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Specific heat study of the field-induced magnetic ordering in the spin-gap system TICugl
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Specific heat measurements have been performed in the coupled dimer system, Wil has a singlet
ground state with the excitation gap=7.5 K. The cusplike anomaly indicative of the three-dimensional
magnetic ordering was clearly observed in magnetic fields higher than the criticaflfjeldrresponding to the
gapA. The phase boundary determined by the present specific heat measurements coincides with that deter-
mined by previous magnetization measurements. The phase boundary can be described by the power law
[HC(T)—Hg]ocT‘JS with ¢=2.1(1). This result supports the magnon Bose condensation picture for the field-
induced magnetic ordering in TICuCINikuni et al., Phys. Rev. Lett84, 5868(2000].
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Recently, quantum spin systems suchSas1/2 two-leg TICuCl; undergoes 3D magnetic ordering in magnetic
spin ladders S=1/2 ferromagnetic-antiferromagnetic alter- fields higher tharH ,~6 T. The feature of the magnetization
nating chains, ané=1 antiferromagnetic chains have been at |ow temperatures, including the phase-transition tempera-
the focus of much interest for both theorists and experimentyre T, and the field dependence ®f, are summarized as
ers, because these systems have the singlet ground state Wigows. The magnetization exhibits the cusplike minimum at
the excitation gap. _ Tn- The phase boundary on the temperature vs field diagram

One-dimensional gapless spin systems do not undergg independent of the field direction, when normalized by the
three'dimensiona(SD) magnetic Ordering. HOWeVer, real g factor' and can be represented by the power law
quasi-1D gapless spin systems can undergo 3D ordering at
low temperatures due to finite 3D exchange interactions. For

example, theS=5/2 quasi-1D spin system (GH,NMnCl, (9/2[H\(T)—Hgl=T?, 1)
(abbreviated TMMQ undergoes 3D magnetic ordering at
Ty=0.835 K at zero field. with ¢=2.2, whereH(T) is the transition field at tempera-

On the contrary, the above mentioned spin gap systemgre T.

remain paramagnetic down1o=0 K, even if there are weak  These features for the magnetization and the phase bound-

3D exchange interactions. However, when a magnetic fielgry have been described in terms of the Bose-Einstein con-

higher than the critical fieldHy=A/gug is applied, the densation(BEC) of excited triplets(magnons®® However,

ground state becomes gapless, so the systems can undegg@re is some ambiguity for determinifig, from the mag-

3D magnetic ordering with the help of 3D exchange interacnetization data, because the cusplike minimum of the mag-

tions. Such field-induced 3D ordering was observed in SOM@etization neaiTy is not sharp, but round€d.In order to

quasi-1D spin gap systems, e.g., te 1/2 Heisenberg lad-  ohtain conclusive evidence of the field-induced magnetic or-

der system Ci(CsH1oN2),Cly, >~ the S=1 antiferromag-  dering, we performed specific heat measurements, and report

netic chain systems  Ni@14N;),N3(CIO5)°® and the results in this paper.

Ni(CsH14N2)2N3(PFs),” and theS=1/2 exchange alternat-  single crystals of TICuGlwere grown from a melt by the

ing system (CH),CHNH;CuCk.° Bridgman method. The details of preparation have been re-
Recently, we observed the field-induced 3D magnetic orported in Ref. 9. The crystal is cleaved along (Bel,0 and

d_ering in the spin-gap system TICL*CHY means of magne- (1,0,7) planes, which are perpendicular to each other.
tization measurementsThis compound is isomorphous with The specific heat measurements of single crystals of

KCuCl, which belongs to the monoclinic space group ricycy, were carried out at temperatures down to 0.6 K in
P2,/c. L'F+TICUC|3 contains planar dimers of GGl, in magnetic fields up to 12 T, using a Mag lH&bmicrocalo-
which Cu™ ions have spin-1/2. These dimers are stacked O ater (Oxford Instrumentsin which the relaxation method
top of one another to form infinite chains parallel to thewas employed. In this paper, the magnetic field was applied
crystallographica axis. These chains are located at the Cor_perpendicular 0 thé0,1,0 and (1 0—3 planes

ners and center of the unit cell in titec plane, and are Figure 1 shows the temperature dependence of the total

separated by Tl ions. o ) ! L
From previous magnetic measurements, the ground Sta&pecmc heat in TICuGlmeasured at various magnetic fields

of TICUCl; was found to be a spin singlet with the excitation for Hllb andH1(1,0,2. For H=0 T, no anomaly is seen
gapA=7.5 K>2~%The origin of the gap for TICuGlis the down to 0.8 K, as_expe_cted_ fror_n the gapped gro_u_nd state.
strong antiferromagnetic exchange interaction in the chemi- When the applied field is higher than the critical field
cal dimers of CyClg, similar to KCuCh.****~*¥The mag- Hy=5.4 T forH|lb and~5.0 T for H.L (1,0,2 correspond-
netic dimers are coupled three dimensionally through intering to the energy gap (~7.5 K), a small cusplike anomaly
dimer interactions. indicative of the magnetic ordering is observed. The differ-
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ence in the critical fields in the two field directions is due toHowever, it is noted tha€(H) —C(0) does not express the

the anisotropy of the factor® magnetic specific heat exactly, sinC€0) includes both the
The difference between the specific heatsHer 0 T and  lattice part ¢T3) and the spin-gap paft<exp(—A/T)]. The
for H>Hyg is slight except around the Wetemperaturdy, \-like anomaly due to the phase transition is clearly ob-

although large increases of the magnetic specific heat may t®erved in the plot ofC(H)—C(0) vs T. With decreasing

expected forH>H,. We infer that this is because the in- magnetic field, the transition temperature decreases, and the
duced magnetic moment is small fidr~H, since the satu- \-like anomaly becomes smaller. This means that the spin
ration field Hg is ~100 T, which is more than ten times moment relevant to the ordering is reduced when the mag-

as large asd . "> netic field reachesi,. ForH<6.5 T, it is difficult to deter-
In Fig. 2, we plot the difference between the specific heatmine the transition temperatufig, .
C(H) for a magnetic fieldH andC(0) for H=0 as a func- In order to determine the transition point at a temperature

tion of temperatureC(H)—C(0) can be regarded as the lower than 3 K, we measured the field dependence of the
specific heat relevant to the field-induced magnetic orderingspecific heat at various temperatures. Examples of the mea-
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surements foH||b andH.L (1,0,2) are shown in Fig. 3. We BEC of magnons occurs, where the increase of the number

assign the field at which the specific heat exhibits a cusplik®f condensed magnons is larger than the decrease of the
anomaly to the transition field (T). number of noncondensed magnons, so that the total number

The phase transition data obtained by temperature an@f magnons increases.
field scans are summarized in Fig. 4. In this figure, the tran- Since the phase boundary depends on gactor, we
sition points obtained from previous magnetization measure?ormalize the phase diagram using gictor. Theg factors

ments are also plotted. The transition points determined frorRPtained by electron spin resonance_megsurementsg are
the present specific heat measurements and the magnetiza2.06 forH||b andg=2.23 forH1 (1,0,2). Figure 5 shows
tion measurements fall on the same line feifb and the phase diagram normalized by tbefactor. The phase

HL (1,0,2). This confirms that the phase transition occurs atoundaries foH|[b andH 1 (1,0, coincide down to 0.6 K.
a temperature at which the magnetization has thd his reconfirms that the phase boundary is independent of
minimum?2 as predicted based on the magnon BEC théry. the external field direction when normalized by théactor,

The magnetization behavior is described by the theory a@nd that the anisotropy is negligible in TICuCI
follows. Since the magnon corresponds to the excited triplet, 1 N€ Phase boundary can be described by the power law of

the magnetization is proportional to the number of magnonsEq' (1), as predicted based on the magnon BEC thedwe

With decreasing temperature, the number of thermally exiit Ed. (1) to the data fofT<4 K, which is lower than half
cited magnons decreases 0B Ty, while for T<Ty the the gap temperaturé/kg=7.5 K. The solid line in Fig. 5 is
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FIG. 4. The phase boundaries in TICyCfor H|lb and  factor. The solid line denotes the fit with E€L) with ¢=2.1(1)
H1(1,0,2. andgHy/2=5.7(1) T. The dashed line is a guide for the eyes.
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the fit with ¢=2.1(1) wheregHy/2=5.7(1) T. The expo- Was determin(_ed, as shown in Fig. 5 The present results con-
nent ¢=2.1 obtained from the present measurements i{wm that the field-induced magnetic _ordgrlng takes place at
. he temperature where the magnetization has the cusplike

somevxllgat_ larger than the valug=3/2 predicted by the iy m "and that the phase boundary can be described by
theory:” Since the theory is based on the Hartree-Fock apihe power law near the critical field,, as predicted based
proximation, the disagreement between the experimental ansh the magnon BEC theofy . Therefore we conclude that the
theoretical values ofp may be attributed to the fluctuation field-induced 3D magnetic ordering in TICuGtan be cap-
effect. tured by the magnon BEC picture.

We have presented the results of specific heat measure- The authors would like to thank K. Katsumata for access
ments on the spin-gap system TICyCThe field-induced 3D {; the Mag LabC calorimeter system. A.O. was supported

magnetic ordering was clearly observed. The phase boundapy, the Japan Society for the Promotion of Science for Young
between the paramagnetic phase and the 3D ordered phaSeientists.
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