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Unusual antiferromagnetic state in Si-doped CuGe@ single crystals studied by specific-heat
measurements in magnetic fields
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We report the results of specific-heat measurements of CuSg0O; (x=0, 0.01, 0.02 single crystals in
magpnetic fields up to 15 T. For=0.02, a sharp transition was observed at thelNemperaturd y=4.8 K,
which is almost constant up to 15 T. Frr=0.01, two broad transitions were observed at the spin-Peierls
transition temperaturd = 10.8 K andTy=2.5 K in zero magnetic field. The antiferromagnetic state is
changed drastically by the magnetic field and the magnetic-field-induced magnetic state was observed by
specific-heat measurements. The magnetic phase diagram of; Ci85©; was determined from specific-
heat, thermal-expansion, and magnetization measureni&ts63-18207)51510-4

CuGeQ has been extensively studied since the discoverx=0, 0.01, and 0.02 show one SP transition, both SP and AF
of the spin-Peierl{SP transition by Hase, Terasaki, and transitions, and one AF transition, respectively.
Uchinokural In contrast with the organic SP compounds, The single crystals of CuGe,Si,O; (x=0, 0.01, 0.02,
CuGeQ can be obtained in a large and high-quality single0.03 were prepared by the floating-zone method. The Si
crystal and is of great advantage for the examination of th€oncentrationx was determined by the inductivity coupled
cationic site substitution effect on the SP transition. InPlasma emission spectrometry analysis. The specific heat

CuGeQ, the intrachain and interchain exchange interactiondv@s measured by the usual adiabatic heat pulse method. The
were obtained as J,~10 meV, J,~0.1,, and temperature was measured by a carbon glass thermometer,

J,~—0.01)..2 One of the interchain exchange interactionsWhich was calibrated in magnetic fields with a field insensi-
JZ is rathecr large compared to that in the organic gplive capacitance thermometer in separate measurements. The

compounds. By substituting the cationic site, the lattice and sam_ple weight was typicallyv400 mg. . .
the F<)axchangey interactiong between ?Cuspins should be Figure 1 shows the specific heat of CUGESO, single

modified and the interesting phenomena are expected, WhiCﬁ%StZISSI(,]);TO' eoéglié gb%iice?%gﬂ gflf / \-/rvr;c-:rh izocro);-
are caused by the competition between the lattice dimeriz ' pp 2

: : , : : i ith th iousiy? Th ific h
tion and the three-dimensionéD) antiferromagneti¢AF) aEEIfVCINV\gthcgs eb;eﬁggfige:\/g#f ﬁ}a ex&_sg/ekc;l_rl)c ar?; t
ordering? Such a substitution effect was studied in we obtainedB~0.4—0.5 md/mol K and A/kg~20—23 K
Cy,_,Zn,Ge0;,.° The recent studies on CuGgSi,O, o B '

single crystals showed that the SP transition temperature

Tgp decreases monotonously and the AF ordering develops 300 ' i i

SP T 1

with increasingx and in a smalk region (0.005<x<0.02) 250k ’

both SP transition and AF transition were obser¥dthese H=0

behaviors are similar to those in CuZn,Ge0O,.> Recent < 200k

neutron scattering experiments indicate that in a sample with §

x=0.007, both AF and spin-Peierls states coexist below the z 1501

Néel temperaturdly .’ This is surprising because these two E

states are considered to be exclusive. Recently, it was pro- =1

posed that the coexistence of both long-range lattice dimer- o 100F x=0.02 x=0.01 ]

ization and antiferromagnetism, which is induced by the dis- :

order due to cationic site substitution, is possfble. Sor / ]
In order to clarify the role of the substitution which causes 0 /;”;/I{_c,,,ﬂl .

the coexistence of the lattice dimerization and AF ordering, 0 5 10 15

it is important to study the nature of the AF state below T(K)

Tgp and to study how such an AF state is changed by the

magnetic field. In this paper, we show the results of the sys- F|G. 1. Temperature dependence of CuG&i,05 (x=0, 0.01,
tematic specific-heat measurements of CuGEi,O; (X  0.02 single crystals in the form oE/T—T. The phonon specific
=0, 0.01, 0.02 single crystals in magnetic fields parallel to heat is also shown by a solid line assuming the simplest form of
the a axis and show the magnetic phase diagram up to 15 TC,= T2 with 8=0.4 mJ/mol K in the form of C,;,/T—T up to
We chose these three samples because these samples witK.
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Similar values were obtained in Ref. 10 and ?tohe value\ of 350 : : : :
agrees with that obtained by neutron diffractfom Fig. 1, - H=14T
the phonon part of the specific he@y;, is also shown in the 300k
form of Cy T—T up to 7 K, whereC,n,= T2 with 5=0.4 e
mJ/mol K, corresponding to the Debye temperature of 290
K. At temperatures higher than 6-7 K, it is difficult to expect 250
the above simple form g8T? to be the phonon specific heat
because if we assume the above simple formGgy, the
temperature dependence of the magnetic specific Ggat
=C—BT2 for x=0.02 at high temperatures becomes un-
likely for one-dimensional AF with a largd.. Cy, at high
temperatures may not be so simple, which is expected from
the unusual thermal expansion at high temperattir&sor R R
x=0.02, a sharp peak was observed at 4.8 K, which is as- "
cribed to the AF magnetic transition. A similar result was 50F . -
obtained forx=0.03, whereT was 4.5 K. Foix=0.01, two M (2)
peaks were observed at 10.8 and 2.5 K. The former peak is 0 L L L L L L
associated with the SP transition and the latter with the AF
transition. Both peaks are rather broad compared with those T(K)
at Tgp for x=0 and Ty for x=0.02, respectively. It was 0
discussed by Regnaudt al. that the broad transition atgp
may be due to the sample inhomogeneity caused by the Si
doping for the sample witk=0.007’ This suggests that the
broad transition afy may also be due to the sample inho-
mogeneity. However, we consider that it is intrinsic in this
compound, as will be discussed later. The broad specific-heat
peak afTy and the existence of a long tail of the specific heat
up to ~6 K for x=0.01 indicate that the AF short-range
order aboveTy seems to be larger fox=0.01 than for
x=0.02. The results of the thermal expansion also indicate 10T
the short-range order effect aboVg in H=0.1° The coex- 27 (b)
istence of the AF short-range order with the dimerization in
a temperature range betwe@&R and Tgp was reported by 0 2 4 6 8
neutron scattering in a sample withi=9 K andTy=4 K.’ T(K)

Figures Za) and 2Zb) show the specific heat of
CuGeg 995ip.0103 in magnetic fieldHlla axis in the form of FIG. 2. Temperature dependence of the specific heat of
C/T—T. Tgpdecreases with increasing field as in CuGeO CuGe, oSiy ;05 under the magnetic field parallel to tleaxis in
The peak shape of the specific heafTgtis changed drasti- the form ofC/T—T. In (a), the origin of the vertical axis is shifted
cally by the magnetic field. IH=0, a peak is broad but by 20 mJ/mol K. In (b), it is common to all the curves.
pronounced. With increasing field, it is rapidly suppressed
and almost disappears at7 T, while the temperature of a
peak is not shifted up te-7 T. However, forH=8 T, a
small kink appears al~3 K and the temperature of this
kink increases and becomes clearer with further increase
field. At present, we do not know whether below the tem- . .
perature of a small kink above8 T, the AF ordering sur- OUr récent thermal expansion measurements along tes
vives or not. The neutron scattering experiment is desired tf°" X=0-01 in longitudinal magnetic fields up to 15 T
clarify how the AF state is changed by the magnetic field. InShowed that a clear shrinkage was observed b&lgun low
this paper, we consider tentatively that the AF order survivegnd high magnetic field regions, while a shrinkage was small
above~8 T. The change of the peak shapeTatis more around 7 T%° Thus, the broad transition ay for x=0.01 in
clearly seen in Fig. ®@). The point atT~3 K and C/T a small field is considered to be one of the intrinsic charac-
~25 mJ/mol K looks like a fixed point. The magnetic en- teristics of the unusual AF state in the dimeriz&) phase.
tropy belowTy is much smaller above-8 T than that in a Figure 3 shows the specific heat of CuGgSiy.0Os in
low field. The nature of the AF state is very different below magnetic fielddlla axis in the form ofC/T—T. It is known
and above~7 T. Here, we discuss the origin of the broad that in the pseudo-1D Heisenberg AF, is enhanced by
transition atTy in H=0 for x=0.01. We consider that it is applying the magnetic field because the redutgdn H=0
not extrinsic due to the sample inhomogeneity induced byoriginates from the large AF spin fluctuation due to the low
the Si doping but intrinsic for the following reasons. One isdimensionality, and this AF spin fluctuation is suppressed by
that while the peak of the specific heatTat in a small field the magnetic field® However, in the present compound,
region is broad, it becomes clear abov@ T. The other is Ty is almost constant up to 15 T and also the shape of the
that the peak af for x=0.02 is much sharper than that for specific-heat peak afy is almost constant to the 15 T and
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x=0.01 inH=0. If the sample inhomogeneity is the reason
for the broad peak aTy, it should be insensitive to the
(Wagnetic field and should be broader for0.02 than for
X=0.01, which contradicts the present result. Furthermore,
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FIG. 3. Temperature dependence of the specific heat o
CuGe 9sSig. 003 under the magnetic field parallel to tleaxis in
the form of C/T—T. The origin of the vertical axis is shifted by 20

mJ/mol K for each curve.

also the shape of the specific-heat peakTatis scarcely
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FIG. 5. T-x phase diagram of CuGe,Si,O; in H=0 and
H=14T.

7 his phase boundary is much broader than that in cuGéo
The phase boundary between the unifdid) andD phases
shows nearly a parallel shift toward lower temperatures with
increasingx. Ty for x=0.02 is almost constant, independent
of the magnetic field up to 15 TT for x=0.01 is almost
constant up to~7 T and increases with increasing field and

changed by the magnetic field. These suggest that the sp_ﬂ:N saturates to~5 K with further increase of field. Accord-

fluctuation abovd y is not large in this compound. This will

be discussed later.

ing to the results in a sample wifyx=9 K andTy=4 Kin
H=0 by Poirieret al, two phase boundaries betwedrand

Figure 4 shows the magnetic phase diagram o phases and and AF phases coincide with each other

CuGg _,Si,O;. As the peak shape &t is broad in a low
field region forx=0.01, T was determined as a peak posi-
tion of the specific heat. The phase boundary betweethe
and the high field magnetigvl) phases fox=0.01 was de-

abowe 9 T and the temperature of the phase boundary above
9 T is also~5 K.1° These results suggest thg§ saturates to

~5 K in the above three compounds. Further studies are
necessary to clarify whether it is accidental or not. The in-

termined from the nonlinear increase of the magnetizdfion, créase offy with increasing field above-8 T for x=0.01 is
as is observed in CuGgG® However, this nonlinear in- associated with the decrease Tof,. Here, we make a few

crease is much smaller than that in CuGefdd the phase

remarks on the specific heat in the magnetic field. The peak

boundaryD-M is also much broader than that in CuGeO shape of the specific heat By, is very different between low
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FIG. 4. Magnetic phase diagram of CuGeSi,O; determined

and high field regions, as mentioned above. One of the rea-
sons is that the excited triplet state which will be increased in
a high magnetic field affects the peak shape of the specific
heat. It is also interesting to point out that a peak shape of the
specific heat affy in a high field region is very different
between the samples witk=0.01 and 0.02, regardless of
nearly the saméd . We also note that the point at~4 K
andH~11 T looks like a tetracritical point. However, as the
phase boundaries are broad, it is difficult to discuss such a
possibility any further, at present. Further studies are neces-
sary to clarify the unusual properties of the AF state inlhe
phase.

Figure 5 shows the dependence ofgpand Ty in H=0
and 14 T. The results iRl=0 are similar to those reported
before® The results irH =14 T show thafl spis reduced and
Ty is enhanced by the magnetic field amg for x=0.01
saturates to-5 K. The increase of  with increasingx up to
0.02 is due to the destruction of the spin gap by the doping.
The increase offy with increasing field may be due to the

from the results of the specific heat. The phase boundary betveen destruction of the spin gap by the magnetic field. The tem-
andM phases fox=0.01(A) were determined from the magneti- Perature of ~5 K looks like the maximumTy in the

zation measuremefiRef. 19; that forx=0 (0) is cited in Ref. 16.
The phases otJ, D, M, M’, and AF are cited fox=0.01. We
tentatively define the phase abovell T and below~4 K for

x=0.01 as theM’ phase.

CuGeg _,Si,O; system. We make the following remarks.
When the gap is destroyed by the magnetic field, we ex-
pect a decrease df with increasing magnetic field. How-
ever, it is difficult to see such a change &fin the specific



R6128 M. HIROI et al. 55

heat forx=0.01 in Fig. 2, where the data belowprseem to  normal forx=0, that of Ty is very different from that for

be parallel in field to the other curves. Our recent results ok=0.02. The peak shape of the specific heaf gis drasti-

the thermal expansion show that the short-range order abovslly changed by the magnetic field and the results suggest
Ty is observed irH =0 and becomes smaller with increasing that the AF state is very different below and abov@& T.
magnetic field> As for the magnetic field dependence of Above ~7 T, T, increases with field and seems to saturate to
Tsp, it decreases with field. The changes of these three quan-5 K which coincides WithTy= 4.8 K for x=0.02. Further

tities of A, short-range order, anp occur at the same time gy dies are necessary to understand these unusual AF states
under the magnetic field. The specific heat contains all thesg, ihe D phase.

contributions. This may be the reason why a change\ of
with magnetic field is difficult to see in the specific heat. The authors would like to thank Professor I. Harada and
In conclusion, we obtained the results of the specific-heaProfessor S. Inagaki for stimulating discussions. We thank T.
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x=0.02, the transition to the AF-ordered state was observeHlFLSM, IMR, Tohoku University. The Aoyama-Gakuin
and Ty=4.8 K is almost constant up to 15 T, which was group was partially supported by the New Energy and Indus-
discussed from the standpoint of the contribution of the twarial Technology Development OrganizatigNEDO) and
dimensionality of the exchange interaction. ker0.01, two  the Science Research Fund of Japan Private School Promo-
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H=0. In this sample, while the field dependenceTa} is
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