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Random bond effect in the quantum spin system(Tl,_,K,)CuCly
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The effect of exchange bond randomness on the ground state and the field-induced magnetic ordering was
investigated through magnetization measurements in the%spiheed guantum spin system (;TI,K,)CuCk
for x<<0.36. Both parent compounds TIC4Gind KCuC} are coupled spin dimer systems, which have the
singlet ground state with excitation gapgkg=7.7 K and 31 K, respectively. Due to bond randomness, the
singlet ground state turns into the magnetic state with finite susceptibility, nevertheless, the excitation gap
remains. Field-induced magnetic ordering, which can be described by the Bose condensation of excited triplets,
magnons, was observed as in the parent systems. The phase transition temperature is suppressed by the bond
randomness. This behavior may be attributed to the localization effect.
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. INTRODUCTION chemical dimer CyClg, and that the neighboring dimers
couple magnetically along the double chain and in the (1,0,
In the last two decades, extensive theoretical studies or-2) plane, in which the hole orbitals of €l spread:®-*®
the effects of the exchange bond randomness in the on&dCuCl; and KCuC}, differ in their interdimer interactions.
dimensional quantum spin system have been perfofmied, In TICuCl; the interdimer interactions are strotfg*?while
and new concepts such as the random singlet pRamed  they are weak in KCuGl*3~18
random dimer(RD) phasé have been proposed. For the ~When a strong magnetic field higher than the gap field
spin4 dimerized chain, Hymaet al3 showed that for weak Hg=A/gug is applied in the 3D spin gap system, magnetic
randomness the excitation gapdoes not close up, and the ordering occurs. It has been theoretically shown that the
susceptibility remains finite, while for strong randomness théield-induced magnetic ordering in the 3D Heisenberg spin
system is in the RD phase, in which the excitation spectrungap system can be described by the Bose-Einstein condensa-
is gapless and the susceptibility divergesyasT 2"« with ~ tion (BEC) of excited triplets (magnong™"" Recently,
0<a<1. By means of magnetic susceptibility and speciﬁc_ﬁeld—lnduced magnetic ordering was observed in TIGuCl

25 Njilet 1 20
heat measurements, Manakaal® investigated the bond (RefS. 8 and 23-25and KCuCL. Nikuni et al.™ demon-
randomness effect in tH@= 1/2 alternating Heisenberg chain strated that the temperature dependence of the magnetization

and field dependence of the transition temperature observed
system (CH),CHNH;CU(CLBI,_,)5. They observed that in TICuCl; can be described by the BEC of dilute magnons.
with increasingx, the ordered phase with high ordering tem—.l.he magnon BEC is a new concent of maanetic phase tran-
perature appears discontinuously for G:4¢<0.87. 9 P g P

. . . sition. Thus, it is of great interest to study how the field-
The random bond effect in the three-dimensio@D)  i,q,ced magnetic ordering is affected by the bond random-

spin gap system has been less extensively studied. This panglss  For this purpose, we carried out magnetization
is concerned with the random bond effect in the 3D SPIN- measurements dfl,_,K,)CuCl.

mixed system (Tl ,K,)CuCk. The parent compounds
TICuCl; and KCuC} have the same monoclinic structure
(space grouP2, /c).>® The crystal structure is composed of
planar dimers of C4Clg, in which C#* ions have a spin of We first prepared single crystals of TICyGind KCuC}

3. The dimers are stacked on top of one another to fornby the Bridgman method. The details of their preparation
infinite double chains parallel to the crystallographiexis.  have been reported in Ref. 8. Mixing single crystals of
These double chains are located at the corners and center DiCuCl; and KCuC} in a ratio of (1-x):x, we prepared

the unit cell in theb-c plane, and are separated by Tdr K* (Tl _«K,)CuCk by the Bridgman method. The temperature
ions. The lattice parameters of both parent systems aret the center of the furnace was set at 580 °C, and the low-
shown in Table I. The crystal lattice of TICuCls com-  ering rate was 3 mmHt. Single crystals of 1-5 chwith
pressed along tha axis and enlarged in thb-c plane as x=0.04, 0.05, 0.08, 0.11, 0.14, 0.16, 0.20, 0.27, and 0.36
compared with KCuGl Thus, substituting K ions for some  were obtained. The potassium concentrationvas deter-

TI* ions produces not only exchange randomness, but alsmined by emission spectrochemical analysis after the mea-
negative uniaxial stress along theaxis. surements. Samples used for magnetic measurements were
The magnetic ground states of TICYGInd KCuC} are  cut into pieces of 50—150 mg. We treated samples in a glove
the spin singlét’ with excitation gapa\=7.7 (Refs. 8and ®  box filled with dry nitrogen to reduce the amount of hydrate
and 31 K? respectively. From the results of analyses of thephase, which produces paramagnetic susceptibility at low

dispersion relations obtained by neutron inelastic scatteringemperatures, on the sample surface.
it was found that the origin of the spin gaps in TICy@hd The magnetizations were measured down to 1.8 K in
KCuCl; is the strong antiferromagnetic interaction in the magnetic fields up to 7 T using a superconducting quantum

Il. EXPERIMENTAL DETAILS
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TABLE I. Lattice constants,b,c, and 8 at room temperature 8
for KCuCl; (Ref. 5 and TICuC} (Ref. 24.

KCuCl, TICuCl,

a(A) 4.029 3.982 6 \

b (A) 13.785 14.144 \
c®) 8.736 8.890 ~—
B () 97.33 96.32

M/H (10 emu/mol)
N

interference device magnetomet€uantum Design MPMS (Tl, ,K,)CuCl,
XL). The magnetic fields were applied perpendicular to the
cleavage plane&,1,0 and (1,0,3. 2 H /b

Ill. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the mag 0
netic susceptibilitiege=M/H in (Tl;_,K,)CuCk for x=0
and 1 atH=1 T and forx=0.16 atH=0.1 T. The mag-
netic susceptibilities for pure systems=0 and 1 have
broad maxima aif =38 K andT=30 K, respectively, and 8
then decrease exponentially toward zero. This behavior is
characteristic of a system with a gapped ground state. How-
ever, the magnetic susceptibility for=0.16 decreases to-
ward a finite value, obeying the power law, after it attains a
broad maximum at =34 K.

Figure 2 shows the magnetization curves in
(Tl _K,)CuCk measured at=1.8 K forx=0, 0.05, and
0.16. In pure TICuG (x=0), the magnetization is almost
zero until the transition fieldH, which is indicated by ar- % 4
rows, and then increases steeply. This magnetization behav =
ior is typical of the spin gap system. However, fo# 0, the <
magnetization curves have a finite slope in the low-field re- =
gion. This, together with the temperature variation of the 2
susceptibility forx#0 shown in Fig. 1, indicates that the
ground state is not a spin singlet, but a magnetic state with
continuous excitations. The absence of the Curie term in the
low-temperature susceptibility and the fact that the magneti-
zation curves in the low-field region do not obey the Bril-
louin function, but are almost proportional to the applied
field indicate that the ground state does not consist of iso-
lated or weakly Coupled Spins_, b_Ut of strongly C(_)upled spins. FIG. 1. The temperature dependence of the magnetic suscepti-
Therefore, the low-lying exmtgﬂo_n may be spm-vyave-hke bility xy=M/H in (Tl;_K,)CuCk for x=0, 0.16, and 1.00 fofa)
for x# 0. Although no anomaly indicative of magnetlc order- H|lb and(b) H1 (1,0,2). The applied magnetic field =1 T for
ing was observed down to 1.8 KHt=0.1 T, it may occur | _q anq 1 andH=01 T forx=0.16.
with a further decrease in temperature.

With increasing magnetic field, the magnetization for low, the energy gap between the ground state and the first
#0 increases rapidly abovidy . This indicates that field- excited triplet may be expressed &s-gugHg, whereHg is
induced magnetic ordering occurs fdi>Hy as observed in  a field at which the two fitting functions for the magnetiza-
a pure system. Thus, we can deduce that a gap remains in ttiens forH<Hy andH>H cross, as shown in Fig. 2. For
excitation spectrum. Here, we assigned the fields with aithe fitting, we used a linear function fét<Hy and a qua-
inflection point of the magnetization field derivative as thedratic function forH>H,, becausedM/dH for H>Hy is
transition fieldHy, as shown in the inset of Fig. 2. These described by a linear function, as shown in the inset of Fig.
observations that the energy gap does not close, and the su-We assigrH, obtained afT=1.8 K to the gap fieldH,
ceptibility remains finite correspond to the argument by Hy-=A/gug. The value of ¢/2)H,~5.8 T obtained for
manet al? for weak bond randomness in ti%=1/2 bond-  TICuCl; is consistent with the g/2)Hy~5.7 T obtained
alternating system, though the present system is a 3D systefflom the specific heat and neutron-scattering

Since the paramagnetic susceptibility f8k<<Hy is very  measurements:** Since the magnetization curves at 1.8 K
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FIG. 2. The field dependence of the magnetization in (JiK,)CuCk with x=0, 0.05, and 0.16 af=1.8 K for (a) H|b and (b)
HL1(1,0,2. Hy denotes the phase-transition field dnglis a field corresponding to the gap fietth=A/gug.

exhibi_t rounding ar.oun.d-IN, there is a certain amount of mum was not observed down to 1.8 K fa=0.36 atH
error in the determination dfi,. L . =7 T.The low-temperature magnetization FdnL(l,O,E) is
Figure 3 shows the low-temperature magnetizations Nsimilar to that forH||b
(Tl;_xK,) CuCh for x=0.05 and 0.16 at various magnetic i re 4 shows the magnetic field versus temperature dia-
fields. For comparison, we also show_ th_e Iow-temperatur%ram of (Th_K,) CuCk; the transition temperaturds, and
magnetizations fo|: TICuC;;li The mzlagnenc field Wasdapphed the transition fields  obtained forH||b andH.L (1,0,2) are
along theb axis. The small anomalies at 4.4 K are due to an . . . o
nerumental provem an are ol s (0 the samplel0 % Lo PRSELT et b
TICUCly undergoes phase transition in magnetic fields hlgheon the external field direction. Thus, we norn’\#alize the phase
thanHy~6 T, which is indicated by the cusplike minimum boundari inaa=2.06 f' H b d 0=223 fp
of the low-temperature magnetizatibA>?* The field- ou(n g%as E_S'Egg_ o .ord f” aInC SF_ e or
H1(1,0,2), which were obtained from TICu

induced phase transition was also observed in Kguai
Figure 5 shows the phase diagram of {(TJ)K,)CuCk

H>H,~22 T®
g )
The magnetization exhibits a similar cusplike minimum in hormalized by they factor. We also plot the value of the gap

(Tl,_K,)CuCk for x=0.05 and 0.16. The cusplike magne- field Hg=A/gug at T=0 K, because 3D ordering is ex-
tization minimum in the present mixed systems is fairly Pected to occur afl=0 K when the energy gap vanishes. As
sharp, similar to the pure system. This is indicative of theseen from Fig. 5, the phase boundaries fdfib and
good homogeneity of the samples. We assign the temperatukel (1,0,2) coincide. This result indicates that the phase
with the minimum magnetization as the transition temperaboundary is independent of the external field direction when
ture Ty that increases with increasing magnetic field. Thenormalized by theg factor. This means that the magnetic
transition temperature fox=0.16 is lower than that fox anisotropy is negligible in (T ,K,)CuCk. The solid lines
=0.05 at the same magnetic field. The magnetization miniin Fig. 5 denote the curves fitted using the power lai2}
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FIG. 3. The low-temperature magnetization in TICy@hd (T} _,K,) CuCl for x=0.05 and 0.16 at various magnetic fields Fb.
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FIG. 5. The phase diagram in (Tl,K,)CuCk normalized by
] (M1, K)CuCl, o ;‘ the g factor. The solid lines denote the fitting with the power law.
Higo-2) 7 48 o:.:i' slope for the low-field region is negligible. The difference
MR o between the slopes is only nominally affected at potassium
E viaon- gl concentrationx<<0.3, which implies that the average of the
* Tied ™ interdimer interactions does not decrease withherefore, it
o o K00 is deduced that the decrease of the ordering temperature with
5 'y o x=0.08__| X is attributed to the exchange randomness due to the partial
o & x=0.16 K™ ion substitution.
’ 0 Nikuni et al?° demonstrated that the field-induced phase
transition in TICuC} can be described by the BEC of excited

4 ; triplets (magnons, i.e., the theory represents the phase tran-
sition as the formation of the coherent state of magnons. The
cusplike minimum of the magnetization, which corresponds
FIG. 4. The magnetic field versus temperature diagram fof® the magnon density, is typical of the BEC of dilute
(Tl;_,K,)CuCk with various concentrations for (a) H||b and (b) magnons**%*Since the magnetization in the present mixed
H1(1,0,2. systems (T|_,K,)CuCk exhibits a similar cusplike mini-
mum, the magnetic ordering may also be described by the

X[Hy(T) = Hy(0)]T? that describes the phase boundary Magnon BEC. From the viewpoint of the magnon BEC, we
in TICUC, with ¢:2.0~2.2.2°'23*24The values of the expo- discuss the decrease in the transition temperature with in-

nent¢ and the normalized gap fieldy(2)Hy(0)=(9/2)H,

(b) T(K)

are plotted in Fig. 6 as a function of the concentratiofihe 3.0 ' 6.0
exponente is almost independent of, ¢~2.3, while the (Tl K)CuCly
magnitude of the normalized gap f|eI.@/(2)Hg def:reases o8 55
gradually to a constanig(2)H,~5 T. Since there is a cer-
tain amount of error in determinirlgy, as mentioned above, 5
the value of¢ has also a certain amount of error. Wheis s 26 5 et KX
close to unity, the normalized gap field/@)H, may increase 5 ';’
steeply and reachg(2)Hy~23 T, which is the gap field for 3 =
KCUC|3.9 w 24 . 45 2

Figure 7 shows the phase diagram of ;(TK,)CuChk, . . *
where the magnetic field is measured from the gap tigjd 22T 4.0
The transition temperaturgy decreases monotonically with
increasing concentratiox, namely, the range of ordered .

i . 20 35

phase becomes narrower. In the pure system without ran 000 005 010 045 020 o025 030

domness, the temperature and field ranges of the ordered
phase are given by the interdimer interacti6h&. The dif-
ference between the slope of the magnetization curvédfor FIG. 6. The exponenp and the normalized gap fiel@2)H, in
>Hg and that for the low-field region belot#y are given by  (Tl,_K,)CuCk obtained by fitting the power law to the phase
the interdimer exchange interactions. In the pure system, thigoundary.

Concentration x
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4 = press the BEC of the magnons in the present system, such
(Tl KJCuCl, that the transition temperatuiig, decreases with increasing
X. However, we cannot have a quantitative argument on the
3l : i:g:gg decrease of the ordering temperature due to the randomness,
O x=0.08 because there is no quantitative theory on this problem, as far
= A x=0.18 as we know.
® : i:g:gg The superfluid-insulator transition in the boson system in
+ 2 / the presence of the random on-site potential has been dis-
& cussed theoreticalf??° In our magnetic system, the super-
2 fluid phase corresponds to the ordered phase in which the
1 magnons condense. In pure TICyClhe gapped phase for
H<H, corresponds to the insulating phase. Fistteal. ar-
gued that a new phasthye Bose glass phasean exist in the
é presence of randomness. The Bose glass phase is a phase in
0 | which bosons are localized, but there is no energy gap. It
0 1 2 3 4 5 would be very interesting if a new phase corresponding to
T(K) the Bose glass phase were observed. In order to confirm the

presence of such a phase, more low-temperature measure-

FIG. 7. The phase diagram of (Tl,K,) CuCkL, where the mag- ments are needed

netic field is measured from the gap fiett},.

. . . IV. CONCLUSION
creasing potassium concentration

Partial K" ion substitution for Tt ions produces random- By means of magnetization measurements, we have in-
ness in the exchange interactions betweef"Cions. The  vestigated the random bond effect in {T}K,)CuCk that is
magnitude of the randomness may increase with increasinga mixture of the three-dimensional coupled dimer systems
for small values oi. The chemical potentigh of the mag- TICuCl; and KCuC}. Due to bond randomness, the singlet
non is expressed by =gug(H—Hg) 20 where the gap en- ground state turns into the magnetic state with finite suscep-
ergy gugHg is given by the intradimer and interdimer ex- tibility, but the excitation gap remains. Fer 0.3, the mag-
change interactions. The intradimer exchange interaction wasitude of the gap fieldH, decreases gradually to a constant.
evaluated, through neutron inelastic scattering experimentghe field-induced magnetic ordering, which may be de-
to be J=5.7 meV for TICuC} (Refs. 10-12 and J scribed by the Bose condensation of magnons, was observed,
~4.3 meV for KCuC}.***%18 Since these two intradimer similar to TICuCh. The ordering temperature is suppressed
interactions are different, the partial"Kion substitution for by bond randomness. We suggest that this behavior can be
TI* ions produces the random on-site potential, of the  attributed to the localization effect due to randomness.
magnon, wherda denotes the number of dimer sites. The
random on-site potential acts to localize the magriénder-
son localization. The hopping amplitudg; and the intersite
interactionU;; are given by the interdimer exchange interac-  The authors would like to thank M. Oshikawa and T. Ni-
tions. Consequently, the partial'Kion substitution also pro- kuni for useful discussions. This work was supported by
duces randomness ity and Uj;;, which may also act to Toray Science Foundation and a Grant-in-Aid for Scientific
localize the magnon. In general, the localization effect preResearch on Priority Ared8) from the Ministry of Educa-
vents the bosons from forming the coherent state, i.e., théon, Culture, Sports, Science and Technology of Japan. A.O.
localization effect suppresses the BEC. Thus, we suggest thaias financially supported by the Japan Society for the Pro-
the localization effect due to the random bond acts to supmotion of Science for Young Scientists.
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