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Neutron scattering study of magnetic ordering and excitations in the doped
spin-gap system Tl„Cu1ÀxMgx…Cl3
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Neutron elastic and inelastic scattering measurements have been performed in order to investigate the spin
structure and the magnetic excitations in the impurity-induced antiferromagnetic ordered phase of the doped
spin gap system Tl(Cu12xMgx)Cl3 with x50.03. The magnetic Bragg reflections indicative of the ordering
were observed atQ5(h,0,l ) with integerh and oddl below TN53.45 K. It was found that the spin structure
of the impurity-induced antiferromagnetic ordered phase on average in Tl(Cu12xMgx)Cl3 with x50.03 is the
same as that of the field-induced magnetic ordered phase forHib in the parent compound TlCuCl3. The triplet
magnetic excitation was clearly observed in thea* -c* plane and the dispersion relations of the triplet excita-
tion were determined along four different directions. The lowest triplet excitation corresponding to the spin gap
was observed atQ5(h,0,l ) with integerh and oddl, as observed in TlCuCl3. It was also found that the spin
gap increases steeply belowTN upon decreasing temperature. This strongly indicates that the impurity-induced
antiferromagnetic ordering coexists with the spin gap state in Tl(Cu12xMgx)Cl3 with x50.03.

DOI: 10.1103/PhysRevB.67.184424 PACS number~s!: 75.10.Jm, 75.25.1z, 75.30.Et, 75.40.Gb
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I. INTRODUCTION

Recently, the magnetic ordering induced by exter
field or impurity ions in spin gap systems attracted mu
interest and thus led to a large number of vivid expe
mental and theoretical investigations. When a strong m
netic field, which is higher than the gap fieldHg correspond-
ing to the energy gapD5gmBHg , is applied in a spin gap
system, the energy gap vanishes, and the system
undergo the field-induced magnetic ordering with the h
of the three-dimensional interactions. Such field-induc
magnetic ordering was observed in many spin g
systems Cu2(C5H12N2)2Cl4,1–3 Ni(C5H14N2)2N3(ClO4),4

Ni(C5H14N2)2N3(PF6),5 Cu(NO3)2•2.5H2O,6,7

(CH3)2CHNH3CuCl3,8 (C4H12N2)Cu2Cl6
9 and KCuCl3.10

On the other hand, when nonmagnetic ions are substit
for magnetic ions in a spin gap system, the singlet grou
state is disturbed so that staggered moments are ind
around the impurities. If the induced moments inter
through effective exchange interactions, which are media
by intermediate singlet spins, three-dimensional~3D!
long-range order can arise. Such impurity-induc
antiferromagnetic ordering was also observed in some
gap systems (Cu12xZnx)GeO3,11 (Cu12xMgx)GeO3,12

Sr(Cu12xZnx)2O3
13 and Pb(Ni12xMgx)2V2O8.14 Magnetic

ordering due to pinning of lattice dimerization by dop
nonmagnetic impurities was also observed
Cu(Ge12xSix)O3.15 In (Cu12xZnx)GeO3 and
Cu(Ge12xSix)O3 with low x, the coexistence of lattice
dimerization, associated with the spin gap, and the orde
has been observed in neutron scattering experiments.15,16The
site-impurity effect on spin gap systems has been arg
theoretically by many authors,17–20and impurity-induced an-
tiferromagnetic ordering has been demonstrated. Yet th
has been no system studied so far, which undergoes bot
0163-1829/2003/67~18!/184424~8!/$20.00 67 1844
l
h
-
g-

an
p
d
p

ed
d
ed
t
d

d
in

g

d

re
the

field and impurity induced magnetic ordering.
This paper is concerned with the impurity-induced an

ferromagnetic ordering in the Mg-doped spin gap syst
Tl(Cu12xMgx)Cl3 where the parent compound TlCuCl3 is
known to undergo the field-induced magnetic ordering a
has been extensively studied by author’s group. The pa
compound TlCuCl3 has the monoclinic structure~space
groupP21 /c).21 The crystal structure is composed of plan
dimers of Cu2Cl6, in which Cu21 ions have spin-12 . The
dimers are stacked on top of one another to form infin
double chains parallel to the crystallographica axis. These
double chains are located at the corners and center of the
cell in theb-c plane, and are separated by Tl1 ions.

The magnetic ground state of TlCuCl3 is the spin singlet21

with the excitation gapD57.7 K .22,23 From the results of
analyses of the dispersion relations obtained by neutron
elastic scattering, it was found that the origin of the spin g
in TlCuCl3 is the strong antiferromagnetic interaction in th
chemical dimer Cu2Cl6, and that the neighboring dimer
couple via the strong three-dimensional interdimer inter
tions along the double chain and in the (1,0,22) plane, in
which the hole orbitals of Cu21 spread.24–26 Using the clus-
ter series expansion, the intradimer and the important in
vidual interdimer exchange interactions were obtained.24 The
notation of the exchange interactions is given in Fig. 1. T
main intradimer interaction is denoted asJ, and then the
exchange interaction per bond between spins in dimers s
rated by a lattice vectorla1mb1nc is denoted as the ex
change energyJlmn for pairs of spins at equivalent position
in their respective dimer and asJlmn8 for spins at inequivalent
positions.

The field-induced magnetic ordering, as mentioned abo
was observed in TlCuCl3.23,27,28In the ordering of TlCuCl3,
two remarkable features have been found. One of them
that the magnetization has the cusplike minimum at the tr
©2003 The American Physical Society24-1
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sition temperatureTN . Another is that the phase bounda
between the paramagnetic phase and the ordered phas
be described by the power law. These features canno
explained by the mean-field approach from the r
space.29,30 Nikuni et al.31 suggested that the field-induce
magnetic ordering in TlCuCl3 can be represented as a Bos
Einstein condensation~BEC! of excited triplets~magnons!,
and then the above two features were qualitatively well
scribed by the magnon BEC theory based on the Hart
Fock ~HF! approximation.

If the magnons undergo BEC at ordering vectorQ0 for
H.Hg , then the transverse spin components have lo
range order, which is characterized by the same wave ve
Q0. The transverse magnetic ordering predicted by
theory29–31 was confirmed by the neutron elastic scatter
experiments in magnetic fields.28 The obtained spin structur
of field-induced ordered phase forHib in TlCuCl3 is shown
in Fig. 1. The directions of spins are in thea-c plane which
is perpendicular to the applied field. Spins on the sa
dimers represented by thick lines in Fig. 1 are antipara
Spins are arranged in parallel along a leg in the double ch
and make an angle ofa with the a axis. The spins on the
same legs in the double chains located at the corner and
center of the unit cell in theb-c plane are antiparallel. This
structure is consistent with the sign of the intradimer and
individual interdimer exchange interactions obtained by
neutron inelastic scattering measurements.24 Comparing to
the magnetic Bragg intensities, the anglea was estimated as
39°.

More recently, we performed the magnetization measu
ments in the title compound Tl(Cu12xMgx)Cl3, and ob-

FIG. 1. The exchange interactions and the spin structure
served in the field-induced ordered phase of TlCuCl3 for Hib and
the impurity-induced ordered phase of Tl(Cu0.97Mg0.03)Cl3. The
double chain located at the corner and the center of the chem
unit cell in theb-c plane are represented by solid and dashed lin
respectively. The shaded area is the chemical unit cell in thea-c
plane. The anglea between the spins and thea-axis in each phase
is expressed in the text.
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served the impurity-induced antiferromagnetic ordering,
mentioned above.32 It was also confirmed that the easy ax
of the magnetic moments lies in the (0,1,0) plane at an an
of 38° to thea axis. The easy axis (a538°) is almost the
same as the spin direction (a539°) in the field-induced or-
dered phase for the parent compound TlCuCl3.

Experimental studies of impurity-induced antiferroma
netic ordering have been performed only on quasi-1D s
tems to date. Therefore, for comprehensive understandin
impurity-induced antiferromagnetic ordering, it may be ne
essary to study the ordering on 3D spin gap systems. Als
is interesting to investigate the relation between the fie
induced magnetic ordering and the impurity-induced antif
romagnetic ordering because there is no system so far s
ied that undergoes both of the orderings except TlCuCl3 to
our best knowledge. With these motivations, we perform
the neutron elastic and inelastic scattering measuremen
Tl(Cu0.97Mg0.03)Cl3 in order to investigate the spin structu
and the magnetic excitations in the impurity-induced antif
romagnetic ordered phase of Tl(Cu12xMgx)Cl3.

II. EXPERIMENTAL DETAILS

The preparation of the single crystal of Tl(Cu12xMgx)Cl3
has been reported in Ref. 32. Neutron elastic and inela
scattering measurements were performed using the JAE
TAS1 and JAERI-LTAS, which are thermal and cold neutr
spectrometers respectively, installed at JRR-3M, in Tok
For the elastic scattering, the constant-k i mode was taken
with a fixed incident neutron energyEi of 14.7 meV and
collimations were set as open-408-808-808 on JAERI-TAS1.
For the inelastic scattering, the constant-k f mode was taken
with a fixed final neutron energyEf of 14.7 meV and colli-
mations were set as open-808-808-808 on JAERI-TAS1. In
order to investigate the low energy excitation with the high
energy resolution, the inelastic scattering, in which t
constant-k f mode was taken with a fixed final neutron ener
Ef of 5.0 meV and collimations were set as 248-808-808-808,
were also carried out on JAERI-LTAS. A pyrolytic graphi
filter was placed to suppress the higher order contaminati
We used a sample with a volume of approximately 1 cm3.
The sample was mounted in an ILL-type orange cryos
with its a* andc* axes in the scattering plane. The crysta
lographic parameters were determined asa* 51.6139 1/Å,
c* 50.71554 1/Å, and cosb*50.0956 at helium tempera
tures.

III. RESULTS AND DISCUSSIONS

A. Spin structure

The inset of Fig. 2 shows theu-2u scans forQ5(1,0,
23) reflection measured atT51.4 and 4.2 K in
Tl(Cu0.97Mg0.03)Cl3. Figure 2 depicts the intensity differenc
I (T51.4 K)2I (T54.2 K) of these scans. A resolution lim
ited additional intensity at low temperature can be clea
seen. Figure 3 shows the temperature dependence of the
intensity atQ5(1,0,23). The rapid increase of the intensit
belowTN53.45 K is observed. This transition temperature
in agreement with the phase diagram of this doped sam
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NEUTRON SCATTERING STUDY OF MAGNETIC . . . PHYSICAL REVIEW B 67, 184424 ~2003!
obtained from the magnetization measurements.32 We thus
infer that the additional intensity at lowT is of magnetic
origin. These magnetic intensities at low temperature are
served atQ5(h,0,l ) for integerh and oddl in the doped
sample. These reciprocal points are the same as thos
which the magnetic Bragg peaks indicative of the fie

FIG. 2. The intensity differenceI (T51.4 K)2I (T54.2 K) of
the u22u scans for Q5(1,0,23) reflection in
Tl(Cu0.97Mg0.03)Cl3. The inset shows theu-2u scans forQ5(1,0,
23) reflection measured at T51.4 and 4.2 K in
Tl(Cu0.97Mg0.03)Cl3. The horizontal bar indicates the calculated i
strumental resolution widths.

FIG. 3. Temperature dependence of the magnetic Bragg p
intensity for Q5(1,0,23) reflection in Tl(Cu0.97Mg0.03)Cl3. The
square of the effective magnetic moment averaged per site^meff&

2 is
shown on the right abscissa.
18442
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induced transverse Ne´el ordering were observed in TlCuCl3.
In order to determine the spin structure of the impuri
induced antiferromagnetic ordered phase
Tl(Cu0.97Mg0.03)Cl3, we measured the integrated intensiti
of nine Bragg reflections atT51.4 and 4.2 K. The integrated
intensities of the magnetic Bragg reflections were obtain
by fitting the difference of the observed intensities atT
51.4 and 4.2 K using a Gaussian function, as shown in F
2. The results are summalized in Table I. The magne
Bragg reflections are resolution limited~e.g., see Fig. 2! and
correspond to a correlation length greater than 150 Å. T
indicates that the ordering is of a long range nature. T
intensities of nuclear Bragg reflections were also measure
Q5(h,0,l ) with evenl in order to estimate the magnitude o
the effective magnetic moment averaged per site. Beca
the parent compound TlCuCl3 belongs to the space grou
P21 /c, nuclear peaks are expected only atQ5(h,0,l ) with
evenl. However, as shown in the inset of Fig. 2, the nucle
peaks, though weak, were observed also for oddl at T
54.2 K. In the pure TlCuCl3, very weak nuclear peaks hav
been observed for oddl ~Ref. 28! which may be attributed to
the impurity induced small distortion lowering the local sym
metry. The intensities of the oddl nuclear peaks observed i
the doped compound Tl(Cu0.97Mg0.03)Cl3 was larger than
those observed in the pure TlCuCl3, but still smaller than the
allowed evenl peaks in Tl(Cu0.97Mg0.03)Cl3. We checked
that the allowed nuclear Bragg intensities in the present m
surements are consistent with the nuclear structure fa
evaluated from the crystal structure of TlCuCl3 for the weak
reflection, in which the extinction effect is almost ineffectiv
As shown in Ref. 32, it is also confirmed that the magne
susceptibilities of this doped sample behave the same
TlCuCl3 aboveT57 K, indicating the absence of any stru
tural phase transition. We therefore infer that the nucl
peaks observed at oddl are due to the local disturbance o
lattice caused by the Mg doping. One possible reason
such a local disturbance could be caused, for instance, by
difference between the Jahn-Teller~JT! distorted CuCl6 oc-
tahedra and non JT active ion containing MgCl6 octahedra,
so that the extinction law for oddl could be locally broken.

ak

TABLE I. Integrated intensities of the magnetic Bragg refle
tions atT51.4 K in Tl(Cu0.97Mg0.03)Cl3. The intensities are nor-
malized to the (0,0,1)M reflection.R is the reliability factor given
by R5(h,k,l uI cal2I obsu/(h,k,l I obs.

(h,k,l ) I obs I cal

(0,0,1)M 160.021 1
(0,0,3)M 0.00660.001 0.014
(0,0,5)M 0.05860.010 0.106
(1,0,1)M 0.03960.011 0.002
(1,0,21)M 0.05960.002 0.100
(1,0,3)M 0.02460.007 0.033
(1,0,23)M 0.35260.006 0.332
(2,0,1)M 0.01760.005 0.007
(2,0,21)M 0.06560.013 0.075
R 0.11
4-3
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FIG. 4. Profiles of the constant-Q energy scans in Tl(Cu0.97Mg0.03)Cl3 for Q along ~a! (h,0,2h11) and ~b! (h,0,22h11.4) with 0
<h<0.5. The solid lines are fits using a Gaussian function. The horizontal bars indicate the calculated instrumental resolution w
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Although more detailed information of the observed refle
tions at oddl can be obtained by powder diffraction measu
ments at low temperature, we believe that the magnetic
sults presented here will be not affected. To refine
magnetic structure, we therefore used the atomic coordin
of TlCuCl3 ~Ref. 28! and the nuclear scattering lengthsbTl
50.878, bCu50.772, and bCl50.958 in the unit of
10212 cm.33 The magnetic form factors of Cu21 were taken
from Ref. 34. The extinction effect was evaluated by co
paring observed and calculated intensities for various nuc
Bragg reflections.

Because the magnetic Bragg reflections were observe
Q5(h,0,l ) with integerh and oddl, the antiferromagnetic
ordering as shown in Fig. 1 is expected. As mentioned
Introduction, it is suggested that the spin lies in thea-c plane
from the magnetization measurements.32 Hence the free pa
rameters in this calculation are onlya andC, which are the
angle between the spins and thea axis, and the scale facto
respectively. The calculated intensities of the best fit w
a534.0°64.7° are indicated in Table I and the overa
agreement can be considered as being satisfactory. The
tained anglea is consistent with the magnetization measu
ments of Tl(Cu12xMgx)Cl3, and is, with in error bars, the
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same as that in the spin structure of the field-induced orde
phase of TlCuCl3 for Hib. Hence we conclude that the sp
structure of the impurity-induced antiferromagnetic order
phase on average in Tl(Cu0.97Mg0.03)Cl3 is the same as tha
of the field-induced magnetic ordered phase forHib in the
parent compound TlCuCl3 ~‘‘on average’’ means that the
magnitude of the ordered moments in the impurity-induc
antiferromagnetic ordered phase may be not uniform!.

Comparing magnetic peak intensities with those
nuclear reflections, the magnitude of the effective magn
moment averaged per site atT51.4 K was evaluated as
^meff&5gmB^Seff&50.12(1) mB . On the right abscissa o
Fig. 3, we shoŵ meff&

2. This value is much smaller than
mB , which is the full moment of Cu21, and close to that in
the impurity-induced ordered phase observed in the o
doped-Cu21 compounds (Cu12xZnx)GeO3 ~Refs. 16,35! and
(Cu12xMgx)GeO3.36 As shown in Fig. 3, no pronounced dif
fuse scattering can be seen, and the increase of the mag
peak intensity is almost linear in the vicinity ofTN .

B. Magnetic excitations

Constant-Q energy scan profiles were measured alo
(h,0,1), (0,0,l ), (h,0,2h11), and (h,0,22h11.4) with 0
4-4
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FIG. 5. Dispersion relationsv(Q) in Tl(Cu0.97Mg0.03)Cl3 for Q along~a! (h,0,2h11), ~b! (h,0,22h11.4), ~c! (h,0,1), and~d! (0,0,l )
with 0<h<0.5 and 1< l<2 atT51.5 K. Solid lines are the dispersion curves calculated by RPA approximation using Eq.~1!. Dashed lines
are the dispersion curves of the triplet excitation in the parent compound TlCuCl3 ~Ref. 24!.
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<h<0.5 and 1< l<2 at T51.5 K, which is lower than the
Néel temperatureTN53.45 K in Tl(Cu0.97Mg0.03)Cl3. Figure
4 shows the representative scan profiles forQ5(h,0,2h
11) and (h,0,22h11.4), in which the magnetic excitatio
is most dispersive and less dispersive, respectively. A w
defined single excitation can be observed in almost all sc
The scan profiles were fitted with a Gaussian function
evaluate the excitation energy, as shown by the solid line
Fig. 4. The obtained scan profiles in Tl(Cu0.97Mg0.03)Cl3
were almost the same as those obtained in the parent c
pound TlCuCl3,24–26and we confirmed that the origin of th
observed excitation is magnetic from the temperature dep
dence. Hence we can expect that the observed excitatio
18442
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the triplet magnetic excitation in the impurity-induced o
dered state. The dispersion relationv(Q) of the excitation
obtained for thea* -c* scattering plane atT51.5 K is sum-
marized in Fig. 5. The dispersion curves of the triplet ex
tation in the parent compound TlCuCl3 ~Refs. 24–26! is also
depicted in Fig. 5 by the dashed lines. As shown in Fig.
there is not much difference between the dispersion relat
of Tl(Cu0.97Mg0.03)Cl3 and those of TlCuCl3, except in the
vicinity of Q5(0,0,1). Based on the present results, it
evident that the periodicity of the triplet excitation i
Tl(Cu0.97Mg0.03)Cl3 is the same as that of the nuclear rec
rocal lattice along thea* axis, but doubled along thec* axis,
as observed in TlCuCl3.24–26 Hence, it is deduced that th
4-5
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lowest triplet excitation, corresponding to the spin gap,
curs atQ5(h,0,l ) with integer h and oddl in the a* -c*
plane. Figure 6 shows the constant-Q energy scan profiles in
Tl(Cu0.97Mg0.03)Cl3 for Q5(0,0,1) at various temperature
A well-defined single excitation was also observed at all te
peratures. Hence it is confirmed that the spin gap rem
even in the impurity-induced ordered phase. Because the
citation was also observed atT55.2 K, which is higher than
TN , the excitation is not spin-wave excitation by the antif
romagnetic ordering, but the triplet excitation from th
ground state. The horizontal bars in Fig. 6 denote the ca
lated instrumental resolution widths. The broadening of
spectra can be seen. Far fromQ5(0,0,1), it was confirmed
that almost all triplet excitations have widths equal to t
resolution limit, though studied with coarser resolution. Su
behaviors were also reported in (Cu12xZnx)GeO3 ~Ref. 16!
and Cu(Ge12xSix)O3.38 The solid lines in Fig. 6 are fits to

FIG. 6. Constant-Q energy scan profiles in Tl(Cu0.97Mg0.03)Cl3
at Q5(0,0,1) for various temperatures. The solid lines are fits
the dispersion relations, as shown in Fig. 5, convoluted with
instrumental resolution. The horizontal error bar indicates the
culated instrumental resolution widths. Dashed lines denote
background with the Bragg reflection atQ5(0,0,1).
18442
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the dispersion relations convoluted with the instrumen
resolution. A Lorentzian function for the magnetic excitatio
is used. The free parameters areI, G, andE(0,0,1), which are
the integrated intensity, the Lorentzian width and the s
gap, respectively. The shape of the dispersion relation in
vicinity of Q5(0,0,1) was fixed to that obtained from th
RPA approximation~see below!. The temperature depen
dence of the energy of the triplet excitation atQ5(0,0,1) is
shown in Fig. 7. The rapid increase of the excitation ene
can be clearly seen belowTN53.45 K. The triplet excitation
depends on temperature due to the temperature depend
of the occupation difference between the singlet and trip
states.37 However, the increase of temperature causes to
ten the dispersion relation due to the suppression of the
terdimer correlations by the decrease of the occupation
ference, namely the energy of the lowest excitati
corresponding to the spin gap should rather decrease u
decreasing temperature. Hence, we can expect that the
increase of the spin gap is caused by the impurity-indu
antiferromagnetic ordering and can conclude that
impurity-induced antiferromagnetic ordering coexists w
the spin gap in Tl(Cu0.97Mg0.03)Cl3. The energy of the low-
est excitation isE51.3 meV atT55.2 K, which is higher
than TN , and is a little larger than that of 0.65–0.8 me
estimated for the pure TlCuCl3.24–26 This indicates that the
spin gap is also enhanced by the Mg doping, irrespective
the ordering. The temperature dependence ofG is also shown
in inset of Fig. 7. No significant variation ofG can be seen.

We fit the obtained dispersion relations, as shown in F
5, by the following equation obtained from the RPA appro
mation, which is applied to the parent compou
TlCuCl3:24–26

v6~Q!5AJ212Jdv6~Q!, ~1!

o
e
l-
e

FIG. 7. Temperature dependence of the energy of the magn
excitation atQ5(0,0,1). The inset shows the temperature dep
dence of the Lorentzian widthG.
4-6
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where

dv6~Q!5@J(100)
eff cos~2ph!1J(200)

eff cos~4ph!

1J(201)
eff cos$2p~2h1 l !%#62FJ(1

1
2

1
2)

eff
cos$p~2h

1 l !%cos~pk!1J
(0

1
2

1
2)

eff
cos~pk!cos~p l !G . ~2!

In the equations,J denotes the main intradimer exchan
interaction andJ( lmn)

eff denote the effective interactions b
tween dimers separated by a lattice vectorla1mb1nc and
are expressed as

J(100)
eff 5

1

2
~2J(100)2J(100)8 !,

J(200)
eff 5

1

2
~2J(200)2J(200)8 !,

J
(1

1
2

1
2 )

eff
5

1

2
~J(1

1
2

1
2)2J

(1
1
2

1
2 )

8 !,

J
(0

1
2

1
2 )

eff
5

1

2
~J(0

1
2

1
2 )2J

(0
1
2

1
2 )

8 !,

J(201)
eff 52

1

2
J(201)8 , ~3!

whereJlmn andJlmn8 are shown in Fig. 1. Under the prese
experimental condition, i.e.,Q in the a* -c* plane, the
v1(Q) branch gives the only nonvanishing contributio
The solid lines in Fig. 5 indicate the calculated results w
the exchange parameters, as shown in Table II. The exp
mental dispersion curves can be reproduced well by the
ting. Compared to the parent compound TlCuCl3, the mag-
nitude of the intradimer interactionJ becomes slightly larger
while that of the important effective interdimer interactio
J(100)

eff , J(11/21/2)
eff , andJ(201)

eff become slightly smaller.
Because the impurity-induced antiferromagnetic order

occurs, we can expect that the antiferromagnetic spin-w
excitation is observed together with the triplet excitatio
as observed in (Cu12xZnx)GeO3 ~Ref. 16! and
Cu(Ge12xSix)O3.38 However, no antiferromagnetic spin
wave excitation emerging from the antiferromagnetic zo
center could be observed in the present neutron scatte

TABLE II. The intradimer interactionJ and the effective inter-
dimer interactions J( lmn)

eff in TlCuCl3 ~Ref. 24! and
Tl(Cu0.97Mg0.03)Cl3. All energies are in units of meV.

TlCuCl3 ~Ref. 24! Tl(Cu0.97Mg0.03)Cl3

J 5.68 5.74
J(100)

eff 20.46 20.41
J(200)

eff 0.05 20.03

J
(1

1
2

1
2 )

eff 0.49 0.46

J
(0

1
2

1
2 )

eff 20.06 20.03

J(201)
eff 21.53 21.41
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experiments though the antiferromagnetic resonance
been observed in this system by the ESR measurements39 In
both (Cu12xZnx)GeO3 ~Ref. 16! and Cu(Ge12xSix)O3,38 it
was reported that the energy of the antiferromagnetic s
wave excitation is very small compared with that of the tr
let excitation and that the line width broadens rapidly w
increasingq, which is distance from the antiferromagnet
zone center in reciprocal space. Hence it may be that
could not observe the low energy spin-wave excitation due
the large incoherent scattering by the chlorine near the z
centerQ5(0,0,1) and due to the rapid broadening of t
spectra far fromQ5(0,0,1).

The present measurements were performed in zero m
netic field. We plan to perform the neutron scattering m
surements for Tl(Cu12xMgx)Cl3 in a magnetic field. Espe
cially, when a magnetic field higher than the gap fieldHg is
applied at the temperature lower thanTN , the spin gap be-
tween the ground state, in which the impurity-induced an
ferromagnetic ordering occurs, and one of the triplet exci
states vanishes due to the Zeeman interaction, and the
additional phase transition may occur, similar to the fie
induced magnetic ordering in the parent compound TlCuC3.

IV. CONCLUSION

We have presented the results of neutron elastic and
elastic scattering on the doped spin gap syst
Tl(Cu12xMgx)Cl3 with x50.03. The magnetic Bragg reflec
tions indicative of the impurity-induced antiferromagne
ordering was observed atQ5(h,0,l ) with integerh and odd
l below TN53.45 K. The spin structure in the impurity
induced ordered phase was determined, as shown in Fi
with a534.0°64.7°. It was found that the spin structure
the impurity-induced antiferromagnetic ordered phase on
erage in Tl(Cu0.97Mg0.03)Cl3 is the same as that of the field
induced magnetic ordered phase forHib in the parent com-
pound TlCuCl3. The triplet magnetic excitation was clear
observed in thea* -c* plane. The dispersion relations of th
triplet excitation were determined, as shown in Fig. 5. T
main intradimer interaction and the effective interdimer
teractions were obtained, as shown in Table II, using the R
approximation. The lowest triplet excitation corresponding
the spin gap was also observed atQ5(h,0,l ) with integerh
and oddl, as observed in TlCuCl3. We found the rapid in-
crease of the spin gap belowTN upon decreasing tempera
ture. This indicates that the impurity-induced antiferroma
netic ordering coexists with the spin gap
Tl(Cu0.97Mg0.03)Cl3. No antiferromagnetic spin-wave excita
tion could be observed.
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