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We report the low-temperature far-infrared response of two prototypical spin-Peierls (SP)
materials as a function of magnetic field in order to characterize the microscopic nature of
the SP and high-field incommensurate phases. For the linear chain inorganic compound,
GeCuOs, we observe that the B, shearing mode is sensitive to the high-field phase boundary
in the H—T phase diagram, and we find Zeeman splitting of the zone—center spin-Peierls
gap within the dimerized phase. In contrast, for the organic molecular conductor MEM-
(TCNQ)z, neither the electron—phonon coupling modes nor the low-energy lattice modes were
found to be sensitive to the high-field phase boundary. We attribute this difference to the
extended vs molecular structure of the two solids as well as to the extent of spin localization.

1. Introduction

Magnetic interactions in low-dimensional organic and
inorganic solids have attracted a great deal of sustained
interest over the past several decades.!=® For instance,
considerable experimental and theoretical work has
been undertaken to explore the competition between
magnetism and superconductivity as well as the unique
ordering properties of magnetic ground states. At the
same time, synthesis of new materials has opened new
opportunities to probe the physical characteristics of
magnetic solids and underscored the long-range poten-
tial of tuning magnetic properties at a molecular level.
However, the complexity of the chemical structure/
physical property relationships has made the rational
development of novel magnetic materials quite chal-
lenging.
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The linear chain inorganic material GeCuOj3; is now
attracting considerable interest as a model system for
understanding magnetically driven phase transitions
and the spin-Peierls (SP) ground state.”~21 Other
materials which display the elusive SP ground
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GeCuO; 14 12.5
MEM(TCNQ), 18 19
He TTF-AuBDT 2.0 23
TTF-CuBDT 12 13.5
(TMTTF),PF¢ 20 23(?)
a’-NaV,0s 34 ?

Tsp T

Figure 1. The universal H-T phase diagram and critical
temperatures/critical field values for several members of the
family of SP materials. The arrow indicates the field-sweep
path of our experiments.

state include several traditional molecular solids such
as MEM(TCNQ),, TTF-CuBDT, TTF-AuBDT, and
(TMTTF)2PFg, as well as the more recently discovered
o '-NaV,0s5 system.222735 These materials have sub-
stantial differences in structure and spin character. For
instance, GeCuO3; and a. '-NaV,0s display the extended
linear chain structure of distorted octahedra and tetra-
hedra so often found in the oxides, whereas the other
aforementioned materials are molecular in nature, held
together only by van der Waals forces. The nature of
the spin system is also important, as spins are highly
localized in the inorganic material (d-type spins), whereas
they are much more diffuse (and of mw-origin) in the
organic molecular conductors such as MEM(TCNQ); or
(TMTTF); PFs. The TTF-CuBDT and TTF-AuBDT
materials provide for the possibility of z—d coupling as
the Cu (or Au) is at the center of an organic z-system.
The perylenes are another set of materials where
complex structure and z—d coupling are important.36:37

Taken together, these compounds provide an excellent
opportunity to study chemical structure/physical prop-
erty relationships in magnetic solids. The universal
magnetic field/temperature (H—T) phase diagram, char-
acteristic of SP materials,? is shown in Figure 1 along
with the spin-Peierls transition temperatures (Tsp) and
critical field values (H) for several of the aforemen-
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tioned materials. The structure of this diagram is at
the heart of the ongoing work on both inorganic and
organic SP compounds. In the inorganic prototype
GeCuOg, the high-temperature phase displays a uniform
chain arrangement and a finite magnetic susceptibility,
and the SP phase is dimerized and nonmagnetic due to
the opening of a gap in the magnetic excitation spec-
trum.”1112  Indeed, recent electron spin resonance,
infrared, and neutron scattering experiments have
provided a consistent picture of a system with two
triplet-state gaps, at different places in the Brillouin
zone.10-1220 The SP transition temperature is 14 K for
GeCuOs; at zero field, decreasing with applied magnetic
field. In the organic prototype MEM(TCNQ),, the high-
temperature phase displays a dimerized arrangement
of the molecular building blocks and a tetramerized
structure below the 18 K SP transition temperature.2%30
(However, it is important to note that due to the 1:2
stoichiometry in the MEM(TCNQ), charge-transfer salt,
the spin structure is actually uniform above Tg, and
dimerized below Tsp.) In each case, the second-order SP
phase boundary is well described by the theory of Cross,
with the coupling of the 3-D phonons and the 1-D spin
system providing the underlying driving force for the
transition.23383% In the MEM(TCNQ), compound, the
8.5 cm™1 soft mode also plays an important role in the
phase transition.3! If the magnetic field is increased
at low temperature, one passes from the nonmagnetic
SP phase into a high-field magnetic phase. That the
Zeeman energy dominates the spin—lattice energy above
the critical field is the driving force for this
transition.232238-42 The critical field, H, is 12.5 T for
GeCu03.78 Although less is known about the detailed
nature of the high-field phase, structural studies and
theoretical work point toward an incommensurate (1)
soliton structure as the origin for the unusual
properties.23.223838-42 gych a spin structure is dia-
grammed in Figure 1 and consists of a “spin kink”
between two degenerate phases. This spin kink is
actually delocalized over several lattice spacings,>?? and
the incommensurate lattice modulation within the high-
field exotic phase is field-dependent. Thus, raising the
applied field in the | phase increases the concentration
of spin solitons along the chain. The situation in the
model organic SP system is quite similar, moving to the
exotic high-field phase at about H. = 19.5 T in MEM-
(TCNQ)2.2627 It is notable that MEM(TCNQ); has a
large hysteresis regime, indicative of the strongly first-
order nature of this transition.

In order to provide further information on the lattice
dynamics of the SP and magnetic phases, we have
investigated the far-infrared response of both GeCuO3
and MEM(TCNQ); as a function of temperature and
applied magnetic field. Here, we concentrate on the
field-dependent results. Our overall goal is to obtain a
microscopic characterization of each phase and to track
the modes which are sensitive to the magnetoelastic
transitions. That both molecular solids (such as MEM-
(TCNQ),, TTF-CuBDT, and (TMTTF), PF¢) and linear
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chain inorganic magnetic materials (such as GeCuQOs,
doped GeCuO3z compounds, and a'-NaV, Os) display
characteristic phases in H—T space despite differences
in spin localization, spin—orbit coupling, and structure
is quite interesting. The purpose of this work is to
explore the microscopic details of this unusual similar-
ity.

2. Experimental Section

A large, regularly shaped single crystal of GeCuOs; was
grown by floating zone techniques using an image furnace.*®
The sample used for these experiments was cleaved from the
original along the bc-plane and had dimensions of ~0.5 x 0.3
x 0.15 cm®. Large single crystals of MEM(TCNQ), were grown
by slow cooling of acetonitrile solutions as previously described
for other complex TCNQ salts.***> Typical sample dimensions
were ~0.4 x 0.15 x 0.05 cm3. The MEM(TCNQ); crystals were
ground with paraffin at 77 K to prepare a sample suitable for
transmission studies. This procedure was necessitated by the
magnet setup, as detailed below. Infrared reflectance and
transmission measurements were performed both at Bing-
hamton and at the National High Magnetic Field Laboratory
in Tallahassee, FL, using a Bruker 113V Fourier transform
infrared spectrometer. Our runs were made using the 3.5, 12,
23, and 50 um Mylar beam splitters, covering the frequency
range from 25—600 cm™1.

Both a 20 T superconducting magnet and a 33 T resistive
magnet were employed for the magnetic field work.“¢ It is
important to mention that the higher field (resistive) magnet
was needed for the MEM(TCNQ), runs, as this sample has a
critical field of 19.5 T. However, only transmission measure-
ments are possible in this setup due to the very small (32 mm)
bore size of the resistive magnet. A detailed description of
the experimental setup at the National High Magnetic Field
Laboratory is given elsewhere.#” These measurements were
performed using both the infrared reflectance probe (for the
GeCuQO3) and the transmission probe (for the MEM(TCNQ),).*¢
In the reflectance configuration, both the power reflectance
and the relative reflectance are accessible. For instance, in a
field we measure both the power reflectance through the phase
transition as well as the reflectance ratio relevant to the field
conditions AR = R(H)/R(0 T). In contrast, the transmission
probe limits us to a knowledge of the transmission ratio, AT
= T(H)/T(0 T), since we are only measuring single-beam
spectra. Absolute transmission data was obtained separately.

Currently, it is not possible to probe polarization dependence
in either probe geometry. However, polarization information,
obtained from more standard experiments on single-crystal
samples of GeCuO3z; and MEM(TCNQ), is well-known. Since
the overlap of vibrational structures is fairly minimal in each
case, little information is lost due to the unpolarized nature
of our measurements. Typical noise variations of the ratio files
for different beam splitters in a magnetic field are on the order
of 2—3%. Using both temperature and applied field, we are
able to move around the H—T phase diagram, taking spectra
within each phase. In this way, we collected data which allows
us to calculate all meaningful reflectance and transmission
ratios for each sample. Here, we concentrate on the field
dependence experiments, following the indicated path (SP —
1) in Figure 1.

3. Results and Discussion

The left panel in Figure 2 displays a portion of the
power reflectance spectra and the reflectance ratios of
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Figure 2. Top panel: (A) 5 K reflectance spectra of GeCuO;
taken at 0, 9, and 17 T. Note that the 0 and 9 T data are
indistinguishable here. (B) 5 K reflectance ratios of GeCuO;
as a function of applied field. Solid line, R(H= 17 T)/R(H=0
T); double-dashed line, RH=9 T)/RH =0T). The 9 T/0O T
reflectance ratio provides an estimate of the noise level in these
experiments. Bottom panel: dashed line, absolute transmis-
sion spectra of MEM(TCNQ), at 300 K and zero field; solid
lines, 5 K transmission ratios of MEM(TCNQ). taken as a
function of applied magnetic field. From bottom to top: 5 T/0
T,10T/0T,15T/0 T, 25 T/0 T. The ratio curves in both panels
have been offset for clarity.

GeCuOs as a function of magnetic field taken at 5 K.20
The H=0T and H =9 T curves were obtained in the
SP phase, whereas the H = 17 T spectrum was obtained
in the high-field magnetic phase. The vibrational mode
shown here has been assigned as a Bz, shearing mode
of the lattice, involving the motion of the CuO4 squares
in the direction of the magnetic chains.'81° This mode
is sensitive to the SP — | transition, red-shifting upon
passing through the phase boundary, due to the nature
of the lattice motion in the direction of the spin chain.
This change is shown more clearly in the reflectance
ratio, which highlights both the red shift of the B3, mode
and a slight modification of the leading edge of the band
upon entry into the high-field phase. Lorentzian fits of
the B3, feature as a function of temperature and field
have been successfully used to mimic the reflectance
ratio structure shown here.?2%4° Note that within the
SP phase, the magnetic field has no effect in this energy

(48) Li, G.; Dissertation, State University of New York at Bing-
hamton, 1997.
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Figure 3. Top panel: reflectance ratios of GeCuOs in the far-
infrared that characterize the dimerized — incommensurate
phase transition at 5 K. From bottom to top: 2 T/OT,5T/0 T,
7T/OT,9T/OT,11T/OT,13T/0T,15T/0 T, and 17 T/0 T.
The curves have been offset for clarity. Bottom panel: far-
infrared transmission ratios of MEM(TCNQ); as a function of
applied magnetic field at 5 K. From the bottom to the top: 5
T/OT,10T/0T,15T/0 T, and 25 T/0 T. The curves have been
offset for clarity.

range, and the reflectance ratio 9 T/0 T is flat and
featureless.

In the very far-infrared, the reflectance ratio on the
inorganic SP prototype GeCuOg3 displays evidence of the
zone—center SP gap (left panel, Figure 3.20:5051 |t is
characterized by Zeeman splitting around the 44 cm~!
zero-field value of the SP gap, which is a typical result
for the field dependence of a triplet state. The leading
and trailing dips of this structure disappear upon entry
into the high-field incommensurate phase, indicating
that the magnetic state is quite different above 12.5 T.

The behavior of the unusual structure observed in the
low—energy ratio spectra can be explained by the
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(50) van Loodrecht, P. H. M.; Huant, S.; Martinez, G.; Dhalenne,
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Figure 4. Magnetic excitations and theoretical reflectance
spectra within the low-temperature phase of GeCuO; (A) at
zero field and (B) with applied magnetic field.

Zeeman splitting of the triplet state. Figure 4 sketches
the singlet—triplet gap excitation of GeCuO3 within the
SP phase and their reflectance spectra in the ideal
situation, assuming that the reference reflectance is
perfectly flat. At zero field, the Ams = +1 excitations
across the SP gap are degenerate, giving rising to a
single dip in reflectance at the energy of the SP gap;
when applying magnetic field, the triplet state splits,
giving rise to two linearly progressing dips in reflec-
tance. Ratioing these two reflectances leads to the
unusual structure shown in the reflectance ratio spec-
trum in Figure 3. After the SP — | transition, the
nonmagnetic singlet ground state is destroyed. Without
the presence of a singlet—triplet gap, the reflectance
becomes flat and the ratio of the reflectance spectrum
after SP — | transition to the O T spectrum results in a
single peak in the ratio spectrum as shown in Figure 3.
On the basis of the above discussion, we can clarify that
the center peak in the ratio spectrum is related to the
SP gap at zero field, while the two moving dips are
caused by the Zeeman splitting of the triplet state and
the disappearance of these two dips is caused by the
SP — | phase transition.

The behavior of the GeCuOQg3; is contrasted by that of
the organic molecular conductor MEM(TCNQ),, which
displays a featureless transmission ratio spectra through-
out similar frequency ranges (right panels of Figures 2
and 3). It is well-known that above 150 cm~, MEM-
(TCNQ)2 has a number of IR-allowed intramolecular
vibrational modes of By, By, and Bz, symmetry.5253 In
addition, the 10 Ay vibrational modes of the TCNQ
building block molecule are activated by the electron—
phonon (or electron—molecular vibration) coupling pro-
cess, in which a normally IR silent mode couples with
a low-lying electronic charge-transfer excitation.52:53
These Ay coupling-allowed features appear with en-
hanced oscillator strength and strong chain—axis po-
lariztion, making them especially sensitive and well-
established probes of phase transition processes in
TCNQ-based materials. For the energy range shown
in the right panel of Figure 2, the spectrum of MEM-
(TCNQ)2 contains information on one of the Ay electron—

(52) Rice, M. J.; Yartsev, V. M.; Jacobsen, C. S. Phys. Rev. B. 1980,
21, 3437.
(53) Yartsev, V. M.; Jacobsen, C. S. Phys. Rev. B. 1981, 24, 6167.
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phonon activated modes (v9 at 320 cm™1). While evi-
dence of this feature is clear in the single-beam spectra,
the transmission ratios show that there is no change in
this structure with applied magnetic field. Further, our
measurements show that, within our noise level (2—3%),
none of the intramolecular modes of the MEM(TCNQ);
are modified on passing through the SP — | phase
boundary. Therefore, we can conclude that neither the
normally IR-allowed nor the electron—phonon-activated
intramolecular vibrational modes are sensitive to the
phase boundary at 19.5 T or the change in magnetic
structure accompanying the phase transition. Due to
the microscopic nature of the electron—phonon coupling
mechanism, we can also rule out any change in the
tetrameric structure of the TCNQ chain or the character
of the electronic charge-transfer properties upon entry
into the high-field incommensurate phase.

Both translational and librational modes, which
characterize the long-range vibrational motions of the
MEM(TCNQ), sample, resonate at low energy (below
150 cm~1).8154-58  Although weaker in strength than the
aforementioned intramolecular vibrational modes, evi-
dence for several intermolecular modes is also clearly
observed in the single beam far-infrared spectrum.
However, there are no changes in these structures with
applied magnetic field. Therefore, the transmission
ratios are flat and featureless within the SP phase and
also through the SP — I phase boundary, as shown in
the right panel of Figure 3. Thus, we conclude that the
intermolecular modes in the frequency range of our
investigation (down to 20 cm™1) are not sensitive to the
phase boundary.5°

Although our measurements become fairly noisy near
20 cm™1, we find no clear evidence for the spin-Peierls
gap in MEM(TCNQ),, a structure which might be
expected near 22 cm~! since A = 1.75kTs,?. We also
did not observe a higher energy SP gap in our measure-
ments, unlike the separate zone—boundary and zone—
center gaps in the inorganic prototype discussed above.!!
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43, 2503.
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organic molecular solid reflect the extended nature of the material.

(59) In the future, it is important to extend these experiments to
lower energy to follow any changes in the 8 cm~1 soft mode with field.3!
However, the limited frequency range of our apparatus precludes us
from doing these experiments ourselves.
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Both the lattice structure and the spin localization
are important in determining the nature of the mag-
netoelastic coupling in SP materials, and it is likely that
these two effects are responsible for the striking differ-
ences observed in the far-infrared spectra of GeCuO3;
and MEM(TCNQ), reported here. Briefly, the inorganic
prototype has an extended linear chain lattice, whereas
the organic molecular material is held together only by
van der Waals forces. Our measurements suggest that
the energy scale of the phonons sensitive to the D — |
phase transition are quite different, with lower energy
excitations being more important in the organics due
to the softer lattice.

The magnetoelastic coupling is also affected by the
extent of the spin localization. As previously discussed,
the spin system in the organic material is more diffuse,
due to the z-type origin of the spins, and delocalized
over the TCNQ dimer, than that in the inorganic
compound, which has highly localized d-type spins on
the Cu sites. Thus, it is reasonable to expect and it is
consistent with our observations that the magnetoelastic
coupling is overall weaker and of lower energy in the
organic solid compared to the linear chain oxide.

4. Conclusion

We have reported far-infrared reflectance and trans-
mission measurements on high-quality samples of Ge-
CuO3z; and MEM(TCNQ); as a function of magnetic field
in order to characterize the microscopic nature of the
SP and high-field incommensurate phases in the H—T
diagram. For the linear chain inorganic compound,
GeCuOg, the far-infrared spectra is incredibly rich, with
a B3, shearing mode of the lattice as well as the zone—
boundary SP gap sensitive to the high-field boundary
in the H—T phase. In contrast, the traditional organic
molecular conductor MEM(TCNQ), shows no changes
in either the intramolecular or intermolecular modes
above 20 cm~! at the high-field boundary. This differ-
ence is discussed in terms of the spin localization and
the extended vs molecular structure of the two solids.

Acknowledgment. Acknowledgment is made to the
donors of the Petroleum Research Fund, administered
by the American Chemical Society, and to the Career
Development Program (DMR-9623221), provided through
the Division of Materials Research at the National
Science Foundation, for support of this research. These
measurements were performed at the National High
Magnetic Field Laboratory, which is supported by NSF
Cooperative Agreement No. DMR-9527035 and by the
State of Florida. This work has benefited from conversa-
tions with L.V. Interrante and I. S. Jacobs.

CM970712X



