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Magnetization measurements have been performed on the doped spin gap systemMGl; with x
=<0.025. The parent compound TICuyG$ a three-dimensional coupled spin dimer system with the excitation
gapA/kg=7.7 K. The impurity-induced antiferromagnetic ordering was clearly observed. The easy axis lies
in the (0,1,0) plane. It was found that the transition temperature increases with increagingdtgentration
X, while the spin-flop transition field is almost independenixoThe magnetization curve suggests that the
impurity-induced antiferromagnetic ordering coexists with the spin gap$00.017.
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The singlet ground state with an excitation gapin gap  axis. These double chains are located at the corners and cen-
has been found in many quantum spin systems such as ther of the unit cell in théb-c plane, and are separated by Tl
Haldane chain, spin-Peierls system, spin ladder, exchangens. The magnetic ground state of TICy@ the spin sin-
alternating chain, and coupled spin dimer system. These spiglet with excitation gap\=7.7 K?~'*From the analyses of
gap systems do not undergo magnetic ordering down to zenhe dispersion relation obtained by neutron inelastic scatter-
temperature. In the last decade, however, it has been fouridg, it was found that the origin of the spin gap of TICy®&
that very small amounts of nonmagnetic site impurities carthe strong antiferromagnetic interactids-5.68 meV in the
give rise to antiferromagnetic ordering in these spin gapchemical dimer CyClg, and that the neighboring dimers are
systems:®When nonmagnetic ions are substituted for magcoupled by the strong interdimer interactions along the
netic ions, the singlet ground state is disturbed so that stagtouble chain and in the (1,02) plane!®® Consequently,
gered moments are induced around the impurities. If the inTICuCl; was characterized as a strongly coupled 3D spin
duced moments interact through effective exchangelimer system.
interactions, that are mediated by intermediate singlet spins, Before preparing the doped TICuMg,Cl; system, we
three-dimensional3D) long-range order can arise. Such prepared single crystals of TICuCIThe preparation of a
impurity-induced magnetic ordering is a new type of phasssingle crystal of TICuGl is described in Ref. 14. Mixing

transition caused by the quantum effect. TICuCls, TICI, and MgC} in a ratio of (1—x):x:x, we pre-
Impurity-induced magnetic ordering of spin gap systemspared TICy_,Mg,Cl; by the vertical Bridgman method. We
was first observed in 2 -doped CuGeQ* which is a well-  gbtained single crystals of 1-3 ém with x

known inorganic spin-Peierls materfaland was precisely —0.008, 0.014, 0.017, 0.020, 0.022, and 0.025. The magne-
investigated in M§*-doped CuGe@® Magnetic ordering sjum concentratiorx was analyzed by emission spectro-
due to pinning of lattice dimerization by doped nonmagneticchemical analysis after the measurements. Samples used for
impurities was also observed in CuGgSikOs;® In magnetic measurements were cut to 50-150 mg. The mag-
Cuy,Zn,GeG; and CuGe-,SiyO3 with low x, the coexist-  netizations were measured down to 1.8 K in magnetic fields
ence of lattice dimerization and antiferromagnetic orderingup to7T using a Semiconducting quantum interference de-
has been observed in neutron-scattering experimfénts. vice magnetometgiQuantum Design MPMS XL
Impurity-induced antiferromagnetic ordering was also ob- First, we measured the temperature dependence of the
served in ZA"-doped antiferromagnetic two-leg spin ladder magnetic susceptibilitieg=M/H in TICUg g74VIg0,0p:Cls Un-
?tr)(l:\llk\c/)ao(lz\;e'fliha and the _Mﬁ*f;doped Haldane system der the magnetic field oH=0.1 T perpendicular to the
) e site-impurity effect on spin gap systems T
has I2bezen8 argued theogaticglly by manyp au%ﬁg?’s,}z/and cl_eavgge pIan_es (0,1,0) and (1,0:2nd along th¢ 2,0.1]
impurity-induced antiferromagnetic ordering has been dem?;rsectlo_n that is parallel to Ipoth (.0’1'(.)) and (1,p@anes,
pectively. These three field directions are orthogonal to

onstrated. N ) .
_one another. The results are shown in Fig. 1. With decreasing

As mentioned above, experimental studies of impurity ¢ th i tibilities displ broad
induced antiferromagnetic ordering have been performe&empera ure, the magnetic susceptibiiities —dispiay broa
axima atT~36 K and decrease, as observed in pure

only on quasi-1D systems to date. Therefore, for comprehen- ) S
yong y P ICuCl;.***However, the magnetic susceptibilities increase

sive understanding of impurity-induced antiferromagnetic or-" " . .
dering, it may be necessary to study the impurity effect orf92in below 7 K, and then exhibit sharp bend anomalies at

3D spin gap systems. With this motivation, we studied the! N=3-5_K, which is indicative of magnetic ordering, for
magnetic properties in the Mg-doped spin gap system H-L(1,0,2 andH|[[2,0,1], whereas the magnetic susceptibil-
TICuCl; by means of magnetization measurements. ity for Hl|b increases monotonically. BeloWy, the mag-
TICuCl; has the monoclinic structurdspace group netic susceptibility forH L (1,0,2) is almost independent of
P2,/c).*? The crystal structure is composed of planar dimersemperature, while that for|[[2,0,1] decreases. These re-
of Cu,Clg. The dimers are stacked on top of one another angults indicate that the antiferromagnetic ordering induced by
form infinite double chains parallel to the crystallographic Mg?* doping occurs aTy=3.5 K, and that the easy axis is
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atT=1.8 K forH|| easy axisH|| hard axis in the (0,1,0) plane and
FIG. 1. Temperature dependence of the magnetic susceptibilitied||b- The values of magnetization are shifted upward by 10 emu/
x=M/H in TICUyg74MIgo 0o:Cls measured aH=0.1 T for H|jb, ~ mMol.
H.(1,0,2), andH|[2,0,1].
ceptibility of the easy axis decreases towards zero below
in the (0,1,0) plane and is close to tf2,0,1] direction. Tn=3.45 K, while the others increase monotonically. This
In order to determine the easy axis, we measured the madpehavior is indicative of an antiferromagnet with collinear
netic susceptibility in TICgggMdo 02{Cls, Varying the field — ordering.
direction in the (0,1,0) plane @t=1.8 K. The susceptibility Figure 3 shows the magnetization curves of
minimum was observed, when the magnetic field was at arf|CUo.97dVgo.02LCls measured af=1.8 K for H|| easy axis,
angle of 38° with thea axis. This implies that the easy axis hard axis, and axis. ForH|| easy axis, the spin-flop transi-
is canted by 38° from tha axis. Since the angle between the tion is clearly observed afis,=0.32 T, while no transition
[2,0,1] direction and the axis is 51°, the angle between the is observed for the other field directions. From these results,
[2,0,1] direction and the easy axis is 13°. it is evident that collinear antiferromagnetic ordering along
Figure 2 shows the low-temperature magnetic susceptithe easy axis arises beldly . The sharp cusplike maximum
bilities in TICUy g7gMdo 02Cls measured aH=0.1 T. The of the susceptibility al"y and the sharp spin-flop transition
magnetic field was applied along thexis, the easy axis and indicate the good homogeneity of the present sample at the
the hard axis in the (0,1,0) plane, which are orthogonal tgnacroscopic scale.
one another. With decreasing temperature, the magnetic sus- Figure 4 shows the temperature dependence of the mag-
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FIG. 2. Low-temperature magnetic susceptibilities in FIG. 4. Low-temperature magnetic susceptibilities in

TICUp g7dMd0.02Ll; measured aH=0.1 T for H|| easy axisH]|| TICu,_,Mg,Cl; measured aH=0.1 T for H||[2,0,1] for various
hard axis in the (0,1,0) plane, amht|b. X.
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FIG. 5. Phase-transition temperatufg as a function ofx in

o - FIG. 6. Magnetization curves of TIGu,Mg,Cl; measured at
TICu, _,Mg,Cl;. The solid line is a guide for the eyes.

T=1.8 K forH||[2,0,1] for variousx. The values of magnetization

netic susceptibilities in TICu ,Mg,Cl; with variousx for are shifted upward by 10 emu/mol with increasing

H|[2,0,1]. The magnetic field of 0.1 T was applied in the spin moments around the impurities or the low anisotropy
measurements. For=0, no anomaly indicative of the mag- energy. At present, however, we have no explanation for why
netic ordering can be seen down to 1.8 K, although a slighthe spin-flop field is independent &f

increase of the magnetic susceptibility was observed due to a For x<0.017, the magnetization tends to increaseHat
small amount of impurities or lattice defects. On the other~6 T, which is almost the same as the gap field of
hand, the cusplike anomalies indicative of antiferromagnetics6 T of pure TICuC}, as shown in Fig. 6. This suggests
ordering were clearly observed far~0. With increasings,  that the excitation gap remains fa<0.017, i.e., antiferro-
the transition temperatufg, and the magnitude of the mag- magnetic ordering coexists with the excitation gap. If the gap
netic susceptibility increase. The transition temperatures foremains, field-induced magnetic ordering may occur, as ob-
x<0.025 were plotted in Fig. 5 as a functionfThe tran-  served in pure TICuGI***"8In TICuCl,, the magnetization
sition temperaturely shows a tendency to saturate B§  has the cusplike minimum at the transition temperat{ié.
~3.5 K. Although the behavior of the phase transition for This behavior can be described in terms of the Bose-Einstein
x>0.025 is of great interest, the measurements were not pecondensation of the excited tripletmagnons®® In the or-
formed, because it is difficult to prepare good single crystalglered phase, transverse staggered magnetic ordering with re-
of TICu,_,Mg,Cl; with x>0.025 at present. spect to the applied magnetic field occtits?! This trans-

It is considered that the direction of the easy axis does noterse staggered magnetic ordering, in which two spins on the
strongly depend o, and is close to th¢2,0,1] direction, same dimer are antiparallel, was confirmed by neutron
because the susceptibilities for variousdisplay a similar  elastic-scattering analysis in high magnetic fieldsHdjb.'®
cusplike anomaly foH||[2,0,1], as shown in Fig. 4. Thus, it For this field direction, it was observed that spins lie in the
is expected that the spin-flop transition is observed for0, 1, O plane at an angle of 39° to the axis. This spin
H||[2,0,1], and the transition field is close to that fdff easy  direction is almost the same as that of the easy axis in the
axis. Figure 6 shows the magnetization curves ofimpurity-induced antiferromagnetic phase for
TICu,_,Mg,Cl; with variousx measured af=1.8 K for  TICug g7gMgg 02Ll3. Thus, the relation between the impurity-
H|[[2,0,1]. Forx=0, the magnetization is almost zero up to induced antiferromagnetic phase and the field-induced or-
the gap fieldH,=A/gug~6 T, and then it increases rap- dered phase is of great interest.
idly. For x#0, the magnetization increases with a finite In order to investigate whether or not field-induced mag-
slope, and exhibits a jump indicative of the spin-flop transi-netic ordering occurs in Mg -doped TICuC}, we examined
tion atH~0.35 T with increasing magnetic field. It is noted the temperature dependence of the magnetization in
that spin-flop fieldH, is almost independent of although  TICug g9Mgo 0odCl5 at various magnetic fields up to 7 T for
the amount of the magnetization jump increases with inH|[[2,0,1]. However, no definite phase transition was de-
creasingx. tected due to the large Curie-Weiss term, although a fairly

A theoretical description of the spin-flop transition in the sharp inflection point indicative of the phase transition was
impurity-induced antiferromagnetic phase has not been esbserved foH>5 T. Thus, other experiments such as spe-
tablished to date. In the conventional antiferromagnet, spineific heat and neutron-scattering measurement are required in
flop field Hg,is proportional to the square root of the product order to determine whether field-induced magnetic ordering
of anisotropy energy and the exchange interactions and theccurs also in M§"-doped TICuC}.
magnitude of the spin moment. The small value~d@®.35 T In conclusion, we carried out magnetization measure-
of spin-flop fieldHg, may be indicative of the low induced ments in TICy_,Mg,Cls. Impurity-induced antiferromag-
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