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Raman-scattering study of the anomalous spin-Peierls state in heavily Mg-doped CuGgO
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 uBetals. 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 propos@-d phase diagram for this sample.
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I. INTRODUCTION pressuré? A similar temperature-impurity concentration
phase diagram was obtained also for Zn-doped CuGeO
One-dimensional quantum spin systems have attracted The temperature dependence of the magnetic susceptibil-
much attention mainly due to the intriguing phase transitionsty aboveTgp deviates largely from the Bonner-Fisher theo-
driven by strong quantum fluctuations. When the spin§ of retical curve' The nearest-neighbdnn) AF exchange inter-
=1/2 are interacting with the underlying lattice, the spin-actionJ,,, competes with the next-nearest-neightwin AF
Peierls(SP state is formed at low temperatures. In the SPexchange interactiod,,, in CuGeQ. The temperature de-
phase the chain becomes dimerized and the spins form gendence of the magnetic susceptibility experimentally ob-
singlet state, producing a gap in the magnetic excitatiorserved was well described in terms of finestratedquantum
spectrum. spin chain with a frustration parametetr=J,,/JInn
An inorganic CuGe@ crystal has one-dimensional spin- =0.24—0.36'"'8Kuroe et al!° studied the quasielastic light
1/2 C#* chains along the axis and Haset al! found by  scattering from the spin fluctuations due to the energy den-
the magnetic-susceptibility measurement that the SP transsity in CuGeQ and obtained the magnetic specific heat
tion occurred atTgp=14 K. Since this discovery in aboveTgp. The temperature dependence of the specific heat
CuGeQ, many interesting physical properties in the SP statevas also described withh=0.3-0.4.
have been revealed. One of them is the impurity effectin SP The existence of the strong frustration of the spin interac-
systen? The ability to introduce both in-chain and interchain tions in CuGe@ was pointed out, while it is well known that
dopants in CuGegallows us to change the spin-spin and thethe theory®?* predicts a critical value,=0.2411 for a finite
interchain magnetic interactions. The impurity doping sup-spontaneous spin gap to develop in the magnetic excitation
presses the occurrence of the SP transition and activates apectrum of the one-dimensional spin system without a lat-
underlying antiferromagneti€AF) phase transition, which tice distortion.
compete with each othéf! When the dopant concentration ~ The SP transition temperatufsp of pure CuGe@ in-
was low, the coexistence of both the SP and AF phases waseases on applying hydrostatic pressiré. Neutron-
confirmed by neutron scatterifig i.e., the dimerized AF inelastic-scatterind?®> and Raman-scatterifyy studies
phase is formed at low temperatures. At high dopant concershowed that the SP-gap enerfjp also increased with in-
trations, the long-rang SP order disappears and the uniforereasing pressure. These facts indicate that the application of
AF phase without the lattice dimerization is stabilized. Frompressure stabilizes the SP state. On applying pressure, the
the  magnetic-susceptibility ~— study in  high-quality length of theb axis strongly decreas&sand the interchain
Cuy,_,Mg,Ge0; crystals, Masudat al? stated that a com- exchange interactiod,, along theb axis is expected to in-
positional first-order phase transition between the dimerizedrease, while the axis and the Cu-@)-Cu bond angle and
and uniform AF phases occurred at a critical concentratjon bond length change only slightly. Here the bond angle and
and, consequently, the Betemperature exhibits a conspicu- length strongly reflect the magnitude &f, .28 This leads to
ous jump. With increasing impurity concentration aboye a prediction that the SP state becomes unstable, while the AF
the SP correlation length quickly decreas®¥ Detailed state is stabilized by the enhancement of the three dimen-
studies revealed that a separation of the dimerized and ungionality, but in fact the SP state becomes stable under pres-
form AF phases existed around.*~'®The critical concen- sure. Nishiet al?*?® obtained the dispersion curves of the
tration x. for Mg is approximately 2.3% at ambient magnetic excitation by inelastic neutron scattering at high
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pressure. They observed a decrease of the energy of the Il. EXPERIMENT
Brillouin-zone-boundary magnetic excitation along thexis

at high pressure. The energy of the zone-boundary magnet}
excitation reflects the magnitude of the nearest-neighbor e
change interaction),,. They estimated,,, and the next
nearest-neighbor oné,,, in the frame of the spin-wave
theory, resulting in a decrease Jp,, and an increase in the
frustration parametew. van Loosdrechet al?® obtained a

Single crystals of Mg-doped samples were grown by the
Xfoating—zone method. The Mg concentration in the Mg-
doped CuGe@ was determined and the homogeneity was
checked by inductively coupled plasma atomic emission
spectroscopylCP-AES. High pressures were applied by us-
ing a clamp-type diamond anvil cell together with lla-type

similar result from the Raman-scattering experiment on th artificial diamond crystals in order to avoid luminesceffte.
g exp e used 4:1 methanol-ethan@E) mixture as a pressure

pressure de.pendqnc.e of the freque_ncy of the zone—boun_da\;;(edium. The hydrostaticity is probably worse than when he-
two-magnetic-excitation peak coming from the magnetlc—“um is used as a pressure medium at low temperal?ﬁfés.

excitation density of states.
. Samples were cleaved along tKE00 plane, and several
Their analyses treated the SP-gap endrgyphenomeno- hepieces of thin plates were piled in the gasket hole with a

Ioglcally as a uniaxial ar_nsotroplc magnet_|c energy in t diameter of about 30@m in order to get strong Raman-
spin-wave theory. According to the mean-field theory in the

) . L scattering intensity. The andc crystallographic axes of all
unfrustratedspin chain, the SP-gap 2energ)£OaK 'S given f"‘s the plates were aligned within a few degrees. The cell was
hAg=1.7KgTgp=2.43,,,exp(—0.48wpJd,/9%), Whereg is

: ! , mounted in a helium-gas-flow-type cryostat with a tempera-
the spin-phonon 'co.upllng paramete'r am@s the frequency ture regulation better thart 0.3 K. Pressure was measured
of the characteristic phonon at Brillouin-zone bounddry. in situ using the ruby luminescence mettdkaman spectra
Sinceg and wy are almost independent of pressure, the ob

| . i in quasibackscattering geometry were excited using the
served increase i and T'sp upon applying pressure would Ar*-ijon laser lines. Tha(c,b+ c)gs ectra were dispersed
be due to an increase if},, in the unfrastratedspin chain, a Jobin-Yvon ' T64006 triole- ?atin monochfomator
which is contrary to the above-mentioned facts. The increasBy . . . pie-g 9 A

. .~ ~equipped with a microscope and detected by a liquid-

of the frustration parameter, therefore, undertakes an im- N,-cooled charge-coupled-deviéeCD) detector
portant role in stabilizing the SP phase in CuGe@hder 2 9 P '
high pressures. However, a more sophisticated analysis is
needed to reveal the mechanism of the SP transition at high
pressures.

As mentioned above, the impurity doping suppresses the |n the SP state of CuGeQthe folded phonon modes and
SP transition. On the other hand, the pressure dependencetﬂE tWO_magnetiC_excitation bour‘(@sonar}t state were ob-
Tsp of doped sample was reported to be strongly enhancegerved by means of Raman scatterifef* The former are
over that of pure sampf€;* i.e., the pressure effects on folded from the Brillouin-zone boundary onto the zone cen-
doped sample are expected to be stronger than those of pui& and become Raman active owing to the formation of the
one. Recently Masudat al®** reported from magnetic- |attice dimerization by the SP transition. The latter is created
SUSCGptibi”ty measurement that the extinguished SP tranShear twice the SP-gap energy by a strong attractive interac-
tion was revived by the application of pressure in heavilytion between the magnetic excitations. Moreover, the SP-gap
Mg-doped CuGe@crystals. The pressure-revived SP state ismode was observed in lightly doped CuGe®y Raman
expected to be different from pure sample at ambient presscattering®®‘® The observation of the two-magnetic-
sure, because the frustration parameteis probably large excitation bound state and the SP-gap mode is a strong piece
and there is a possibility that it crosses the critical valide  of evidence for the opening of the SP gap in the magnetic
in the process of increasing pressure. Moreover, Mg is thexcitation spectrum.
most adequate nonmagnetic impurity to synthesize high- First let us show the temperature dependence of Raman
quality single crystals and study the impurity effects on thespectrum at about 3.9 GPa in 1.65% Mg-doped CugGieO
SP transition? Fig. 1. This sample undergoes the SP transition at about 12 K

In this paper we study Raman scattering in heavily Mg-at ambient pressure. One can see the two-magnetic-excitation
doped CuGe@ at low temperatures under high pressurespound state at 67 cnt and the folded phonon peak at
and, in particular, we focus on the revival of the SP transitior825 cm * in the SP phase. Moreover, we can see the two-
by the application of pressure in 3.5% Mg-doped samplemagnetic-excitation peak at Brillouin-zone boundary at
which does not undergo the SP phase transition at ambieabout 215 cm! and a new phonon at 471 ¢rh which is
pressure. The results clearly show the revival of the SP phasgctivated by the pressure-induced structural phase transition.
under pressure, but it has a larger spin gap and a weakémfortunately another folded phonon peak at 369 ¢nis
lattice distortion than pure CuGg@t ambient pressure. This not seen because the strcmg}phonon peak is superimposed
fact cannot be explained within Cross-Fisher thébig the  on it.
unfrustratedAF spin chain. We also observed a pressure- Next let us report on these characteristic Raman peaks in
induced structural phase transition at low temperatures, sim8.5% Mg-doped CuGeQin order to discuss the revival of
lar to that in pure CuGe£?®® and propose &-P phase the SP transition and the pressure-induced structural phase
diagram for 3.5% Mg-doped CuGgO transition in detail.

IIl. RESULTS

054412-2



RAMAN-SCATTERING STUDY OF THE ANOMALOLS . .. PHYSICAL REVIEW B 68, 054412 (2003

Cu,_ Mg GeO, (x=0.0165)
P~39GPa

KAYiBLN

Raman Intensity [arb. units]
Raman Intensity [arb. units]

Raman Intensity [arb. units]

Mt * 7K+ 300 350 400 300 350 400
* i Raman Shift [em™] Raman Shift [em™]

[t 10K 1 P =045 GPa ] P =1.06 GPa
200

. . . . s . FIG. 3. Temperature dependence of Raman spectra between 300
400 600 800 1000 and 400 cm? in 3.5% Mg-doped CuGegat 0.45 GP4a) and 1.06
Raman Shift [cm_l] GPa(b). The dotted lines denote the fitted curves calculated by Eq.
(1) and the backgrounds.
FIG. 1. Pressure dependence of Raman spectrum at about 3.9

magnetic-excitation bound state, the two-magnetic-excitation peaguperimposed on the 369-crh folded phonon peak above
at Brillouin-zone boundary, a new phonon that is activated by th 1 GPa

pressure-induced structural phase transition, and the folded phonon

" Figure 3 shows the temperature dependence of Raman
peax. spectra between 300 and 400 c¢hat 0.45 and 1.06 GPa.

These spectra are fitted by the following spectrum function:
A. Folded phonon modes

3 2
Figure 2 shows the pressure dependence of Raman speq—(w):{n(w)+ 1}2 ki o'y +background
trum between 300 and 400 crhat 6 K in 3.5% Mg-doped =1 (02— w?)?+ (wl))? ’
CuGeQ. A new small peak at 369 cnt denoted by an ar- (&N

row appears above 0.45 GPa. It is assigned to a folded ph?\?here ki, I';, and w; are the coupling coefficient between

non mode, which is induced by pressure, and was observeflq incident light and théth phonon, the damping of thi¢h

in the SP states of E)lure and doped Cuge@stals at am- phonon, and its frequency, respectively. Hergo) is the

bient pressure, to8"*! The frequency of the folded phonon Bose factor and the suffixds=1. 2. and 3 denote tha2

mode does not change with increasing pressure, while Bhonon, the folded phonon ,an,d thBy, phonon %t
’ 1 g

385 cm !, respectively. The fitted curves are denoted by the
dotted lines in Fig. 3. The 369-cm folded phonon peak
decreases in intensity with increasing temperature and disap-
pears above 12 K at 0.45 GPa and above 14 K at 1.06 GPa.
Figure 4a) shows the pressure dependence of Raman
spectrum between 790 and 860 chat 6 K. Another folded
phonon mode, which was also not observed at ambient pres-
1 3.62GPa sure, appears near 818 chat high pressures. It is notewor-
thy that the frequency of the folded phonon jumps abruptly
to the high-frequency side between 1.74 and 2.81 GPa; on
1 1.74 GPa the other hand, above this pressure the 369-cfalded pho-
130 GPa non peak hides behind tbk%—phonon peak. We observed the
: é-gg’ gl‘jg same frequency jump in pure and 1.65% Mg-doped
0:20 GPa CuGeQ, too. This fact implies that a structural change oc-
1 1 bar curs in these crystals under high pressure at low temperature,
as will be discussed later in detail. Figuréb¥shows the
temperature dependence of the folded phonon peak, which
jumped from 818 to 825 cm', whenP=3.59 GPa. It dis-
FIG. 2. Pressure dependence of Raman spectrum between 3@@pears above 20 K.
and 400 cm? at 6 K in 3.5% Mg-doped CuGeQ The arrow de- The 369-cm? folded phonon is about a factor of 18
notes the folded phonon peak. weaker in intensity than that of pure sample, but it is very

J 281 GPa

Raman Intensity [arb. units]

300 ‘ 3‘;)0 I 400
Raman Shift [cm_l]
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FIG. 6. Tgp as a function of pressure in 3.5% Mg-doped
CuGeQ. The small circles and dotted line denote the result of the
. / magnetic susceptibility in 3.5% Mg-doped sam(kef. 33 and the
800 830 860 800 830 860 dashed line denotes that of pure samf®ef. 22. Since the SP
Raman Shift [em™']  Raman Shift [em™] transition is not observed at 1 bar ano! 0.20 GPg, the valug@gof
are regarded as 0 K. The solid curve is only guide for the eye.

FIG. 4. Pressure dependent and temperature oné) of
Raman spectrum between 790 and 860 &rin 3.5% Mg-doped  =0.40 and confirmed that it hardly changes in both the cases
CuGeQ. The arrows denote the folded phonon peak. of @=0.36 and 0.40. Heré, is the lattice distortion at 0 K.

Then we estimatetdgpand plot it as a function of pressure in

sharp. On the other hand, a very broad structure coming frorfrig. 6. It is obvious from Fig. 2 that the SP phase is revived
the folded phonon was observed at low temperatures iRetween 0.20 and 0.45 GPa, as shown in Fig. 6. The small
heavily Zn- and Si-doped samples, which do not show the Seircles and dotted line below 1 GPa show thg obtained
transition in our previous study. This is due to the strong from the magnetic-susceptibility measurement by Masuda
short-range-order lattice dimerization. The appearance of thet al*>* Their result shows that the SP transition revives
sharp folded phonon peaks under high pressures at low tengbove 0.21 GPa. It is in good agreement with the present
peratures indicates the formation of the long-rang-order latresult. The dashed line represents the result of pure CyGeO
tice dimerization. The integrated intensity of the 369-¢ém by Takahashet al?? The Tsp of 3.5% Mg-doped CuGeQis
folded phonon peak normalized by that of thé-phonon lower than that of pure crystal and increases more slowly
peak (,/k;)? is plotted as a function of temperature in Fig. With increasing pressure.

5(a).

~ Figure S.b) also shows the temperature dependence of the B. Magnetic excitations

integrated intensity of the 825-cm folded phonon peak at )

3.59 GPa, normalized by that oAg-phonon peak at In pure CuGeQ@ the SP-gap mode is not observable for

Raman scattering due to the selection rule. On the other
hand, our previous studies at ambient pressure showed that

squared lattice distortioa?. These are fitted with the tem- the two-magnetic-excitation bouridesonant state was cre-

perature dependence of the squared lattice distorfooal- ated near twice the SP-gap energy by a strong attractive in-

. ’39 . .
culated by Riera and Dobl§ and denoted by the dotted Lefj‘f“of‘ *f.emf‘?” thef:‘f. q Mordeoveri tlhe seiﬁcttl?hn rgls IS
curves in Figs. &) and 5b). Although it was obtained when roken in ightly |mpu4r(|) y-doped crystals, so that the SH-gap
a=0.36, it fits well the present result. Kuroe and Sefine mode was observed:®In this section we report the obser-

too calculated §/3,)2 as a function of T/Tep when a vation of the two-magnetic-excitation bound sta'te, thg S'P—
gap mode, and the zone-boundary two-magnetic-excitation
peak for 3.5% Mg-doped CuGg®y Raman scattering un-

857 cmi L. The integrated intensity of the folded phonon is
proportional to the square of the order param&téfj.e., the

0.04

0.15| 369 cm™ folded ph;)noln _ ' | 825 em™ folded phonon der hlgh pressures at low temperatures.

o, 01 74P 003l P =359 GPa Figure 7 shows the low-frequency Raman spectra of 3.5%
) AL0sGPa| & ... o. Mg-doped CuGe@ at 6-7 K as a function of pressure.

O -t G I R | GQ‘O Above 1.99 GPa we observed the two-magnetic-excitation
A O:A\‘:Q\ %‘ - O bound state, which is created near twice the SP-gap energy
g 0% *00%2\\ £ ooy and increases in frequency with increasing pressure. More-
§ | () Q\ @ B " (b) Y over, the SP-gap mode was pbser\./ed' at 4Itmhen P
Y P . oo~ .. . 0= =426 GPa. The two-magnetic-excitation bound state was

0 5 10 15 20 0 5 10 15 20 25
Temperature [K] Temperature [K] not observed abov@sp.

WhenP=4.26 GPa we estimate the binding energy of the
FIG. 5. Temperature dependence of the intensities of the folde@/v0-magnetic-excitation bound state as 12 ¢nat about 7
phonons at 369 cim' (a) and 825 cri® (b) in 3.5% Mg-doped K. It is very large compared with the resuk-(L cm 1) for
CuGeQ, which are, respectively, normalized by thé and A; ~ pure_CuGeQ@ at ambient pressur@3® van Loosdrecht
phonons. The dotted curves denote the theoretical (Rek 18. et al?® reported that the binding energy for pure sample

054412-4



RAMAN-SCATTERING STUDY OF THE ANOMALOLES . ..

Raman Intensity [arb. units]

V 2.81GPa

158 GPa \, 10 OFa

1 bar
—'M"‘U\WVWMM‘N\
1oard * cuGeo,

0 50 100
Raman Shift [cm_l]

PHYSICAL REVIEW B 68, 054412 (2003

100

.IpureI CuC'veO; (our's) '

| © pure CuGeO, (van Loosdrecht er al.)

| % 1.65 % Mg o
0 3.5%Mg

©
o

(2]
o

Frequency [em™]
N
o
Q
Q

20

P[GPa]

FIG. 9. Pressure dependence of the peak frequency of the two-
magnetic-excitation bound state of 3.5% Mg-doped CuLGat® —7
K together with results of purgours and van LoosdrechtidRef.
26)] and 1.65% Mg-doped samples. The solid and dotted lines are
only guide for the eye.

creasing Mg concentration. Figure 9 shows the pressure de-
pendence of the peak frequency of the two-magnetic-
excitation bound state of 3.5% Mg-doped CuGed®6—-7 K

FIG. 7. Pressure dependence of the low-frequency Raman spet@gether with that of pure sample. The peak frequency of the
trum at 6—7 K in 3.5% Mg-doped CuGgOThe triangles and the doped sample is lower and its gradient against pressure is
arrow denote the two-magnetic-excitation bound state and the gapmaller than that of pure one. The SP-gap energy increases
mode, respectively. The result of pure sample at ambient pressuregith increasing pressure and decreases with increasing Mg

also shown.

concentration. In other words, the SP state is suppressed by
the doping of impurity and is stabilized by the application of

reached about 15 cnt at 4.4 GPa. These facts show that the Préssure.

binding energy strongly depends on pressure.

Figure 10 shows the pressure dependence of Raman spec-

Figure 8 shows the iow-frequency Raman spectra of 3.59'Um between 180 and 250 crhat 6 K in 3.5% Mg-doped
and 1.65% Mg-doped samples and pure on& K when P CuGeQ. The broad peak near 215 crhdenoted by an ar-
=3.40~3.89 GPa. The peak frequency of the two-magnetic/OW is identified as the two-magnetic-excitation peak at
excitation bound state and its intensity decreases with inBrillouin-zone boundary along theaxis, reflecting the den-

Raman Intensity [arb. units]

T T T T T T T T T T T
- Cul—ngxGeO3
T=7K

- x=0.0165
3.89 GPa

0 50 100
Raman Shift [cm_l]

sity of states of the magnetic excitation. Figure 11 shows the

z 3.62 GPa

=

3 3.40 GPa

£

E 2.81 GPa

2 1.74 GPa

[/

§ 1.30 GPa

g 1.23 GPa

g 1.06 GPa

< 0.72 GPa
0.45 GPa
0.20 GPa
1 bar

P I TR T N |
180 200 220 240
) -1
Raman Shift [cm ]

FIG. 10. Pressure dependence of Raman spectrum between 180

FIG. 8. Low-frequency Raman spectrum of ;CyMg,GeGC; and 250 cm? at 6 K in 3.5% Mg-doped CuGeQ The arrow de-
crystals withx=0, 0.0165, and 0.035 at 7 K under high pressure. notes the zone-boundary two-magnetic-excitation peak.
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240 ——T—T—T T T T T T
| 359%Mg T=6-7K
@ pure CuGeO, (ours) E - l 6-7
o pure CuGeO;

(van Loosdrecht ef al.) B |

[\V]

w

(=)
T
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Raman Shift [cm_l]
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FIG. 11. Pressure dependence of the frequency of the zone-
boundary two-magnetic-excitation peak@K in 3.5% Mg-doped
CuGeQ and pure onédours and van LoosdrechtiRef. 26]. The
solid and dotted lines are only guide for the eye.

Raman Intensity [arb. units]

peak position as a function of pressure. The result of pure ' L L
sample is also shown in this figure together with that by van 300 400 500 600
Loosdrechtet al?® The pressure dependences of pure and . -1

3.5% Mg-doped samples show the same behavior except for Raman Shift [cm ]

the low pressure region, i.e., they decrease with increasing FIG. 12. Pressure dependence of Raman spectrum between 300
pressure. However, the frequency change of the 3.5% Mgs.4 600 cmt at 6—7 K in 3.5% Mg-doped CuGeOThe arrow

doped sample against pressure is stronger than that of puganotes the new phonon peak which is activated by the pressure-
one, indicating that the pressure effects on the Mg-dopeghguced structural phase transition.

sample are stronger than those on pure one. Moreover, the

0, - i ~
frequency of 3.5% Mg-doped sample is lower than that O]fthe SP phase at low temperatures. On the other hand, Gon

pure one, suggesting that the nearest-neighbor exchange in- 135 used helium as a pressure medium and observed new

teractiond,,, is reduced by the Mg doping eta
nn . —
For pure CuGe@ Nishi et al?*?° showed by inelastic peaks at 150 and 300 crh below 180 K for 3<P

neutron scattering measurement that the SP-gap ener. i<_6 GPa, but the SP phase transition did not occur down to
g gap 9Y 3 We studied the new phase by Raman scattering for pure,

creases upon applying pressure, but at zone boundary alo N o X .
thec axis it decreases with increasing pressure, which agree J65% and 3.5% Mg-doped CuGg@sing ME as a pressure

medium. Figure 12 shows Raman spectra of 3.5% Mg-doped

with the present result. It is noteworthy that this peak ap- e _ .
peared above 0.45 GPa, i.e., in the SP phase and sharper?ead“ple aff=6-7 K between 300 and 600 crhat various

with increasing pressure, although primarily it is not relategPr€SSUres. We observed a new peak at 471 cgenoted by

to the SP transition. The growth of the long-range SP corre@n arrow above 3.40 GPa. Figures@3and 13b) show the

lations strongly suppresses the one-dimensional quantum

spin fluctuations® which probably sharpens the zone- P-38GPa P-43GPa
boundary two-magnetic-excitation peak. It is noted that the i
222-cmi t small sharp peak at ambient pressure is identified
to the Bf mode. It becomes very strong in intensity and
shifts to higher frequency at high pressures. The intensity
increase is due to the tilt from the normal incidence in the
optical alignments under high pressures, because this phonon
is forbidden when the incident light is completely normal to
thea plane®

b
!

W UK |
C. Phase diagram for 3.5% Mg-doped CuGeQ W/\M

(@) b
Raman-scattering studies of van Loosdreehal?® and RPN I S ®

Gori et al®® showed that a structural phase transition occurs 4012 4;3'& 500 4012 4§E,f 500
at low temperatures under high pressures in pure CyGeO aman Shift fem °] - Raman Shift [em ]

but their Raman spectra obtained in the new phase are dif- £, 13, Temperature dependence of Raman spectrum between
ferent from each other. van Loosdredtital”™> used ME or 400 and 500 cm! at about 3.8 GP#a) and 4.3 GP4b) in 3.5%

Ar as a pressure medium and they observed three new peakfy-doped CuGeQ The arrows denote the new phonon peak
at 247, 393, and 471 cm below ~215K for 1.6<P  which is activated by the pressure-induced structural phase
<6 GPa. This new phase retains the characteristic peaks @fnsition.

Raman Intensity [arb. units]
£
? .

Raman Intensity [arb. units]

054412-6



RAMAN-SCATTERING STUDY OF THE ANOMALOLS . .. PHYSICAL REVIEW B 68, 054412 (2003

J @i
L : “ _
300¢ e o e oo o ggrrﬁme
/I/r’_ S,
— Mg 3.50/2.28&93/“ o
2 100 } = — g0l 359 GPa [] 1'3?";%
g 50 1 11 IE firy/ kgTsp  2.81GPa ﬂ é%?GPa
s 5 176 BCS) L 7
fg_‘ — Iy = g~
o e
5 Faok| MR
= n0.7%, — 161
0.57 GPa
Ni 1 oo;{\ Droio%
10fg ~ si04% .
Si1.1% (6 K
P [GPa] Sadalay .
10 15 20 25
FIG. 14. P-T phase diagram of 3.5% Mg-doped CuGeO Tep [K]

temperature dependence of the new peak at about 3.8 and 4.3FIG. 15. The SP-gap frequency at 0 K) as a function of
GPa, respectively. It remains observable up to about 200 KTse- The present datum at 4.26 GPa is denoted by a square with
but disappears above it. It indicates a pressure-induced stru@ot- The data of Si, Zn, and Ni-doped samplRsfs. 39 and 44and
tural phase transition. Figure 1 also shows the appearance Byose of pure samplRef. 43 (circle with dof at ambient pressure
this peak at low temperature under high pressure in 1.6593"d at high pressure®efs. 24 and 2b(open circles are plotted.
Mg-doped sample. As stated in the previous sections, the SB;De half frequency of the two-magnetic-excitation bound state
phase transition occurs at low temperatures, i.e., the SP sta@’e" squaresis also plotted. The thick and thin dotted lines are

: . . only guide for the eye.
exists even in the new phase at low temperatures. l'ehls fact IS
Lﬂoi%rﬁ etvrcgrgtr\:\g trhptehaek;e;u |2t 4b7y ;’:; ?[_gs?*wémrvs:rh:llr;ot 3|b- ;ieAported thgt the following result holds for the SP-gap energy

. ; X o o at0K:
served probably owing to their weak intensities.

Considering all the facts we obtained, we propode-a hAg
phase diagram in Fig. 14. We observed four remarkable W:C“ (2
phases by means of Raman scattering. Phase | has almost the BISP
same Raman spectrum as that at room temperature and amith C,;=1.61, which is slightly smaller tha@,;=1.76 of
bient pressure. In phasepl we observed new peaks, which BCS theory. In Fig. 15, we plot the SP-gap frequency of
are characteristic of the SP phase, i.e., two folded phonons 8t5% Mg-doped sample at 4.26 GPa in addition to our results
369 cmi ! and 818 cm?, and the two-magnetic-excitation of Si, Zn, and Ni-doped sampf€€**and the results of pure
bound state. In phase Il above 2.8 GPa, the new peak agample at ambient and high pressures by inelastic neutron
pears at 471 cm!, which remains observable up to around scattering®*?*>**We also plot the half frequency of the two-
200 K. In phase Iip the folded phonon at 825 cm, the  magnetic-excitation bound statdenoted by open squajes
two-magnetic-excitation bound state, and the SP-gap modEhe SP-gap frequency should be higher than this value be-
are observed together with the new peak characteristic afause of the binding energy. The present datum at 4.26 GPa
phase Ill, indicating the SP state possessing a different lattice#as obtained at abow K but regarded ady (A at 0 K)
structure from phasegp. Moreover, the frequency of the since the temperature is much lower thBg. The SP-gap
folded phonon peak was observed to jump from 818 tdrequencies of pure and 3.5% Mg-doped samples under high
825 cmi ! at 2.81 GPa. We believe that the phase transitiorpressures do not fit to Ed2), in particular that of 3.5%
from Igpto Illgp undergoes a slight structural change, retain-Mg-doped sample is very large when compared wighex-
ing the SP state. pected from Eq(2).

Goni et al®® and van Loosdrechet al?® have also pro- Figure 16 shows the intensity of the 369-chfolded
posed phase diagrams for pure sample from their results gfhonon peak normalized by that of thé-phonon peak at 0
Raman scattering. The former result is different from oursk, (k,/k;)3, in phase dpas a function off spin logarithmic
but the latter resembles ours except for the revival of the SBcales. Here K, /k,)3 is proportional to the square of the
transition. The difference comes from the different pressurgattice order parameter, i.e., the squared lattice distortion
media, i.e., the degree of their hydrostaticity. Helium is soft5g_4l,42 In this figure we add our resuffs* of pure sample

even in the solid_ state and supposed to have b_etter hydrostgnq Si-, Zn-, and Ni-doped samples at ambient pressure and
ticity than ME mixture at low temperature and high pressuréine results of pure one under high pressures. In 3.5% Mg-

doped sample, it is obvious that the lattice distortion is O up
to 0.2 GPa and increases with increasing pressure above 0.45
IV. DISCUSSION
GPa. However, it is about a factor of 0.1-0.2 smaller than
In our previous papéf we observed the SP-gap mode in that of pure crystal at ambient pressure. Recently Masuda
lightly Si- and Zn-doped CuGeQat ambient pressure and et al3 observed by the synchrotron x-ray diffraction that the
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pressure. Whew is lager than the critical value., a spon-
taneous spin gap is formed without lattice dimerizations. We

sample think that « of 3.5% Mg-doped sample is increased with
- 56.GPa 1o increasing pressure and exceegdsat high pressures. Then

14
©
©
o
bl
»

we observe a large spin gap and a small lattice distortion in
the pressure-revived SP state of 3.5% Mg-doped CuGeO
However,a. probably has a larger value than 0.2411 of the
ideal one-dimensional spin chain, because the interchain ex-
change interactionJ,=0.1J,,,)*¢ is strong in CuGe@Q

The energy of the magnetic excitation at Brillouin-zone
boundary reflects the magnitude of the exchange interaction

1.18 GPa

174GPa__, 5
13GPa__ [0 Mg 3.5%

Intensity Ratio (k2/k1)02
o

1
Intensity Ratio Normalized by Pure CuGeQ; at 1 bar

C 1,06 GPa [WIET Jnn- As shown in Figs. 10 and 11, the frequency of the
[ oasara EI L two-magnetic-excitation peak at Brillouin-zone boundary de-
T ! I 110 creases with increasing pressure, which suggests that the
8 10 T [I1<Ei 20 2 nearest-neighbor exchange interactigp decreases with in-
SP

creasing pressure. Assuming thht,, is constant, the de-
FIG. 16. The intensity of the 369-cm folded phonon peak Crease ofl,, Is%’ads thatr increases with increasing pressure.

normalized by that of thé\2-phonon peak at 0 K,k /k;)3, as a Masudaet al** recently estimated from the temperature de-

function of Tspin logarithmic scales. The data of pure, Si, Zn, and Pendence of the magnetic susceptibility for 3.2% Mg-doped

Ni-doped sample¢Refs. 41 and 44at ambient pressure and those Sample that the frustration parameteincreases from 0.36

of pure sample at high pressur@uble circle} are also plotted. to 0.40 under high pressure.

The dotted line is only guide for the eye. Raupachet al*’ studied the pressure dependence of the

SP temperaturégp and analyzed the spin gap and the lattice

superlattice peak intensity corresponding to the SP dimerizadistortion as a function of spin thefrustratedAF spin chain

tion of 3.5% Mg-doped sample at 1 GPa is about a factor oby using the density-matrix-renormalization-group tech-

0.15 weaker than that of pure one at ambient pressure, whiahique. Considering their result, Eq®) and (4) may be re-

is in good agreement with our result. It indicates that theplaced by

lattice dimerization in this crystal is induced by pressure, but

it is not so strong as pure crystal. hAg
Cross and Fishé&t obtained that the relation between the hlo=hAgt ClkBTSPeX;{ - 3kBTSP) ®
lattice distortion parameters) and the SP-gap frequency
(Ao) at 0 K isgiven as and
o A32
P00 © <k2/k1>ézczT%pexp( s ) ©®)
ksTsp

In pure CuGe@ and lightly impurity-doped crystals Eq2)

with C;=1.61 holds at ambient pressure and then we Obta"HereAs is the frequency of the spontaneous spin gap without
820 (ky k) 2= C, T2 4) the SP lattice distortion and becomes 0 wlheR«.. On the
0AR2iR/0™ 2 T spr assumption that the frustration parameter of 3.5% Mg-doped
where C, is a constant. The normalized intensities of theCuGeQ is larger thana., the large SP gap and the weak
folded phonon Kz/kl)é obtained in pure and doped sampleslattice dimerization in the pressure-revived SP state of 3.5%
at ambient pressure fit well with a line of E¢4). But  Mg-doped CuGegcan be roughly explained by Eq$) and
(k,/k1)2 of pure sample at high pressures deviates from thig6). For example, let us consider the caseRst2 GPa in
relation. It decreases with increasing pressure, i.e., the latticd 5% Mg-doped CuGe9 In this caseTgpis about 16.5 K,
dimerization is suppressed with increasing pressure, in agre@s shown in  Fig. 6. Assuming A;=1.7kgTsp/%
ment with the result of the neutron diffraction =19.5 cm !, we estimate thah,=30.0 cm *and (,/k;)3
measuremerft On the other hand, the present result of theis a factor of 0.28 smaller than that of pure sample at ambient
revived SP phase under high pressures in 3.5% Mg-dope@ressure. The present experimental datum at 1.74 GPa gives
CuGeQ deviates entirely from this relation. that (kzlkl)é is a factor of~0.18 smaller than that of pure
We summarize that the SP gap and the lattice distortion isample at ambient pressure, which roughly agrees with the
the SP state of pure and lightly doped CuGesd ambient estimated one at 2 GPa. Furthermore, we observed the two-
pressure fit to Eqs(3) and (4), but those of pure sample magnetic-excitation bound state at about 47 ¢rwhen P
gradually deviate from these equations with increasing pres=1.99 GPa. Taking the binding energy into account, we ob-
sure. And the SP state of 3.5% Mg-doped sample revived btain A,>23.5 cn %, which is close to the estimated value.
pressure is anomalous, i.e., this sample has a larger SP g&pobably the frustration parameter of pure CuGe@ is
but a much smaller lattice distortion than pure sample doesilose toa, at ambient pressure and it exceedls at high
which cannot be explained in the framework of Cross-Fishepressure§’
theory. One of the possible explanations is the increase of the However, we could not observe the spontaneous spin gap
frustration parametew(=J,,n/J,n) by the application of (Ag) aboveTgp. As seen in Fig. 10, the zone-boundary two-
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magnetic-excitation peak appeared above 0.45 GPa, i.e., mppeared under high pressures. The SP gap mode was also
the SP phase and it sharpened with increasing pressure. Thbeserved. These facts give clear evidence for the revival of
growth of the long-range SP correlation strongly suppressethe SP transition by the application of high pressure. The
the one-dimensional quantum spin fluctuations and then weevived SP state, however, has a large spin gap and a weak
were able to observe the two-magnetic-excitation bound statiattice dimerization. This anomalous SP state was interpreted
and the SP-gap mode at high pressures. Thus, the stromgterms of the strongly frustrated spin chain with a frustra-
guantum spin fluctuations probably broadens the bound staten parameten=J,,,,/J,, larger than the critical value, .

and the SP-gap mode, and obstructed their observations Atthough this sample possesses the spontaneous spin gap
low pressures. Moreover, Fig. 1 shows that the zone{A,) even abovelgp, it is difficult to observe it because of
boundary two-magnetic-excitation peak disappears abovihe strong one-dimensional quantum spin fluctuations.

30 K, indicating that the quantum spin fluctuations are also A new phonon peak was observed at 471 ¢rabove 2.8

very strong at high temperatures. Then it is difficult to ob-GPa, indicating a pressure-induced structural phase transi-
serve the spontaneous spin gap ab®¥gand at low pres- tion. It remains observable far above the SP transition tem-

sures because of the strong one-dimensional quantum spgerature. We proposedRT phase diagram for this sample.
fluctuations.
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