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We report far-infrared reflectance measurements of Zn- and Si-doped GueB&le 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 inHh& diagram, with the features being especially rich in the
low-temperature dimerized state. Zn impurity substitution rapidly collapses the 44 rome-boundary spin
Peierls gap, although broadened magnetic excitations are observed at the lightest dopif@2égyeind 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 ¢érmone-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 cm ! 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 tmmode, local oscillator strength sum rules, and
broken selection rules.
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[. INTRODUCTION interchain coupling. One of the most attractive aspects of
these doped compounds is that the cationic substitution takes
Recently, there has been a great deal of interest in lowplace without severe modification of the linear chain
energy excitations of broken spin chains. This interest hastructuret!°
been exemplified by theoretical work on the magnetic exci- The competing ground states of impurity substituted
tations of the broken chain, quantum phonons, the nature d@uGeQ have attracted a great deal of attention. With in-
the critical coupling, and the role of disorder:® Combined  creasing Zn concentration, the SP transition temperature de-
with the discovery of facile doping without severe structuralcreases and levels off nef K and is present up te-3%
modification in CuGe@* which created enormous chemi- doping when probed by susceptibility and has been detected
cal tuning possibilities in the first inorganic spin Peid®$) at impurities levels of up to 8% via more local
system, there exists an experimental proving ground for intechnique£®-2 Further, a three-dimension&D) antiferro-
terrupted spin chain systems as well as a theoretical basidagnetic (AF) Neel state is stabilized at lower
from which to understand the results. This serendipity hagsemperaturé®?124-24vhich competes with the SP phase and
moved the study of interrupted magnetic systems to a centrgeems to need no critical concentration for its appearance.
place in solid state chemistry and physics. The neutron scattering investigations by Regnatll. and
CuGeQ is the first inorganic spin Peierls system; as suchMartin et al. on Cuy _,Zn,GeQ; were particularly important
the initial report by Hase, Terasaki, and Uchinokura generfor confirming the coexistence of SP and AF ordedh&
ated a lot of activit’>** In this compound, the low- This coexistence of coherent AF long range order and SP
dimensional spin system is comprised of localized Eu dimerization is predicted to persist even if the distribution of
=1/2 electrons, and the value &f is fully 10% of Jj lead-  impurities along the chain is randgmX-ray scattering stud-
ing to many interesting effects. Zone center and boundarjes extended the aforementioned neutron scattering work on
spin gaps have been identified at 17 and 44 tm Zn and Ni substituted samples into the high-field incommen-
respectively:>1® At the same time, neutron scattering studiessurate phas#&” at low doping concentrations, a short-range
have highlighted the complex behavior of the magnetic soli-ordered incommensurate phase is stabilized, attributed to
ton in the high-field, incommensurate phase of pristinestrong pinning of the spin solitons to impuritigs®? At
CuGeQ.'” Recent work has demonstrated the facile and intigher doping levels, long-range order is in competition with
teresting impurity substitution possibilities in CuGet*®  the SP phase. With Si doping, the SP temperature decreases
In the case of Zn doping, the impurity species is nonmagslightly and 3D AF order sets in at lower temperattfé’In
netic, and is substituted for tl Cu atoms in the octahedral fact, the SP phase coexists with the AF phase in this com-
lattice. Thus, systems with the formula CyzZn,GeO, can  pound too, and a magnetic phase is present above 8 T. For
be prepared and provide an ideal model to study “spin interthe magnetic field aligned along the chain axis, a spin-flop
ruptions” in a linear magnetic chain system. In contrast, Siphase is also observéti.Neutron scattering studies on Si
replaces Ge to yield CuGe,Si,O;, which primarily affects ~ substituted crystals has been pursued as well, most recently
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et al. observe several very low-frequency absorption lines
with progressive Zn dopingl0 and 20 cm?) as well as a
broader temperature independent absorptidrhe 10 cm'*
feature, assigned as a librational motion of the Gé&ra-
hedra, is absent in Si-doped samples. The temperature de-

14T/0T ; . .
pendence of the 20 cnt structure is consistent with a
three-level model, in which the two excited states are slightly

10TI0T above the energy of the ground state. In Si- and Mg-doped

CuGeQ, Damascelli etal. observed a change in the
800 cm ! b-polarizedB,, zone-boundary phonon mode on
] 7TI0T passing through the SP transitihintegrated intensities as a
function of temperature show a decrease in the transition
temperature, a broadening of the transition regime, and a
3T/0T reduction of the order-parameter intensity compared to the
undoped crystal. Surprisingly, the spectra of Zn-doped
CuGeQ revealed no field dependence for the 10 and
20 cm ! features® Considering the richness of the pristine
material, extension of earlier experiments by McGuétel.
—— it loeayl Lot to higher energyabove 30 cm?) is important.
30 40 50 60 70 80 90 100 110 In order to provide further information on the nature of
Frequency (cm™) the SP transition and the lattice dynamics of the underlying
FIG. 1. Far-infrared reflectance ratios of CuGes a function phases, we have investigated the infrared reflectance of sev-

of applied magnetic field at 4.2 K. From bottom to top: 3 T/0 T, 7 €@l Zn- and Si-doped CuGegQ@rystals as a function of ap-

T/O T, 10 T/O T, and 14 T/0 T. The curves have been offset forPlied magnetic field. Our goal is to identify the low-energy
clarity. The arrow represents a 6% deviation from unity. excitations which are important in these systems, determine

the effect of doping, and more clearly understand the field
in high magnetic fields® A variety of techniques have been effects in the low-temperature phases.
used to map ouH-T phase diagrams for Zn- and Si-doped

R(H)Y/R(0 T)

crystals of particular concentratiofs*®~*% The detailed . EXPERIMENTAL
structure of the most appropriate phase diagrams will be dis- '
cussed later. Large, regularly shaped single crystals of doped CueO

Several ESR measurements have focussed on the lowvere grown by floating zone techniques using an image
energy excitations in Zn and Si doped systémé? The furnace® Doping levels of 0.2, 0.7, 1.5, and 4.0 % Zn and
multifrequency high-field spectra of Hassanal. show par-  0.7% Si were incorporated and were assessed by ICP/AES.
ticularly rich results, with a number of concentration depen-The samples used for these experiments were cleaved from
dent doping-induced featurésThese effects are attributed the originals along théc plane. Typical dimensions were
to local enhancement of AF correlations near the Zn impuri=0.4x0.2X0.3 cm.
ties, which give rise to transitions between states inside the Unpolarized infrared reflectance measurements were per-
SP gap. These results are in-line with predictions for in-gagormed at the National High Magnetic Field Laboratory
states in doped CuGe®y Martinset al® Nojiri et al. show  (NHMFL) in Tallahassee, FL using a Bruker 113V Fourier
that minute Si doping significantly broadens the singlet-transform infrared spectrome®Our runs were made using
triplet absorption excitation due to spectral weight shift awaythe 12, 23, and 50um Mylar beamsplitters, covering the
from the triplet branch to the AF resonance métle. frequency range from 30—200 crh A 20 T superconduct-

Far-infrared reflectance and transmission measurementsg magnet was employed for the magnetic field wirkls-
have been used to explore the characteristics ofHR€  ing the applied fieldland occasionally temperatiras ad-
phase diagram of CuGe®**° In the pristine material, justable tuning parameters, we were able to explore the
weak folded modes are observed at 98, 284, 312, angreviously determined phase diagrams of the various simi-
800 cm ! below T..***>°The 98 cm' zone boundary larly doped samples, taking spectra in a new frequency re-
mode(of By, symmetry is polarized along tha axis?® Data  gion (complementary to that of McGuiret al>% within sev-
through the dimerized~ incommensurate transition are par- eral representative phases. A detailed description of the
ticularly striking*"*®Here, Zeeman splitting of the 44 crh  experimental setup at the National High Magnetic Field
SP gap is observed; the lower and upper branches in theaboratory is given elsewhere.
normalized spectra disappear in the incommensurate phase These measurements were performed using the infrared
due to destruction of the singlet ground state. Takeleamh  reflectance probe developed at the NHMFL; a gold mirror
also pointed out the broad absorption centered neawas available as a reference. In this configuration, the inci-
63 cm !, which is assigned as a magnetic excitation fromdent light is 15° from normal to the sample surface, which is
the singlet ground state to a continuum stste. analogous to the canting procedure described by Takehana

Low-energy excitations in doped CuGg®ave also been et al*® Thus, we are inherently sampling somexis contri-
studied previously by far-infrared spectroscopy. McGuirebution, although the majority of the response is from twe
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plane. In order to track changes with the applied field, weabout these low-frequency structures prevented notice of two
calculated reflectance ratiobAR=R(H)/R(H=0). Here, smaller features near 63 and 98 ¢t These modes have
bothR(H) andR(H=0) are single beam spectra taken in anrecently been attributed tolapolarized excitation from the
applied field and zero field, respectively. Because we arsinglet state to the magnetic continuum andaapolarized
mainly concerned with field effects, bofR(H) and R(H zone folding phonon mode &3, symmetry, respectivel{?

=0) are taken at 4.2 K to eliminate any temperature effectsNote that the 98 cm' reflectance ratio peak is indicative of
The temperature dependence of pristine CugGeChe fre-  a mode in the SP phase; that it appears as a peak in the high
quency range of interest here has been studied elsetherefield reflectance ratiqFig. 1) is due to absorption in the
The reflectance ratio provides a normalized reflectance redenominator® That the 98 cm' feature in CuGeg@ is
sponse. Thus, deviations from unity are the important signalcharacteristic of the SP phase was observed previously by
and changes in the reflectance can be characterized wiffakehanaet al;; it displays doublet structure in the incom-
good accuracy. Typical noise variations are on the order ofmensurate phase that is related to the degree of
2-3 % in this frequency range. incommensurability? This doublet structure is manifested in

the high field reflectance ratio spectrum as two lobes on ei-
Il RESULTS ther side of the 98 cm' feature.
A. Undoped CuGeQ;

Figure 1 displays the far-infrared reflectance ratio spectra B. Zn-doped CuGeQ,
of undoped CuGeQas a function of magnetic field. The . .
well-known Zeeman splitting of the zone boundary SP gap is 1. Lightest Zn doping: Cy gee” No.00d>€ Os
very pronounced at low fields; disappearance of this struc- The upper left-hand panel of Fig. 2 displays the reflec-
ture above the 12.5 T critical field is attributed to destructiontance ratio of 0.2% Zn substituted CuGgér different ap-
of the singlet ground state above the dimerizedincom-  plied fields. Although the low-energy magnetic excitations
mensurate phase bounddfy® The zone center gap is ob- are similar to those in the pristine material, they are broader
served at 17 cm®.?>® |nitial observation and excitement and less well defined. Despite this broadening, the magnitude
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of the Zeeman splitting is the same as that in Fig. 1. Notgrogressive Zn doping has not affected the resonance fre-
that the upper branch of the Zeeman splitting saturates neguency of this structure, although the shape has changed
55 cm ! in the reflectance ratio. slightly. The negative lobes around the 98 chreflectance
In the lightest Zn-doped sample, the 98 cthfeature ap- ratio peak weaken with greater impurity incorporation.
pears with strong intensity and a fairly unusual line shape _
above the SP— incommensurate phase boundafyThis 4. Heavy doping: CyoeNo.045€Qy
structure is much more pronounced than that in pristine With heavy Zn doping, thé1-T phase diagram is modi-
CuGeQ. Based on the well-known result from a number of fied yet agairt® The SP transition itself becomes extremely
experiments that doping weakens the lattice distortion aneveak, and in certain physical measureméstgeh as suscep-
destabilizes the SP phase, this result was unexpétted. tibility) it is difficult to detect, although more local probes
. o (such as neutron scatteringan still find the transition
2. Light Zn doping: Cp e No.00/5€Os signature?®21:24-26 pretransitional elastic fluctuations in
Light Zn doping (0.799 of CuGeQ results in overall heavily doped CuGeQsamples indicate some SP aspect to
modest changes to thé-T phase diagrar®f Essentially, the the low-temperature state, although AF interactions are im-
area of the SP phase is smaller due to a reduced transitiggortant too>®
temperature and critical field. This is because the long-range Far-infrared reflectance ratio spectra of the 4.0% doped
ordered phasédriven by electron-electron interactions  CuGeQ sample are shown in the lower right-hand panel of
gaining ground compared to the magnetoelastically stabiFig. 2. At 4.2 K, the in-field spectra follow a path along a
lized phase. No new phase boundariesHifil space have phase boundary line where both SP and AF phases coexist.
been identified at this doping level. No low-energy excitations are observed in the energy regime
Despite the similaH-T phase diagram to that of the pris- of the spin gap. In independent runs, the intensity of the
tine CuGeQ system, the reflectance ratio spectra of the 0.7998 cni ! mode was variable, ranging from-91.8% devia-
Zn doped sample, shown in the upper right-hand panel ofion from unity upon entry into the high-field phase. This
Fig. 2, display a dramatically different response. The reflecvariability (and the overall weak responss reflected in the
tance ratio in the SP phase develops a broad structure nedata of Fig. 4main panel and insgtPreliminary far-infrared
55 cmi ! with increasing field; it becomes fairly pronounced reflectance ratio results at 6.5(Kot shown, which is further
(=13% deviation from unity upon approach téd.. This away from the AF/SP boundary, indicate that the heavily
structure is assigned as a remnant of the SP gap, with likelgoped Zn sample is devoid of field-induced structure under
contributions from the upper branch of the Zeeman splittinghese conditions as well.
and the 63 cm' singlet—continuum excitation, superim- C. Si-doped CuGeQ
posed upon one anoth&.This composite structure shifts ) o
weakly to higher frequency with applied field in the sp ~ Whereas Zn doping replaces copper sites in the CuGeO
phase® The 55 cm! feature is sensitive to the 12 T phase lattice, Si doping replaces Ge sites: a 0.7% doped sample

boundary as well; only a residual signature persists upVill have the formula CuGgyesSio 00fOs- Thus, the main ef-
to 17 T. fect of Si doping is to modulate the interchain interactions

In the lightly doped Zn samplé0.79%), the 98 cri fea- via the introduction of distorted tetraheddf{sAlthough de-

ture again appears with enhanced intensity relative to th&ilS of theH-T diagram seem to be sensiti\é%%? the nature of
pristine material, although it is considerably damped com{he probe, the general characteristics are rrhere is a

pared to that of CyleZNo 005€0;. This observation as well lowered zero-field transition temperature, below which both
as the changing line shape will be discussed in detail later.2 SP phase and an AF/SP coexistence lie. A magnetic phase
is observed above 8 T; the slope between the incommensu-

3. Intermediate Zn doping: CylggNg 0155€0; rate and uniform phases is positive.
Increased doping complicates theT phase diagram of Reflectance ratio spectra of the 0.7% Si-doped crystal are
the CuGeQ system. With 1.5% Zn doping, both SP and AF displayed in Fig. 3. Within the SP phase, the far infrared

states are stabilized at low temperatures; a spin flop phase rigflectance ratios do not show any field dependent features.

also observed wittH|c.3® Coexistence of the SP and AF Light Si_ dopi_ng(Fig. 3? seems to be more effective than light
phases is substantial near 4 K, with the AF contribution trail-2n doPing(Fig. 2) at ridding the system of low-energy mag-
ing off above 5 K27-2° A magnetic phase is stabilized above netic excitations. Transition to trle high field phase is marked
the 9.5 T critical field, and the incommensurate uniform ~ bY the appearance of the 98 chfeature with moderate
phase boundary has a different slope. intensity; note j[hat it is larger tharl in the pristine material.
The lower left-hand panel of Fig. 2 displays the far-AS in the previous data, the 98 ch mode appears as a

infrared reflectance ratios of n eO, taken at 4.2 Peak due to gbsorption_ in the denomin.ator. This is because
K in different magnetic fields.@lﬁtzi;s%ﬁa% low-energy re.the zone-folding mode is a characteristic of the SP phase.
flectance ratio features develop with applied field bekby

This is because the material is dirty and the gap has closed.
The dimerized— incommensurate phase boundary is char-
acterized by the appearance of the 98 “¢rfeature; it is less Excitations of magnetic origin are anticipated in the low-
intense than in the 0.2 and 0.7 % Zn substituted samples benhergy regime, and these spin excitations are expected to be
still stronger than that in the pristine material. Note that thevery local. Theoretical work by Martinst al. predicts the

IV. DISCUSSION
A. Low-energy regime
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FIG. 3. Far-infrared reflectance ratios of CyG&Si 00103 as a FIG. 4. 14 T/O T reflectance ratios of CuGgBased single

function of applied magnetic field at 4.2 K. From bottom to top: 4 crystals at different doping levels. From top to bottom: pure
TIOT,7T/OT,8T/OT, and 14 T/0 T. The arrow represents a 6%CuGeQ, 0.2% Zn doped sample, 0.7% Zn doped sample, 1.5% Zn
deviation from unity. The curves have been offset for clarity. doped sample, 4.0% Zn doped sample, and 0.7% Si doped sample.
The arrow represents a 10% deviation from unity. The curves have
rapid suppression of the spin gap in CuGe@th Zn doping been of_fset for clarity. Inset: Deviatiqn from unity of 98 ¢th
and the appearance of a number of in-gap states due to tfigature in the 14 T/_O T reflectance ratio spe_ctra of doped CuGeO
breaking of spin singlets with in-chain substitutidft With samples asa function of dopa.nt concentration. Error bars were de-
decreasing dimerizatior(increased doping the spectral te"Mined using data from multiple runs.
weight inside the gap changes due to free spin coupling and
singlet/triplet excitation effects. Enhanced AF correlationsintermediate concentration samples to follow the detailed de-
are predicted to occur near the spin vacancies. At very higleay of the gap signature with doping are of interest in the
doping levels, the gap will close. This model addresses erfuture®*~®*That similar Si doping0.7% causes a complete
ergy scales near and below the gap, but in order for it tacollapse of the SP gap is also curious, as it shows the stron-
apply, there must be some remnant of the SP state in thger effects of interchain disruption on the spin gap. This
material. From the data in Figs. 1 and 2, Zn doping at higheresult is in line with the ESR work of Nojirét al*?
levels (1.5 and 4.0 9% produces substantial damage to the
spin chain. The lack of structure in the far-infrared reflec-
tance ratio of the medium and heavily doped samples near
the 44 cm! spin gap suggests that the two lightly doped  Doping effects on the intensity of the 98 cfhmode are
(0.2 and 0.7 % Znhmaterials are the only possible candidatesstriking as well. Figure 4 displays 14 T/ 0 T reflectance ratio
for interpretation within this model, as magnetic excitationsdata for all samples investigated, and the inset summarizes
in the other more heavily substituted crystals are eliminatedhe trend as a function of doping. The intensity of the
by disorder. 98 cm ! mode first rises sharply, then gradually decreases
Disorder broadens the magnetic excitations in the twawith greater doping levels.
lightly doped Zn sample&ig. 2) compared to those of pure The observation of the 98 ¢m mode in the dimerized
CuGeQ (Fig. 1. Nevertheless, the spin gap clearly survivesphase of CuGeQand the energy at which it appears moti-
the introduction of limited disorder. While wider, broader vated previous authors to classify this feature as an
structures are observed in the case of 0.2% substitution, a&polarized folded phonon mode, which is an electric dipole-
more drastic effect is found for 0.7% Zn doping, indicating allowed transition resulting from the structural distortfGn.
that the spin gap is substantially filled at this point. In fact, itBased upon the 98 cnt mode’s behavior in the incommen-
seems likely that the 44 cnt spin gap and the 63 ¢ surate phase, it is believed to be the folded phonon with the
singlet— continuum excitation in the pristine material com- strong spin-phonon coupling, and therefore one of the modes
bine and collapse to form the 55 crh structure in  contributing to the SP mechanigth.That this mode is
Clo.99ZNo.00/G€0; (upper right-hand panel, Fig.).#> The  strongly coupled to the spins might explain it's enhanced
small frequency shift of the 55 cn structure with applied  sensitivity to magnetic field in the doped samplék.is well
field and its sensitivity to the SP> incommensurate phase known, however, that increased doping stabilizes the AF
boundary lends support to this hypothesis. Investigations ophase(at the expense of the SP phpse these materials,

B. 98 cni ! mode
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thus decreasing the lattice distortion. A weaker lattice distorphase, the oscillator strength is “squeezed” into a small
tion should therefore translate into a less intense folded phd=2 cm 1) region. Such a local sum rule is indicative of
non modé'-a trend opposite to that in Fig. 4. Disorder- disorder, and in some ways analogous to the effect of mag-
induced line broadening is expected as VI netic impurities in dilute Kondo systems and to Zn doping in
One possible resolution to this discrepancy is that lightcopper oxide superconductdrs.”" The negative lobes in the
doping may preserve a local SP domain where the lattic@8 cm * reflectance ratio data of GyeeZNoeof3€0;,
distortion is quite strong, but further doping produces tooCUo.99%No.00/G€Cs, and Ci ggsZNo 01450y (Fig. 4) are re-
much damage to preserve the dimerization in a meaningfpted to local oscillator strength changes between the dimer-
way. Thus, a local probésuch as infrared spectroscopy 2€d and incommensurate phasgsnd are identical to the

could detect such a short-range distortion, whereas a mofgPublet structure observed by Takehaetaal. in the high

long-range probe might not. Local enhancement effects werkeld phasg of pristin_e CuGeQThe splitting of t_his doublet
structure is proportional to the degree of incommensur-

also argued in the interpretation of high-field ESR results;”;" -. N . .
although here, it was the AF correlations that were ofability.”” From the data in Fig. 4, neither the absolute doping
interest’! An alternative view is to assign the 98 chfea- level nor intrachain-interchain substitution affects the posi-

ture as an impurity-induced local phonon mddeSuch a tion of these lobes. Using this measure, doping does not
feature has been identified in doped CuGe®10 cn *.5 affect the degree of incommensurability in CuGe&bove

That the 98 cm® mode grows with doping and seems to beHc- _Judging by the_i_ntensity of these structures, howev_er,
associated with the spin Peierls distortion supports such altrl?e incommensurability seems most stable at light doping
assignment, but the 98 crh feature is observed in pristine evels.
CuGeQ, making this description less satisfying. The most V. CONCLUSION
promising explanation for the trend in Fig. 4 preserves as-
signment of the 98 cm' feature as a zone-folded mode and  In conclusion, we report far-infrared reflectance measure-
accounts for effects from both a decrease in dimerization anfents on high-quality single crystal samples of both Zn and
a breakdown of selection rules due to impurity incorporationSi impurity substituted CuGeQas a function of magnetic
As discussed previously, one expects the intensity of théeld in order to characterize the microscopic nature of the
98 cm ! folded phonon to decrease as the SP dimerizatioflifferent low-temperature phases. Light doping is found to
is destabilized with increased dopiffyAt the same time, collapse the zone-boundary SP gap very quickly, although
defect incorporation may break the optical selection rulesthe spin gap does survive the introduction of limited disor-
allowing excitations in other polarizations or in other loca-der. At 0.2% Zn doping, the Zeeman splitting of the spin gap
tions in the Brillouin zon€37* That the 98 cm! mode is IS broader and less well defined than that in the pristine ma-
more intense in the doped samples suggests a breakdown 6fial; at 0.7% Zn doping, only a remnant of the spin gap
the selection rules caused by impurity incorporation and sitéémains, centered near 55 th Doping effects on the in-
symmetry reduction, therefore allowing this excitation in thetensity of the zone-folding 98 cnt mode are also remark-
bc plane. A superposition of these two effects might explain@ble. The observed trends are discussed in terms of the effect
the observed trends in Fig. 4. With small levels of doping,of disorder on the spin gap and the 98 chmode.
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