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Infrared and Raman vibrational spectroscopies were employed to explore the lattice dynamics
of [Ru2(O2CMe)4]3[Cr(CN)6] through the field- and temperature-driven magnetic transitions. The
high field work reveals systematic changes in the C≡N stretching mode and Cr-containing phonons
as the system is driven away from the antiferromagnetic state. The magnetic intersublattice coales-
cence transition at Bc≃0.08 T, on the contrary, is purely magnetic and takes place with no lattice
involvement. The variable temperature spectroscopy affirms overall [Cr(CN)6]

3− flexibility along
with stronger intermolecular interactions at low temperature. Based on a displacement pattern
analysis, we discuss the local lattice distortions in terms of an adaptable chromium environment.
These findings provide deeper understanding of spin-lattice coupling in [Ru2(O2CMe)4]3[Cr(CN)6]
and may be useful in the development of technologically important molecule-based magnets.

PACS numbers: 75.50.Xx, 63.70.+h, 75.30.Kz, 75.80.+q

I. INTRODUCTION

Molecule-based materials offer unique opportunities to
investigate the interplay between charge, structure, and
magnetism and for an understanding of multifunctional
behavior at the microscopic level.1–3 The rich variety of
molecular components, the flexibility of molecular frame-
works, and the overall low energy scales are particularly
attractive for the design of materials with controllable
and tunable magnetic properties.4,5 For a molecule-based
magnet in which superexchange between metal ions re-
lies on diamagnetic ligand linkages, the interplay between
spin and lattice degrees of freedom can be an important
aspect for ground state stabilization.6–8 Moreover, cou-
pling often impacts how a particular state can be tuned
with pressure, temperature, magnetic field, or chemical
substitution.7–11 [Ru2(O2CMe)4]3[Cr(CN)6] (Me=CH3)
attracted our attention due to its interpenetrating mag-
netic networks, novel spin structure, metamagnetic tran-
sition, and predicted high field spin-flop.10,12–15 These
attributes combine to make this material well suited to
extended investigations of magnetoelastic coupling.

[Ru2(O2CMe)4]3[Cr(CN)6] has a body-centered cubic
structure (space group Im3m) with two identical inter-
penetrating lattices (Fig. 1). A single sublattice con-
sists of alternating [Ru2(O2CMe)4]

+ and [Cr(CN)6]
3−

units with CrIII ions residing at the corners of the cu-
bic unit cell (a=13.376 Å) and linked by CN-bridges to
Ru2

II/III dimers at the twelve cubic edges (Fig. 1(a,
b)).12,16 The second sublattice resides in the open space
of the first sublattice (Fig. 1(c)). Each CrIII cen-
ter of [Cr(CN)6]

3− and each mixed-valent Ru2
II/III unit

of [Ru2(O2CMe)4]
+ has a spin S=3/2.17 A large easy-

plane anisotropy D≃8.6 meV (69 cm−1) is associated
with the [Ru2(O2CMe)4]

+ paddle wheel complex.16 Be-
low the 33 K ordering temperature, the system dis-
plays antiferromagnetic (AFM) intrasublattice coupling
Jc≃1.5 meV (12 cm−1) between neighboring CrIII ion

O

Cr CrRu

Ru
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FIG. 1: (Color online) (a) CrIII-Ru2
II/III-CrIII structural

linkage along with (b) the single, non-interpenetrating
sublattice, and (c) a diagram of the two interpene-
trating lattices (red and green) in body-centered cubic
[Ru2(O2CMe)4]3[Cr(CN)6].

12,16 Hydrogens are omitted for
clarity.

and net Ru2
II/III dimer moments, resulting in a ferrimag-

netic arrangement of each sublattice and a weak AFM in-
tersublattice coupling Kc≃5×10−3 meV (0.04 cm−1).15

A modest magnetic field (Bc≃0.08 T) aligns the moments
on each sublattice.14 This is a type of metamagnetic
transition between AFM and paramagnetic (PM) states
in which sublattices magnetically coalescence. Theoret-
ical calculations also predict a spin-flop transition at
Bsf≃80 T, and even higher magnetic fields should drive
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the system to the fully polarized state.15 At this stage,
however, no experimental work at high magnetic fields
has been done, so our investigations bring additional in-
sight to the behavior of [Ru2(O2CMe)4]3[Cr(CN)6] in this
regime. Pressure collapses the magnetic coalescence tran-
sition and reveals an effective Ru2

II/III high-spin → low-
spin transition,10,18 thus providing additional evidence
for rich and tunable magnetoelastic interactions in this
system.
In this work, we combine high field and variable tem-

perature spectroscopies to probe spin-lattice interactions
in the [Ru2(O2CMe)4]3[Cr(CN)6] molecule-based mag-
net. In applied field, correlation between the measured
vibrational response, the displacement patterns, and lo-
cal lattice distortions reveals magnetoelastically-active
[Cr(CN)6]

3− octahedral units and rigid [Ru2(O2CMe)4]
+

paddle wheel dimers as the system is driven away from
the AFM ground state. At the same time, variable tem-
perature studies show pronounced changes in modes con-
nected with the [Cr(CN)6]

3− octahedra, demonstrating
the overall softness of this moiety and its readiness to
adapt to a new physical environment. Taken together,
our analysis reveals the key local lattice distortions that
underpin magnetoelastic properties of this system un-
der applied magnetic field. These findings have implica-
tions for other cyanide-bridged complexes like Prussian
blue structure materials of Mx[M(CN)6]y composition or
Cr-containing oxides where similar mechanisms may be
important.11,19,20

II. METHODS

Polycrystalline [Ru2(O2CMe)4]3[Cr(CN)6] was pre-
pared as described previously.12 Magnetization mea-
surements were performed at the National High Mag-
netic Field Laboratory (NHMFL) using a 60 T short-
pulse magnet at several different temperatures.21 Spec-
troscopic work was carried out on pressed powder sam-
ples mixed with transparent matrix material (paraffin,
KCl) or pure powder. All samples displayed some degree
of the decomposition, although without detriment to the
bulk magnetic properties – either in previous work or
in our own measurements. Special care was required,
however, for the spectroscopic studies. We found, for
instance, that in an alkali halide environment, pressure
increases the decomposition rate. This was evident from
the appearance of broad infrared absorption lines at 1550
cm−1 and near 2080-2090 cm−1.22 Several efforts were
made to minimize these effects and access the intrin-
sic spectral response. As an example, magnetic field-
and temperature-dependent behavior of the CN vibra-
tion near 2145 cm−1 was checked in an unconventional
arrangement (employing a paraffin matrix) and after ap-
propriate background subtraction, found to be consistent
with the KCl pellet response. Moreover, the signature
vibrational bands of the decomposition-induced defect
states were found to be magnetically inactive. Magneto-

infrared and magneto-Raman (λexc = 532 nm, ≃1.5 mW)
work was carried out at the NHMFL using a water-cooled
DC magnet (0–35 T, 4.2 K). Complementary variable
temperature spectroscopy was performed between 10 and
300 K. Spectral resolution of 0.5-1 cm−1 was employed
depending on the experiment. The infrared absorption
coefficient α(ω) was calculated as α(ω) = − 1

hd ln(T (ω)),
where h is the pellet concentration and d is the thickness.
Standard fitting techniques were employed as appropri-
ate.

III. RESULTS AND DISCUSSION

A. Lattice dynamics through the metamagnetic

transition and towards the high field state

The 4.2 K far infrared absorption spectrum of
[Ru2(O2CMe)4]3[Cr(CN)6] in zero field is shown in Fig.
2(a) along with the full field absorption difference ∆α =
α(B = 35 T) − α(0 T). The latter highlights the field-
induced spectral changes clearly demonstrating the sensi-
tivity of certain modes to magnetic field and the rigidity
of others. Figure 2(b) illustrates the systematic develop-
ment of features near 370 and 460 cm−1. Investigation
of the higher frequency response (up to 3200 cm−1) re-
veals only one additional feature near 2145 cm−1 that is
affected by external field (Fig. 2(c)). All other infrared-
active phonons remain rigid. We interpret these findings
in terms of field-induced local lattice distortions.23

Assignment of the spectral peaks allows us to trans-
form our findings into an understanding of local struc-
tural deformations. Group theory predicts four F1u

infrared-active vibrations for a [Cr(CN)6]
3− block of

an ideal octahedral environment. Previous studies of
[M(CN)6]

n−-based compounds identified these frequen-
cies as 90-160, 340-350, ≃460 and 2120-2130 cm−1.24–27

Bringing these literature data together with our in-
dependent measurements of model compounds like
K3[Cr(CN6], we assign the [Ru2(O2CMe)4]3[Cr(CN)6]
bands near 120, 370, 460, 2145 cm−1 to the δ(C-Cr-
C) bend, ν(Cr-C) stretch, δ(Cr-C-N) bend, and ν(C≡N)
stretch, respectively.28 The strong peak at ≃400 cm−1

is assigned as a ν(Ru-O) stretch.29,30 This assignment
agrees with frequency and intensity variations in metal-
substituted [Ru2(O2CMe)4]3[M

III(CN)6] (M = Fe, Co)
and also the [Ru2(O2CMe)4]Cl parent compound.31

Combining mode assignment and displacement pattern
information with the magneto-infrared spectra, it is ap-
parent that applied field dominantly affects the octahe-
dral [Cr(CN)6]

3− centers (as evidenced by the sensitivity
of the 120, 370, 460 and 2145 cm−1 peaks) and barely
perturbs modes emanating from the [Ru2(O2CMe)4]

+

paddle wheel complex. Interestingly, the response is
not the same for each mode, even though all, except
for the C≡N stretch, involve the CrIII ion. Detailed
views of the absorption difference spectra (Fig. 2(a,
b, c)) clearly illustrate these features. The 120 cm−1
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FIG. 2: (Color online) (a) Far infrared absorption spectrum of [Ru2(O2CMe)4]3[Cr(CN)6] at B = 0 T along with the full field
absorption difference spectrum ∆α = α(B = 35 T)− α(0 T). Inset: Close-up view of ∆α = α(B)− α(0 T) at B = 0 and 35 T
for the ≃120 cm−1 phonon emphasizing its different shape as compared to the other features. The B = 0 T curve demonstrates
the sensitivity level of ∆α calculated using scans before and after the field sweep. (b) ∆α of the 370 and 460 cm−1 modes at
representative fields highlighting their vibrational contrast. Data are offset for clarity from the B = 0 T curve. (c) Absorption
profile of the ν(C≡N) stretch at 2145 cm−1 along with the corresponding field-induced changes in ∆α (inset). Data are offset for
clarity. (d) Intensity (I), frequency (ω), and linewidth (full width at half maximum, Γ) as a function of field for the δ(C-Cr-C)
bend near 120 cm−1. Lines guide the eye. (e) Integrated absolute absorption difference vs. applied field compared with the
magnetization and the square of the magnetization. The data are normalized to 35 T. ( ) - 4 K magnetization (M(B)), ( )

- (M(B))2, N - 120 cm−1, � - 370 cm−1, � - 460 cm−1 and • - 2145 cm−1 peaks. All magneto-infrared data were collected
at 4.2 K. Inset: Close-up view of low field magnetization demonstrating the magnetic intersublattice coalescence transition at
Bc≃0.08 T. Magnetization measurements up to 60 T do not reveal any additional transitions.

mode is characterized by a sharp peak centered between
two minima whereas the 370, 460 and 2145 cm−1 fea-
tures have derivative-like structures. The former line-
shape is characteristic of field-induced width and inten-
sity changes, whereas the derivative-like lineshape points
to field-induced frequency shifts (with both red and blue
shifts observed in [Ru2(O2CMe)4]3[Cr(CN)6]). Here and
elsewhere in the text, “softening” or “red shifting” in-
dicates a shift to lower energy, whereas “hardening” or
“blue shifting” refers to a shift to higher energy.

In general, peak position, linewidth, and inten-
sity trends are sensitive indicators of phase transition
mechanisms.32–34 These quantities are particularly useful

for revealing magnetoelastic interactions through field-
driven transitions.8,35,36 As an example, Fig. 2(d) shows
the gradually increasing intensity and the simultaneously
decreasing linewidth of the 120 cm−1 phonon. The peak
position remains constant, and total oscillator strength
is approximately conserved. This behavior suggests a
gradual field-induced reduction of the damping constant
(Γ) for the δ(C-Cr-C) vibration. We find |∆Γ|/Γ(0 T) =
(Γ(35 T)− Γ(0 T))/Γ(0 T) ≈ 4± 0.5%.

To reveal trends in the higher frequency phonons, we
integrate the absolute value of the absorption differ-
ence spectrum as

∫ ω2

ω1

|∆α| dω =
∫ ω2

ω1

|α(B) − α(0 T)| dω

(where ω1 and ω2 define the frequency range of interest),
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and plot these data as a function of magnetic field.37 The
low temperature magnetization (M(B)) and the square
of the magnetization ((M(B))2) are included for com-
parison (Fig. 2(e)). The magnetization data are char-
acterized by a fast initial rise at low fields that is a sig-
nature of the intersublattice coalescence transition,12,14

followed by a continuous rise at higher fields as the
field slowly overtakes the system anisotropy and ex-
change interactions.15,16 Within our sensitivity, there is
no magneto-infrared contrast through the magnetic co-
alescence transition. The lack of change in the infrared
spectrum at Bc≃0.08 T, the field where both sublattice
moments become aligned, indicates little spin-lattice in-
teraction and a rigid lattice through the magnetic inter-
sublattice coalescence. This finding may be useful for
understanding magneto-structural correlations in other
metamagnetic materials38–40 in that modeling efforts can
focus on spin-only interactions.

Above Bc, the field slowly cants spins away from AFM
alignment in competition with the intrasublattice ex-
change interactions and ruthenium anisotropy.15 At the
same time, there is clear evidence of magnetoelastic in-
teractions in the form of field-dependent phonons (Fig.
2), and as in the case of Mn[N(CN)2]2,

36 the magneto-
infrared response seems to have a better match with
(M(B))2 rather than the magnetization itself. This sug-
gests the exchange nature of the magnetoelastic effect.41

Using |∆α|/α = |α(35 T) − α(0 T)|/α to quantify
the coupling for each type of displacement, we find
that the most prominent change, of the order of 2-3%,
can be attributed to softening of the C≡N stretching
mode. The ν(Cr-C) stretch and the δ(Cr-C-N) bend
show slightly smaller changes, 1-2% and 1%, respectively.
Both modes harden in field. The magnetic energy scales
in [Ru2(O2CMe)4]3[Cr(CN)6] allow us to probe only the
onset of the spin-lattice interactions. More pronounced
effects are anticipated at higher fields.

The finding of flexible CrC6 octahedra and relaxed
C≡N linkages in [Ru2(O2CMe)4]3[Cr(CN)6] at high fields
can be correlated with the crystal structure (Fig. 1)
in which the CN ligands bridge the CrIII and Ru2

II/III

magnetic centers providing an effective superexchange
pathway.12 When field competes with superexchange in-
teractions (with energy scale Jc), the process is ac-
companied by magnetoelastic interactions in which the
chromium environment and in particular the bridg-
ing CN units distort to accommodate the developing
magnetic state.42 Similar cooperative effects occur in
other materials.8,36,43 From the direction of the field-
induced blue shift of Cr-containing phonons and a simple
“frequency-bond distance” correlation,44,45 the high field
local geometry likely consists of a compressed CrC6 oc-
tahedron. There is no evidence for octahedral distortion
within our sensitivity, so we conclude that the compres-
sion is isotropic, although this finding should be tested
at higher fields.46 In case of the CN linkages, softening
points to an overall more relaxed environment of this
unit. The relationship to the bond length however, is

more complex and an inverse correlation is indicated as
discussed below.
To complement our high field work on ungerade sym-

metry vibrations, we investigated the magneto-Raman
response of [Ru2(O2CMe)4]3[Cr(CN)6] with particular
interest in the symmetric Ru-Ru and Ru-O modes. Our
low temperature Raman spectrum reveals two strong
lines near 320 and 360 cm−1 and a number of weaker,
broader structures whose low intensity precludes detailed
investigation. Here, we focus our discussion on two in-
tense features near 320 and 360 cm−1. Based on liter-
ature data and the insensitivity of these lines to MIII

(M=Cr, Co, Fe) substitution, we assign them as Ru-Ru
and Ru-O stretching bands, respectively.29 Application
of a 35 T field reveals no changes in the behavior of
these modes within our sensitivity, consistent with the
magneto-infrared result of a rigid [Ru2(O2CMe)4]

+ clus-
ter.
[Cr(CN)6]

3−, and hexacyanometalates in gen-
eral, are attractive and oft-used molecular building
blocks.5,11,47,48 The chemical diversity of polycyanide
molecular precursors combined with the tunabil-
ity of their magnetic properties through flexible
M-CN-M linkages led to materials with room tem-
perature and photoinduced magnetism, metamag-
netism, spin-crossover, and charge transfer induced
transitions.11,38,47,49–52 The magnetoelastic interactions
revealed in [Ru2(O2CMe)4]3[Cr(CN)6] bring additional
understanding of magnetostructural correlations in
the development of flexible magnetism and tunable
properties in materials where the adaptable cyanide
ligands provide important control paths for magnetic
coupling between metal centers.

B. Vibrational response through the 33 K

magnetic ordering transition

We already demonstrated that external stimuli like
magnetic field in combination with vibrational spec-
troscopy can be used to reveal local lattice distortions.
To gain additional insight into magnetoelastic coupling
in [Ru2(O2CMe)4]3[Cr(CN)6], we examined the variable
temperature infrared response. Figure 3(a) and (b) dis-
plays the full infrared spectrum. Modes that resonate at
116, 361, 449, and 2138 cm−1 harden significantly with
decreasing temperature (300-10 K), with ≃4, 6, 12, 7
cm−1 shifts, respectively. This is in contrast to trends in
several other phonons, for example the 398 cm−1 mode,
with a frequency shift on the order of 1 cm−1 (Fig. 3(c)).
Moreover, frequency vs. temperature behavior is mono-
tonic with no anomalies at or near the 33 K magnetic
ordering transition (Fig. 3(d)). The latter suggests in-
herently weak spin-lattice coupling in this material that
can be amplified and/or revealed by driving the system
towards a collective transition using external magnetic
field. Similar effects are of interest in oxides.53

Temperature and magnetic field are often considered
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FIG. 3: (Color online) (a) The far infrared spectrum of [Ru2(O2CMe)4]3[Cr(CN)6] at 300 K. Inset (left): Close-up view of
the low frequency δ(C-Cr-C) deformation mode at 300 and 10 K. Inset (right): Close-up view of the ν(Cr-C) and δ(Cr-C-N)
modes emphasizing the pronounced frequency shifts between room temperature and 10 K. (b) Middle-infrared spectrum of
the [Ru2(O2CMe)4]3[Cr(CN)6] molecular magnet at 300 and 10 K. Insets: Close-up view of the ν(CN) and ν(CH) stretching
modes, respectively. (c) Image plot of peak intensities as a function of frequency and temperature for the mode cluster near
400 cm−1: blue - low intensity, red - high intensity. (d) and (e) Frequency vs. temperature trends for selected vibrational
features with hardening and softening behavior, respectively. Inset (d): Close-up view of the systematic frequency variation
through the 33 K transition temperature. Inset (e): Close-up view of the high and low temperature spectra near 1040 cm−1.
(f) Spectral evolution of the ≃1450 cm−1 cluster at 10, 30, 50, 100, 150, 200 and 300 K.

to be complementary thermodynamic variables,54 so sim-
ilarities between the temperature and field behaviors are
anticipated. Perhaps the most important of these relates
to the [Cr(CN)6]

3− octahedra, which retain their role as
flexible building blocks. This is consistent with the over-
all changes in Cr-C and C≡N bond lengths as compared
with Ru-O, Ru-N, and Ru-Ru distances.55 Interestingly,
while hardening of ν(Cr-C) and δ(CrCN) bands is in line
with a shorter Cr-C distance at 1.8 K, the blue shift of
ν(CN) is in contrast to an elongated C≡N bond. Systems
in which a “frequency-bond length” correlation breaks
down are known, and we attribute the lack of a simple
relationship to superimposed bond length, charge, inter-
molecular force, and collectivity effects.36,45,56,57 In any
case, the finding of thermally susceptible [Cr(CN)6]

3−

units parallels the situation in magnetic field. Note how-
ever, that the overall vibrational behavior is not the
same for all features (as seen from the frequency shift

of ν(Cr-C) and δ(Cr-C-N) modes, for example), indicat-
ing that even a simple magnetocaloric effect that corre-
sponds to adiabatic change in temperature due to field
modification54 cannot account for these trends. In ad-
dition to the frequency shift, the 120 cm−1 δ(C-Cr-C)
bend also displays damping constant variations (inset,
Fig. 3(a)) in line with our magnetic field studies. The
broader low temperature linewidth in combination with
diminished intensity is different than the conventional
thermal response and may be indicative of phonon inter-
action with other excitations and/or states. Both tem-
perature and magnetic field seem to suppress this inter-
action and decouple the phonon.

The [Ru2(O2CMe)4]3[Cr(CN)6] temperature depen-
dence reveals several other trends. For instance, the
features near 1045, 1400-1430, and 2930 cm−1, soften
down to 10 K (Fig. 3(e, f)), behavior that is oppo-
site to normal lattice contraction tendencies.55 In addi-
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tion, the broad cluster of absorptions centered at 1450
cm−1 displays interesting fine structure due to simul-
taneous softening/hardening of the low/high frequency
components.58 Previous work on the [Ru2(O2CMe)4]3Cl
parent compound as well Cu2(O2CMe)4(H2O)2 allows us
to assign modes near 1025 and 1045 cm−1 to ρ(CH3)
rocking, the cluster near 1450 cm−1 to δ(CH3) deforma-
tions and ν(CO)sym/asym stretches, and features centered

at 2990 cm−1 as ν(CH3)sym/asym stretches.29,59,60

Given the nature of these modes and their displace-
ment patterns, the pronounced changes in the 1450
cm−1 cluster of absorptions can be correlated with
distortion of the carboxylate unit, specifically relax-
ation of the CO2 angle and strengthening of the C-O
bond.55 Previous studies of carboxylato complexes sug-
gest that an increased O-C-O angle leads to a larger
splitting of the ν(CO)sym/asym stretching bands,61 a
result that is in line with the behavior of the 1450
cm−1 cluster in [Ru2(O2CMe)4]3[Cr(CN)6]. The lat-
ter displays mode softening on its low energy side
(ν(CO)sym) and hardening of the high frequency com-
ponent (ν(CO)asym). We attribute the unusual soften-
ing of the selective CH3-related modes to weak elec-
trostatic intermolecular interactions (for instance of
the C-H· · ·O type) that strengthen with decreasing
temperature.62,63 Similar hydrogen-bonding-like interac-
tions involving carboxylate oxygen are present in other
diruthenium tetracarboxylates.64 A closer look at the
structure indicates plausible interactions between methyl
groups of one sublattice and oxygen atoms of the other.
Each methyl group has four short contacts to the neigh-
boring oxygen with C· · ·O distances of 3.311 Å at 300 K.
At 1.8 K, C· · ·O distances (3.264 Å) are shorter due to
oxygen displacement towards the methyl groups. The lat-
ter subsequently affects Ru-O-C and C-O-C angles and
the corresponding bond lengths.55 Stronger intermolecu-
lar hydrogen-bonding may foster intersublattice interac-
tion and overall structure stabilization.

IV. SUMMARY

Interest in the foundational aspects of multifunctional-
ity is driving investigation of fundamental coupling mech-
anisms and structure-property relationships in molecule-
based materials. Herein, we combine high field vibra-
tional spectroscopies with an analysis of mode displace-
ment patterns and trends to reveal the magnetoelastic
coupling in [Ru2(O2CMe)4]3[Cr(CN)6]. We find that
high magnetic field competes with exchange interactions
and distorts the [Cr(CN)6]

3− ion. Systematic changes in
ν(CN) and the Cr-containing phonons provides evidence
for overall [Cr(CN)6]

3− flexibility and, more specifically,
an isotropically compressed CrC6 octahedron. The mag-
netic intersublattice coalescence transition at Bc≃0.08 T,
by contrast, takes place without substantial spin-lattice
interactions. Variable temperature spectroscopy rein-
forces the finding of an adaptable chromium environment
that strengthens at low temperature. The understanding
of magnetoelastic coupling in [Ru2(O2CMe)4]3[Cr(CN)6]
provides insight into other chromium-containing mate-
rials where spin-lattice interactions contribute to ground
state stabilization.19,20,65 Moreover, distinctions between
elastic vs. rigid molecular units and adaptable vs. static
crystal environments are useful where building block
choices figure into the design and control of materials
for technological applications.48,66
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