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Spin-phonon coupled modes in the incommensurate phases of doped CuGeO
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The doping effect of the folded phonon mode at 98 énwas investigated on Si-doped CuGg®y
magneto-optical measurements in the far-infrared region under a high magnetic field. The folded phonon mode
at 98 cm ! appears not only in the dimerized phase but also in the dimerized-anitiferromagnetic phase on the
doped CuGe@ The splitting was observed in the incommensul#® phase and the antiferromagnetically
ordered incommensuratéAF) phase abovéi. The split-off branches exhibit a different field dependence
from that of the pure CuGe{n the vicinity of Hc, and the discrepancy in the IAF phase is larger than that
in the IC phase. This is caused by the interaction between the solitons and the impurities.
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[. INTRODUCTION other was a transition between the IC phase and the antifer-
romagnetically ordered incommensurdtéF) phase”® On
An inorganic compound CuGeQwas discovered to un- the other hand, ultrasonic velocity measurements have sug-
dergo a spin-PeierléSP transition at a critical temperature gested only one phase transition occurred abdye’® Re-
Tsp=14 K in magnetic susceptibility measuremehta.the  cently, a different behavior between the IC and IAF phases
SP transition, the formation of a superlattice occurs owing tavas reported on the thermal conductivityThe authors sug-
the coupling between a one-dimensional spin system andested that this is caused by a “freezing” of the solitons in
three-dimensional phonon systems, together with the operthe IAF phase.
ing of a magnetic energy gap between the singlet ground Optical studies are quite sensitive for an investigation of
state and a triplet-excited state. The lattice dimerization wathe change in crystal structure that is caused by a phase tran-
confirmed by electron diffractiof,x-ray diffraction, and sition. Factor group analysis predicts that nine infrared-
neutron diffraction’* The opening of a spin gap due to the active folded modes and 18 Raman-active folded modes ap-
SP transition was directly observed by inelastic neutron scajpear belowTgp in addition to optical phonons in the
tering experiment3 A phase transition from a dimerizéD) phase, which occur when the symmetry of the crystal struc-
phase to an incommensura(ﬂé:) phase was found at the ture is lowered fronPbmmof theU phasésto Bbcmof the
critical field Hc~12 T The incommensurate lattice modu- D phase*'® Three Raman modes at 107, 369, and 820" tm
lation was observed in x-ray measurements under a higlvere assigned to thé, folded phonons in th® phase?’
magnetic field aboveH.” Higher-order harmonics of the with the first one havmg a Fano-type line shapé For
incommensurate Bragg reflections were also observed justfrared-active folded phonons, ong;, mode, oneB;,
aboveHc, which indicates that lattice modulation in the IC mode, and twd,, modes were found at 98, 284, 312, and
phase forms a soliton lattie. 800 cm?, respectively’>~2° The field dependence of the
One of the most important studies enabled by the discovfolded-phonon modes was investigated in Raman
ery of CuGeQ is that of impurity effects on a quasi-one- experiment$®?’ The intensity decreases steeply at the
dimensional spin system. For small amounts of an impurityboundary between th® and IC phases, while no energy
another phase transition to the dimerized-antiferromagnetishift is observed. Just abow¢., the intensity decreases to
(DAF) phase was found &y, which is lower thariTgp.° In about half that of théd phase, and continues to decrease in
the DAF phase, the coexistence of the lattice distortion andhe IC phase with increasing field. The folded mode at
the antiferromagnetic ordering was found in neutron-312 cm ! was observed abovelc, but the details were
diffraction experiment$®~'2Recently, Masudat al.found a  unclear because it is located on the shoulder of an optical
first-order compositional phase transition between the DAFphonon?®
and the uniform-antiferromagnetic phases in Mg-doped In contrast to these results, in our previous papare
CuGeQ." It is not clear whether this kind of phase transi- found a splitting of the folded-phonon mode at 98 <hin
tion exists in Si-doped CuGeQr not, but the sample with the IC phase. The energy separation between the split-off
low concentration used in this paper apparently has the ndranches is proportional to the incommensurability in the IC
ture of a DAF phase beloWy.* There are some reports phase. This indicates that the incommensurability is closely
about the nature of a high-field phase in doped CuQeith related to the mechanism of splitting of a folded phonon in
a low concentration of impurities. Two phase transitionsthe IC phase. In the IC phase, the phonon modek=at
have been reported in specific heat experiments: one was the(gsp— Aq) can be infrared active due to the incommensu-
phase transition between uniforiid) and IC phases, and the rate lattice modulatio”® We have explained this phenom-
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enon as follows: the 98-cnt phonon is a spin-phonon 0.30 L L S E—
coupled mode. Because of this the phonon mode=at|sp B=0T
—Aq and that atk=—(qsp—AqQ) can interact with each 02501 - 0=30" |
other through the spin componenk g of a static incommen-
surate spin and lattice structure in the IC phase. The presence
of the 2A g spin component was recently confirmed firmly by ’g 020 1.0 |
NMR (Ref. 30 and neutron-diffractioft experiments. 5 <

In CuGeQ, a soft mode has not yet been found and it is < u
now believed that there is no soft mode. On the other hand, & oisp E —
there should be spin-phonon coupled megén CuGeQ, «E‘ £09
because a spin-Peierls transition occurs in it. Therefore, find-  § = CuGer S 0
ing a spin-phonon coupled mode is very important for under- & % o %% 7
standing various phenomena in CuGe@ this paper, stud- o (em!)
ies of spin-phonon coupled modes near 98 ¢mare 0.05 - CuGey 9g¢Sig 01203
extended to doped CuGgQand the behaviors of these oo %00
modes will be clarified in th®, IC, DAF, and IAF phases. *‘\'\\.\

0.00 | | | | |
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Il. EXPERIMENT
Temperature (K)

Doped CuGe@single crystals were grown by a floating- . .
along the(100) plane. A sample of CuGggsSip 91405 With on CuGg ggSip 0103 and CuGeQ in zero field with the samples
dimensions of 1.54X6 mn? was used in this study. It rotated 30° around thieaxis. The solid lines indicate the best-fitted

—— i _ functions of (1-T/Tgp)?#. The best-fitted values of @ are 0.55
showed tW.O phase_ transitioris;D andD-DAF, at low tem and 0.5 for pure and doped CuGg@espectively. The inset shows
peratures in zero field.

. .. . that the absorption of the FP mode increases with decreasing tem-
Far-infraredFIR) transmission was measured in the spec- P 9

tral range between 15 and 350 c¢hwith a maximum reso- perature down tdy=3.5 K on CuGE sasSlo 01405

lution of 0.1 cm ! using a Fourier transform spectrometer

(BOMEM DAS8). The polarized measurements were per-0.5, and that for the pure CuGe® 0.55%° The dependence
formed in zero field by using FIR polarizers. The unpolar-on the temperature aroufig is described well by the func-
ized magneto-optical spectra were obtained with a superconion (1—T/Tsp)??, while the SP transition of the doped
ducting magnet in the Faraday configuration. TheCuGeQ seems to be somewhat less sharp and the FP mode
temperature dependence of the spectra was investigatgghs observed even just aboWep, as observed on other
down to 2 K. The spectra on the increasiigcreasingfield  fo|ded modes on the Raman spedfahe intensity of the

process were taken with a fixed field for several hours aftegperlattice reflections of the doped CuGeshibits a simi-
increasing(decreasing the applied magnetic field from a |5, temperature dependeri®?2 T<p of the doped sample

lower (highey field region. shifts toward a lower temperatufeThe FP mode was also
observed belowy~3.5 K, with the same peak energy and
IIl. RESULTS linewidth as in theD phase. The absorption intensity of the

The doping effect of the folded mode at 98 thwas FP mode has a broad maximum around 4 K, and decreases

investigated on CuGggSiy010s in the D, IC, DAF, and sllgh_tly with temperature_ in the DAF phase.

IAF phases. The transmission spectra were normalized by Figure 2 shows the field dependence of the FP mode of
the spectrum in theJ phase, TrT=17 K, B=0 T), in he doped CuGepat T=2 K on the decreasing field pro-
order to clarify the small change between tiephase and ~cess, with the sample rotated around breis by about 20°.
other phases. The inset of Fig. 1 shows the normalized trang-he region belowH belongs to the DAF phase, and that
mission spectra, TM)/Tr (T=17 K), atB=0 T on the aboveHc belongs to the IAF phase. The splitting of the FP
doped sample. The spectra were taken when the sample wawde into two branches, which are labeled,Fhd FR in
rotated around the axis by 30°, so that tha axis was 30° Fig. 2, were observed aboW: in doped CuGeQ as was
from the incident light directiorisee Fig. 3 of Ref. 25 be-  observed in pure CuGeQt the transition from th® phase
cause an absorption line at 98 thwas assigned to tHe;,  to the IC phasé® The energy separatiohw between FR
folded-phonon mode with the polarization propertyeia.”®  and FR modes increases with the fieltlc of the doped
The absorption appears at 98 chbelow Tsp, and grows CuGeQ is lower than that of the pure one, as observed in
with decreasing temperature. Hereafter, the folded mode &ef. 33. The coexistence of FP, [FPand FP modes was

98 cmi'! is labeled as FP. Figure 1 shows the absorptiorobserved aroundi on the doped sample. The intensities of
intensity of the FP mode of CuGegssSiy 9105 as a function FP; and FR modes in the higher-field region are almost
of temperature, together with that of the pure Cugethe equal to each other, and roughly a quarter of that of the FP
solid lines show the best-fitted function €II/Tgp)2#, mode in zero field. The halfwidths of gPand FR modes
where the best-fitted value of@for the doped CuGeQis  are almost the same as that of the FP mode, while it is dif-
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FIG. 2. Field dependence of the 98 thfolded mode of
CuGe) gge5ip 0105 at 2 K, with the sample inclined around tte
axis by about 20° from the Faraday configurati®@i|d).

98 L .
ficult to estimate them around., owing to the overlap of

Wavenumber (cm-!)
:ﬁ

the lines.

The peak energies of FP, FP and FPR modes on 06 i
CuGe ¢Si 9105 are plotted in Fig. @) as functions of the -o- T=2K
applied magnetic field on both the increasing and decreasing o T=6K oL
field processes. For reference, the field dependences of SN
CuGeQ are also plotted in Fig.(®). The energies of the FP - T C“G°?3’T:4'2K | | I
modes do not depend on the applied field below. A shift 0 5 10 15
of the FP mode toward lower energies arouthd was ob- Magnetic Field (T)

served on the doped sample, but the amount of the shift is
much smaller than that of the pure sample. The positions of FIG. 3. (a) Field dependence of the peak positions of FR, FP
FP, and FR modes are symmetrical with respect to that ofand FR modes atT=2 K on CuGgggsSioo1fs, and atT
the FP mode oH=<H on both pure and doped CuGgO =4.2 Kon CuGeQ (Ref. 45, when the sample is rotated by 20°
Aw increased with the field abovelc, and the rate of from the Faraday configuratiomB[a). Open symbols show the data
change ofAw with respect to the applied field decreases_for the .decreasing field process, _and closed symbols tha_lt_ for _the
gradually with increasing field. The difference of behaviorsincreasing field process. Hysteresis appears_a_lround the critical field
between pure and doped CuGe®as observed on the field Hc. (b) Field dependence of the energy.posmons of FR; Fénd
dependence ak w aroundH ; that is, the increasing rate of FP_ modes aff =2 and 6 K on CuGgegsSio 0105 on the decreas-
Aw on the doped CuG relatively lower than that on th ing field process. _The broken lines show the field dependences of
ped CuGegls relatively lower than that on the these peak energies on CuGe T=4.2 K, for reference.
pure one. The field dependence of FP FRnd FR modes '
on CuGeQ exhibits a hysteresis arouridl-. The presence
of the hysteresis means that the transition betweethad pure CuGeQ@. The slow field dependence and the remnant
IC phases is of first order even in the doped sample, and thisignals of these branches make the coexistence region of the
corresponds to the fact that the hysteresis is also observed doped CuGe@ much wider than that of the pure one. An
pure CuGeQ in magnetizatiof, magnetostrictiotf and the ~enhancement of the coexistence region on the doped
incommensurability of the lattice modulatiéihe amounts CuGeQ was also observed by x-ray experimettsiereaf-
of the hysteresis of FPand FR modes on both the pure and ter, we show only the field dependence of FP,FRNnd FR
doped samples are abatBy~0.2 T in the region oA w modes on the decreasing field process.
~3 cm !, which were estimated by difference between the Figure 3b) shows the field dependences of the peak en-
magnetic fields, wherd w’s are equal to each other in in- ergies of FP, Ff, and FR modes on CuGgygsSig.01 L3 at
creasing and decreasing field processes. They are almost ifi=6 K together with those al=2 K. The broken lines
dependent of the field arourtdi . In the doped sample, the show the field dependences of these peak energies on
remnant signal of the FP mode on the increasing field proCuGeQ at T=4.2 K, for reference. The region ne@ K is
cess and those of gRand FR. modes on the decreasing field well above Ty at B=0 T, and therefore aB~15 T it
process were observed in a relatively wide rangeA&g  should belong to th& phase according to Ref. 16 or to the
~0.4 T. The remnant signals have not been observed in thi€ phase according to Refs. 15 and 17. This shows, defi-
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nitely, that the FP mode is split into two modes ~&#hd FR '

aboveH-~10.5 T. This fact clearly shows that a phase with sk 06
an incommensurate structure exists abéig at T=6 K, '
which we may call the IC phase. Therefore, we have con- =
firmed that the phase diagram obtained in Refs. 15 and 17 is =
realized in CuGgegeSio 0105. The field dependence of P = ok 04 &
and FR. modes aff=6 K is slightly steeper than that at 3 g
=2 K in the region ofAw<3 cm 1. On the other hand, it = 2
overlaps with that atT=2 K in the region of Aw 50 @ A0 (CuGeO3, T=42K) go
>3 cm 1. The remnant signals were also observedTat 3 ost <><> OA® (CuGeqoqSipgi .05, T=2K) 0.2 G
=6 K, but the field range is much narrower than thafat S a Do CuGeyogSingn0y T=6K)
o AL (CuGeO3)
=2 K. A AL (Cug 935710 915GeO3)
O AL (Cug 9gNig,02GeO3)
IV. DISCUSSION 0 0{9 o Ll 12 13 14 1s°
In this study, the doping effect of the folded mode FP was H/H

investigated in theD, IC, DAF, and IAF phases on doped i i
FIG. 4. Scaled field dependence of the energy separation

CuGeQ. The folded mode FP appears on the doped samp|getween the twol split pbranches ar=2 an%y 6pK on

below T5p, and the peak energy is independent of the dop- . _

ina in the D bh The intensity of the d d le i CuGe ggsSip 0103, and atT=4.2 K on CuGeQ (Ref. 45. The

Ing In the L phase. € Intensity o e ope. sampie .'Ssome for the superlattice reflectionAL, on both the pure and

much weaker than that of the pure one. A similar behavio

. L . rdoped CuGeg@ are also plotted simultaneously, whetd was
was seen in the absorption intensity of the 800-¢rfolded- measured by Kiryukhiret al. (Ref. 8. Both Aw and AL were

6 .
phonon mpdé. The halfwidth of the FP mode on the gcaieq by the respective critical fihtt . The dashed line indicates
CuGe) ggaSi 0103 is about 1.5 times wider than that on the the theoretical prediction by Cross for the high magnetic field limit

pure CuGeQ. There are few reports on the effects of doping(ref. 39. The solid curve is the fitting function 1[8/(H/Hc
on the halfwidth of other folded-phonon modes. The effect-1)], which was predicted by mean-field theqigef. 38.

on the Raman-active 369-crh mode is unclear due to the
low resolution of the measuring systéfThe effect on the x-ray-diffraction experiment® A behavior of the splitting
halfwidth of the infrared-active 800-cht mode is not esti- different from that for pure CuGeQwas found around .
mated, although the halfwidth seems to be somewhat broad-hat is, the field dependence of the peak positions of the FP
ened in Fig. 10 of Ref. 36. and FR modes on the doped CuGe@re relatively slower
The FP mode was observed beldW;, because of the than that on the pure one. Moreover, the field dependence at
presence of the lattice modulation ofp.1°'% Figure 1  T=2 Kis slightly weaker than that at=6 K in the vicin-
shows that the intensity of the doped sample decreases beldly of Hc, while the field dependences &2 K, and 6 K
Ty~3.5 K with temperature. This means that the dimeriza-2Imost overlap with each other in the higher field region. The
tion is suppressed with the growth of the antiferromagnetigpositions of Fig and FR modes in the IC and IAF phases of
long-range order. This indicates that the dimerizatibve SP  the doped sample gradually approach those of the pure
order parametércoexists with the antifferomagnetic long- sample with increasing field, which means that their field
range order in the DAF phase, and that these two order palependences can be well described by the same function at a
rameters interact with each other. In neutron-diffraction meahigher field range.
surements, the superlattice reflection peak was found to In our previous paper, it was shown that the field depen-
coexist with the antiferromagnetic peak and the intensity oflence ofAw can be scaled with that of the incommensura-
the superlattice reflection decreas®s? The temperature bility, AL, and we concluded thatw is proportional toAL
dependence of the intensity of the FP mode is fully consisin pure CuGeQ@.° In order to clarify the difference between
tent with that of the superlattice reflection, because the intenpure and doped CuGegQ Aw’s of doped CuGe@ in the
sity of the folded phonons is closely related to the magnitudéAF and IC phases are plotted by scaling them with, as
of the lattice distortion caused by the dimerization due to thevell asAw of the pure CuGe@andAL in the x-ray experi-
SP ordering. ments, as shown in Fig. 4. The critical fields of the doped
Above H¢, the splitting into FB and FR modes was CuGeQ are determined to fit the field dependence\as in
observed in the IC and IAF phases on the doped sampléhe fitting function, especially in the higher field range where
Based on our mod®&l of the splitting of the folded-phonon the similarity to the pure CuGe@vas observed, because it is
FP, the necessary conditions for splitting are not only thdlifficult to define the correct - of the doped CuGepow-
spin-phonon coupling but also the existence of the latticeng to the wide coexistent region. The scale of the right-side
modulation of £ (gsp—Aq) and the component of the spin ordinate forAw is the same as that of the pure CuGeO
polarization with the periodicity of 2qg. Therefore, experi- which is adjusted to fit the field dependenceiab to that of
mental results indicate the existence of an incommensurat®L. The solid curve in Fig. 4 is the fitting function
modulation in the lattice and a spin polarization in both the1/In[8/(H/H.—1)].3 The dashed line indicates the theoret-
IC and IAF phases. The incommensurate lattice modulatioiical prediction of Cross for the high-magnetic-field liriit.
was observed in the IC and IAF phases on doped samples Figure 4 indicates thaA w of the doped CuGe{deviates
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from the fitting function in the IAF and IC phases in the They change the distribution of intersoliton distance, and in-
g p . - . . .

lower field range ofH/H-<1.03, and is observed even at duces randomness in it. The effect of the interaction is en-
H/Hc<1, while it can be plotted quite well on the same hanced on the condition that the number of solitons is of the
universal curve as that of the pure sample at the higher fielgame order as that of the impurities, and is weakened with
region of H/H<>1.03. The discrepancy increases with de-increasing soliton numbers as compared with the impurity
creasingA » aroundH¢. A similar behavior can be seen on numbers. Therefore, in the higher field region, the effect of
AL of the doped CuGeQsample, especially, with a higher this interaction is weak, andw and AL exhibit almost the
concentration of impuritie§ as shown in Fig. 4. In the IAF  S@me field dependence as that of the pure CuGeD the
phase, the discrepancy is larger than that in the IC phase d#her hand, arounétic, the effect of the interaction is no
the doped CuGeQ andAw in the IAF phases survives at 'Onger negligible, and the randomness prevéfgsirom be-

the lower field on thed/H scale. This result indicates that "9 Well defined, which makes the field dependence\af

Aw andAL are no longer described by the fitting function at Weaker. The different behavior &fw between the IAF and
this field range. This does not necessarily mean that the rd© Phases indicates that the impurity effect in the IAF phase
lation Aw= AL is broken in this region, becauda» andAL is stronger than that in the IC phase. This is consistent with
were measured on different samples. In the higher field rel® model of “freezing” of the solitons in the IAF phasé.
gion of H/H>1.03, AL is well described by the same the- The observation of remnant signals in the IAF phase could

oretical fitting function on both pure and doped CuGeO also_ be relr_:lted to the freezing. of the solitons. Int.e.restingly,
Therefore, the proportional relation afwx AL may be valid the interaction between the solitons and the impurities, or the
even on the doped CuGgQt H/H->1.03. We assumed freezing of the solitons, does not. affect the hy§tere5|s of the
that the strength of the coupling is proportional to the densit)FPL an_d FRy ”?O_d?s- The reducuon of the shift Of. the FP
of the solitons with periodicity &g, i.e., the integrated in- Mede in the vicinity ofHc might be connected with this

tensity of the average component of the spin polarization ofnteraction i, as we believe, the Sh'fF of the FP _mode IS
2Aq.% ConsequentlyA w is determined only by the incom- caused by the discommensuration which appears just above
mensurability, AL, and is independent of the species of the' '¢-
impurities or the mechanism of how the local magnetization

is induced around the impuritié®*! Aw gradually ap-
proaches the curve predicted by the theory of Cross with We have performed the doping effect for a folded-phonon
increasing field, and seems to approach the theory of Crosaode at 98 cm? on Si-doped CuGe The folded-phonon
aboveH/Hc~1.5. In the field range dfl/H-=1.5, the field mode was observed in both tlleand DAF phases, and the
dependence of the magnetizafidh and the spontaneous splitting of the mode was observed in IC and IAF phases.
strairf?*3 can be fitted by a linear function, and the lattice This definitely proves that the IC phase exists in the regions
modulation is well described as sinusoitfalThe discrep- of Ty<T<Tsp and H=H., which is consistent with the
ancy between the pure and doped Cugaf@undH: can be reports of Refs. 15 and 17. The different behavior of the
explained by the presence of an interaction between the solsplit-off branches from the pure CuGg@as observed in the
tons and the impurities, as follows. The interaction betweervicinity of H, and the discrepancy in the IAF phase is
the solitons and impurities must exist on the doped CueO larger than that in the IC phase. This is explained by the
and a binding of the solitons to the impurities can odédf.  interaction between the solitons and impurities.
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