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Raman-scattering study of the anomalous spin-Peierls state in heavily Mg-doped CuGeO3
under pressure
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By means of Raman scattering we have observed the appearance of the folded phonon modes and the
two-magnetic-excitation bound state under high pressures in 3.5% Mg-doped CuGeO3 crystals. The spin-
Peierls ~SP! gap mode is also observed. These facts indicate clear evidence that the SP phase transition
extinguished by Mg doping is revived by the application of high pressure. The revived SP state has a large spin
gap and a very weak lattice dimerization when compared with pure sample, which is interpreted in terms of the
strongly frustrated spin chain with a spontaneous spin gap. Moreover, a new phonon peak is observed above
2.8 GPa in the SP phase and even far above the SP transition temperature, indicating a pressure-induced
structural phase transition. We propose aP-T phase diagram for this sample.
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I. INTRODUCTION

One-dimensional quantum spin systems have attra
much attention mainly due to the intriguing phase transitio
driven by strong quantum fluctuations. When the spins oS
51/2 are interacting with the underlying lattice, the sp
Peierls~SP! state is formed at low temperatures. In the
phase the chain becomes dimerized and the spins for
singlet state, producing a gap in the magnetic excitat
spectrum.

An inorganic CuGeO3 crystal has one-dimensional spin
1/2 Cu21 chains along thec axis and Haseet al.1 found by
the magnetic-susceptibility measurement that the SP tra
tion occurred at TSP>14 K. Since this discovery in
CuGeO3, many interesting physical properties in the SP st
have been revealed. One of them is the impurity effect in
system.2 The ability to introduce both in-chain and intercha
dopants in CuGeO3 allows us to change the spin-spin and t
interchain magnetic interactions. The impurity doping su
presses the occurrence of the SP transition and activate
underlying antiferromagnetic~AF! phase transition, which
compete with each other.2–7 When the dopant concentratio
was low, the coexistence of both the SP and AF phases
confirmed by neutron scattering,8–11 i.e., the dimerized AF
phase is formed at low temperatures. At high dopant conc
trations, the long-rang SP order disappears and the unif
AF phase without the lattice dimerization is stabilized. Fro
the magnetic-susceptibility study in high-quali
Cu12xMgxGeO3 crystals, Masudaet al.12 stated that a com
positional first-order phase transition between the dimeri
and uniform AF phases occurred at a critical concentrationxc
and, consequently, the Ne´el temperature exhibits a conspic
ous jump. With increasing impurity concentration abovexc
the SP correlation length quickly decreases.13,14 Detailed
studies revealed that a separation of the dimerized and
form AF phases existed aroundxc .14–16The critical concen-
tration xc for Mg is approximately 2.3% at ambien
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pressure.12 A similar temperature-impurity concentratio
phase diagram was obtained also for Zn-doped CuGeO3.15

The temperature dependence of the magnetic suscep
ity aboveTSP deviates largely from the Bonner-Fisher the
retical curve.1 The nearest-neighbor~nn! AF exchange inter-
actionJnn competes with the next-nearest-neighbor~nnn! AF
exchange interactionJnnn in CuGeO3. The temperature de
pendence of the magnetic susceptibility experimentally
served was well described in terms of thefrustratedquantum
spin chain with a frustration parametera5Jnnn/Jnn

50.24–0.36.17,18 Kuroeet al.19 studied the quasielastic ligh
scattering from the spin fluctuations due to the energy d
sity in CuGeO3 and obtained the magnetic specific he
aboveTSP. The temperature dependence of the specific h
was also described witha50.3–0.4.

The existence of the strong frustration of the spin inter
tions in CuGeO3 was pointed out, while it is well known tha
the theory20,21predicts a critical valueac50.2411 for a finite
spontaneous spin gap to develop in the magnetic excita
spectrum of the one-dimensional spin system without a
tice distortion.

The SP transition temperatureTSP of pure CuGeO3 in-
creases on applying hydrostatic pressure.22,23 Neutron-
inelastic-scattering24,25 and Raman-scattering26 studies
showed that the SP-gap energy\D also increased with in-
creasing pressure. These facts indicate that the applicatio
pressure stabilizes the SP state. On applying pressure
length of theb axis strongly decreases27 and the interchain
exchange interactionJb along theb axis is expected to in-
crease, while thec axis and the Cu-O(2)-Cu bond angle and
bond length change only slightly. Here the bond angle a
length strongly reflect the magnitude ofJnn .28 This leads to
a prediction that the SP state becomes unstable, while the
state is stabilized by the enhancement of the three dim
sionality, but in fact the SP state becomes stable under p
sure. Nishiet al.24,25 obtained the dispersion curves of th
magnetic excitation by inelastic neutron scattering at h
©2003 The American Physical Society12-1
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pressure. They observed a decrease of the energy o
Brillouin-zone-boundary magnetic excitation along thec axis
at high pressure. The energy of the zone-boundary magn
excitation reflects the magnitude of the nearest-neighbor
change interactionJnn . They estimatedJnn and the next
nearest-neighbor oneJnnn in the frame of the spin-wave
theory, resulting in a decrease inJnn and an increase in th
frustration parametera. van Loosdrechtet al.26 obtained a
similar result from the Raman-scattering experiment on
pressure dependence of the frequency of the zone-boun
two-magnetic-excitation peak coming from the magne
excitation density of states.

Their analyses treated the SP-gap energy\D phenomeno-
logically as a uniaxial anisotropic magnetic energy in t
spin-wave theory. According to the mean-field theory in t
unfrustratedspin chain, the SP-gap energy at 0 K is given as
\D051.76kBTSP52.4Jnnexp(20.48v0

2Jnn /g2), where g is
the spin-phonon coupling parameter andv0 is the frequency
of the characteristic phonon at Brillouin-zone boundary29

Sinceg andv0 are almost independent of pressure, the
served increase inD0 andTSP upon applying pressure woul
be due to an increase inJnn in the unfrastratedspin chain,
which is contrary to the above-mentioned facts. The incre
of the frustration parametera, therefore, undertakes an im
portant role in stabilizing the SP phase in CuGeO3 under
high pressures. However, a more sophisticated analys
needed to reveal the mechanism of the SP transition at
pressures.

As mentioned above, the impurity doping suppresses
SP transition. On the other hand, the pressure dependen
TSP of doped sample was reported to be strongly enhan
over that of pure sample,30,31 i.e., the pressure effects o
doped sample are expected to be stronger than those of
one. Recently Masudaet al.32,33 reported from magnetic
susceptibility measurement that the extinguished SP tra
tion was revived by the application of pressure in heav
Mg-doped CuGeO3 crystals. The pressure-revived SP state
expected to be different from pure sample at ambient p
sure, because the frustration parametera is probably large
and there is a possibility that it crosses the critical valueac

in the process of increasing pressure. Moreover, Mg is
most adequate nonmagnetic impurity to synthesize h
quality single crystals and study the impurity effects on
SP transition.12

In this paper we study Raman scattering in heavily M
doped CuGeO3 at low temperatures under high pressur
and, in particular, we focus on the revival of the SP transit
by the application of pressure in 3.5% Mg-doped samp
which does not undergo the SP phase transition at amb
pressure. The results clearly show the revival of the SP ph
under pressure, but it has a larger spin gap and a we
lattice distortion than pure CuGeO3 at ambient pressure. Thi
fact cannot be explained within Cross-Fisher theory34 in the
unfrustratedAF spin chain. We also observed a pressu
induced structural phase transition at low temperatures, s
lar to that in pure CuGeO3,26,35 and propose aT-P phase
diagram for 3.5% Mg-doped CuGeO3.
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II. EXPERIMENT

Single crystals of Mg-doped samples were grown by
floating-zone method. The Mg concentration in the M
doped CuGeO3 was determined and the homogeneity w
checked by inductively coupled plasma atomic emiss
spectroscopy~ICP-AES!. High pressures were applied by u
ing a clamp-type diamond anvil cell together with IIa-typ
artificial diamond crystals in order to avoid luminescence36

We used 4:1 methanol-ethanol~ME! mixture as a pressure
medium. The hydrostaticity is probably worse than when
lium is used as a pressure medium at low temperatures26,35

Samples were cleaved along the~100! plane, and severa
pieces of thin plates were piled in the gasket hole with
diameter of about 300mm in order to get strong Raman
scattering intensity. Theb andc crystallographic axes of al
the plates were aligned within a few degrees. The cell w
mounted in a helium-gas-flow-type cryostat with a tempe
ture regulation better than60.3 K. Pressure was measure
in situ using the ruby luminescence method.37 Raman spectra
in quasibackscattering geometry were excited using

Ar1-ion laser lines. Thea(c,b1c)ā spectra were disperse
by a Jobin-Yvon T64000 triple-grating monochromat
equipped with a microscope and detected by a liqu
N2-cooled charge-coupled-device~CCD! detector.

III. RESULTS

In the SP state of CuGeO3, the folded phonon modes an
the two-magnetic-excitation bound~resonant! state were ob-
served by means of Raman scattering.38–41 The former are
folded from the Brillouin-zone boundary onto the zone ce
ter and become Raman active owing to the formation of
lattice dimerization by the SP transition. The latter is crea
near twice the SP-gap energy by a strong attractive inte
tion between the magnetic excitations. Moreover, the SP-
mode was observed in lightly doped CuGeO3 by Raman
scattering.39,40 The observation of the two-magnetic
excitation bound state and the SP-gap mode is a strong p
of evidence for the opening of the SP gap in the magn
excitation spectrum.

First let us show the temperature dependence of Ra
spectrum at about 3.9 GPa in 1.65% Mg-doped CuGeO3 in
Fig. 1. This sample undergoes the SP transition at about 1
at ambient pressure. One can see the two-magnetic-excita
bound state at 67 cm21 and the folded phonon peak a
825 cm21 in the SP phase. Moreover, we can see the tw
magnetic-excitation peak at Brillouin-zone boundary
about 215 cm21 and a new phonon at 471 cm21, which is
activated by the pressure-induced structural phase transi
Unfortunately another folded phonon peak at 369 cm21 is
not seen because the strongAg

2-phonon peak is superimpose
on it.

Next let us report on these characteristic Raman peak
3.5% Mg-doped CuGeO3 in order to discuss the revival o
the SP transition and the pressure-induced structural p
transition in detail.
2-2
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RAMAN-SCATTERING STUDY OF THE ANOMALOUS . . . PHYSICAL REVIEW B 68, 054412 ~2003!
A. Folded phonon modes

Figure 2 shows the pressure dependence of Raman s
trum between 300 and 400 cm21 at 6 K in 3.5% Mg-doped
CuGeO3. A new small peak at 369 cm21 denoted by an ar-
row appears above 0.45 GPa. It is assigned to a folded
non mode, which is induced by pressure, and was obse
in the SP states of pure and doped CuGeO3 crystals at am-
bient pressure, too.38,41 The frequency of the folded phono
mode does not change with increasing pressure, whi

FIG. 1. Pressure dependence of Raman spectrum at abou
GPa in 1.65% Mg-doped CuGeO3. The arrows denote the two
magnetic-excitation bound state, the two-magnetic-excitation p
at Brillouin-zone boundary, a new phonon that is activated by
pressure-induced structural phase transition, and the folded ph
peak.

FIG. 2. Pressure dependence of Raman spectrum between
and 400 cm21 at 6 K in 3.5% Mg-doped CuGeO3. The arrow de-
notes the folded phonon peak.
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strong Ag
2-phonon peak shifts to higher frequency and

superimposed on the 369-cm21 folded phonon peak abov
2.81 GPa.

Figure 3 shows the temperature dependence of Ra
spectra between 300 and 400 cm21 at 0.45 and 1.06 GPa
These spectra are fitted by the following spectrum functi

I ~v!5$n~v!11%(
i 51

3 ki
2vG i

~v22v i
2!21~vG i !

2
1background,

~1!

whereki , G i , and v i are the coupling coefficient betwee
the incident light and thei th phonon, the damping of thei th
phonon, and its frequency, respectively. Heren(v) is the
Bose factor and the suffixesi 51, 2, and 3 denote theAg

2

phonon, the folded phonon, and theB3g phonon at
385 cm21, respectively. The fitted curves are denoted by
dotted lines in Fig. 3. The 369-cm21 folded phonon peak
decreases in intensity with increasing temperature and di
pears above 12 K at 0.45 GPa and above 14 K at 1.06 G

Figure 4~a! shows the pressure dependence of Ram
spectrum between 790 and 860 cm21 at 6 K. Another folded
phonon mode, which was also not observed at ambient p
sure, appears near 818 cm21 at high pressures. It is notewo
thy that the frequency of the folded phonon jumps abrup
to the high-frequency side between 1.74 and 2.81 GPa
the other hand, above this pressure the 369-cm21 folded pho-
non peak hides behind theAg

2-phonon peak. We observed th
same frequency jump in pure and 1.65% Mg-dop
CuGeO3, too. This fact implies that a structural change o
curs in these crystals under high pressure at low tempera
as will be discussed later in detail. Figure 4~b! shows the
temperature dependence of the folded phonon peak, w
jumped from 818 to 825 cm21, whenP53.59 GPa. It dis-
appears above 20 K.

The 369-cm21 folded phonon is about a factor of 1021

weaker in intensity than that of pure sample, but it is ve

3.9

k
e
on

00

FIG. 3. Temperature dependence of Raman spectra between
and 400 cm21 in 3.5% Mg-doped CuGeO3 at 0.45 GPa~a! and 1.06
GPa~b!. The dotted lines denote the fitted curves calculated by
~1! and the backgrounds.
2-3
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sharp. On the other hand, a very broad structure coming f
the folded phonon was observed at low temperatures
heavily Zn- and Si-doped samples, which do not show the
transition in our previous study.41 This is due to the strong
short-range-order lattice dimerization. The appearance of
sharp folded phonon peaks under high pressures at low
peratures indicates the formation of the long-rang-order
tice dimerization. The integrated intensity of the 369-cm21

folded phonon peak normalized by that of theAg
2-phonon

peak (k2 /k1)2 is plotted as a function of temperature in Fi
5~a!.

Figure 5~b! also shows the temperature dependence of
integrated intensity of the 825-cm21 folded phonon peak a
3.59 GPa, normalized by that ofAg

4-phonon peak at
857 cm21. The integrated intensity of the folded phonon
proportional to the square of the order parameter,41,42 i.e., the
squared lattice distortiond2. These are fitted with the tem
perature dependence of the squared lattice distortiond2 cal-
culated by Riera and Dobry18 and denoted by the dotte
curves in Figs. 5~a! and 5~b!. Although it was obtained when
a50.36, it fits well the present result. Kuroe and Sekin43

too calculated (d/d0)2 as a function ofT/TSP when a

FIG. 4. Pressure dependence~a! and temperature one~b! of
Raman spectrum between 790 and 860 cm21 in 3.5% Mg-doped
CuGeO3. The arrows denote the folded phonon peak.

FIG. 5. Temperature dependence of the intensities of the fo
phonons at 369 cm21 ~a! and 825 cm21 ~b! in 3.5% Mg-doped
CuGeO3, which are, respectively, normalized by theAg

2 and Ag
4

phonons. The dotted curves denote the theoretical ones~Ref. 18!.
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50.40 and confirmed that it hardly changes in both the ca
of a50.36 and 0.40. Hered0 is the lattice distortion at 0 K.
Then we estimatedTSPand plot it as a function of pressure i
Fig. 6. It is obvious from Fig. 2 that the SP phase is reviv
between 0.20 and 0.45 GPa, as shown in Fig. 6. The sm
circles and dotted line below 1 GPa show theTSP obtained
from the magnetic-susceptibility measurement by Masu
et al.33 Their result shows that the SP transition reviv
above 0.21 GPa. It is in good agreement with the pres
result. The dashed line represents the result of pure CuG3
by Takahashiet al.22 TheTSP of 3.5% Mg-doped CuGeO3 is
lower than that of pure crystal and increases more slo
with increasing pressure.

B. Magnetic excitations

In pure CuGeO3 the SP-gap mode is not observable f
Raman scattering due to the selection rule. On the o
hand, our previous studies at ambient pressure showed
the two-magnetic-excitation bound~resonant! state was cre-
ated near twice the SP-gap energy by a strong attractive
teraction between them.38,39 Moreover, the selection rule is
broken in lightly impurity-doped crystals, so that the SP-g
mode was observed.39,40 In this section we report the obse
vation of the two-magnetic-excitation bound state, the S
gap mode, and the zone-boundary two-magnetic-excita
peak for 3.5% Mg-doped CuGeO3 by Raman scattering un
der high pressures at low temperatures.

Figure 7 shows the low-frequency Raman spectra of 3.
Mg-doped CuGeO3 at 6–7 K as a function of pressure
Above 1.99 GPa we observed the two-magnetic-excitat
bound state, which is created near twice the SP-gap en
and increases in frequency with increasing pressure. M
over, the SP-gap mode was observed at 41 cm21 when P
54.26 GPa. The two-magnetic-excitation bound state w
not observed aboveTSP.

WhenP54.26 GPa we estimate the binding energy of t
two-magnetic-excitation bound state as 12 cm21 at about 7
K. It is very large compared with the result (;1 cm21) for
pure CuGeO3 at ambient pressure.38,39 van Loosdrecht
et al.26 reported that the binding energy for pure samp

d

FIG. 6. TSP as a function of pressure in 3.5% Mg-dope
CuGeO3. The small circles and dotted line denote the result of
magnetic susceptibility in 3.5% Mg-doped sample~Ref. 33! and the
dashed line denotes that of pure sample~Ref. 22!. Since the SP
transition is not observed at 1 bar and 0.20 GPa, the values ofTSP

are regarded as 0 K. The solid curve is only guide for the eye.
2-4
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reached about 15 cm21 at 4.4 GPa. These facts show that t
binding energy strongly depends on pressure.

Figure 8 shows the low-frequency Raman spectra of 3.
and 1.65% Mg-doped samples and pure one at 7 K whenP
53.40;3.89 GPa. The peak frequency of the two-magne
excitation bound state and its intensity decreases with

FIG. 7. Pressure dependence of the low-frequency Raman s
trum at 6–7 K in 3.5% Mg-doped CuGeO3. The triangles and the
arrow denote the two-magnetic-excitation bound state and the
mode, respectively. The result of pure sample at ambient pressu
also shown.

FIG. 8. Low-frequency Raman spectrum of Cu12xMgxGeO3

crystals withx50, 0.0165, and 0.035 at 7 K under high pressu
05441
%

-
-

creasing Mg concentration. Figure 9 shows the pressure
pendence of the peak frequency of the two-magne
excitation bound state of 3.5% Mg-doped CuGeO3 at 6–7 K
together with that of pure sample. The peak frequency of
doped sample is lower and its gradient against pressur
smaller than that of pure one. The SP-gap energy incre
with increasing pressure and decreases with increasing
concentration. In other words, the SP state is suppresse
the doping of impurity and is stabilized by the application
pressure.

Figure 10 shows the pressure dependence of Raman s
trum between 180 and 250 cm21 at 6 K in 3.5% Mg-doped
CuGeO3. The broad peak near 215 cm21 denoted by an ar-
row is identified as the two-magnetic-excitation peak
Brillouin-zone boundary along thec axis, reflecting the den-
sity of states of the magnetic excitation. Figure 11 shows

ec-

ap
is

.

FIG. 9. Pressure dependence of the peak frequency of the
magnetic-excitation bound state of 3.5% Mg-doped CuGeO3 at 6–7
K together with results of pure@ours and van Loosdrecht’s~Ref.
26!# and 1.65% Mg-doped samples. The solid and dotted lines
only guide for the eye.

FIG. 10. Pressure dependence of Raman spectrum between
and 250 cm21 at 6 K in 3.5% Mg-doped CuGeO3. The arrow de-
notes the zone-boundary two-magnetic-excitation peak.
2-5
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peak position as a function of pressure. The result of p
sample is also shown in this figure together with that by v
Loosdrechtet al.26 The pressure dependences of pure a
3.5% Mg-doped samples show the same behavior excep
the low pressure region, i.e., they decrease with increa
pressure. However, the frequency change of the 3.5%
doped sample against pressure is stronger than that of
one, indicating that the pressure effects on the Mg-do
sample are stronger than those on pure one. Moreover
frequency of 3.5% Mg-doped sample is lower than that
pure one, suggesting that the nearest-neighbor exchang
teractionJnn is reduced by the Mg doping.

For pure CuGeO3, Nishi et al.24,25 showed by inelastic
neutron scattering measurement that the SP-gap energ
creases upon applying pressure, but at zone boundary a
thec axis it decreases with increasing pressure, which ag
with the present result. It is noteworthy that this peak a
peared above 0.45 GPa, i.e., in the SP phase and sharp
with increasing pressure, although primarily it is not relat
to the SP transition. The growth of the long-range SP co
lations strongly suppresses the one-dimensional quan
spin fluctuations,19 which probably sharpens the zon
boundary two-magnetic-excitation peak. It is noted that
222-cm21 small sharp peak at ambient pressure is identifi
to the B1g

2 mode. It becomes very strong in intensity a
shifts to higher frequency at high pressures. The inten
increase is due to the tilt from the normal incidence in
optical alignments under high pressures, because this ph
is forbidden when the incident light is completely normal
the a plane.38

C. Phase diagram for 3.5% Mg-doped CuGeO3

Raman-scattering studies of van Loosdrechtet al.26 and
Goñi et al.35 showed that a structural phase transition occ
at low temperatures under high pressures in pure CuGe3,
but their Raman spectra obtained in the new phase are
ferent from each other. van Loosdrechtet al.26 used ME or
Ar as a pressure medium and they observed three new p
at 247, 393, and 471 cm21 below ;215 K for 1.6,P
,6 GPa. This new phase retains the characteristic peak

FIG. 11. Pressure dependence of the frequency of the z
boundary two-magnetic-excitation peak at 6 K in 3.5% Mg-doped
CuGeO3 and pure one@ours and van Loosdrecht’s~Ref. 26!#. The
solid and dotted lines are only guide for the eye.
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the SP phase at low temperatures. On the other hand, G˜i
et al.35 used helium as a pressure medium and observed
peaks at 150 and 300 cm21 below 180 K for 3,P
,6 GPa, but the SP phase transition did not occur down
3 K. We studied the new phase by Raman scattering for p
1.65% and 3.5% Mg-doped CuGeO3 using ME as a pressur
medium. Figure 12 shows Raman spectra of 3.5% Mg-do
sample atT56 –7 K between 300 and 600 cm21 at various
pressures. We observed a new peak at 471 cm21 denoted by
an arrow above 3.40 GPa. Figures 13~a! and 13~b! show the

FIG. 13. Temperature dependence of Raman spectrum betw
400 and 500 cm21 at about 3.8 GPa~a! and 4.3 GPa~b! in 3.5%
Mg-doped CuGeO3. The arrows denote the new phonon pe
which is activated by the pressure-induced structural ph
transition.

e-

FIG. 12. Pressure dependence of Raman spectrum between
and 600 cm21 at 6–7 K in 3.5% Mg-doped CuGeO3. The arrow
denotes the new phonon peak which is activated by the press
induced structural phase transition.
2-6
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temperature dependence of the new peak at about 3.8 an
GPa, respectively. It remains observable up to about 200
but disappears above it. It indicates a pressure-induced s
tural phase transition. Figure 1 also shows the appearanc
this peak at low temperature under high pressure in 1.6
Mg-doped sample. As stated in the previous sections, the
phase transition occurs at low temperatures, i.e., the SP
exists even in the new phase at low temperatures. This fa
in agreement with the result by van Loosdrechtet al.,26 al-
though two other peaks at 247 and 393 cm21 were not ob-
served probably owing to their weak intensities.

Considering all the facts we obtained, we propose aP-T
phase diagram in Fig. 14. We observed four remarka
phases by means of Raman scattering. Phase I has almo
same Raman spectrum as that at room temperature and
bient pressure. In phase ISP, we observed new peaks, whic
are characteristic of the SP phase, i.e., two folded phonon
369 cm21 and 818 cm21, and the two-magnetic-excitatio
bound state. In phase III above 2.8 GPa, the new peak
pears at 471 cm21, which remains observable up to aroun
200 K. In phase IIISP the folded phonon at 825 cm21, the
two-magnetic-excitation bound state, and the SP-gap m
are observed together with the new peak characteristic
phase III, indicating the SP state possessing a different la
structure from phase ISP. Moreover, the frequency of th
folded phonon peak was observed to jump from 818
825 cm21 at 2.81 GPa. We believe that the phase transit
from ISP to IIISP undergoes a slight structural change, reta
ing the SP state.

Goñi et al.35 and van Loosdrechtet al.26 have also pro-
posed phase diagrams for pure sample from their result
Raman scattering. The former result is different from ou
but the latter resembles ours except for the revival of the
transition. The difference comes from the different press
media, i.e., the degree of their hydrostaticity. Helium is s
even in the solid state and supposed to have better hydr
ticity than ME mixture at low temperature and high pressu

IV. DISCUSSION

In our previous paper39 we observed the SP-gap mode
lightly Si- and Zn-doped CuGeO3 at ambient pressure an

FIG. 14. P-T phase diagram of 3.5% Mg-doped CuGeO3.
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reported that the following result holds for the SP-gap ene
\D0 at 0 K:

\D0

kBTSP
5C1 , ~2!

with C151.61, which is slightly smaller thanC151.76 of
BCS theory. In Fig. 15, we plot the SP-gap frequency
3.5% Mg-doped sample at 4.26 GPa in addition to our res
of Si, Zn, and Ni-doped samples39,44 and the results of pure
sample at ambient and high pressures by inelastic neu
scattering.24,25,45We also plot the half frequency of the two
magnetic-excitation bound state~denoted by open squares!.
The SP-gap frequency should be higher than this value
cause of the binding energy. The present datum at 4.26
was obtained at about 7 K but regarded asD0 (D at 0 K!
since the temperature is much lower thanTSP. The SP-gap
frequencies of pure and 3.5% Mg-doped samples under h
pressures do not fit to Eq.~2!, in particular that of 3.5%
Mg-doped sample is very large when compared withD0 ex-
pected from Eq.~2!.

Figure 16 shows the intensity of the 369-cm21 folded
phonon peak normalized by that of theAg

2-phonon peak at 0
K, (k2 /k1)0

2 , in phase ISP as a function ofTSP in logarithmic
scales. Here (k2 /k1)0

2 is proportional to the square of th
lattice order parameter, i.e., the squared lattice distor
d0

2.41,42 In this figure we add our results41,44 of pure sample
and Si-, Zn-, and Ni-doped samples at ambient pressure
the results of pure one under high pressures. In 3.5% M
doped sample, it is obvious that the lattice distortion is 0
to 0.2 GPa and increases with increasing pressure above
GPa. However, it is about a factor of 0.1–0.2 smaller th
that of pure crystal at ambient pressure. Recently Mas
et al.33 observed by the synchrotron x-ray diffraction that t

FIG. 15. The SP-gap frequency at 0 K (D0) as a function of
TSP. The present datum at 4.26 GPa is denoted by a square
dot. The data of Si, Zn, and Ni-doped samples~Refs. 39 and 44! and
those of pure sample~Ref. 45! ~circle with dot! at ambient pressure
and at high pressures~Refs. 24 and 25! ~open circles! are plotted.
The half frequency of the two-magnetic-excitation bound st
~open squares! is also plotted. The thick and thin dotted lines a
only guide for the eye.
2-7
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superlattice peak intensity corresponding to the SP dimer
tion of 3.5% Mg-doped sample at 1 GPa is about a facto
0.15 weaker than that of pure one at ambient pressure, w
is in good agreement with our result. It indicates that
lattice dimerization in this crystal is induced by pressure,
it is not so strong as pure crystal.

Cross and Fisher34 obtained that the relation between th
lattice distortion parameter (d0) and the SP-gap frequenc
(D0) at 0 K is given as

d0}D0
3/2. ~3!

In pure CuGeO3 and lightly impurity-doped crystals Eq.~2!
with C151.61 holds at ambient pressure and then we ob

d0
2}~k2 /k1!0

25C2TSP
3 , ~4!

where C2 is a constant. The normalized intensities of t
folded phonon (k2 /k1)0

2 obtained in pure and doped sampl
at ambient pressure fit well with a line of Eq.~4!. But
(k2 /k1)0

2 of pure sample at high pressures deviates from
relation. It decreases with increasing pressure, i.e., the la
dimerization is suppressed with increasing pressure, in ag
ment with the result of the neutron diffractio
measurement.23 On the other hand, the present result of t
revived SP phase under high pressures in 3.5% Mg-do
CuGeO3 deviates entirely from this relation.

We summarize that the SP gap and the lattice distortio
the SP state of pure and lightly doped CuGeO3 at ambient
pressure fit to Eqs.~3! and ~4!, but those of pure sampl
gradually deviate from these equations with increasing p
sure. And the SP state of 3.5% Mg-doped sample revived
pressure is anomalous, i.e., this sample has a larger SP
but a much smaller lattice distortion than pure sample do
which cannot be explained in the framework of Cross-Fis
theory. One of the possible explanations is the increase o
frustration parametera(5Jnnn /Jnn) by the application of

FIG. 16. The intensity of the 369-cm21 folded phonon peak
normalized by that of theAg

2-phonon peak at 0 K, (k2 /k1)0
2 , as a

function of TSP in logarithmic scales. The data of pure, Si, Zn, a
Ni-doped samples~Refs. 41 and 44! at ambient pressure and thos
of pure sample at high pressures~double circles! are also plotted.
The dotted line is only guide for the eye.
05441
a-
f

ch
e
t

in

is
ce
e-

ed

in

s-
y
ap
s,
r

he

pressure. Whena is lager than the critical valueac , a spon-
taneous spin gap is formed without lattice dimerizations.
think that a of 3.5% Mg-doped sample is increased wi
increasing pressure and exceedsac at high pressures. The
we observe a large spin gap and a small lattice distortion
the pressure-revived SP state of 3.5% Mg-doped CuGe3.
However,ac probably has a larger value than 0.2411 of t
ideal one-dimensional spin chain, because the interchain
change interaction (Jb>0.1Jnn)

46 is strong in CuGeO3.
The energy of the magnetic excitation at Brillouin-zo

boundary reflects the magnitude of the exchange interac
Jnn . As shown in Figs. 10 and 11, the frequency of t
two-magnetic-excitation peak at Brillouin-zone boundary d
creases with increasing pressure, which suggests that
nearest-neighbor exchange interactionJnn decreases with in-
creasing pressure. Assuming thatJnnn is constant, the de-
crease ofJnn leads thata increases with increasing pressur
Masudaet al.33 recently estimated from the temperature d
pendence of the magnetic susceptibility for 3.2% Mg-dop
sample that the frustration parametera increases from 0.36
to 0.40 under high pressure.

Raupachet al.47 studied the pressure dependence of
SP temperatureTSP and analyzed the spin gap and the latti
distortion as a function ofTSP in the frustratedAF spin chain
by using the density-matrix-renormalization-group tec
nique. Considering their result, Eqs.~2! and ~4! may be re-
placed by

\D0>\Ds1C1kBTSPexpS 2
\Ds

3kBTSP
D ~5!

and

~k2 /k1!0
2>C2TSP

3 expS 2
\Ds

kBTSP
D . ~6!

HereDs is the frequency of the spontaneous spin gap with
the SP lattice distortion and becomes 0 whena<ac . On the
assumption that the frustration parameter of 3.5% Mg-do
CuGeO3 is larger thanac , the large SP gap and the wea
lattice dimerization in the pressure-revived SP state of 3.
Mg-doped CuGeO3 can be roughly explained by Eqs.~5! and
~6!. For example, let us consider the case ofP>2 GPa in
3.5% Mg-doped CuGeO3. In this caseTSP is about 16.5 K,
as shown in Fig. 6. Assuming Ds>1.7kBTSP/\
519.5 cm21, we estimate thatD0>30.0 cm21 and (k2 /k1)0

2

is a factor of 0.28 smaller than that of pure sample at amb
pressure. The present experimental datum at 1.74 GPa g
that (k2 /k1)0

2 is a factor of;0.18 smaller than that of pure
sample at ambient pressure, which roughly agrees with
estimated one at 2 GPa. Furthermore, we observed the
magnetic-excitation bound state at about 47 cm21 when P
51.99 GPa. Taking the binding energy into account, we
tain D0.23.5 cm21, which is close to the estimated valu
Probably the frustration parametera of pure CuGeO3 is
close toac at ambient pressure and it exceedsac at high
pressures.47

However, we could not observe the spontaneous spin
(Ds) aboveTSP. As seen in Fig. 10, the zone-boundary tw
2-8
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magnetic-excitation peak appeared above 0.45 GPa, i.e
the SP phase and it sharpened with increasing pressure
growth of the long-range SP correlation strongly suppres
the one-dimensional quantum spin fluctuations and then
were able to observe the two-magnetic-excitation bound s
and the SP-gap mode at high pressures. Thus, the st
quantum spin fluctuations probably broadens the bound s
and the SP-gap mode, and obstructed their observation
low pressures. Moreover, Fig. 1 shows that the zo
boundary two-magnetic-excitation peak disappears ab
30 K, indicating that the quantum spin fluctuations are a
very strong at high temperatures. Then it is difficult to o
serve the spontaneous spin gap aboveTSP and at low pres-
sures because of the strong one-dimensional quantum
fluctuations.

V. CONCLUSION

We studied Raman scattering in heavily Mg-dop
CuGeO3 crystals under high pressures at low temperatu
The 3.5% Mg-doped sample does not undertake the s
Peierls transition at ambient pressure. However, the fol
phonon modes and the two-magnetic-excitation bound s
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