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Absence of static magnetic order in lightly-doped Ti1−xScxOCl down to 1.7 K
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Impurity-induced magnetic order has been observed in many quasi-1D systems including doped variants
of the spin-Peierls system CuGeO3. TiOCl is another quasi-1D quantum magnet with a spin-Peierls ground
state, and the magnetic Ti sites of this system can be doped with nonmagnetic Sc. To investigate the role of
nonmagnetic impurities in this system, we have performed both zero-field and longitudinal-field μSR experiments
on polycrystalline Ti1−xScxOCl samples with x = 0, 0.01, and 0.03. We verified that TiOCl has a nonmagnetic
ground state, and we found no evidence for spin freezing or magnetic ordering in the lightly-doped Sc samples
down to 1.7 K. Our results instead suggest that these systems remain nonmagnetic up to the x = 0.03 Sc doping
level.
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I. INTRODUCTION

Low-dimensional magnets are of current interest, due to
their possible relevance to high-temperature superconductivity
and their penchant for possessing exotic ground states.1–4 One
subgroup of these materials is the spin-Peierls (SP) systems,
which possess nonmagnetic spin-singlet ground states. These
materials consist of quasi-1D Heisenberg antiferromagnetic
chains that dimerize at low temperatures due to strong
magnetoelastic coupling. There are currently three known
inorganic SP systems: CuGeO3,5 TiOCl,6 and TiOBr.7 Organic
SP systems such as TTF-CuS4C4(CF3)4

8 and MEM-(TCNQ)2
9

were actually discovered first, but these are much more difficult
to study due to very low magnetic moment densities.

The quasi-1D magnet TiOCl consists of magnetic Ti3+
chains (spin S = 1

2 in 3d1 state) and undergoes successive
phase transitions at Tc2 = 94 K to an incommensurate SP
phase and at Tc1 = 66 K to the commensurate SP ground
state.10 The presence of two phase transitions is in contrast
to conventional SP systems, where only one transition is
observed. NMR10 and x-ray scattering measurements11–13 find
a uniform dimerization below Tc1 along the b axis, providing
evidence for commensurate SP behavior.

The nature of the incommensurate SP phase between
Tc1 and Tc2 is currently not well understood. Magnetic
susceptibility and NMR measurements provide evidence that
the upper transition is associated with the onset of dimerization
and the opening of a spin gap below Tc2.6,10 Recent x-ray
measurements have also found an incommensurate lattice
distortion along the a and b axes which is quite long ranged
(>2000 Å in each case).13 Finally, 35Cl NMR measurements
detect two peaks in the frequency spectrum corresponding to
the Iz = − 1

2 to 1
2 central transition. One of these peaks is well

defined but the other is much broader.14 These experiments
suggest that while there is dimerization in this incommensurate
phase, the Ti-Ti intradimer distance is not constant and

adjacent Ti chains have a small relative shift to one another
along the chain direction. This small relative shift vanishes
below Tc1, where the “lock-in” transition occurs. At this point,
all Ti chains are aligned with one another and the Ti-Ti
intradimer distance in a given chain is constant. Complicating
the picture further in the incommensurate phase regime are
recent x-ray measurements that have detected commensurate
fluctuations coexisting with incommensurate Bragg peaks.12

It has long been appreciated that substituting a small
amount of nonmagnetic impurities for the magnetic sites
can lead to long-range magnetic order in conventional SP
systems,15 and so doping studies of these materials have
been of great interest. In particular, it is possible to dope the
magnetic Cu sites in CuGeO3 with nonmagnetic Zn2+,5,16,18–21

Mg2+,20 or Cd2+,22,23 as well as magnetic Ni2+,16,20 Co2+,24

or Mn2+.16 Systems with Si4+16,18 doped in for Ge4+ have
also been created. These materials have generally revealed
phase diagrams with some common features, including the
loss of SP order at a critical doping concentration xc, a
“dimerized antiferromagnetic ground state” for the lightly-
doped compounds with x < xc, and a uniform antiferromag-
netic ground state for systems with x > xc.25 In addition, a
detailed study on the Cu1−xZnxGeO3 systems indicated the
presence of impurity-induced long-range magnetic order down
to the lowest doping concentration studied (x = 0.001).21 This
suggests the absence of a required critical doping concentration
to achieve magnetic order and is in agreement with theoretical
work.26

One exception to these properties was found in the case
of Cu1−xCdxGeO3, where long-range magnetic order was not
observed for x � 0.00222 and the universality class was found
to change upon doping from three-dimensional XY to mean
field.23 These features were suggested to be consequences of
local strain fields induced by the presence of larger dopant ions,
as the ionic radius of Cd2+ (0.97 Å) is much larger than that of
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Cu2+ (0.72 Å). For all other doped systems investigated, the
ionic radius of the dopant ion is either smaller or comparable
to that of the ion being replaced.

Although many detailed studies on doped CuGeO3 have
been performed, very little is currently known regarding how
dopants affect the unconventional SP ground state of TiOCl.
An early report on this topic discussed susceptibility results
of Ti1−xScxOCl.6 Note that substituting nonmagnetic Sc3+
for magnetic Ti3+ is essentially analogous to substituting
a nonmagnetic ion for Cu2+ in CuGeO3. In both cases,
the nonmagnetic ions should lead to the destruction of
some dimers and create quasifree spins. Accordingly, the
authors found that the susceptibility of the doped samples
was governed by very large Curie tails at low temperatures,
which they attributed to the dopants creating finite chains of
Heisenberg spin- 1

2 moments. Although no SP transition or
impurity-induced order was reported for the doped samples in
this study, additional measurements are needed to definitively
address these questions.

Lightly-doped Ti1−xScxOCl systems (x = 0.01 and 0.03)
were studied by x-ray scattering very recently27 in an attempt
to carefully address whether these systems were subject to a
SP transition. These measurements confirmed that Sc doping
prevents the formation of a long-range SP state down to
7 K even at the x = 0.01 doping level and instead detect
an incommensurate, short-range SP state for all temperatures
below Tc2.

The second issue of impurity-induced magnetic order can
be readily addressed by the local probe technique muon spin
relaxation (μSR). Due to the large gyromagnetic ratio of the
muon, μSR is an extremely sensitive probe of magnetism and
can readily detect internal magnetic fields as small as ∼0.1 G.
At TRIUMF, nearly 100% spin-polarized muons are implanted
into the sample one at a time. The muon spin precesses around
the local magnetic field and then the muon decays into a
positron, which is preferentially ejected along the direction
of the muon spin at the time of decay (two neutrinos are
also produced in the muon decay process but not detected).
The relaxation of the muons’ spin coherence is determined
by measuring the time evolution of the asymmetry of two
opposing positron detectors, and this depends sensitively on
the spatial distribution and dynamical fluctuations of the
muons’ magnetic environment. The μSR method is described
in more detail in Ref. 17, and previous μSR studies have
confirmed the presence of antiferromagnetic order in the series
of doped spin-Peierls compounds Cu1−xZnxGe1−ySiyO3 with
y as low as 0.007 and x as low as 0.021.18

We have performed both zero-field (ZF) and longitudinal-
field (LF) μSR in this work on lightly-doped samples of
Ti1−xScxOCl (x = 0, 0.01, and 0.03). In contrast to doped
CuGeO3, we find no evidence for magnetic order down to
1.7 K in any of the samples investigated. Our results instead
indicate that the ground state remains nonmagnetic at these
low doping levels.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of TiOCl, Ti0.99Sc0.01OCl, and
Ti0.97Sc0.03OCl were prepared using the chemical vapor
transport method and the Sc doping concentrations were

inferred from susceptibility measurements as described in
Ref. 6. We performed zero-field (ZF) μSR measurements
on these samples to verify the existence of a nonmagnetic
ground state in TiOCl and to search for any evidence of
magnetic ordering in the doped systems. We also performed
longitudinal-field (LF) μSR measurements so that the ob-
served relaxation could be attributed to a static or dynamic
mechanism. These measurements were conducted on the M20
surface muon channel at TRIUMF, using a helium gas flow
cryostat in the temperature range 1.7 K < T < 150 K with the
samples mounted in a low-background spectrometer.

III. DISCUSSION AND ANALYSIS

In systems with spin-singlet ground states, one expects
to observe a ZF-μSR signal characteristic of a nonmag-
netic state: Namely, the relaxation in the singlet regime
should be small. This is true for the inorganic SP system
CuGeO3.28 In TiOCl, previous ZF-μSR measurements showed
a small, gradual increase in the relaxation rate below Tc2,
and then a much sharper increase in the relaxation rate
below Tc1;29 our results presented in Fig. 1(a) are consistent
with those observations. However, unlike previous work29

we find no evidence that the relaxation rate saturates at low
temperatures.

One possible relaxation mechanism in TiOCl may be the
slowing down of a small concentration of quasifree spins that
are created from defects or impurities. A second contribution
may be the result of a muon-induced effect. If the muon site
lies near a Ti-Ti dimer, this may have the effect of perturbing
the local environment and creating quasifree spins in close
proximity to the muon. These quasifree spins can then slow
down and/or freeze, enhancing the relaxation rate at low
temperatures. This effect has been observed in other singlet
systems such as SrCu2(BO3)2

30 and KCuCl3.31 To take these
possible relaxation mechanisms into account in the present

FIG. 1. (Color online) ZF-μSR spectra of (a) TiOCl and
(b) Ti0.97Sc0.03OCl measured at selected temperatures. The solid lines
are fits to the functional form described in the text.
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FIG. 2. (Color online) ZF relaxation rates and β values of
Ti1−xScxOCl (x = 0, 0.01, and 0.03). Note that β was fixed to 1
above Tc2.

work, the ZF-μSR data for TiOCl was fitted to the following
function:

P (t) = A0e
−(λt)β , (1)

where A0 is the initial asymmetry of two opposing positron
counters, λ is the relaxation rate, and β is a phenomenological
power. Note that β was fixed to 1 above Tc2 to prevent this value
from trading off with the relaxation rate as often happens when
the latter value is small.

Some selected ZF-μSR spectra for Ti0.97Sc0.03OCl are
depicted in Fig. 1(b). The ZF-μSR spectra for Ti0.99Sc0.01OCl,
while not shown explicitly, are qualitatively similar to those
of the x = 0.03 sample. The absence of coherent muon
precession and the lack of missing asymmetry at early times
indicates there is no long-range magnetic order in either of the
doped materials. In light of this, the ZF-μSR data for these
samples were also fitted to Eq. (1).

The ZF relaxation rates and the β values for all three
systems are depicted in Fig. 2. Note that TiOCl is best
described by a root exponential relaxation function at the
base temperature of 1.7 K, as expected for a magnetically-
dilute system with rapidly fluctuating spins.32 This behavior
has also been observed in other singlet systems including
Y2BaNiO5

33 and Sr2Cu4O6.34 However, the power β increases
with the doping level at the lowest temperatures investigated.
One possible explanation for this behavior is that the effective
spin density is increasing in the Sc-doped cases much more
than one would expect on the basis of introducing a small
amount of extra impurities into the system. At these low
doping levels, the deviation from root exponential behavior
should be minimal assuming the physics of the ground state
has not changed. The large increase in β for the doped samples
may then indicate a large increase in the number of rapidly
fluctuating, quasifree spins as compared to the pure case. This
result is consistent with recent x-ray work that determined
that the long-range, commensurate SP state is replaced by a
short-range, incommensurate SP state for doping levels as low
as x = 0.01.27

FIG. 3. (Color online) LF-μSR spectra of (a) TiOCl and
(b) Ti0.97Sc0.03OCl for selected LF at 1.7 K. The solid lines are fits to
the functional form described in the text.

ZF-μSR relaxation can in general be the result of static
or dynamic processes. To distinguish these two cases one
needs to employ LF-μSR measurements. If the ZF relaxation
were the result of quasistatic magnetic fields, the relaxation
would be decoupled in the presence of a moderate applied
longitudinal magnetic field, whereas dynamic (T1) relaxation
would persist to much larger applied fields. Figure 3 shows
LF-μSR data for both TiOCl and Ti0.97Sc0.03OCl collected at
1.7 K. Assuming a static field distribution to account for the
ZF relaxation, we obtain an estimate for the magnitude of the
average internal field with the relation: Bloc ∼ λ/γμ where γμ

is the muon gyromagnetic ratio. In the cases of TiOCl and
Ti0.97Sc0.03OCl, following this procedure leads to static field
estimates of ∼2.5 and 1 G, respectively. An applied LF of
up to one order of magnitude greater should then be enough
to completely decouple the ZF spectra. However, both TiOCl
and Ti0.97Sc0.03OCl exhibit significant relaxation even with an
applied LF of 500 G, and therefore the observed ZF relaxation
must be dynamic in origin. This rules out spin freezing in
these systems, especially when coupled with the lack of a
characteristic peak in the ZF relaxation vs temperature plots.

Furthermore, although the increase in β can also be
explained by the spin fluctuations of the systems slowing down
with increasing x, the LF-μSR measurements rule out this
possibility. The increased difficulty in completely decoupling
the ZF relaxation (i.e., applying a large enough LF so the
relaxation of the asymmetry effectively becomes zero) for
the doped samples is quite evident. This was quantitatively
characterized by fitting the LF data to Eq. (1); β was fixed to
the ZF value for each sample. Figure 4 displays the resulting
relaxation rates as a function of applied LF. There is some
residual relaxation remaining even for the highest applied
LFs in the doped samples, possibly indicating that the spin
fluctuations are actually getting faster with increasing x instead
and suggesting that the doped samples remain in the fast
fluctuation regime. The decrease in the relaxation rate of the
doped samples as compared to the pure case may then be a
consequence of a motional narrowing effect.
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FIG. 4. (Color online) Relaxation rate as a function of applied LF
for Ti1−xScxOCl (x = 0, 0.01, and 0.03) at T = 1.7 K.

Combined μSR, susceptibility,6 and x-ray diffraction27

results have now determined that the Ti1−xScxOCl and
doped CuGeO3 phase diagrams are drastically different. A
commensurate, long-range SP state gives way to an incom-
mensurate, short-range SP state at x � 0.01, although it is
currently unknown whether there is a critical concentration
for this phenomenon. This feature is accompanied by the
absence of magnetic order for x � 0.03, in contrast to doped
CuGeO3 where impurity-induced magnetic order generally
seems to persist down to very low doping concentrations.
This “magnetic order by disorder perturbation” effect has
actually been proposed as a universal feature of quasi-1D spin
gap systems, as impurity-induced order was also observed in
the two-leg ladder system SrCu2−xZnxO3,35 the spin dimer
system Pb2−x(Bi, Sr)xV3O9,36 and the Haldane gap system
PbNi2−xMgxV2O8.37 Significant interchain coupling is an
essential requirement for this magnetic order; the uncompen-
sated spins resulting from doping need to be coupled in 3D

space. However, the interchain interaction in TiOCl leads to
frustration38 and it has been suggested that it is responsible
for the unconventional SP behavior found in this system. The
frustrating interchain interaction may prevent the formation of
antiferromagnetic long-range order upon doping TiOCl with
nonmagnetic Sc3+.

One other possible reason for the absence of magnetic order
in lightly-doped Ti1−xScxOCl stems from the effects of dopant
size. The ionic radius of Sc3+ (0.745 Å) is significantly larger
than that of Ti3+ (0.67 Å), and this size difference may lead
to local strain and lattice distortions that prevent the formation
of a magnetically-ordered state. This was previously found in
Cu1−xCdxGeO3,23 where the dopant ion is also much larger
than the host. For this reason, further studies on TiOCl using
smaller dopant ions are necessary to help determine whether
impurity-induced order is a universal feature of SP compounds.

IV. CONCLUSION

ZF- and LF-μSR measurements have verified that the
ground state of TiOCl is nonmagnetic and reveal the absence of
magnetic ordering and spin freezing in Ti1−xScxOCl (x = 0.01
and 0.03) down to 1.7 K. The latter result is in sharp contrast
to the impurity-induced antiferromagnetic order observed in
the other inorganic spin-Peierls system CuGeO3 and many
other quasi-1D spin gap systems. The difference may be due
to the frustrating interchain interaction of TiOCl or the use
of a dopant ion with a significantly larger ionic radius than
the host.
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