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Appearance of the spin-Peierls phase under pressure in Gu,Mg,GeO;
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The effect of pressure is studied on highly Mg-doped Cuge@hich 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{B8&eriansition
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 &ddr. atGPa,
but first order aP<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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[. INTRODUCTION ventional AF phase, the uniform-antiferromagneti¢dAF)
phase. A detailed study reveals that a separation of the DAF
CuGeQ (Ref. 1) is one of the most interesting materials and UAF phases exists arourd; 0.027=x=0.02311314
for studying quantum spin systems. Unlike many other spin- Another unique feature is that this material exhibits the
Peierls(SP) materials it is an inorganic cuprate allowing the frustration of the interactions among spins. The angle of the
growth of high-quality single crystals and impurity-doped Cu-O2-Cu bond is about 103%,which is close to 90°, and
crystals. This material is well known as a spin-Peierls mateit is expected that the next-nearest-neightdNN) interac-
rial, but it has further features. One is a relatively large in-tion (Jynn) Cannot be neglected. For simplicity we neglect
terchain interaction compared to the intrachain interactiorihe interchain interaction here. If the NNN interaction is an-
[J'/J~0.1 (Ref. 2], and the system appears to lie near thetiferromagnetic it competes with the nearest-neigh®d)
phase boundary between the SP anelyéases in the phase interaction (yy), and frustration of interactions exists. Frus-
diagram of spin-phonon coupling vs interchain interacfion. tration in CuGeQ@ was proposed to explain the discrepancy
This may be why an exotic antiferromagnefisF) phase is in the magnetic susceptibility between experiment and the
observed in Cu,M,GeQ; (M=2Zn,Ni,Mn) and theoretical Bonner-Fisher curve in the high-temperature
CuGa ,Siy05.*° The novelty of this AF phase is that the SP region!®'” The Hamiltonian of CuGe@above the spin-
and AF order parameters coexist below the AF transitiorPeierls transition temperaturel 4p), is therefore approxi-
temperature, a fact confirmed by inelastic neutronmated as
scatterind”’ The ground state of the impurity-doped SP sys-
tem has been studied theoretically, and the envelopes of the
staggered moment and the lattice displacement of dimeriza- H :‘]zi (S-S+1taS-S42), @
tion can be expressed by elliptic functions; they are in long-
range order(LRO).2 This model is consistent wituSR by considering only intrachain interactions. Here
experiments. =Junn/JInn, @nde is reported to be 0.24Ref. 16 ~0.36
By producing many high-quality single crystals and per-(Ref. 17. It is well known that a frustrated spin system has a
forming composition analysis, Masue al. recently found ~finite spin gap above a critical value af (a.).*® For a one-
that Mg?* is the best nonmagnetic impurity for homoge- dimensional(1D) systema, is reported to be 0.240.30
neous impurity-doped CuGeOThey obtained a temperature (Refs. 19-2}, and in CuGe@ « is quite close tox.. The
vs concentration phase diagrdi and found that the SP reason thatr for CuGeQ seems to exceedl is that Eq.(1)
phase is suppressed drastically by impurity doping and thateglects the interchain interaction. The valuegg@iven in
SP LRO disappears at a critical concentratiap) (At x; a  Refs. 19-21 are for an ideal 1D system. To claim just the
discontinuity was observed in AF temperature, suggesting axistence of rather larger, however, the simple model
compositional first-order phase transition between the exotitlamiltonian Eq.(1) would not be inappropriate as Refs. 16
AF phase—the dimerized-antiferromagne{ldAF) phase, and 17 discussed. Some experimental results suggeskithat
which has both the SP and AF order parameters—and a cosuppressed and tha&r is enhanced under hydrostatic
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TABLE |. Samples of Cy_,Mg,GeG;. 1.4 — . r . 25 — r T T
p u-,Mg,Gel; . orwee ' ——068GPa
12k 2 080GPa . ——0.56GPa 1
Sample X -k «=036J=160K | B20} —-—8.2113 gEa i
= —_—— - = = 3 —e—U. a
A 0.0 <% 310} a=041,J=150K § 2 T oaarn
B 0.020 (+0.0002) X<X¢ o w15k ——0.1MPa -
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D 0.032 (+0.0003) X> X £06F F10}
ie) 3 =
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F 0.040 (=0.0004) X> X, 2 ] 205l / i
G 0.045 (-0.0004) X>X @ 02| Cu.MgGeO,x=0082 | @ 71 “cu MgGeO, x=0035
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pressuré®>?The SP transition temperature is reported to in- Temperature (K) Temperature (K)

crease with the pressuralTsp/dP=4.8 K/IGPa)?* Refer-

ences 22 and 23 therefore claim that an increase stabi- FIG. 1. (& Magnetic susceptibility of sample D at 2T

" he SP d d ical dv sh h<200 K. Solid lines show the susceptibility calculated from Eq.
izes the ground state, and a numerical study shows t ?f). (b) Detailed behavior of the magnetic susceptibility at differing

Tspincreases with increasing. pressures in the low-temperature region for sample E. A decrease

The ground state of highly doped CuGe@ the Nel  gue to SP transition is clearly observedrat0.021 GPa. Data are
state, but it should be close to the phase boundary betwe&isted vertically for clarity.

the SP and the Mg phases. We may contrel by pressure,

and the SP phase should appear even in highly dopegki| js made mainly of CuBe alloy, and is slightly magnetized
CuGeQ. The present paper studies the effect of pressure ity the magnetic field. We therefore tested several CueO
Mg-doped CuGe@ We observe the reappearance of the SRyt giffering volume and found that 20 mg is necessary for the
phase and obtain a temperature-pressure-concentratigheasurement, implying that abouk20 4 emu is the lower
(T-P-x) phase diagram from the magnetic-susceptibility|imit for the pressure cell. X-ray-diffraction measurements
measurements. The reappearance of the SP phase is verifigeyer hydrostatic pressure were performed at facilities
by the synchrotron x-ray diffraction. The phase diagramp| .18 and 4C of the Photon FactofiKEK, Tsukuba. The
shows that the compositional phase transition above a Critic‘%avelength was tuned to 0.7 A by a @il1) double-crystal
pressure is a second-order transition, but first order at ambjnonochromator. A cylindrically shaped imaging plate was
ent pressure. used as a detector, and a diamond anvil cell was used as a
pressure cell. We calibrated the pressure at LT by measuring
Il EXPERIMENTAL DETAILS the lattice constant of NaCl powder.

Single crystals were prepared by the floating-zone IIl. EXPERIMENTAL RESULTS
method. Composition analysis was performed by inductively
coupled plasma atomic emission spectroscopy. The compo- Figure Xa) shows the magnetic susceptibiligy(T,P) of
sitions of Cy_,Mg,GeQ; studied arex=0 (sample A, sample D §=0.032).x(T,0.1 MPa) has a broad maximum
0.020(sample B, 0.026(sample @, 0.032(sample D, 0.035 at 60 K; the behavior at high temperature is qualitatively the
(sample B, 0.040(sample F, and 0.045sample G. Sample same as that of undoped CuGg@pplication of hydrostatic
C is on the compositional phase boundaxy)(in Ref. 11, pressure shifts the maximum jpa(T,P) to lower tempera-
and shows the SP transition and the double AF transitiondures. The broad maximum of the magnetic susceptibility
Samples D—G are abovwe. and show no SP transition in arises from the development of AF short-range order, so that
magnetic susceptibility measuremeritee Table ). Mag-  this shift implies the suppression of intrachain interaction or
netic susceptibility was measured using a commercial supegreater frustration of the interactions among spins.
conducting quantum interference devi@QUID) magneto- The solid lines show the magnetic susceptibility calcu-
meter (y-Mag, Conductus, Ltd. All measurements were lated from Eq.(1) whena=0.36 and]=160 K for 0.1 MPa
performed with the magnetic field along the crystallographicand whena=0.41 andJ=150 K for 0.80 GPa. The fitting
c axis; the field strength was 1000 Oe. We used a hydrostatiparameters are determined such that the absolute values of
high-pressure microcell developed by Uwatakioal®® in a  the broad maximum of the susceptibility and of the tempera-
commercial SQUID magnetometer. The pressure at low temture agree with the observations. The calculation is described
perature(LT) was calibrated by measuring the superconductin detail in Ref. 27. The temperature intervals in the suscep-
ing transition temperature of Pb. The relation between theibility measurement are 5 K, and the interval @fin the
pressures at LT and at room temperat(R€) is reproducible fitting is 0.01. The accuracies of the fitting parameters are
(Pir~Pgrr—0.2[GPd). From susceptibility measurements thereforeAJ=5 K andA«=0.01. The fit of the data to the
of undoped CuGe9we determined the pressure dependencene-dimensional mod¢Eq. (1)] is good, and we conclude
of the SP transition temperature; it increases linearly withthat application of hydrostatic pressure suppresses the intra-
pressure, a result consistent with previous experirffefihis ~ chain interaction and enhances the frustration between NN
assures us that our pressure calibration at LT works well. Thand NNN spin interactions in highly doped CuGg@®hich
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shows no SP transition at ambient pressure. T " T " T " T

The parametetr seems to exceed the critical valag for I I I
the appearance of the spin gap without dimerizatioR® il
The reason is that we omitted the interchain interaction in the
calculation!’ Therefore, the absolute value afin our cal-
culation itself is not of much importance but we can safely
conclude that the increase afwith the applied pressure is
genuine.

According to Fig. 2 of Ref. 28, the spin-phonon coupling
term suppresses the magnetic susceptibility over the whole
temperature range. The magnetic susceptibility is indepen-
dent of the hydrostatic pressureTat130 K. We can there- ) . \ . ]
fore safely assume that the spin-phonon coupling is indepen- 8 10 12 14 16
dent of the hydrostatic pressure.

x(T,0.80 GPa) shows a sudden drop around 10 K, but no
anomaly is observed ig(T,0.1 MPa). To study this feature FIG. 2. Superlattice peak intensity @2, 1, 3/2 in sample E at
we measured the magnetic susceptibility under pressure iR=1.0 GPa. The inset is the peak profile of a longitudinal scan at
more detail. Figure (b) shows y(T,P) of sample Ex 0.1 MPa(circles and 1.0 GPdsquarek
=0.035) at low temperatures. The zero of the ordinate is for
x(T,0.1 MPa), and other data are shifted everysamples.In samples D—G the SP phase appears above a criti-
+10 ° emu/g. Fory(T,0.1 MPa) a sharp peak is observed cal pressure R.). The vertical dotted lines in Fig. 3 show
at 4.5 K due to the AF transition; the transition temperatureP. . In all samplesT decreases monotonically with increas-
(Tn) decreases monotonically with the pressure. The suping pressure. The concentration of sample C is the critical
pression of the AF phase is consistent with the result of the
fitting of the susceptibility at high temperature seen in Fig.
1(a), since the decrease ihand the increase i both sup-
press the AF long-range order. Abovg,, no anomaly is 12
observed aP=0.14 GPa but a slight decrease begins to beg1o}
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visible atP~0.21 GPa. The magnitude of the decrease, and_g sl o ET
the temperature, at which the susceptibility begins to de-§ ([ &
crease, increase with pressurePat 0.21 GPa. % 2
The Tsp value of lightly doped CuGegQis about 10 K, + *[ =
and the pressure-induced anomaly in sample D or E appar 2 \' T
ently represents the SP transition. We, however, have to bc © e B
. . . . N 00 02 04 06 08 00 02 04 06 08
careful in concluding this. In this material is close to the Pressure (GPa) Pressure (GPa)
critical value, and we observe enhancement iim Fig. 1(b). 14 " " " “Traa |l | | Ll ——] 4
If « depends on temperature and goes beyond the critica 1 l T
. ; ; . + | x=0085 12
value with decreasing temperature, the spin gap without lat- ] ;
tice dimerization(pointed out by Haldart® would occur at %10 [ T SP  Sample E 102
low temperature. To settle the issue we performed thes 8} T | 18 §
synchrotron x-ray diffraction on sample E BR=0.1 MPa g sl + ds &
and 1.0 GPa. 5 b R 14 §
In the inset of Fig. 2 we observé/2, 1, 3/2 superlattice o [UAF .. \ 1, -
reflection at P=1.0 GPa, which corresponds to SP | | DAF i fUAF (DAF T .

dimerizatiort® and confirms the absence of the superlattice oo o2 o2 o6
peak at 0.1 MPa. The ratio of the superlattice peak intensity Pressure (GPa)

at 9.0 K andP=1.0 GPa to that of undoped CuGgéx the #0040

08 00 02 04 06
Pressure (GPa)

x = 0.045

same temperature and ambient pressure was determined . 12} Sample F 1 412
0.15 through intensity calibration based on the fundamentaiqo[ ] SampleG sP J10o
reflections. The temperature dependence of the integrate@'a-_ Para 1 Paa 1s &
peak intensity is shown in Fig. 2. The peak intensity in- & | ] 1 %
creases as the temperature decreases, and we obfiaiped aéa.' T 1° “é
~15.2 K, which is consistent with the magnetic- r * N\ \ 148
susceptibility measurements. This proves that pressure gent 2 e ;(DAF) e Q(DAF) 2
inely causes the SP transition in sample E. ol . AN . L T

We measuredy(T,P) for all samples and obtained the 00 02 04 %GPa) 08 00 02 04 (g-ga) 08
T-P phase diagrams for samples B—G, as shown in Fig. 3.
Monotonic increase off ps is observed in all Mg-doped FIG. 3. TheT-P phase diagram in samples B—G.
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concentration for the compositional phase transition betweer 18 — T ‘ ‘ ——
r 0GPa T 0.20 GPa

the previously reported DAF and the UAF pha$tSome of 16 .1 T 16
us have reported the double peaks j(T) at AF 147 . T 1%
transitionst! and they proposed that the phase separation o0& 12| y Para 1 12%
the DAF and the UAF phases exists and that the phase trar§ 10| Para T 3 1108
sition between the DAF and the UAF phases is firstg 8r T 18 8
order'®*In sample C, the higher-temperature transition dis-§ 8 | T {6 8
appears at about 0.2 GPa and the two peaks do not merge. = 4 /_,.f" T o~ 14
sample D the discontinuity is seenR¢. On the other hand, z.".'DAﬂ A T T AT _z
0.

Ty decreases monotonically in sample E over the whole
pressure range, and no discontinuity is observed.atThis
means that the compositional phase transition between th 18

00 002 004 006 008 000 002 004 006 008
X X

. [ "040GPa 1 ' " To60GPa |
DAF and UAF phases at=0.035 is a second-order phase 16¢ 040GPa T 2 116
transition. 14 T 114
Figure 4 showsT-x phase diagrams at various pressures.g 12 . Para T 3 1122

The vertical dotted lines indicate the phase boundary at theg 10 5%~ " f oo | P Jr02
critical concentrationx,. The region of the SP phase en- i 8- T 18 g
larges with pressureTgp increases,Ty decreases, and the § &r T 16 &
phase boundary between DAF and UAF phases increase™ 4 _\ T 14"
with pressure. This means that pressure stabilizes the S 2 s < T 12

hase more than the paramagnetic or antiferromagnetic 0 tmse=iDAFL SAR toeonnn.. =ent DA UAP, T1oree. 0
P . P 9 g 000 002 004 006 008 000 002 004 006 0.08
phase in Cy_,Mg,GeO0;. X X

At ambient pressure, twdy’'s are observed in sample C . .
(x~X¢). This is due to the phase separation between thﬁ F:G 4. T'Xthphas%d'a?r??s unde(/thf p:edss;lt.ug.l_Sollddandtbrtc;]-
DAF and the UAF phases; the compositional phase boundaryﬁn 'nis are the guides fo the eyes. vertical dotled lines denote the
between the DAF and the UAF phases corresponds to thiﬁnase oundary at the critical C(_)ngentrat)qn Horizontal dotted

. . es show the low-temperature limit of the SQUID magnetometer.
sample, as reported previousftt314At ambient pressure
two Ty's are plotted atx~x. due to phase separation be-
tween the DAF and the UAF phases. At 0.2 GPa, on the The change ifTy atx~x. should be easier to see in Fig.
other hand, there is no coexistenceTaf; and Ty,, but a 3. Discontinuity ofTy is observed in th&-P phase diagram
sudden increase inTy is apparent betweerx=0.035 in samples C and D but not in sample E. The schematic
and 0.040. T-P-x phase diagram is therefore as in Fig. 5. The composi-

71 — Sample C (2.6%)
— Sample D (3.2%)
— Sample E (3.5%)

FIG. 5. (Color) The schematic
T-P-x phase diagram.
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tional phase transition between the DAF and the UAF phasethe UAF phases is first order at low pressure. We propose
is first order at low pressure, and we propose that it becomegat it becomes second order at 0.2 GPa, as shown in Fig. 5;

second order above a critical pressuR ). the phase boundary between these two phases changes at a
critical pressureP/, from first order to second order as the
IV. DISCUSSION pressure increases. Saito studied the compositional phase

. . transition ata=0 using the phase Hamiltonian methtd,
We now discuss why pressure stabilizes the SP phase. T'?ﬁ‘ld asserted that the phase transition is first order \Whés

parameters that determine the phase in this system are trlgrge and second order whén is small. The experimental

nearest—nelghbpr mteractl_oh the mterc_ham Interactiod N result shows, however, that the phase transition changes from
and the frustration factaz in Eq. (1). Spin-phonon coupling first order to second order with', since neutron scattering

IS also important in the SP system, but we assume that it fdicates tha” increases with pressur@This fact also tells
independent of pressure and that its effect is negligibly small,

We found that the pressure suppresdemd enhances in us thate must be considered in order to explain the phase
Eqg. (1), based on the magnetic-susceptibility measuremen
in the high-temperature regidirig. 1). Nishi et al. recently
performed inelastic neutron scattering with pure Cuga©O
ambient pressure and 2 GPDispersion of the spin excita-
tion along thec* axis (the 1D-chain axiswas suppressed, V. SUMMARY
and that along thé* axis (perpendicular to the 1D-chain o .
axis was unchanged by the pressure. This means that the In summary, the application of hydrostatic pressure causes
effective interchain interaction)’/J, is enhanced by the the SP phase to reappear in highly doped Cugethich
pressure. Conventional SP theories of a pure systemd shows no SPtran_S|t|on at amblen_t_pressure. The ph_ase of th|s
doped systedt which do not consider the frustration term, System is determined by competition between the mtercham
indicate that enhancement of the interchain interaction stabinteractions and frustration between NN and NNN interac-
lizes the Nel phase, rather than the SP phase. The experfions. We have obtained the temperature-pressure-
mental result, however, is different: the SP phase is mor@oncentre_ltlon phase dl_agram and verified that frustration
stabilized and even reappears in highly doped samples asP4ys an important role in these features.
result of pressure. Hence, apparently the reappearance of the
SP phase is not due to enhancement of the interchain inter-
action by the pressure and we must take account of the frus-
tration factora. From the density-matrix—renormalization-  We thank M. Nishi for informing us of the unpublished
group study on undoped CuGg@ne can see that the SP data on the dispersion of the spin excitation in undoped
phase is stabilized with increasimgin Fig. 3 of Ref. 25. We  CuGeQ under pressure. We thank Y. Uwatoko for his valu-
therefore suppose thdt and @ compete with each other in able advice on the hydrostatic pressure cell. This work was
this system. At ambient pressure in highly doped CugeO partly supported by a Grant-in-Aid for COE Research, and
J’ overcomes the effect o and the UAF phase appears. one of the authoréT.M.) was also supported by a Grant-in-
Application of pressure enhancasand the SP, and the DAF Aid for Scientific Research on Priority Areas, from the Min-
phases appear. istry of Education, Culture, Sports, Science, and Technology
The compositional phase transition between the DAF anaf Japan.

diagram. We conclude tha and « compete, andv domi-
tFciates the effect o8’ at higher pressures. The competition
betweena andJ’ plays an important role in this system.
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