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Low-energy excitations in impurity substituted CuGeO3
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We report far-infrared reflectance measurements of Zn- and Si-doped CuGeO3 single crystals as a function
of applied magnetic field at low temperature. Overall, the low-energy far-infrared spectra are extraordinarily
sensitive to the various phase boundaries in theH-T diagram, with the features being especially rich in the
low-temperature dimerized state. Zn impurity substitution rapidly collapses the 44 cm21 zone-boundary spin
Peierls gap, although broadened magnetic excitations are observed at the lightest doping level~0.2%! and a
remnant is still observable at 0.7% substitution. In a 0.7% Si-doped sample, there is no evidence of the spin
gap. Impurity substitution effects on the intensity of the 98 cm21 zone-folding mode are striking as well. The
lightly doped Zn crystals display an enhanced response, and even at intermediate doping levels, the mode
intensity is larger than that in the pristine material. The Si-doped sample also displays an increased intensity of
the 98 cm21 mode in the spin Peierls phase relative to the pure material. The observed trends are discussed in
terms of the effect of disorder on the spin gap and 98 cm21 mode, local oscillator strength sum rules, and
broken selection rules.
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I. INTRODUCTION

Recently, there has been a great deal of interest in l
energy excitations of broken spin chains. This interest
been exemplified by theoretical work on the magnetic ex
tations of the broken chain, quantum phonons, the natur
the critical coupling, and the role of disorder.1–10 Combined
with the discovery of facile doping without severe structu
modification in CuGeO3,11 which created enormous chem
cal tuning possibilities in the first inorganic spin Peierls~SP!
system, there exists an experimental proving ground for
terrupted spin chain systems as well as a theoretical b
from which to understand the results. This serendipity
moved the study of interrupted magnetic systems to a cen
place in solid state chemistry and physics.

CuGeO3 is the first inorganic spin Peierls system; as su
the initial report by Hase, Terasaki, and Uchinokura gen
ated a lot of activity.12–14 In this compound, the low-
dimensional spin system is comprised of localized CuS
51/2 electrons, and the value ofJ' is fully 10% of Ji lead-
ing to many interesting effects. Zone center and bound
spin gaps have been identified at 17 and 44 cm21,
respectively.15,16At the same time, neutron scattering stud
have highlighted the complex behavior of the magnetic s
ton in the high-field, incommensurate phase of prist
CuGeO3.17 Recent work has demonstrated the facile and
teresting impurity substitution possibilities in CuGeO3.11,18

In the case of Zn doping, the impurity species is nonm
netic, and is substituted for thed9 Cu atoms in the octahedra
lattice. Thus, systems with the formula Cu12xZnxGeO3 can
be prepared and provide an ideal model to study ‘‘spin in
ruptions’’ in a linear magnetic chain system. In contrast,
replaces Ge to yield CuGe12ySiyO3, which primarily affects
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interchain coupling. One of the most attractive aspects
these doped compounds is that the cationic substitution ta
place without severe modification of the linear cha
structure.11,19

The competing ground states of impurity substitut
CuGeO3 have attracted a great deal of attention. With
creasing Zn concentration, the SP transition temperature
creases and levels off near 9 K and is present up to'3%
doping when probed by susceptibility and has been dete
at impurities levels of up to 8% via more loca
techniques.20–23 Further, a three-dimensional~3D! antiferro-
magnetic ~AF! Néel state is stabilized at lowe
temperature,20,21,24–26which competes with the SP phase a
seems to need no critical concentration for its appeara
The neutron scattering investigations by Regnaultet al. and
Martin et al. on Cu12xZnxGeO3 were particularly important
for confirming the coexistence of SP and AF ordering.27,28

This coexistence of coherent AF long range order and
dimerization is predicted to persist even if the distribution
impurities along the chain is random.29 X-ray scattering stud-
ies extended the aforementioned neutron scattering work
Zn and Ni substituted samples into the high-field incomm
surate phase:30 at low doping concentrations, a short-ran
ordered incommensurate phase is stabilized, attributed
strong pinning of the spin solitons to impurities.31,32 At
higher doping levels, long-range order is in competition w
the SP phase. With Si doping, the SP temperature decre
slightly and 3D AF order sets in at lower temperature.27,33 In
fact, the SP phase coexists with the AF phase in this co
pound too, and a magnetic phase is present above 8 T.
the magnetic field aligned along the chain axis, a spin-fl
phase is also observed.34 Neutron scattering studies on S
substituted crystals has been pursued as well, most rece
©2001 The American Physical Society14-1
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in high magnetic fields.35 A variety of techniques have bee
used to map outH-T phase diagrams for Zn- and Si-dope
crystals of particular concentrations.34,36–38 The detailed
structure of the most appropriate phase diagrams will be
cussed later.

Several ESR measurements have focussed on the
energy excitations in Zn and Si doped systems.39–42 The
multifrequency high-field spectra of Hassanet al. show par-
ticularly rich results, with a number of concentration depe
dent doping-induced features.41 These effects are attribute
to local enhancement of AF correlations near the Zn imp
ties, which give rise to transitions between states inside
SP gap. These results are in-line with predictions for in-g
states in doped CuGeO3 by Martinset al.9 Nojiri et al. show
that minute Si doping significantly broadens the singl
triplet absorption excitation due to spectral weight shift aw
from the triplet branch to the AF resonance mode.42

Far-infrared reflectance and transmission measurem
have been used to explore the characteristics of theH-T
phase diagram of CuGeO3.43–49 In the pristine material,
weak folded modes are observed at 98, 284, 312,
800 cm21 below Tc .44,45,49 The 98 cm21 zone boundary
mode~of B3u symmetry! is polarized along thea axis.49 Data
through the dimerized→ incommensurate transition are pa
ticularly striking.47,48Here, Zeeman splitting of the 44 cm21

SP gap is observed; the lower and upper branches in
normalized spectra disappear in the incommensurate p
due to destruction of the singlet ground state. Takehanaet al.
also pointed out the broad absorption centered n
63 cm21, which is assigned as a magnetic excitation fro
the singlet ground state to a continuum state.49

Low-energy excitations in doped CuGeO3 have also been
studied previously by far-infrared spectroscopy. McGu

FIG. 1. Far-infrared reflectance ratios of CuGeO3 as a function
of applied magnetic field at 4.2 K. From bottom to top: 3 T/0 T,
T/0 T, 10 T/0 T, and 14 T/0 T. The curves have been offset
clarity. The arrow represents a 6% deviation from unity.
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et al. observe several very low-frequency absorption lin
with progressive Zn doping~10 and 20 cm21) as well as a
broader temperature independent absorption.50 The 10 cm21

feature, assigned as a librational motion of the GeO4 tetra-
hedra, is absent in Si-doped samples. The temperature
pendence of the 20 cm21 structure is consistent with a
three-level model, in which the two excited states are sligh
above the energy of the ground state. In Si- and Mg-do
CuGeO3, Damascelli et al. observed a change in th
800 cm21 b-polarizedB2u zone-boundary phonon mode o
passing through the SP transition.51 Integrated intensities as
function of temperature show a decrease in the transi
temperature, a broadening of the transition regime, an
reduction of the order-parameter intensity compared to
undoped crystal. Surprisingly, the spectra of Zn-dop
CuGeO3 revealed no field dependence for the 10 a
20 cm21 features.50 Considering the richness of the pristin
material, extension of earlier experiments by McGuireet al.
to higher energy~above 30 cm21) is important.

In order to provide further information on the nature
the SP transition and the lattice dynamics of the underly
phases, we have investigated the infrared reflectance of
eral Zn- and Si-doped CuGeO3 crystals as a function of ap
plied magnetic field. Our goal is to identify the low-energ
excitations which are important in these systems, determ
the effect of doping, and more clearly understand the fi
effects in the low-temperature phases.

II. EXPERIMENTAL

Large, regularly shaped single crystals of doped CuGe3
were grown by floating zone techniques using an ima
furnace.52 Doping levels of 0.2, 0.7, 1.5, and 4.0 % Zn an
0.7% Si were incorporated and were assessed by ICP/A
The samples used for these experiments were cleaved
the originals along thebc plane. Typical dimensions wer
'0.430.230.3 cm.

Unpolarized infrared reflectance measurements were
formed at the National High Magnetic Field Laborato
~NHMFL! in Tallahassee, FL using a Bruker 113V Fouri
transform infrared spectrometer.53 Our runs were made usin
the 12, 23, and 50mm Mylar beamsplitters, covering th
frequency range from 30–200 cm21. A 20 T superconduct-
ing magnet was employed for the magnetic field work.54 Us-
ing the applied field~and occasionally temperature! as ad-
justable tuning parameters, we were able to explore
previously determined phase diagrams of the various s
larly doped samples, taking spectra in a new frequency
gion ~complementary to that of McGuireet al.50! within sev-
eral representative phases. A detailed description of
experimental setup at the National High Magnetic Fie
Laboratory is given elsewhere.55

These measurements were performed using the infra
reflectance probe developed at the NHMFL; a gold mir
was available as a reference. In this configuration, the in
dent light is 15° from normal to the sample surface, which
analogous to the canting procedure described by Takeh
et al.49 Thus, we are inherently sampling somea-axis contri-
bution, although the majority of the response is from thebc

r
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FIG. 2. Upper left panel: Far-infrared reflec
tance ratios of Cu0.998Zn0.002GeO3 as a function
of applied magnetic field at 4.2 K. The arrow
represents a 10% deviation from unity. Upp
right panel: Far-infrared reflectance ratios
Cu0.993Zn0.007GeO3 as a function of applied mag
netic field at 4.2 K. The arrow represents a 10
deviation from unity. Lower left panel: Far
infrared reflectance ratios of Cu0.985Zn0.015GeO3

as a function of applied magnetic field at 4.2 K
The arrow represents a 6% deviation from unit
Lower right panel: Far infrared reflectance ratio
of Cu0.96Zn0.04GeO3 as a function of applied
magnetic field at 4.2 K. The arrow represents
6% deviation from unity. The curves have bee
offset for clarity in each case.
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plane. In order to track changes with the applied field,
calculated reflectance ratiosDR5R(H)/R(H50). Here,
bothR(H) andR(H50) are single beam spectra taken in
applied field and zero field, respectively. Because we
mainly concerned with field effects, bothR(H) and R(H
50) are taken at 4.2 K to eliminate any temperature effe
The temperature dependence of pristine CuGeO3 in the fre-
quency range of interest here has been studied elsewhe49

The reflectance ratio provides a normalized reflectance
sponse. Thus, deviations from unity are the important sig
and changes in the reflectance can be characterized
good accuracy. Typical noise variations are on the orde
2–3 % in this frequency range.

III. RESULTS

A. Undoped CuGeO3

Figure 1 displays the far-infrared reflectance ratio spe
of undoped CuGeO3 as a function of magnetic field. Th
well-known Zeeman splitting of the zone boundary SP ga
very pronounced at low fields; disappearance of this str
ture above the 12.5 T critical field is attributed to destruct
of the singlet ground state above the dimerized→ incom-
mensurate phase boundary.47,48 The zone center gap is ob
served at 17 cm21.15,16 Initial observation and excitemen
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about these low-frequency structures prevented notice of
smaller features near 63 and 98 cm21. These modes have
recently been attributed to ab-polarized excitation from the
singlet state to the magnetic continuum and ana-polarized
zone folding phonon mode ofB3u symmetry, respectively.49

Note that the 98 cm21 reflectance ratio peak is indicative o
a mode in the SP phase; that it appears as a peak in the
field reflectance ratio~Fig. 1! is due to absorption in the
denominator.56 That the 98 cm21 feature in CuGeO3 is
characteristic of the SP phase was observed previously
Takehanaet al.; it displays doublet structure in the incom
mensurate phase that is related to the degree
incommensurability.49 This doublet structure is manifested
the high field reflectance ratio spectrum as two lobes on
ther side of the 98 cm21 feature.

B. Zn-doped CuGeO3

1. Lightest Zn doping: Cu0.998Zn0.002GeO3

The upper left-hand panel of Fig. 2 displays the refle
tance ratio of 0.2% Zn substituted CuGeO3 at different ap-
plied fields. Although the low-energy magnetic excitatio
are similar to those in the pristine material, they are broa
and less well defined. Despite this broadening, the magnit
4-3
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B. R. JONESet al. PHYSICAL REVIEW B 63 134414
of the Zeeman splitting is the same as that in Fig. 1. N
that the upper branch of the Zeeman splitting saturates
55 cm21 in the reflectance ratio.

In the lightest Zn-doped sample, the 98 cm21 feature ap-
pears with strong intensity and a fairly unusual line sha
above the SP→ incommensurate phase boundary.57 This
structure is much more pronounced than that in prist
CuGeO3. Based on the well-known result from a number
experiments that doping weakens the lattice distortion
destabilizes the SP phase, this result was unexpected.45

2. Light Zn doping: Cu0.993Zn0.007GeO3

Light Zn doping ~0.7%! of CuGeO3 results in overall
modest changes to theH-T phase diagram.36 Essentially, the
area of the SP phase is smaller due to a reduced trans
temperature and critical field. This is because the long-ra
ordered phase~driven by electron-electron interactions! is
gaining ground compared to the magnetoelastically st
lized phase. No new phase boundaries inH-T space have
been identified at this doping level.

Despite the similarH-T phase diagram to that of the pris
tine CuGeO3 system, the reflectance ratio spectra of the 0.
Zn doped sample, shown in the upper right-hand pane
Fig. 2, display a dramatically different response. The refl
tance ratio in the SP phase develops a broad structure
55 cm21 with increasing field; it becomes fairly pronounce
('13% deviation from unity! upon approach toHc . This
structure is assigned as a remnant of the SP gap, with li
contributions from the upper branch of the Zeeman splitt
and the 63 cm21 singlet→continuum excitation, superim
posed upon one another.58 This composite structure shift
weakly to higher frequency with applied field in the S
phase.59 The 55 cm21 feature is sensitive to the 12 T pha
boundary as well; only a residual signature persists
to 17 T.

In the lightly doped Zn sample~0.7%!, the 98 cm21 fea-
ture again appears with enhanced intensity relative to
pristine material, although it is considerably damped co
pared to that of Cu0.998Zn0.002GeO3. This observation as wel
as the changing line shape will be discussed in detail lat

3. Intermediate Zn doping: Cu0.985Zn0.015GeO3

Increased doping complicates theH-T phase diagram o
the CuGeO3 system. With 1.5% Zn doping, both SP and A
states are stabilized at low temperatures; a spin flop pha
also observed withHic.36 Coexistence of the SP and A
phases is substantial near 4 K, with the AF contribution tr
ing off above 5 K.27–29A magnetic phase is stabilized abov
the 9.5 T critical field, and the incommensurate→ uniform
phase boundary has a different slope.

The lower left-hand panel of Fig. 2 displays the fa
infrared reflectance ratios of Cu0.985Zn0.015GeO3 taken at 4.2
K in different magnetic fields. No systematic low-energy r
flectance ratio features develop with applied field belowHc .
This is because the material is dirty and the gap has clo
The dimerized→ incommensurate phase boundary is ch
acterized by the appearance of the 98 cm21 feature; it is less
intense than in the 0.2 and 0.7 % Zn substituted samples
still stronger than that in the pristine material. Note that
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progressive Zn doping has not affected the resonance
quency of this structure, although the shape has chan
slightly. The negative lobes around the 98 cm21 reflectance
ratio peak weaken with greater impurity incorporation.

4. Heavy doping: Cu0.96Zn0.04GeO3

With heavy Zn doping, theH-T phase diagram is modi
fied yet again.36 The SP transition itself becomes extreme
weak, and in certain physical measurements~such as suscep
tibility ! it is difficult to detect, although more local probe
~such as neutron scattering! can still find the transition
signature.20,21,24–26 Pretransitional elastic fluctuations i
heavily doped CuGeO3 samples indicate some SP aspect
the low-temperature state, although AF interactions are
portant too.36

Far-infrared reflectance ratio spectra of the 4.0% dop
CuGeO3 sample are shown in the lower right-hand panel
Fig. 2. At 4.2 K, the in-field spectra follow a path along
phase boundary line where both SP and AF phases coe
No low-energy excitations are observed in the energy reg
of the spin gap. In independent runs, the intensity of
98 cm21 mode was variable, ranging from 0→1.8% devia-
tion from unity upon entry into the high-field phase. Th
variability ~and the overall weak response! is reflected in the
data of Fig. 4~main panel and inset!. Preliminary far-infrared
reflectance ratio results at 6.5 K~not shown!, which is further
away from the AF/SP boundary, indicate that the heav
doped Zn sample is devoid of field-induced structure un
these conditions as well.

C. Si-doped CuGeO3

Whereas Zn doping replaces copper sites in the CuG3
lattice, Si doping replaces Ge sites: a 0.7% doped sam
will have the formula CuGe0.993Si0.007O3. Thus, the main ef-
fect of Si doping is to modulate the interchain interactio
via the introduction of distorted tetrahedons.60 Although de-
tails of theH-T diagram seem to be sensitive to the nature
the probe, the general characteristics are clear.34,37There is a
lowered zero-field transition temperature, below which bo
a SP phase and an AF/SP coexistence lie. A magnetic p
is observed above 8 T; the slope between the incomme
rate and uniform phases is positive.

Reflectance ratio spectra of the 0.7% Si-doped crystal
displayed in Fig. 3. Within the SP phase, the far infrar
reflectance ratios do not show any field dependent featu
Light Si doping~Fig. 3! seems to be more effective than lig
Zn doping~Fig. 2! at ridding the system of low-energy mag
netic excitations. Transition to the high field phase is mark
by the appearance of the 98 cm21 feature with moderate
intensity; note that it is larger than in the pristine materi
As in the previous data, the 98 cm21 mode appears as
peak due to absorption in the denominator. This is beca
the zone-folding mode is a characteristic of the SP phas

IV. DISCUSSION

A. Low-energy regime

Excitations of magnetic origin are anticipated in the lo
energy regime, and these spin excitations are expected t
very local. Theoretical work by Martinset al. predicts the
4-4
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rapid suppression of the spin gap in CuGeO3 with Zn doping
and the appearance of a number of in-gap states due to
breaking of spin singlets with in-chain substitution.9,61 With
decreasing dimerization~increased doping!, the spectral
weight inside the gap changes due to free spin coupling
singlet/triplet excitation effects. Enhanced AF correlatio
are predicted to occur near the spin vacancies. At very h
doping levels, the gap will close. This model addresses
ergy scales near and below the gap, but in order for it
apply, there must be some remnant of the SP state in
material. From the data in Figs. 1 and 2, Zn doping at hig
levels ~1.5 and 4.0 %! produces substantial damage to t
spin chain. The lack of structure in the far-infrared refle
tance ratio of the medium and heavily doped samples n
the 44 cm21 spin gap suggests that the two lightly dop
~0.2 and 0.7 % Zn! materials are the only possible candida
for interpretation within this model, as magnetic excitatio
in the other more heavily substituted crystals are elimina
by disorder.

Disorder broadens the magnetic excitations in the t
lightly doped Zn samples~Fig. 2! compared to those of pur
CuGeO3 ~Fig. 1!. Nevertheless, the spin gap clearly surviv
the introduction of limited disorder. While wider, broad
structures are observed in the case of 0.2% substitutio
more drastic effect is found for 0.7% Zn doping, indicati
that the spin gap is substantially filled at this point. In fact
seems likely that the 44 cm21 spin gap and the 63 cm21

singlet→ continuum excitation in the pristine material com
bine and collapse to form the 55 cm21 structure in
Cu0.993Zn0.007GeO3 ~upper right-hand panel, Fig. 2!.62 The
small frequency shift of the 55 cm21 structure with applied
field and its sensitivity to the SP→ incommensurate phas
boundary lends support to this hypothesis. Investigations

FIG. 3. Far-infrared reflectance ratios of CuGe0.993Si0.007O3 as a
function of applied magnetic field at 4.2 K. From bottom to top
T/0 T, 7 T/0 T, 8 T/0 T, and 14 T/0 T. The arrow represents a
deviation from unity. The curves have been offset for clarity.
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intermediate concentration samples to follow the detailed
cay of the gap signature with doping are of interest in
future.63–69That similar Si doping~0.7%! causes a complete
collapse of the SP gap is also curious, as it shows the st
ger effects of interchain disruption on the spin gap. T
result is in line with the ESR work of Nojiriet al.42

B. 98 cmÀ1 mode

Doping effects on the intensity of the 98 cm21 mode are
striking as well. Figure 4 displays 14 T/ 0 T reflectance ra
data for all samples investigated, and the inset summar
the trend as a function of doping. The intensity of t
98 cm21 mode first rises sharply, then gradually decrea
with greater doping levels.

The observation of the 98 cm21 mode in the dimerized
phase of CuGeO3 and the energy at which it appears mo
vated previous authors to classify this feature as
a-polarized folded phonon mode, which is an electric dipo
allowed transition resulting from the structural distortion49

Based upon the 98 cm21 mode’s behavior in the incommen
surate phase, it is believed to be the folded phonon with
strong spin-phonon coupling, and therefore one of the mo
contributing to the SP mechanism.49 That this mode is
strongly coupled to the spins might explain it’s enhanc
sensitivity to magnetic field in the doped samples.14 It is well
known, however, that increased doping stabilizes the
phase~at the expense of the SP phase! in these materials,

FIG. 4. 14 T/0 T reflectance ratios of CuGeO3-based single
crystals at different doping levels. From top to bottom: pu
CuGeO3, 0.2% Zn doped sample, 0.7% Zn doped sample, 1.5%
doped sample, 4.0% Zn doped sample, and 0.7% Si doped sam
The arrow represents a 10% deviation from unity. The curves h
been offset for clarity. Inset: Deviation from unity of 98 cm21

feature in the 14 T/0 T reflectance ratio spectra of doped CuG3

samples as a function of dopant concentration. Error bars were
termined using data from multiple runs.
4-5
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thus decreasing the lattice distortion. A weaker lattice dis
tion should therefore translate into a less intense folded p
non mode51–a trend opposite to that in Fig. 4. Disorde
induced line broadening is expected as well.70

One possible resolution to this discrepancy is that li
doping may preserve a local SP domain where the lat
distortion is quite strong, but further doping produces t
much damage to preserve the dimerization in a meanin
way. Thus, a local probe~such as infrared spectroscop!
could detect such a short-range distortion, whereas a m
long-range probe might not. Local enhancement effects w
also argued in the interpretation of high-field ESR resu
although here, it was the AF correlations that were
interest.41 An alternative view is to assign the 98 cm21 fea-
ture as an impurity-induced local phonon mode.71 Such a
feature has been identified in doped CuGeO3 at 10 cm21.50

That the 98 cm21 mode grows with doping and seems to
associated with the spin Peierls distortion supports such
assignment, but the 98 cm21 feature is observed in pristin
CuGeO3, making this description less satisfying. The mo
promising explanation for the trend in Fig. 4 preserves
signment of the 98 cm21 feature as a zone-folded mode a
accounts for effects from both a decrease in dimerization
a breakdown of selection rules due to impurity incorporati
As discussed previously, one expects the intensity of
98 cm21 folded phonon to decrease as the SP dimeriza
is destabilized with increased doping.72 At the same time,
defect incorporation may break the optical selection ru
allowing excitations in other polarizations or in other loc
tions in the Brillouin zone.73,74 That the 98 cm21 mode is
more intense in the doped samples suggests a breakdow
the selection rules caused by impurity incorporation and
symmetry reduction, therefore allowing this excitation in t
bc plane. A superposition of these two effects might expl
the observed trends in Fig. 4. With small levels of dopin
the intensity of the 98 cm21 mode increases due to th
breakdown of selection rules. As the level of doping
creases, the destabilization of the SP dimerization begin
dominate, and the intensity of the mode begins to drop. I
of future interest to see if field effects on the 800 cm21

folded mode display similar trends. The temperature va
tion of the 800 cm21 mode shows only normal lattice dis
tortion effects.51

Finally, careful analysis of single beam spectra taken
the SP and incommensurate phases shows that while
98 cm21 feature is sharp and well-defined in the SP phas
is broad, weak, and ill-defined~in frequency! in the incom-
mensurate phase. Thus, passing from the dimerized to
incommensurate phase, the local oscillator strength
‘‘spread’’ over a wider ('8 cm21) frequency range. Con
versely, passing from the incommensurate phase to the
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phase, the oscillator strength is ‘‘squeezed’’ into a sma
('2 cm21) region. Such a local sum rule is indicative o
disorder, and in some ways analogous to the effect of m
netic impurities in dilute Kondo systems and to Zn doping
copper oxide superconductors.75–77The negative lobes in the
98 cm21 reflectance ratio data of Cu0.998Zn0.002GeO3,
Cu0.993Zn0.007GeO3, and Cu0.985Zn0.015GeO3 ~Fig. 4! are re-
lated to local oscillator strength changes between the dim
ized and incommensurate phases,78 and are identical to the
doublet structure observed by Takehanaet al. in the high
field phase of pristine CuGeO3. The splitting of this doublet
structure is proportional to the degree of incommens
ability.49 From the data in Fig. 4, neither the absolute dop
level nor intrachain-interchain substitution affects the po
tion of these lobes. Using this measure, doping does
affect the degree of incommensurability in CuGeO3 above
Hc . Judging by the intensity of these structures, howev
the incommensurability seems most stable at light dop
levels.

V. CONCLUSION

In conclusion, we report far-infrared reflectance measu
ments on high-quality single crystal samples of both Zn a
Si impurity substituted CuGeO3 as a function of magnetic
field in order to characterize the microscopic nature of
different low-temperature phases. Light doping is found
collapse the zone-boundary SP gap very quickly, althou
the spin gap does survive the introduction of limited dis
der. At 0.2% Zn doping, the Zeeman splitting of the spin g
is broader and less well defined than that in the pristine m
terial; at 0.7% Zn doping, only a remnant of the spin g
remains, centered near 55 cm21. Doping effects on the in-
tensity of the zone-folding 98 cm21 mode are also remark
able. The observed trends are discussed in terms of the e
of disorder on the spin gap and the 98 cm21 mode.

ACKNOWLEDGMENTS

Financial support from the Materials Science Divisio
Basic Energy Sciences at the U.S. Department of Ene
~Grant No. DE-FG0299ER45741! and the Division of Mate-
rials Research at the National Science Foundation~Grant No.
DMR-9623221! is gratefully acknowledged. These measu
ments were performed at the National High Magnetic Fi
Laboratory in Tallahassee, FL, which is supported by N
Cooperative Agreement No. DMR-9527035 and by the St
of Florida. J.L.M. thanks the Visiting Scientist Program
the National High Magnetic Field Lab and the Dean’s R
search Semester Program at SUNY-Binghamton for the
portunity to pursue this project. We acknowledge stimulat
discussions with G. L. Carr, E. Dagotto, C. C. Homes, and
Timusk.
. B
1G.S. Uhrig, Phys. Rev. Lett.79, 163 ~1997!.
2J. Riera and A. Dobry, Phys. Rev. B51, 16 098~1995!.
3G. Castilla, S. Chakravarty, and V.J. Emery, Phys. Rev. Lett.75,

1823 ~1995!.
4M. Azzouz and C. Bourbonnais, Phys. Rev. B53, 5090~1996!.
5J. Zang, A.R. Bishop, and D. Schmeltzer, Phys. Rev. B52, 6723

~1995!.
6A.W. Sandvik, R.R.P. Singh, and D.K. Campbell, Phys. Rev
4-6



ra

s-

.
er

of

ta

K.

a

itic
-
ti

da

.
Y

hi,

c

N.

.

o
he
la
ic

a
ag
en

ett.

vs-

.
ys.

J.P.

ys.

a,
J.

n,

ne,

ys.

el,

.

v-

d

nd

nd

-

and

hi-

a,

v-

ible

ic
.

ra-

ana

P

LOW-ENERGY EXCITATIONS IN IMPURITY . . . PHYSICAL REVIEW B63 134414
56, 14 510~1997!.
7A.W. Sandvik and D.K. Campbell, Phys. Rev. Lett.83, 195

~1999!.
8R.J. Bursill, R.H. McKenzie, and C.J. Hamer, Phys. Rev. Lett.83,

408 ~1999!.
9G. Balster Martins, E. Dagotto, and J.A. Riera, Phys. Rev. B54,

16 032~1996!.
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