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Spin-lattice interactions through the quantum critical transition in Cu(pyz)(NO3),
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We measured the magnetoinfrared response of the quasi-one-dimensional quantum Heisenberg antiferromag-
net Cu(pyz)(NOs), to investigate local lattice distortions through the field-driven transition to the fully polar-
ized state. This magnetic quantum critical transition involves changes in the out-of-plane N and C-H bending
modes of pyrazine with field that directly track the magnetization. We discuss our findings in terms of
calculated spin densities, scaling laws, and extracted spin-phonon coupling constants, the latter of which are

large due to the softness of the superexchange ligand.
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I. INTRODUCTION

The discovery that the copper halide coordination poly-
mer [Cu(HF,)(pyz),]BF, displays important magnetostruc-
tural interactions through the field-driven transition to the
fully polarized state' is providing important insights into
functionality in complex materials. The microscopic lattice
response is particularly illuminating because it goes to the
heart of both symmetry criteria and mechanisms.?* The chal-
lenge is that direct observation of phonons that are sensitive
to magnetic state is quite rare, and as a consequence, there
are few physical systems with which to evaluate specific lo-
cal structure changes (i.e., local distortions that change site
symmetry, bond lengths, and angles) that accompany mag-
netically driven transitions. [Cu(HF,)(pyz),|BF, was ideal in
that it allowed an initial test of these ideas. A more sensitive
model compound is, however, needed to extract quantitative
information on scaling and coupling constants. Copper pyra-
zine dinitrate, Cu(pyz)(NOs),, attracted our attention as a
system that advantageously combines overall low magnetic
energy scales with a cooperative magnetic state, a soft lat-
tice, tunable molecular architecture, and the potential for
substantial magnetoelastic coupling. The latter is a conse-
quence of the quasi-one-dimensional structure (and lack of
steric constraints), as detailed below. At the same time, the
simple chemical and physical structure enables a micro-
scopic analysis that was not possible in quasi-two-
dimensional [Cu(HF,)(pyz),|BF,.! Specifically, we extract a
power-law relationship between lattice effects and magneti-
zation, apply traditional scaling models to the data, and cal-
culate spin-lattice coupling constants.

Cu(pyz)(NO3), is a quasi-one-dimensional Heisenberg
antiferromagnet with small spin-exchange interactions.*~!!
This molecular solid consists of Cu?** centers connected by
pyrazine rings to form a chain in which the antiferromagnetic
(AFM) exchange interactions between magnetic centers are
mediated by pyrazine linkages with /J=—10.3 K.*%10 Here,
we employ a spin Hamiltonian of the form -2J;S;-S;. Ni-
trate groups separate the copper-pyrazine chains, an arrange-
ment that gives rise to very weak interchain coupling and
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hence a very low three-dimensional ordering temperature. '’

Because of these low-energy scales, a powered magnet can
drive the system through the magnetic transition.®!!
Cu(pyz)(NOs), reaches the fully saturated state in an applied
field of approximately 15 T at 2 K. The transition regime
broadens slightly at 4 K because Ty=0.1 K.!° Nevertheless,
there is a strong similarity between the 4 and 2 K magneti-
zation curves,$ demonstrating the well-established fact that
spin correlations in low-dimensional antiferromagnets are
present well above the long-range magnetic ordering tem-
perature. These short-range correlations are also evidenced
as a broad maximum centered around 6.5 K in the
susceptibility.> 71213 Our experiments thus probe low-
dimensional spin interactions within the copper-pyrazine
chains plus a strong remnant of the long-range ordered state.

In order to investigate spin-lattice coupling in a model
one-dimensional quantum Heisenberg antiferromagnet, we
measured the magnetoinfrared response of Cu(pyz)(NO;),
through the magnetically driven transition to the fully polar-
ized state. Two out-of-plane pyrazine vibrational modes are
exquisitely sensitive to applied field, tracking the magnetiza-
tion through the transition with a M~[[|Aa|ldw]"~ (uoH
—uoH,)"? scaling law. The extracted values of n and & are
consistent with decelerating dynamical processes and low-
dimensional behavior. Large coupling constants were also
observed. Complementary spin-density calculations reveal
that out-of-plane pyrazine distortions through the magnetic
quantum critical transition occur to reduce the Cu-pyz-Cu
spin exchange at high field. The finding that the lattice must
relax in a particular way to accommodate the magnetic tran-
sition is important for other soft molecular materials as well
as higher-energy-scale complex oxides, where powered and
pulsed field magnets cannot easily saturate the magnetiza-
tion.

II. METHODS

Cu(pyz)(NOj3), single crystals were grown by solution
techniques* and mixed with paraffin or KCI to form isotropic
pellets for use in the far and middle infrared, respectively.
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Variable-temperature infrared transmittance measurements
were done with 0.5 cm™ resolution between 4 and 300 K.
Absorption was calculated as a(w)=—h]—dln T(w), where h is
loading, d is thickness, and 7(w) is the measured transmit-
tance. Magnetoinfrared experiments were carried out at the
NHMFL using a 33 T resistive magnet. To better visualize
field-induced spectral modifications, we calculated the ab-
sorption difference as a(H)—a(0 T) and quantified changes
in the absolute absorption difference spectra as [|a(H)
—a(0)|do. Standard partial sum-rule techniques were em-
ployed to calculate field-induced changes in oscillator
strength as Af= N;;wz ) XTnAadw.”’ls Spin-density distribu-
tions for the AFM and the ferromagnetic (FM) states were
calculated using the Vienna ab initio simulation package'®-'8
with the generalized-gradient approximation,'® the plane-
wave cutoff energy of 400 eV, and a set of 50 k points for the
irreducible Brillouin zone. U, ;=4 eV was employed for the
Cu 3d states.?”

III. RESULTS AND DISCUSSION

Figure 1 displays the magnetoinfrared response of
Cu(pyz)(NOs), at 4.2 K. Panels (a), (c), and (e) show clo-
seup views of the absolute absorption. We assign the
495 cm™! doublet and the 826 cm™' feature as out-of-plane
N and C-H bending modes of pyrazine, respectively.'?!=2?
Schematic displacement patterns are shown in Figs. 2(a) and
2(b). These out-of-plane pyrazine bending modes are very
sensitive to field. The striking size and systematic nature of
the field-induced vibrational property modifications are em-
phasized in the absorption difference spectra [Figs. 1(b) and
1(d)]. With increasing field, the out-of-plane N and C-H
pyrazine bending modes soften and appear to change inten-
sity. The former is evidenced by the characteristic derivative-
like line shape in «(H)-—a(0 T). A partial sum-rule
analysis'# reveals that oscillator strength is conserved within
our sensitivity, demonstrating that the structure that develops
in the absorption difference spectra corresponds to a local
redistribution of oscillator strength. At full field (33 T), the
495 cm™! out-of-plane N bending mode of pyrazine displays
a 77% contrast, and the 826 cm™! out-of-plane C-H bending
of pyrazine shows a 35% difference.>* Distinctly different
vibrational modes resonate in the 900—1700 ¢cm~' range
[Fig. 1(e)]. They include in-plane pyrazine and NOJ stretch-
ing modes,>'2>25-27 none of which show any field depen-
dence within our sensitivity [Fig. 1(f)]. Low-frequency
Cu-NO; and Cu-pyz lattice modes (not shown)??>?* also do
not display field-induced spectral changes. Overall, our
signal-to-noise ratio is on the order of 0.03% [Fig. 1(g)].
These results demonstrate that the 15 T magnetically driven
transition in Cu(pyz)(NOs), is accompanied by substantial
magnetoelastic interactions involving only out-of-plane
bending modes of the pyrazine ligand.

We quantify changes in the out-of-plane pyrazine bending
modes by integrating the absolute value of the absorption
difference spectrum, [|a(H)-a(0)|dw, and plotting the re-
sults as a function of magnetic field (Fig. 3). We carried out
this analysis for both out-of-plane vibrational modes of pyra-
zine in Cu(pyz)(NOs),, the 495 cm™! out-of-plane N bend
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FIG. 1. (Color online) (a), (c), and (e): closeup views of the 4.2
K absolute absorption spectra at 0 and 33 T. (b), (d), and (f): clo-
seup views of the 4.2 K absorption difference spectra, a(H)
—a(0 T), in a similar frequency range. Data in (b) and (d) are offset
along the y axis by 40 cm™! for clarity. (g): closeup view of the 4.2
K absorption difference spectra, a(0 T)—a(0 T), illustrating the
noise level of our data before and after a field sweep.

and the 826 cm™! out-of-plane C-H bend, and compared the
results with the low-temperature magnetization.® Overall,
J|Aaldw tracks the 4.2 K magnetization remarkably well. It
is small at low fields, begins to rise as the spins start to cant,
increases through the critical range, and levels off at high
field, consistent with magnetization saturation in the fully
polarized state. Here and in other copper halides,'?° there is
a slight delay between the microscopic lattice response (or
the optical contrast) and the magnetization, which may have
roots in the functional form employed to analyze the spec-
troscopic response.®” In the absence of a microscopic model
to provide a robust functional form for the field dependence
of the lattice response, we turned our attention to some
simple variations in the absorption difference and compared
the results to the experimental magnetization. Substantially
better agreement was obtained using a power-law form for
the absorption difference spectra (Fig. 3), indicative of im-
portant dynamical processes at the 15 T magnetically driven
transition.>'” We employed a traditional scaling model of

104307-2



SPIN-LATTICE INTERACTIONS THROUGH THE QUANTUM...

X

H
O N

& 299 . 299
(a) (b)

FIG. 2. (Color online) Schematic view of the displacement pat-
terns for the two out-of-plane pyrazine-related vibrational modes in
Cu(pyz)(NO3),: (a) out-of-plane N bend of pyrazine and (b) out-of-
plane C-H bend of pyrazine.

the form M ~[[|Aaldw]" ~ (uoH—-uoH,.)"? to investigate
behavior very close to the transition. Here, n is the power-
law exponent (1.0 or 0.65) and & is the critical exponent. We
used existing magnetization data® and our [|Aaldw results
(with and without the power-law modification) to fit the be-
havior near the critical field. Both magnetization and the ab-
sorption difference data follow this scaling law with 6= 1
near the transition.

For a uniform AFM chain with nearest-neighbor spin ex-
change J, the fully spin-polarized FM state is higher in en-
ergy than the AFM state by AE=2|J| per spin site. The local
lattice distortions described above occur in response to the
change in magnetic state as a way of lowering the energy of
the FM state forced upon the system by external magnetic
field. Qualitatively, the AFM exchange J can be written as

J=- 4{], where 7 is the hopping integral between the two Cu
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FIG. 3. (Color online) Integrated area of the absolute value of
the 4.2 K absorption difference spectra, [|a(H)-a(0)|dw, and the
related power-law data [[|a(H)—-a(0)|dw]’® as a function of ap-
plied field, normalized to the full field value, along with the relative
magnetization M/M,,, at 4.2 and 2 K (Ref. 8). This comparison
demonstrates the relationships between the lattice response and
magnetization. Combined Bethe formalism/Monte Carlo simula-
tions were used for the theoretical curve (Refs. 8 and 28).
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FIG. 4. (Color online) Calculated spin-density distributions for
(a) the AFM and (b) the FM states of Cu(pyz)(NO3),. Red (light)
and blue (dark) shading indicates different spin densities. Out-of-
plane pyrazine ligand distortions reduce AFM coupling in the high-
field phase.

sites of the Cu-pyz-Cu spin-exchange path and U is the on-
site repulsion on Cu. Thus, the energy of the FM state can be
lowered by reducing the value of #, which occurs when pyra-
zine adopts an out-of-plane bent structure. The observed
magnetoinfrared effects are strong because the pyrazine
ligand is soft toward out-of-plane bending. Figure 4 displays
the spin-density plots calculated for the AFM and the FM
states of Cu(pyz)(NOs),. Note that, unlike the case of the
AFM state, the two carbon atoms in each C-C bond of pyra-
zine have identical spin densities in the FM state. Such a spin
polarization in the C-C bonds of pyrazine is energetically
unfavorable, and the extent of this energetically unfavorable
situation is reduced by the out-of-plane bending of pyrazine.

Finally, we employed our magnetoinfrared data to esti-
mate the spin-phonon coupling constants. Phonon frequen-
cies are sensitive to spin correlations as w=wy+\(S;-S;),
where \ is the spin-phonon coupling constant and (S;-S > is
the nearest-neighbor spin-spin correlation function.’% 4 o
extract \, we estimate (S;-S;) by relating the spin-spin cor-
relation function to the magnetic specific heat.*’ The relative
change in magnetic energy with temperature is given as
(S,--Sj)=const+#Mf;NCm(T)dT, where n=1 is the number
of Cu-pyz-Cu superexchange linkages per formula unit, N,
=6.02 X 10%* formula units/mol, and C,, is the magnetic spe-
cific heat per mole. Using the data from Hammar et al. be-
tween 0.1 and 10 K.® we find (S;-S;)=-0.24. We employ this
result to calculate the N’s for the field-dependent vibrational
features (Table I). The coupling constants are relatively large
(2 or 3 cm™ depending on the mode), less than those in
several magnetically frustrated oxides>3°~#! but larger than
those of chemically similar [Cu(HF,)(pyz),]BF,.! Absence
of steric hindrance effects in the quasi-one-dimensional ma-
terial thus allows maximum distortion of the pyrazine ligand.
The size of these N’s indicates that the lattice is not rigid
through the field-induced transition to the fully polarized
state.

IV. SUMMARY

To summarize, we employed magnetoinfrared spectros-
copy to investigate magnetoelastic effects through the mag-
netically driven quantum critical transition in the quasi-one-
dimensional Heisenberg antiferromagnet Cu(pyz)(NOs),.
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TABLE I. Spin-phonon coupling constants, A, for selected modes of Cu(pyz)(NO3), estimated using
(S;-S;)=-0.24. All frequencies, frequency differences, and coupling constants (rounded to the nearest whole
number) are in cm™!. The large coupling constants demonstrate that the lattice is not rigid in an applied

magnetic field.

gy (0 T, experiment) (33 T, experiment) Aw N
Mode assignments (em™) (cm™) (em™)  (em™)
Out-of-plane N bend of pyrazine 491.6 491.2 —-04 2
Out-of-plane N bend of pyrazine 498.3 497.6 —-0.7 3
Out-of-plane C-H bend of pyrazine 826.5 826.1 —-04 2

Our measurements reveal coupling of two out-of-plane pyra-
zine distortions to the transition, a process quantified by a
scaling law analysis, a power-law fit, and sizeable coupling
constants which indicate that this prototypical magnetic tran-
sition does not take place in isolation. These findings, dem-
onstrated here in one of the simplest cooperative quantum
magnets, are relevant to the fundamental understanding of
field-driven magnetic ordering transitions in copper halides.
Analogous effects are anticipated to occur in other magnetic
materials although due to magnetic energy scale consider-

ations, molecular materials may be most promising for future
study.
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