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Appearance of the spin-Peierls phase under pressure in Cu1ÀxMgxGeO3
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The effect of pressure is studied on highly Mg-doped CuGeO3, which at ambient pressure shows an
antiferromagnetic transition but no spin-Peierls transition. The magnetic susceptibility under pressure was
measured; the broad maximum around 60 K shifts to lower temperatures and the spin-Peierls~SP! transition
reappears. The temperature-concentration phase diagram at various pressures was constructed and it was found
that the SP phase region enlarges with pressure. These results mean that the enhancement of frustration due to
nearest-neighbor and next-nearest-neighbor exchange interactions overcomes the effect of interchain interac-
tion, and that the spin-Peierls phase is more stabilized than the paramagnetic or antiferromagnetic phases. In
the temperature-pressure-concentration phase diagram, the compositional phase transition between the
dimerized-antiferromagnetic phase and the uniform-antiferromagnetic phase is second order atP.0.2 GPa,
but first order atP,0.2 GPa. We propose that the change in order of this transition is also due to enhancement
of the frustration. We show an example of frustration effects in a one-dimensional quantum spin system.
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I. INTRODUCTION

CuGeO3 ~Ref. 1! is one of the most interesting materia
for studying quantum spin systems. Unlike many other sp
Peierls~SP! materials it is an inorganic cuprate allowing th
growth of high-quality single crystals and impurity-dope
crystals. This material is well known as a spin-Peierls ma
rial, but it has further features. One is a relatively large
terchain interaction compared to the intrachain interact
@J8/J;0.1 ~Ref. 2!#, and the system appears to lie near t
phase boundary between the SP and Ne´el phases in the phas
diagram of spin-phonon coupling vs interchain interactio3

This may be why an exotic antiferromagnetic~AF! phase is
observed in Cu12xMxGeO3 (M5Zn, Ni, Mn) and
CuGe12ySiyO3.4,5 The novelty of this AF phase is that the S
and AF order parameters coexist below the AF transit
temperature, a fact confirmed by inelastic neutr
scattering.6,7 The ground state of the impurity-doped SP sy
tem has been studied theoretically, and the envelopes o
staggered moment and the lattice displacement of dimer
tion can be expressed by elliptic functions; they are in lo
range order~LRO!.8 This model is consistent withmSR
experiments.9

By producing many high-quality single crystals and p
forming composition analysis, Masudaet al. recently found
that Mg21 is the best nonmagnetic impurity for homog
neous impurity-doped CuGeO3. They obtained a temperatur
vs concentration phase diagram10–13 and found that the SP
phase is suppressed drastically by impurity doping and
SP LRO disappears at a critical concentration (xc). At xc a
discontinuity was observed in AF temperature, suggestin
compositional first-order phase transition between the ex
AF phase—the dimerized-antiferromagnetic~DAF! phase,
which has both the SP and AF order parameters—and a
0163-1829/2003/67~2!/024423~6!/$20.00 67 0244
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ventional AF phase, the uniform-antiferromagnetic~UAF!
phase. A detailed study reveals that a separation of the D
and UAF phases exists aroundxc ; 0.027*x*0.023.11,13,14

Another unique feature is that this material exhibits t
frustration of the interactions among spins. The angle of
Cu-O2-Cu bond is about 100°,15 which is close to 90°, and
it is expected that the next-nearest-neighbor~NNN! interac-
tion (JNNN) cannot be neglected. For simplicity we negle
the interchain interaction here. If the NNN interaction is a
tiferromagnetic it competes with the nearest-neighbor~NN!
interaction (JNN), and frustration of interactions exists. Fru
tration in CuGeO3 was proposed to explain the discrepan
in the magnetic susceptibility between experiment and
theoretical Bonner-Fisher curve in the high-temperat
region.16,17 The Hamiltonian of CuGeO3 above the spin-
Peierls transition temperature (TSP), is therefore approxi-
mated as

H5J(
i

~Si•Si 111aSi•Si 12!, ~1!

by considering only intrachain interactions. Herea
5JNNN /JNN , anda is reported to be 0.24~Ref. 16! ;0.36
~Ref. 17!. It is well known that a frustrated spin system has
finite spin gap above a critical value ofa (ac).

18 For a one-
dimensional~1D! systemac is reported to be 0.24;0.30
~Refs. 19–21!, and in CuGeO3 a is quite close toac . The
reason thata for CuGeO3 seems to exceedac is that Eq.~1!
neglects the interchain interaction. The values ofac given in
Refs. 19–21 are for an ideal 1D system. To claim just
existence of rather largea, however, the simple mode
Hamiltonian Eq.~1! would not be inappropriate as Refs. 1
and 17 discussed. Some experimental results suggest thaJ is
suppressed and thata is enhanced under hydrostat
©2003 The American Physical Society23-1



in

th

e

p
e
S
at
lity
ri
m

tic
b

n
el
p

n
n

pe

hi
ta

em
c
th

ts
nc
it

Th

ed

the

ts
ies

as
as a
ring

the

lity
that
or

u-

s of
ra-
bed
ep-

are

tra-
NN

q.
g
ase

T. MASUDA et al. PHYSICAL REVIEW B 67, 024423 ~2003!
pressure.22,23The SP transition temperature is reported to
crease with the pressure (dTSP/dP54.8 K/GPa).24 Refer-
ences 22 and 23 therefore claim that an increase ina stabi-
lizes the SP ground state, and a numerical study shows
TSP increases with increasinga.25

The ground state of highly doped CuGeO3 is the Néel
state, but it should be close to the phase boundary betw
the SP and the Ne´el phases. We may controla by pressure,
and the SP phase should appear even in highly do
CuGeO3. The present paper studies the effect of pressur
Mg-doped CuGeO3. We observe the reappearance of the
phase and obtain a temperature-pressure-concentr
(T-P-x) phase diagram from the magnetic-susceptibi
measurements. The reappearance of the SP phase is ve
by the synchrotron x-ray diffraction. The phase diagra
shows that the compositional phase transition above a cri
pressure is a second-order transition, but first order at am
ent pressure.

II. EXPERIMENTAL DETAILS

Single crystals were prepared by the floating-zo
method. Composition analysis was performed by inductiv
coupled plasma atomic emission spectroscopy. The com
sitions of Cu12xMgxGeO3 studied arex50 ~sample A!,
0.020~sample B!, 0.026~sample C!, 0.032~sample D!, 0.035
~sample E!, 0.040~sample F!, and 0.045~sample G!. Sample
C is on the compositional phase boundary (xc) in Ref. 11,
and shows the SP transition and the double AF transitio
Samples D–G are abovexc and show no SP transition i
magnetic susceptibility measurements~see Table I!. Mag-
netic susceptibility was measured using a commercial su
conducting quantum interference device~SQUID! magneto-
meter (x-Mag, Conductus, Ltd.!. All measurements were
performed with the magnetic field along the crystallograp
c axis; the field strength was 1000 Oe. We used a hydros
high-pressure microcell developed by Uwatokoet al.26 in a
commercial SQUID magnetometer. The pressure at low t
perature~LT! was calibrated by measuring the supercondu
ing transition temperature of Pb. The relation between
pressures at LT and at room temperature~RT! is reproducible
(PLT;PRT20.2 @GPa#). From susceptibility measuremen
of undoped CuGeO3 we determined the pressure depende
of the SP transition temperature; it increases linearly w
pressure, a result consistent with previous experiment.24 This
assures us that our pressure calibration at LT works well.

TABLE I. Samples of Cu12xMgxGeO3.

Sample x

A 0.0 x,xc

B 0.020 (60.0002) x,xc

C 0.026 (60.0002) x;xc

D 0.032 (60.0003) x.xc

E 0.035 (60.0003) x.xc

F 0.040 (60.0004) x.xc

G 0.045 (60.0004) x.xc
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cell is made mainly of CuBe alloy, and is slightly magnetiz
in the magnetic field. We therefore tested several CuGeO3’s
of differing volume and found that 20 mg is necessary for
measurement, implying that about 231024 emu is the lower
limit for the pressure cell. X-ray-diffraction measuremen
under hydrostatic pressure were performed at facilit
BL-1B and 4C of the Photon Factory~KEK, Tsukuba!. The
wavelength was tuned to 0.7 Å by a Si~111! double-crystal
monochromator. A cylindrically shaped imaging plate w
used as a detector, and a diamond anvil cell was used
pressure cell. We calibrated the pressure at LT by measu
the lattice constant of NaCl powder.

III. EXPERIMENTAL RESULTS

Figure 1~a! shows the magnetic susceptibilityx(T,P) of
sample D (x50.032).x(T,0.1 MPa) has a broad maximum
at 60 K; the behavior at high temperature is qualitatively
same as that of undoped CuGeO3. Application of hydrostatic
pressure shifts the maximum inx(T,P) to lower tempera-
tures. The broad maximum of the magnetic susceptibi
arises from the development of AF short-range order, so
this shift implies the suppression of intrachain interaction
greater frustration of the interactions among spins.

The solid lines show the magnetic susceptibility calc
lated from Eq.~1! whena50.36 andJ5160 K for 0.1 MPa
and whena50.41 andJ5150 K for 0.80 GPa. The fitting
parameters are determined such that the absolute value
the broad maximum of the susceptibility and of the tempe
ture agree with the observations. The calculation is descri
in detail in Ref. 27. The temperature intervals in the susc
tibility measurement are 5 K, and the interval ofa in the
fitting is 0.01. The accuracies of the fitting parameters
thereforeDJ55 K andDa50.01. The fit of the data to the
one-dimensional model@Eq. ~1!# is good, and we conclude
that application of hydrostatic pressure suppresses the in
chain interaction and enhances the frustration between
and NNN spin interactions in highly doped CuGeO3, which

FIG. 1. ~a! Magnetic susceptibility of sample D at 2 K,T
,200 K. Solid lines show the susceptibility calculated from E
~1!. ~b! Detailed behavior of the magnetic susceptibility at differin
pressures in the low-temperature region for sample E. A decre
due to SP transition is clearly observed atP>0.021 GPa. Data are
shifted vertically for clarity.
3-2
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APPEARANCE OF THE SPIN-PEIERLS PHASE UNDER . . . PHYSICAL REVIEW B67, 024423 ~2003!
shows no SP transition at ambient pressure.
The parametera seems to exceed the critical valueac for

the appearance of the spin gap without dimerization.19–21

The reason is that we omitted the interchain interaction in
calculation.17 Therefore, the absolute value ofa in our cal-
culation itself is not of much importance but we can saf
conclude that the increase ofa with the applied pressure i
genuine.

According to Fig. 2 of Ref. 28, the spin-phonon couplin
term suppresses the magnetic susceptibility over the w
temperature range. The magnetic susceptibility is indep
dent of the hydrostatic pressure atT*130 K. We can there-
fore safely assume that the spin-phonon coupling is indep
dent of the hydrostatic pressure.

x(T,0.80 GPa) shows a sudden drop around 10 K, bu
anomaly is observed inx(T,0.1 MPa). To study this featur
we measured the magnetic susceptibility under pressur
more detail. Figure 1~b! shows x(T,P) of sample E (x
50.035) at low temperatures. The zero of the ordinate is
x(T,0.1 MPa), and other data are shifted eve
11026 emu/g. Forx(T,0.1 MPa) a sharp peak is observ
at 4.5 K due to the AF transition; the transition temperat
(TN) decreases monotonically with the pressure. The s
pression of the AF phase is consistent with the result of
fitting of the susceptibility at high temperature seen in F
1~a!, since the decrease inJ and the increase ina both sup-
press the AF long-range order. AboveTN , no anomaly is
observed atP&0.14 GPa but a slight decrease begins to
visible atP;0.21 GPa. The magnitude of the decrease,
the temperature, at which the susceptibility begins to
crease, increase with pressure atP*0.21 GPa.

The TSP value of lightly doped CuGeO3 is about 10 K,
and the pressure-induced anomaly in sample D or E ap
ently represents the SP transition. We, however, have to
careful in concluding this. In this materiala is close to the
critical value, and we observe enhancement ina in Fig. 1~b!.
If a depends on temperature and goes beyond the cri
value with decreasing temperature, the spin gap without
tice dimerization~pointed out by Haldane18! would occur at
low temperature. To settle the issue we performed
synchrotron x-ray diffraction on sample E atP50.1 MPa
and 1.0 GPa.

In the inset of Fig. 2 we observe~1/2, 1, 3/2! superlattice
reflection at P51.0 GPa, which corresponds to S
dimerization29 and confirms the absence of the superlatt
peak at 0.1 MPa. The ratio of the superlattice peak inten
at 9.0 K andP51.0 GPa to that of undoped CuGeO3 at the
same temperature and ambient pressure was determine
0.15 through intensity calibration based on the fundame
reflections. The temperature dependence of the integr
peak intensity is shown in Fig. 2. The peak intensity
creases as the temperature decreases, and we obtaineTSP
;15.2 K, which is consistent with the magneti
susceptibility measurements. This proves that pressure g
inely causes the SP transition in sample E.

We measuredx(T,P) for all samples and obtained th
T-P phase diagrams for samples B–G, as shown in Fig
Monotonic increase ofTSP’s is observed in all Mg-doped
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samples. In samples D–G the SP phase appears above a
cal pressure (Pc). The vertical dotted lines in Fig. 3 show
Pc . In all samplesTN decreases monotonically with increa
ing pressure. The concentration of sample C is the crit

FIG. 2. Superlattice peak intensity at~1/2, 1, 3/2! in sample E at
P51.0 GPa. The inset is the peak profile of a longitudinal scan
0.1 MPa~circles! and 1.0 GPa~squares!.

FIG. 3. TheT-P phase diagram in samples B–G.
3-3
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concentration for the compositional phase transition betw
the previously reported DAF and the UAF phases.10 Some of
us have reported the double peaks inx(T) at AF
transitions,11 and they proposed that the phase separatio
the DAF and the UAF phases exists and that the phase
sition between the DAF and the UAF phases is fi
order.10,11 In sample C, the higher-temperature transition d
appears at about 0.2 GPa and the two peaks do not merg
sample D the discontinuity is seen atPc . On the other hand
TN decreases monotonically in sample E over the wh
pressure range, and no discontinuity is observed atPc . This
means that the compositional phase transition between
DAF and UAF phases atx*0.035 is a second-order phas
transition.

Figure 4 showsT-x phase diagrams at various pressur
The vertical dotted lines indicate the phase boundary at
critical concentrationxc . The region of the SP phase e
larges with pressure;TSP increases,TN decreases, and th
phase boundary between DAF and UAF phases incre
with pressure. This means that pressure stabilizes the
phase more than the paramagnetic or antiferromagn
phase in Cu12xMgxGeO3.

At ambient pressure, twoTN’s are observed in sample C
(x;xc). This is due to the phase separation between
DAF and the UAF phases; the compositional phase bound
between the DAF and the UAF phases corresponds to
sample, as reported previously.10,11,13,14At ambient pressure
two TN’s are plotted atx;xc due to phase separation b
tween the DAF and the UAF phases. At 0.2 GPa, on
other hand, there is no coexistence ofTN1 and TN2, but a
sudden increase inTN is apparent betweenx50.035
and 0.040.
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e The change inTN at x;xc should be easier to see in Fig
3. Discontinuity ofTN is observed in theT-P phase diagram
in samples C and D but not in sample E. The schem
T-P-x phase diagram is therefore as in Fig. 5. The compo

FIG. 4. T-x phase diagrams under the pressure. Solid and b
ken lines are the guides to the eyes. Vertical dotted lines denote
phase boundary at the critical concentrationxc . Horizontal dotted
lines show the low-temperature limit of the SQUID magnetome
FIG. 5. ~Color! The schematic
T-P-x phase diagram.
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tional phase transition between the DAF and the UAF pha
is first order at low pressure, and we propose that it beco
second order above a critical pressure (Pc8).

IV. DISCUSSION

We now discuss why pressure stabilizes the SP phase.
parameters that determine the phase in this system are
nearest-neighbor interactionJ, the interchain interactionJ8,
and the frustration factora in Eq. ~1!. Spin-phonon coupling
is also important in the SP system, but we assume that
independent of pressure and that its effect is negligibly sm
We found that the pressure suppressesJ and enhancesa in
Eq. ~1!, based on the magnetic-susceptibility measureme
in the high-temperature region~Fig. 1!. Nishi et al. recently
performed inelastic neutron scattering with pure CuGeO3 at
ambient pressure and 2 GPa.30 Dispersion of the spin excita
tion along thec* axis ~the 1D-chain axis! was suppressed
and that along theb* axis ~perpendicular to the 1D-chai
axis! was unchanged by the pressure. This means that
effective interchain interaction,J8/J, is enhanced by the
pressure. Conventional SP theories of a pure system3 and
doped system31 which do not consider the frustration term
indicate that enhancement of the interchain interaction st
lizes the Ne´el phase, rather than the SP phase. The exp
mental result, however, is different: the SP phase is m
stabilized and even reappears in highly doped samples
result of pressure. Hence, apparently the reappearance o
SP phase is not due to enhancement of the interchain in
action by the pressure and we must take account of the f
tration factora. From the density-matrix–renormalization
group study on undoped CuGeO3 one can see that the S
phase is stabilized with increasinga in Fig. 3 of Ref. 25. We
therefore suppose thatJ8 anda compete with each other in
this system. At ambient pressure in highly doped CuGeO3,
J8 overcomes the effect ofa and the UAF phase appear
Application of pressure enhancesa and the SP, and the DAF
phases appear.

The compositional phase transition between the DAF

*Present address: Synchrotron Radiation Research Center~SPring-
8!, JAERI, 1-1-1 Koto Mikazuki-cho Sayo-gun Hyogo 679-514
Japan.

†Present address: Department of Physics, Tohoku University,
dai, 980-8578, Japan.
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