. 2(b) and for J(P)
and J, (P) in Fig. 2(d). Linear fits for the low-pressure «

phase yield Jo(P) = ag + byP with ay = 11.4(1) K and
by = —0.34(1) K/kbar and J,(P)=a, +b, P with
a; =0.33(1) K and b, = —0.005(1) K/kbar. As we
quantify below, such a large coefficient for J, is quite
extraordinary. In Fig. 2(c) we show the ratio Ty /B, as a
function of pressure. Mean-field arguments predict both T
and B, to be proportional to the sum of all interactions and
hence their ratio to be constant. However, quantum fluc-
tuations in low-dimensional systems suppress 7T (to zero
in the 1D and 2D limits) but not B,.. Our results imply that
the Q2D system becomes slightly more 3D (i.e., J, /Jy
increases) with increasing pressure up to 18 kbar.

The discontinuous change at 18 kbar marks a transition
to a different low-dimensional magnetic phase. We find
(below) that it is caused by a structural phase transition to a
high-pressure f phase. Here, the J; exchange becomes
dominant, defining a system of AFM spin-1/2 chains,
while J| now corresponds to the arithmetic mean of J, J;,
and J,. For this Q1D case one has guzB, = 2J5 + 4J | and

J. = Ty/{4c\/In(lJ3/Ty) +0.5In[In(LJ5/Ty)]}, (2)

where ¢ = 0.233 and [ = 2.6 [33]. Once again we constrain
the interchain couplings by RPA arguments [15] and refine
self-consistent values for J3(P) and J (P) in the § phase
by QMC simulations. Linear fits to the results shown in
Fig. 2(d) yield J3(P) = a3 + b3 P with a; = 12.7(1) K and
by = —0.15(1) K/kbar and J,(P)=a, +b, P with
a; =1.6(5) K and b, = 0.03(1) K/kbar; the coefficient
of J3(P) is again anomalously large.

To place these results in context and to justify our use of
“extraordinary,” we stress that compressive effects on
magnetic exchange are expected due to reduced orbital
separations and altered bond angles. These effects are
generally at the 1% level in inorganic materials and the
10% level in organic ones. By “giant pressure dependence”
we refer to far larger effects. Because a structural phase
transition may, rather obviously, cause dramatic changes,
we focus on continuous processes. Unusually large (10%)
pressure effects known in inorganic systems [36,37] rely on
proximity to a 90° bonding geometry. On a scale where our
“pressure factor” is 2, the most extreme values we have
found in organic materials range from 1.4 to 1.67 [38-41];
we are not aware of any microscopic explanations for these
results. Here, we demonstrate that our observations are
explained by an unconventional mechanism where the spin
density evolves continuously between two different atomic
orbitals, rather than remaining in one orbital whose shape
changes slightly.

To understand our results we have performed structural
investigations by x-ray diffraction in order to benchmark
first-principles calculations using spin-polarized DFT. As
detailed in Sec. S4 of the SM [15], we made high-pressure
single-crystal x-ray diffraction measurements at ambient
temperature and powder measurements at 5 K. The unit-cell
parameters and bond distances for different pressures are
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reported in Tables S1 and S2 of the SM [15] and full
structural details are provided as crystallographic informa-
tion files (CIFs). As represented in Fig. 3, Cu®>* ions are
linked by OH---F hydrogen bonds to form distorted
square-lattice layers in the bc plane. H,O ligands further
connect these into a bilayer and pyz molecules link the
bilayers into a 3D coordination network. In the a phase
[Figs. 3(a)-3(c)], the asymmetry in Cu coordination
between the intralayer Cu’*—Cu?* bonds and the inter-
layer H,O-Cu-pyrazine direction is referred to as “pseudo-
Jahn-Teller”. Upon compression, both axial ligand bonds
are shortened progressively. Because of the stronger field of
the pyz ligand, the decreasing length of the Cu—N bond
(from 2.40 to 2.30 /0%, Table S2) is expected to have a
stronger effect on the metal stereochemistry, and indeed we
will find that this decrease is responsible for the giant
pressure dependence of Jj.

A structural phase transition was observed at 18 kbar.
The high-pressure f phase, shown in Figs. 3(d)-3(f), is
characterized by a dramatic reduction of the Cu—N bond to
2.1 A and an even stronger rise in the intralayer Cu-O
separation (Table S2). This structural rearrangement rep-
resents a switch of the pseudo-Jahn-Teller axis [Fig. 3(f)].
However, we note that the Cu-N distance remains longer
than for regular pyrazine coordination (2.05 A).

We use the lattice symmetry and approximate atomic
positions at ambient pressure as input for geometry
optimizations within periodic DFT calculations, which
we perform using CRYSTAL14 [42] as outlined in Sec. S7
of the SM [15]. These reproduce all of the observed
structural features, including their evolution with pressure.
They demonstrate that the  phase is more stable than « for
pressures above 20 kbar. Thus, the DFT calculations
provide quantitative agreement on the critical pressure
for the structural transition.

To investigate magnetic exchange in [CuF,(H,0),],pyz,
we identify the four Cu-Cu pathways shown in Fig. 3. We
obtain the exchange parameters from the energy differences
between high- and low-spin states of dinuclear fragments,
calculated using the GAUSSIAN09 package [43] with the
procedure described in Ref. [44] and summarized in Sec.
S7 of the SM [15]. We find that the Cu?" ions have
the highest spin densities, with the remaining fraction
delocalized on the ligands. In the o phase, the magnetic
orbitals involve F~ and H,O ligands [Fig. 3(c)] and the
primary contribution to J, is from superexchange via
Cu-O-H - - - F-Cu paths, making Q2D magnetic layers that
match the structural square lattice [Fig. 3(b) and Ref. [45] ].
The other exchange paths, marked J;, J,, and J; in
Fig. 3(a), are poorly directed relative to the magnetic
orbital and are small.

The calculated magnetic exchange parameters are shown
in Fig. 4. DFT calculations without explicit account of
correlation effects cannot in general obtain exchange
parameters with quantitative accuracy, but their qualitative
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FIG. 4. Exchange parameters calculated as function of pressure
for the o and S phases using spin-polarized DFT.

features contain essential physical insight. Most impor-
tantly, the giant decrease of J in the a phase is in good
qualitative agreement with experiment [Fig. 2(d)]. Its
microscopic origin lies primarily in the decrease of the
axial Cu-N distance, which causes a systematic reduction
of the equatorial spin density of the magnetic orbital
[Fig. 3(c)]. DFT indicates further that all of the subdomi-
nant exchange parameters are small. Although this places
them below the resolution limits of our calculations [46], it
also supports the experimental analysis above. We draw
attention to the trend visible in DFT that compression of the
axial bonds enhances J5 strongly, from 60 mK at ambient
pressure to 1.3 K at 20 kbar, without affecting J; or J,
significantly.

In the f phase, the magnetic orbital revealed by the DFT
spin density encompasses the two F~ ions and the (formerly
axial) interlayer water and pyz ligands [Fig. 3(f)]. This
orbital reorientation corresponds to the switch of the
pseudo-Jahn-Teller axis and is responsible for the massive
jumps in all of the exchange parameters (Fig. 4). J;
becomes dominant [Fig. 3(e)], while J, is significantly
smaller (by a factor of 9 in our calculations). J, and J, are
weaker still, because they involve water ligands lying
normal to the magnetic orbital [Fig. 3(f)], and hence the
system becomes Q1D. This pressure-induced switching of
orbital orientation and system dimensionality is analogous
to the transitions reported for the “monolayer” material
CuF,(H,0),pyz [47,48] and occurs despite the less sym-
metric Cu’>* coordination of [CuF,(H,0),],pyz. The
monolayer system shows a relatively weak continuous
pressure effect (1.17) [49] and no microscopic analysis
of the magnetic interactions was provided.

Thus, our combined experimental and theoretical results
both demonstrate unequivocally and explain qualitatively
the dramatic changes in the magnetic properties of
[CuF,(H,0),],pyz under applied hydrostatic pressure.
There are two quite different phenomena, namely (i) the
giant but continuous decrease of the magnetic coupling
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within the square lattice in the a phase and (ii) a discon-
tinuous switching of the dimensionality of magnetic
exchange at 18 kbar. Our calculations show that the key
structural feature explaining (i) is the compression of
bonds along the pseudo-Jahn-Teller axis, which causes a
progressive redistribution of spin density in the magnetic
orbital driving a strong and systematic reduction of the in-
plane exchange. (ii) is driven by an abrupt switch in
orientation of this orbital, favoring the intrabilayer
exchange path J;, which establishes a Q1D magnetic
network and explains the especially low Ty /B, in Fig. 2(c).

While our first-principles structural calculations for
[CuF,(H,0),],pyz under pressure are reliable at a quanti-
tative level, our spin-dependent energetic calculations are
not. Nevertheless, they do reproduce correctly the order of
importance and the ratios of the exchange parameters at all
pressures on both sides of the transition [Figs. 4 and 2(d)].
One key qualitative point is the DFT insight into the
hierarchy of exchange parameters, and specifically the fact
that only one is dominant, which allows us to disentangle
the subdominant ones by experiment from a formalism
based only on parameters J, or J3 and J . However, DFT
does predict an increase of J; with pressure in the f phase,
in contrast to the decrease observed in experiment. We
attribute this discrepancy to the limitations in our treatment
of exchange correlations at the higher pressures. Finally, a
particularly valuable feature of our DFT results is to show
the relative contributions of the different ligands involved
in the exchange processes, which is of vital importance in
designing quantum magnets using metal-organic co-
ordination polymers.

At a fundamental level, our experiments provide extreme
sensitivity forinvestigating questions such as the evolution of
entanglement in the many-body wave function, especially,
close to quantum phase transitions. Neutron spectroscopy
allows a direct probe of magnetic correlations and excita-
tions. Recent measurements on CuF,(H,0),pyz [50]
revealed that the orbital reorientation induces a first-order
transition of the magnetic excitations from spin waves to
spinons. Our findings show that [CuF,(H,0),],pyz is an
even better candidate for such studies, not only because the
key physics occurs at accessible pressure, field, and temper-
ature conditions, but also because of the enormous range of
parameter ratios spanned continuously by this material.

At a more applied level, our measurements make
[CuF,(H,0),],pyz an important model system for bench-
marking any theoretical approach aiming to provide a
quantitative description of magnetic properties from first
principles. Our results afford direct insight into the toolkit
of metal-organic chemistry, in terms of the ligands and
linking units giving maximal flexibility and control of
magnetic exchange. Thus, they provide an important step
towards designing quantum magnets for applications in
AFM spintronics, where we anticipate that pressure effects
will be created using multiferroic substrate materials. For

such devices to be realized in layered heterostructures, it is
critical that the dimensionality switching should leave the
effective low-dimensional magnetic system in the plane of
the layer, which is the case in [CuF,(H,0),],pyz but not
in CuF,(H,0),pyz.

In summary, we have observed and explained a giant
pressure dependence of the magnetic exchange in the
metal-organic quantum magnet [CuF,(H,0),],pyz. The
combination of modern synthetic chemistry, high-precision
physical measurements under extreme conditions, and
state-of-the-art first-principles calculations allows essential
calibration of theoretical methods and provides a promising
strategy for designing quantum materials with tailored
properties.
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