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We combined Raman and infrared vibrational spectroscopies with complementary lattice dynamics

calculations and magnetization measurements to reveal the dynamic aspects of charge-lattice-spin

coupling in Co[N(CN),],. Our work uncovers electron-phonon coupling as a magnetic field-driven
avoided crossing of the low-lying Co®>" electronic excitation with two ligand phonons and a magne-
toelastic effect that signals a flexible local CoNg environment. Their simultaneous presence indicates
the ease with which energy is transferred over multiple length and time scales in this system.
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The exotic properties of multifunctional materials arise
from a delicate balance between electronic, magnetic, and
lattice degrees of freedom [1]. A key characteristic of these
interactions is that they take place over multiple energy and
time scales, making them influential in determining a
variety of physical properties such as dc conductivity and
crystal structure under static conditions [2] and electron-
phonon and magnetoelastic coupling [3] under dynamic
conditions. External stimuli like high magnetic field offer
incisive opportunities to tune competing interactions. In
rare cases, the size of the control parameter is large com-
pared to the energy scales in the target material, a situation
that suppresses intrinsic interactions and allows access to
unusual areas of phase space where novel quantum effects
can be revealed. In other instances, the control parameter is
able to manipulate multiple interactions, a process that
advances the microscopic understanding of coupling
mechanisms. Both requirements are met in Co[N(CN),],,
a system that heretofore has been recognized mainly for
its chemical tunability and magnetoelastic coupling in the
static limit [4-6].

As molecule-based materials are represented more and
more among solids sporting unusual electronic and mag-
netic phenomena, spectroscopy is increasingly applied to
explore the local dynamics of the complex building blocks
and relate them to the macroscopic properties. This Letter
chronicles a significant step in this direction, bringing
together high field spectroscopy and magnetization with
dynamics calculations and magnetic modeling to investi-
gate energy transfer processes in Co[N(CN),],. Our work
exposes rich charge-lattice-spin coupling manifested as
(i) an avoided crossing between a field-dependent Co?*
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crystal field excitation and low frequency wagging pho-
nons that we discuss in terms of electron-phonon interac-
tions and (ii) magnetoelastic effects in which the local
Co®* environment distorts and the C=N environment
relaxes in response to an applied field. Although these
mixing processes are most easily investigated in low en-
ergy scale materials like Co[N(CN),],, similar energy
transfer mechanisms are relevant in higher energy scale
compounds like the oxides. As an example, we discuss
prospects for concurrent dynamic coupling in the cobaltites
[71, where lattice flexibility and mixing between phonons
and the electronic and spin degrees of freedom link a
number of macroscopic and microscopic properties.
Polycrystalline  a-Co[N(CN),], was prepared as
described previously [5]. Isothermal magnetization was
measured at the National High Magnetic Field Laboratory
(NHMFL) with a 65 T short-pulse magnet [8]. Fits to the
magnetization and the calculated magnon dispersion
were carried out using a mean-field approximation (see
the Supplemental Material [9]). High field spectroscopies
were performed at the NHMFL (4240 K, 0-35 T,
0.5-1 cm™! resolution). Lattice dynamics calculations on
the Mn analog allowed assignment of the phonons [10].
Figure 1(a) displays the characteristic magnetic hysteresis
loop of Co[N(CN), ], below the 9 K ferromagnetic transition
[5]. Measurements in fields up to 60 T [Figs. 1(b)-1(d)]
reveal an initial rapid rise of the magnetization (in fields of
a few tesla) followed by a steady increase and approach to
saturation. This behavior can be understood in terms of
(i) conventional domain alignment processes followed by
(i1) a field-induced quenching of the single-ion anisotropy
and (iii) a subsequent increase of the spontaneous
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FIG. 1 (color online). (a) Magnetic hysteresis loop of

Co[N(CN),], in paraffin measured below the 9 K ferromagnetic
transition. (b) Normalized magnetization for polycrystalline
Co[N(CN), ], along with a theoretical fit up to 10 T. The paraffin
pellet data (offset for clarity) are also shown. (c) Normalized
magnetization of a powder sample along with our model fit up to
60 T displaying a quasilinear slope after ~10 T that rises above
the S’ = 1/2 magnetization threshold as a result of the popula-
tion of Mg = —3/2 spin state. (d) Absolute magnetization of
polycrystalline Co[N(CN), ], in fields up to 60 T.

magnetization [11]. We extract the anisotropy by fitting the
magnetization below 10 T with a classical expansion of
the Heisenberg Hamiltonian,

1
o = —EZJUS,- *S; = DY S% - gMBBZSiz’ ey

i#j i

where J =4 K is the exchange interaction [12], D is the
anisotropy energy, g is the electron g factor, S; is the local
moment on site i, and B is the external magnetic field [13].
This choice to fit the low field magnetization to the S’ = 1/2
ground state solution excludes excited states from the analy-
sis, providing a distinct crossover point when the anisotropy
is quenched, and distinguishes the field dependence of
the excited states from that in the ground state (see the
Supplemental Material [9]). This allows us to determine
D =12 + 4 cm™!, a direct consequence of the large Co®*
spin-orbit coupling and crystal-field effects. For an octahe-
drally coordinated Co%™ center, the ground state level is 4T1 ¢
(L =1 is only partially quenched). At ambient conditions,
the Co?" ion resides in the center of an axially elongated
octahedron with [N(CN), ]~ ligands coordinated via nitrile
nitrogens in the equatorial plane and via amide nitrogens in
the axial direction [5]. Tetragonal distortion combined with
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FIG. 2 (color online). Local geometry around the Co?>" mag-
netic center at 1.6 K [12] along with a schematic energy level
diagram for the electronic states. The degeneracy of the Kramers
doublets is further removed by exchange and/or external mag-
netic field. The latter is the Zeeman effect. Here, D is the
anisotropy (12 =4 cm™!) extracted from our magnetization
measurements. The red (solid) arrow shows a plausible candidate
for the 114 = 5 cm™! excitation in the Raman spectrum.

spin-orbit coupling acts to split the 4T, o term, producing a
manifold of six Kramers doublets (Fig. 2). The two lowest
doublets are I'g (Mg = =1/2) and I'; Mg = *+3/2) [14].
Although the true site symmetry of Co*>" ion is C,j,, we use
Dy, to a good approximation [9]. Previous work demon-
strates that only the lowest energy doublet (I's) is populated
at base temperature [12]. At 4 K, Co[N(CN), ], is therefore
an effective §’ = 1/2 system [12], and a strong magnetic
field aligns the spins by slowly overcoming the anisotropy.
Magnetization continues to increase at higher fields due to
partial population of the higher energy My = —3/2 branch
of the Kramers doublet [5]. To further investigate the mag-
netic properties, we employed these parameters (J, D, S')
along with g = 5.34 [12] to calculate the magnon dispersion
of Co[N(CN), ],. Using a mean-field approximation, we find
a zone center one-magnon energy of 12 + 4 cm™! [9].
Figure 3(a) displays the magneto-Raman spectrum of
Co[N(CN), ], in the low frequency range. We assign the
peaks near 147 and 158 cm™! as phonons with Co-N,Cpp)
and Co-Ngy») wagging motion, respectively (Table I).
Figure 3(b) summarizes the frequency vs. field trends of
these phonons along with the behavior of a strongly
field-dependent feature that we assign (below) as a Co>*
crystal field excitation. Taken together, these data reveal a
dramatic avoided crossing. The sequence of events can be
summarized as follows. At low fields, the phonons harden
systematically, with 0.6 and 0.3 cm™! frequency shifts at
14 T, respectively. Then a new feature appears in the
spectrum. Initially, this structure has very weak intensity
but becomes more pronounced as it shifts to higher
frequency and interacts with the phonons. A closer look
at intensity and integrated area trends demonstrates that
this developing feature gains intensity by stealing it from
the 147 and 158 cm™!' phonons while total oscillator
strength remains approximately conserved. Near 18.5 T,
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(a) Representative magneto-Raman spectra of Co[N(CN), ], in fields up to 34 T at T = 5.5 K. The strongly

field dependent feature that we assign as a Co?>" electronic excitation is marked with an asterisk, and the data are offset for clarity.
(b) Contour plot of peak intensities as a function of frequency and magnetic field: blue is low intensity, red is high intensity. Dark gray
points represent positions extracted by a peak fitting technique. Error bars are on the order of symbol size or as indicated. The inset
shows an expanded view of the low temperature Raman spectrum along with the development of the broad structure as it approaches
higher energy phonons. (¢) Temperature dependence of the magneto-Raman spectrum at 18.6 = 0.1 T. Black (dashed) lines are peak

fits tracking the behavior of the Co?>* electronic excitation.

intensity is shared between the 147 cm™! phonon and the
new feature, and clear peak repulsion is observed [15].
Once the field-dependent structure moves out of range,
the 147 cm™! phonon recovers its strength and red shifts
from its zero-field position (Table I). With increasing field,
we find a heavily mixed phase with a temporary intensity
loss and subsequent recovery of the field-dependent struc-
ture as it approaches the 158 cm™! phonon. Mixing and
crossing with the second phonon is similar to that of the
first, with the maximum interaction taking place near 25 T.
At higher field, the intensity of the hybrid Co?* crystal
field excitation diminishes, becoming very difficult to track
above 30 T. It is likely that at even larger fields, this

TABLE 1.

structure reappears and interacts with the next available
phonon near =~ 205 cm™!. A small feature is indeed seen in
our high field spectrum near 180 cm™! [inset, Fig. 3(b)],
but the weak intensity precludes further discussion.

To understand the nature of the structure that interacts
strongly with the phonons, we begin by establishing a few
facts. Based upon the observation that no other phonons in
our investigated frequency and field range experience
similar behavior, we attribute intensity enhancement and
avoided crossing to the energetic proximity of the field-
dependent structure to the 147 and 158 cm™! phonons.
Moreover, the field-induced blue shift of this structure is
exceptionally large as compared to the behavior of

Assignment of selected vibrational peaks for Co[N(CN), ], along with their magnitude of change in a 35 T magnetic field

at low temperature. The frequencies, symmetries, and displacement patterns are based upon calculations for the isostructural

Mn[N(CN), ], analog (space group Pnnm, [10]).

Frequency (cm™!) Symmetry Vibrational mode assignment [Aal/a  Behavior with field
R il - . -
147 B, Co-NpxC(p) wagging type (N,, C motion in ab plane; avoided crossing,
modulates N,,-Co-N,, angle) softenine at

158R B, Co-Ngy2) wagging (N, motion along b) (alternatively, £ 1

8 4 4 . 34T (~05cm™)
Neq-Co-Nq rocking)
289R B,, ~»(Co-N,,) + ~»(Co-N,) with ligand component 6% harden, nonlinear
317R B\.,/Byu/ B3, ligand bands, mostly N motion: scissors, 4% soften, nonlinear
twisting, wagging, rocking

995R (NCN) bend, combination (IR + Raman) 2% harden, quasilinear

1320 By, v,s (N-C), in phase N motion along c¢ axis 1% soften, nonlinear

2294IR By, v, (C=N) 6% soften, quasilinear

R is Raman-active, IR is infrared-active, ax is axial, and eq is equatorial.
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phonons in Co[N(CN), ],. From the frequency vs field data
[Fig. 3(b)], we extract a slope dw*/dB of ~ 1.8 cm™!/T,
where w™ represents the frequency of the field-dependent
structure. Extrapolating this trend to zero field, we estimate
an unperturbed resonance frequency of 114 = 5 cm™!. Our
magneto-Raman measurements do not, however, reveal a
fundamental excitation in this range implying that either
(i) the initial peak intensity is extremely weak or (ii) the
fundamental excitation is Raman inactive and is activated
only through coupling with nearby phonons.

The strikingly strong and quasilinear dependence of w*
on magnetic field resembles the Zeeman effect suggesting
either an electronic or magnetic excitation involving the
Co’" center. Energetic considerations combined with
temperature studies, however, rule out scenarios involving
a field-dependent magnon, multimagnon, or coupled
magnon-phonon excitation (see the Supplemental
Material [9]). We instead assign this structure as a Co?"
electronic excitation from the ground state I'¢ level to the
one of the higher lying doublets of the *T,  term that
moves with field as the Zeeman effect comes into play
[16]. Such a candidate excitation is shown in Fig. 2.
Unpublished neutron data [17] are consistent with the
presence of a low energy electronic excitation between
80 and 120 cm™!. Based on general symmetry consider-
ations, I'¢ — I'q and I'¢ — I'; type excitations are Raman
active, although in Co[N(CN),],, the intensity is weak at
zero field and gains strength by mixing with the phonons.
Using a two coupled oscillator model [15,18], we estimate
the electron-phonon interaction energy to be on the order
of 2 and 3 cm™! for the 147 and 158 cm™' phonons,
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FIG. 4 (color online).

respectively [9]. By comparison, electron-phonon coupling
manifests itself in CoBr, and FeCl, [19,20] with mixed
oscillator strengths and/or linewidths and coupling con-
stants on the order of 8 cm™!. The temperature dependence
of the magneto-Raman response is in line with our assign-
ment of the 114 cm™! feature as an electronic excitation.
Measurements at 18.6 T reveal that w™ persists up to at
least 3540 K and displays no sensitivity to the 9 K Curie
temperature [Fig. 3(c) and the Supplemental Material [9]],
findings that exclude mechanistic scenarios involving mag-
nons. The suppressed intensity of the 114 cm ™! electronic
excitation at high temperature likely results from thermal
broadening effects and a decreased population of the
ground state level as the zero-field splitting is slowly over-
come (Fig. 2) [18-21]. Lastly, we point out that cobalt-
containing oxides are ideal systems with which to test the
generality of this mechanism because they display low-
lying electronic excitations, a rich array of phonons of
different symmetries, and magnetism on the transition
metal (and also rare earth) centers [7]. We anticipate
strong, tunable electron-phonon coupling any time elec-
tronic terms are split and in energetic proximity to phonons
of proper symmetry.

To investigate the interplay between local structure and
magnetism, we also measured the magnetoinfrared response
of Co[N(CN),],. Five phonons are sensitive to the field.
Figure 4 summarizes our findings, and Table I provides the
symmetry and mode assignments along with the size of the
field-induced changes in the vibrational response [as mea-
sured by the relative absorption difference |Aal/a =
|a(35 T) — @(0 T)|/a(0 T)]. The latter allows us to
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(a) Far infrared absorption spectrum of Co[N(CN),], along with the full field absorption difference, Aa =

a(35 T) — a(0 T). The absorption difference emphasizes field-induced changes. (b), (c), (d) Close-up views of selected modes at
B = 0 and/or 35 T along with their absorption differences Aa = a(B) — a(0 T). For (b), B = 1, 3, 5, 10, 15, 25, 35 T. For the insets
of (c) and (d), B =0, 5, 10, 15, 20, 25, 30, 35 T. (e) Integrated absolute absorption difference as a function of applied field compared
with the magnetization. These data have been normalized at 35 T for display purposes. The field-dependent vibrational features show

either linear or nonlinear growth with field depending on mode character. Inverted triangles: 289 cm™! peak, diamonds: 317 cm™!,

1

circles: 995 cm™!, squares: 1320 cm ™!, and regular triangles: 2294 cm™! peak. All spectra were collected at 4.2 K.
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identify the most important contributions to the field-
induced local structure deformation. The infrared-active
modes at 289 cm™! (the Co-N,, Jeq Stretch) and
2294 cm™! (the C=N stretch) change by 6% between 0
and 35 T. Using a simple bond distance-frequency correla-
tion, hardening of the 289 cm™! phonon suggests slight
axial compression of the CoNg octahedron, while simulta-
neous softening of the 2294 cm™! mode indicates a more
relaxed ligand environment that likely accommodates the
need for distortion around the magnetic center. Other
Co?*-containing materials [7] may also display enhanced
magnetoelastic coupling, the analysis of which can reveal
how the local dynamics of the complex building blocks
impacts the macroscopic properties. These field-induced
local lattice deformations have a counterpart in magneto-
striction [9,22].

To summarize, we combined high field Raman and
infrared spectroscopies, lattice dynamics calculations,
and magnetization to investigate energy transfer processes
in Co[N(CN),],. Our analysis focuses on two classic
signatures of coupling: (i) electron-phonon in which a
crystal field excitation interacts with the phonons and
(i1) magnetoelastic in which magnetostriction effects mani-
fest themselves in the microscopic phonon response. That
these two very different mixing processes are brought
together in the same material illustrates the exceptional
flexibility of the lattice and the ease with which energy can
be transferred between the phonons and the electronic and
spin degrees of freedom. Similar charge-lattice-spin inter-
action mechanisms are likely to be present in higher energy
scale cobaltites and should prove useful in linking macro-
scopic and microscopic behavior in Co?"-containing
materials.
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