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ABSTRACT: We combine infrared and Raman spectros-
copies to investigate finite length scale effects in CuGeO,
nanorods. The infrared-active phonons display remarkably
strong size dependence whereas the Raman-active features are,
by comparison, nearly rigid. A splitting analysis of the Davydov
pairs reveals complex changes in chemical bonding with rod
length and temperature. Near the spin-Peierls transition,
stronger intralayer bonding in the smallest rods indicates a
more rigid lattice which helps to suppress the spin-Peierls
transition. Taken together, these findings advance the
understanding of size effects and collective phase transitions
in low-dimensional oxides.
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hase transitions in nanomaterials are a subject of

contemporary interest. This is because of the remarkable
mechanistic diversity in how size enables the development of
new states of matter,"”” disrupts one transition in favor of
another,”* or blocks the development of collective phenomena
entirely.”® One example of a transition with emergent
properties is that of oxides such as BiFeO; where the
nanoparticles display a ferroelectric — paraelectric crossover
with decreasing size.” The development of the super-
paramagnetic state in CoFe,O4 and MgFe,0, nanoparticles is
another illustration of how size allows access to completely
different properties and areas of phase space.”” Other examples
include the spin-flop transition in a-Fe,O; that is suppressed
below approximately 8 nm'”"'" and magnetoelectric coupling in
Fe;0,, which is reduced with decreasing size."” The discovery
of size-induced quenching of the spin-Peierls transition in
nanoscale CuGeO,'”'* is another case where collective
phenomena are suppressed by length scale effects. That the
spin-Peierls state can be switched with both temperature and
size is intriguing and merits additional mechanistic inves-
tigation.

CuGeO; is well-known as the first inorganic spin-Peierls
material’® and, as such, is a superb flatform for e}?loring
temperature,m_19 magnetic field,**~%° pressure,26_ ° and
doping effects.’*™*® This system consists of edge-sharing
CuOg4 octahedra that form quasi-one-dimensional chains

-4 ACS Publications  © 2018 American Chemical Society 3428

along the crystallographic c-axis (Figure 1a).'"®** The Cu
centers are d” and therefore S = 1/2. The Cu atoms dimerize
below the Tgp = 14 K spin-Peierls transition, and spin gaps
open because singlets are formed.'>*> Vibrational spectros-
copies reveal the coupled phonons.'®**™*° The recent
development of a suite of CuGeO; nanorods of different
lengths'® (Figure 1b—d) offers the opportunity to unravel size
effects on the dynamic properties and at the same time explore
how and why the spin-Peierls transition is suppressed below a
critical size (d.; ~ 450 nm).B’14 Electron spin resonance
reveals no sign of an antiferromagnetic state at small sizes,"*
contrary to expectations based upon chemical substitution with
Si, Zn, and Mg.‘“_43 Instead, disorder emanating from the
small surface layer and local changes in the Cu—O-Cu
superexchange pathway that increase interchain interactions
may place CuGeQOj; nanorods in the vicinity of a disorder-driven
quantum critical point."*

In this work, we reach beyond temperature, magnetic field,
and pressure tuning techniques to explore the vibrational
properties of CuGeO; nanorods as a function of size. An
additional and rather novel aspect of our approach is that while
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Figure 1. (a) The 300 K crystal structure of CuGeOj; showing the Cu
chains along the ¢ axis."®** The space group is Pbmm. (b—d) Scanning
electron microscope images of representative nanorods studied in this
work. All samples have diameters near 50 nm but varying lengths.
These images show nanorods with average lengths of (b) 150, (c) 400,
and (d) greater than 1000 nm.

all nanorod diameters are similar, the growth habit is such that
length can be controlled to vary confinement in the ¢ direction
(Figures 1b—d)."” Strikingly, the infrared-active modes show
dramatic size effects whereas the Raman-active features are
nearly rigid. A Davydov splitting analysis reveals an overall
higher intra- to interlayer bonding ratio in the nanorods as
compared to the bulk, likely due to enhancement of bc-plane
dimensionality. Importantly, at temperatures near the spin-
Peierls transition, the intralayer bonding goes through a weak
minimum near d.;, and then turns sharply upward with
decreasing size. This indicates a lattice that is stiffer and more
difficult to dimerize, consistent with the suppression of the

spin-Peierls transition at small sizes."”'* Taken together, these
findings advance the understanding of size-driven phase
transitions in nanoscale transition metal oxides and place
these materials on a firm foundation for future work in high
magnetic field. Phonon size effects may also be important for
catalysis, thermal conductivity, and sensing applications.

Size-Dependent Vibrational Properties of CuGeO;
Nanorods. Figure 2 displays the infrared and Raman scattering
response of CuGeOj as a function of size at 300 K. The spectral
features are in reasonable agreement with prior single crystal
measurements, "> so we adopt earlier mode assignments™” and
displacement patterns™ to describe the lattice dynamics of the
nanorods. Within this framework, features below 250 cm™ are
related to copper and germanium motion whereas those above
250 cm™" contain mostly oxygen displacement.*> Only a few
phonons are important to the 14 K spin-Peierls transition in the
single crystal. These include the infrared-active B;, mode near
295 ecm™,*** an infrared-active folded zone-boundary mode
near 800 cm™,*” and the Raman-active Bs; and B,, modes at
110 and 222 cm™, respectively.’® Our initial expectation was
that this short list of coupled phonon modes would display
signatures of important size-induced changes to the lattice. For
example, mode disappearance, splitting, or sudden frequency
shifts across the 450 nm critical length scale could indicate the
inability of the lattice to dimerize at low temperatures. Upon
examination, however, these modes do not seem to be of
particular importance to the size-induced suppression of the
spin-Peierls transition. The actual situation is more subtle and
requires close analysis, as detailed below.

Figure 3 displays frequency versus size trends for several
representative infrared-active modes at different temperatures
above and below Tgp. A full accounting of the infrared features
is available in Figure S3. Overall, phonons corresponding to Cu
and Ge motions (below 250 cm™) display weak frequency
shifts with decreasing size (Figure 3a—c), whereas those
involving oxygen motion exhibit much stronger changes
(Figure 3d—f). We distinguish two different types of size
effects: (i) a sharp frequency jump going from polycrystal to
nanorod that represents confinement perpendicular to the
length of the nanorod and (ii) the frequency shift as nanorod
length decreases, which correlates to changes along the c-axis.
These trends are discussed below.
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Figure 2. () Infrared and (b) Raman spectra of CuGeOj; polycrystal and nanorods of various lengths as indicated. Mode symmetries are labeled
based on assignments for the bulk material.*® All polarizations are observed simultaneously due to the random orientation intrinsic to nanomaterials,
although the phonons retain their directional character as indicated by the assignments.*>*® Surface disorder and size distributions increase line

width in several of the modes as well."*
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Figure 3. Frequency versus size at 300 K (red), 20 K (green), and 4.2 K (blue) for representative infrared modes of CuGeO; with the indicated
symmetries as approximated from single crystal studies.*’ (a—c) Modes below 250 cm™ show only a weak size-dependence whereas (d—f) the
higher frequency modes display larger frequency shifts. Here, we use infinite size to indicate the polycrystalline bulk material. The vertical shaded
region represents the critical length scale d_y; for suppression of the low-temperature spin-Peierls transition. Dashed lines guide the eye.
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Figure 4. (a—f) Frequency versus size at 300 K (red), 20 K (green), and 4.2 K (blue) for representative Raman modes of CuGeOj; with the indicated
symmetries as approximated from single crystal studies.*> Note that the frequency scales on the y-axes are much smaller than those in Figure 3 in
order to visualize the smaller frequency shifts. The vertical shaded region represents the critical length scale d.; for suppression of the low

temperature spin-Peierls transition. Dashed lines guide the eye.

We first examine ab plane size effects. We do this by realizing
that the growth habit of the CuGeOj; nanorods is such that the
diameter is always ~50 nm, within the range of phonon
confinement for some oxides."”** Differences in the infrared
response of the polycrystal and largest nanorod sample (which
is longer than 1000 nm) can therefore be attributed to finite
length scale effects within the ab plane. As expected, phonons
polarized along these directions display sizable frequency shifts
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(up to 5SS cm™!, see Figure S3), although these shifts occur in
different directions (Figure 3d,e, for example). In general,
modes polarized along a (B,,) soften across the bulk to 1000
nm nanorod size range, whereas b-directed (Bj,) phonons
harden. The latter is consistent with overall stronger interchain
interactions in the nanorods. Interestingly, the c-polarized (B,,)
modes are also sensitive to this two-dimensional confinement
and soften (Figure 3f), even though the length of the longest
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nanorods (along the c-axis) is well above the length scale where
finite size effects strongly affect phonon energies.”*”*’

We now turn our attention to the infrared response of
CuGeO; as a function of size. Here, plots of frequency versus
size characterize trends that develop as a function of the
nanorod length (along the c-axis) while keeping diameter
fixed."> One might anticipate that reducing nanorod length will
affect only c-directed modes. As shown in Figure 3, this is
clearly not the case. There are, however, consistent directional
trends. For instance, both a- and b-polarized modes red shift
with decreasing size, while the c-polarized (B,,) modes harden.
The overall spectral character is similar above and below d_
with the frequency shifts of interest occurring across 450 nm.
Remarkably, the lattice is sensitive to this critical length scale
even at room temperature.

Figure 4 displays frequency versus size for several
representative Raman features at different temperatures. The
size dependence of the Raman-active modes in nanoscale
CuGeO; is considerably weaker than that of the infrared-active
phonons. Most modes display only small frequency shifts
regardless of symmetry. This is true both for the jump from
polycrystal to longest nanorod (a maximum of 1 cm™ for
Raman modes compared to 55 cm™" in the infrared) and the
dependence on nanorod length (as high as 11 cm™" for the 116
cm™' Raman mode versus 20 cm™" for the 772 cm™" infrared
mode). There are no consistent hardening or softening trends
within a particular symmetry. As in the infrared features, most
modes begin to display confinement effects below d_; ~ 450
nm, even though the changes are not so large, whereas others
are entirely rigid across this size regime. Again, modes harden at
low temperature, although the overall shifts are smaller than
those of the infrared phonons.

Evaluating Intra- versus Interlayer Bonding Strength.
Infrared phonons are exquisitely sensitive to charge and
bonding because they directly probe charge on the potential
surface.”””' One way to quantify this effect, assuming size-
induced changes to the structure and stoichiometry can be
ruled out as was done here,” is by evaluating chemical bond
strength. In materials with multiple formula units per unit cell,
this is accomplished with an analysis of the Davydov splitting
that arises from the interaction of neighboring formula
units.******* In our case, the unit cell of CuGeO, contains
two formula units®* which splits the 218, 330, 403, 605, 716,
and 851 cm™' modes into Davydov pairs (Figure Sa, for
example).”> Each pair consists of independent infrared and
Raman branches that are split from a central unperturbed
frequency. Comparing the frequencies of the infrared and
Raman components of the Davydov pairs allows for an analysis
of the relative strength of intra- versus interlayer bonding.** We
employ this framework to evaluate bonding strength trends in
this suite of nanorods.

We observe the majority of known Davydov pairs™ in the
CuGeOj nanorods, supporting a comprehensive analysis of the
mode splittings to reveal size-induced changes in bonding. The
infrared and Raman branch frequencies (for each pair) are
defined as , and w_, respectively. We then calculate (w,/A)?,
which represents the ratio of intralayer to interlayer bonding
strength from the relation @, = (w0} + A%)"/* which is valid for
a pair of weakly coupled identical oscillators.***** Here, @y, is
the isolated (unperturbed) oscillator frequency, and A* is
proportional to the coupling force constant.*****> Tables 1 and
2 summarize this analysis for the doublets centered at 716 and
851 cm™". As a reminder, these modes are assigned as oxygen
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Figure S. (a) Close-up views of the infrared (red) and Raman (blue)
spectra of representative Davydov doublets in the longest nanorods at
300 K. (w,/A)? versus size as determined from the (b) 716 and (c)
851 cm™" pairs. (d) Averaging over all Davydov pairs yields (@/ A)ﬁvg
versus size, representing the size dependence of intra- versus interlayer
bonding strength for CuGeO; at 300 (red), 20 (green), and 4.2 K
(blue). The vertical shaded region represents the critical length scale
d ;e below which the spin-Peierls transition is quenched. Dashed lines

guide the eye.

Table 1. Summary of the 300 K Davydov Splitting Analysis
for the 716 cm™' Pair Carried out for the CuGeO,
Polycrystal and Nanorods®

sample o, (m™) w_ (cm™) @, (em™) A (wo/A)?
polycrystal 711.5 719.8 715.7 76.9 86.6
over 1000 nm 711.9 717.3 714.6 62.0 132.8
800 nm 712.5 717.0 714.6 572 156.3
400 nm 712.6 717.5 715.0 59.1 146.5
200 nm 712.4 718.9 715.6 68.4 109.3
150 nm 711.6 722.8 717.2 89.5 64.3

“Here, w,, w_, and @, are the infrared, Raman, and unperturbed
frequencies, respectively, A is proportional to the weak coupling
between interacting identical oscillators, and (@,/A)* is proportional
to the intra-versus-interlayer bonding strength.

stretching around Ge and Cu, respectively.’”*® Tables S2—4
summarize the results for other pairs. Comparing (wo/A)* as
determined for individual Davydov pairs as a function of size
(Figure Sb,c) reveals that, yet again, there is a clear difference
between the polycrystal and the longest nanorod. Charge and
bonding also depends strongly on nanorod length. At 300 K,
(wo/A)” rises, reaching a maximum near d_y, and drops again
at smaller size.

Averaging (w,/A)* over all Davydov pairs allows for a more
robust comparison between CuGeOj; polycrystal and nanorods.
Carrying out this analysis at 300, 20, and 4.2 K reveals
surprising trends (Figure 5d). Starting with the polycrystal data,
we see that temperature-induced shifts are quite small,
benchmarking thermal contraction effects. Such small changes
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Table 2. Summary of the 300 K Davydov Splitting Analysis
for the 851 cm™ Pair Carried out for the CuGeO,
Polycrystal and Nanorods”

sample o, (m™) @_ (cm™) @, (em™) A (wo/A)*
polycrystal 857.0 867.6 862.3 95.7 812
over 1000 nm 857.6 856.0 856.8 36.6 556.6
800 nm 857.5 856.5 857.0 27.9 942.0
400 nm 857.3 858.4 858.1 21.3 1618.8
200 nm 854.1 855.2 854.7 315 736.5
150 nm 853.9 854.8 854.4 27.9 938.6

“Here, w,, w_, and @, are the infrared, Raman, and unperturbed
frequencies, respectively, A is proportional to the weak coupling
between interacting identical oscillators, and (@o/A)?* is proportional
to the intra-versus-interlayer bonding strength.

are reasonable based on unit cell parameter trends in single
crystals:'® b decreases, ¢ increases, and a is nearly constant with
decreasing temperature. Thermal effects are much stronger in
the nanorods, an indication that traditional contraction effects
are amplified, possibly due to enhanced interchain interactions.

Looking at the 300 K data, we observe strong size effects on
(wo/ A)gvg (Figure 5d). With decreasing rod length, (wo/ A)ﬁvg
reaches a maximum at d; then decreases, indicating that the
lattice is sensitive to this critical length scale even far away from
Tsp and the onset of magnetic ordering. Because the interlayer
bonds are along a and the nanorod length (which varies) is
along ¢,"> we surmise that the main driver of modifications to
(wo/A )3, arises from changes in intralayer (bc-plane) bonding
at small sizes. This change in bonding strength explains the
large frequency shifts of infrared modes as compared to Raman
analogs. Interestingly, the size-dependent trend at low temper-
ature is quite different from that at 300 K. Instead of reaching a
maximum, (@,/A)3,, goes through a weak minimum near d
and sharply rises at smaller sizes. Similar trends are observed at
both 20 and 4.2 K. This indicates that the intralayer bonding
strengthens at small sizes, which may be responsible for the
suppression of the spin-Peierls transition.

Mechanism of the Size-Induced Quenching of the
Spin-Peierls Transition. The spin-Peierls transition is a
cooperative distortion that arises when a quasi-one-dimensional
spin chain interacts with surrounding phonons.*® When it is
blocked (as in the shortest nanorods of interest here), both the
spin and lattice channels must be examined to determine the
suppression mechanism. The microscopic nature of the
coupling phonons in CuGeO; is well-known,"***~*" providing
candidates with which to explore the role of the lattice. With
the exception of the 800 cm™ folded zone-boundary phonon,
these features appear in our spectra. While there are no
dramatic changes such as mode disappearance or splitting near
450 nm, the large frequency shifts below this length scale seem
to signal important changes in chemical bonding and
dimensionality.

As discussed above, (@y/ A)ﬁvg from the complete Davydov
analysis provides a framework within which we can compare
overall chemical bonding trends in this set of materials. Figure
5d shows that (w,/ A)azvg is everywhere higher in the nanorods
as compared to the polycrystal. This means that intralayer
bonding is stronger - regardless of nanorod length. Such
increased stiffness makes it more difficult to dimerize the Cu
centers, weakening the spin-Peierls transition in the longer
nanorods." In other words, at smaller size scales the intralayer
bonding is stronger than the interlayer bonding, leading to an
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energetic barrier to the dimerization process typically required
for a spin-Peierls transition. At low temperature, (@,/A )3, rises
sharply below d_;. This further increase in rigidity works to
increase interchain interactions and block the spin-Peierls
transition below d_; ~ 450 nm. External stimuli such as strain
may have similar effects on stiffness and dimerization and
should be explored for property control.

In summary, we measured the spectroscopic response of
nanoscale CuGeOj in order to explore size effects. We find that
infrared phonons display strong frequency shifts with
decreasing size whereas the Raman modes are nearly rigid,
trends that a Davydov splitting analysis attributes to changes in
chemical bonding. At low temperature, the intralayer bonding is
strengthened below d_;, such that the lattice may not be able to
dimerize, thereby blocking the spin-Peierls transition. These
findings advance the understanding of cooperative phase
transitions and size effects in low-dimensional oxides.

Methods. CuGeO; nanorods were }i)repared by hydro-
thermal methods as described previously'® and characterized
using scanning electron microscopy and X-ray diffraction
(Figures 1 and S1). Polycrystalline samples were prepared for
comparison by floating zone techniques using an image
furnace.”” Samples were mixed with a transparent matrix
(paraffin or KBr) to form pressed pellets. Infrared trans-
mittance measurements (20—2000 cm™, 1—4 cm™! resolution)
were carried out with Bruker 113v and Equinox 55
spectrometers. Absorption was calculated as

-1
= hd
and T(w) is measured transmittance. Raman spectra (70—1000
cm™") of powders were acquired with an 1800g/mm grating,
integration times of 60 s, and averaged three times. The larger
sizes were measured using a 532 nm laser with a power of 25
mW, while for the smallest sizes a 473 nm laser”*>” with power
below S mW was employed to prevent sample degradation.
Temperature control was achieved with an open flow helium
cryostat (4.2—300 K). Standard peak fitting procedures were
employed as appropriate.

a(w) In(T(w)), where h is sample loading, d is thickness,
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