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Zero- and longitudinal-field muon spin relaxation (ZF- and LF-uSR) measurements were carried out in
pressures up to 2 kbar in impurity-doped T1Cuy 9g5sMg( 915Cl3 of which the magnetic phase-transition tempera-
ture under ambient pressure in zero field is 2.85 K. The spontaneous muon spin precession, which indicates the
existence of a long-range coherent order, is observed above 0.5 kbar at 2.3 K. In ambient pressure, the
existence of the static internal magnetic field is confirmed by LF-uSR measurements, however, no rotational
signal is observed down to 0.29 K. These results indicate that the crossover reported by [Imamura er al. [Phys.
Rev. B 74, 064423 (2006)] is the continuous change from a short-range order to a long-range coherent order.
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I. INTRODUCTION

Over the last two decades, curious and unconventional
magnetic orderings induced by applying magnetic field, im-
purity doping, and pressure in spin-gap systems have been
reported by many groups,'™ and are still attracting much
interest in the field of magnetism from the view point of
disturbance effects for the spin gap in quantum-spin systems.
For the systematic investigation into disturbance effects for
gapped quantum-spin systems, there is an advantage if more
than one kind of induced magnetic orderings appear in the
same gapped system. In TICuCl; system, all of those mag-
netic orderings, which are magnetic field, impurity- and
pressure-induced orderings, are reported, and this system is a
good candidate for the investigation of relations between
those induced ordered states.

TI1CuCl;, which is the parent material of the subject com-
pound in this study, has the monoclinic structure (space
group P2,/c), and this crystal structure is composed of pla-
nar dimers of Cu,Cls.5 Magnetically, this material is three-
dimensionally coupled Cu-3d S=1/2 spin dimer system, and
the magnetic ground state is spin singlet with excitation gap
of Agp,=7.5 K, which originates from strong intradimer an-
tiferromagnetic interaction.” In this system, field-induced
magnetic ordering has been investigated extensively and the
obtained results are qualitatively well described by the mag-
non Bose-Einstein condensation theory.?~!° Pressure-induced
magnetic ordering has also been reported in TICuCly.'=13 It
is reported that the critical pressure P, is 0.42 kbar and that
the pressure-induced ordered state is an antiferromagneti-
cally ordered state of which the magnetic structure is the
same as in the field-induced phase.

In the impurity-doped T1(Cu,_,Mg,)Cl; system, the mag-
netic phase transition to an ordered state is observed by mag-
netization and specific-heat measurements and neutron
elastic-scattering measurements identified that this impurity-
induced ordered state is the antiferromagnetically ordered
state of which the magnetic structure is the same with the
case of the field-induced phase in TICuCl;.'"%!5 The inelastic
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neutron-scattering measurement revealed that a finite spin
gap still remains below the transition temperature in
TI(Cu,_,Mg,)Cl;.'% Recently, Imamura et al. reported the
pressure-induced magnetically ordered phase by magnetiza-
tion measurements in T1(Cu;_Mg,)Cl; with x=0.012 and
concluded that the change from the impurity-induced phase
to the pressure-induced phase is the crossover.!” However,
reports on the crossover from impurity-induced phase to
pressure-induced phase mentioned above is based on macro-
scopic measurements and it is not yet found out the concrete
evidence for changes of spin states in the reported crossover
by pressure. The purpose of this study is to investigate this
crossover by the microscopic probe, the muon spin relax-
ation technique, and to clarify the microscopic difference
between magnetic ground states induced by pressure and by
impurity doping.

II. EXPERIMENTS

Single crystals used in this study were grown from a melt
by the Bridgman method. The details of crystal growth are
given elsewhere.'® The concentration of x was determined by
the inductively coupled plasma-atomic-emission spectrom-
etry method. Muon-spin-relaxation (uSR) measurements
were made on TI(Cu,_Mg,)Cl; with x=0.015 at the RIKEN-
RAL Muon Facility.!”” Our single-crystal samples were
cleaved in helium gas just before the each measurement.
Measurements under pressures were carried out using a spin-
polarized double-pulsed positive decay-muon beam with an
incident muon momentum of 90 MeV/c. Samples were
stuffed into the sample space with randomly oriented their
crystal axis and are pressurized by “He gas pressure in a
CuBe cell using the newly installed gas-pressurized uSR
setup for the RIKEN-RAL Muon Facility.?° Pressure cell was
cooled down to 2.3 K using a usual “He cryostat. Measure-
ments in ambient pressure were carried out using a spin-
polarized single-pulsed positive surface-muon beam with an
incident muon momentum of 27 MeV/c. Cleaved crystals
were mounted directly on a high-purity silver plate by an
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FIG. 1. Time spectra of the ZF-uSR in TICu;_ Mg, Cl; with x
=0.015 under pressures at 2.3 K. Solid lines are fitted results. Each
plot is shifted consecutively for clarity.

Apiezon N grease and were covered tightly by a silver film
(thickness 50 um) to ensure thermal contact. Directions of
crystal axis were random on the silver plate. In ambient pres-
sure, the sample temperature was controlled with an Oxford
He cryostat.

In uSR measurements, spin-polarized muons are im-
planted into samples. Forward and backward counters were
located on the upstream and downstream sides of the beam
direction, which was parallel to the initial muon spin direc-
tion. The asymmetry was defined as

_ F(t) — aB(t)

AW = T aB)

(1)

Here, F(¢) and B(r) were total muon events counted by the
forward and backward counters at a time 7, respectively. The
« is a calibration factor reflecting relative counting efficien-
cies between the forward and backward counters. The initial
asymmetry is defined as A(0). Measured time spectra were
analyzed using the WIMDA computer program.?!

III. RESULTS AND DISCUSSIONS

The magnetic phase transition at ambient pressure is de-
termined by the magnetization measurement to be Ty
=2.85 K, which is consistent with the reported phase
diagram.'* Zero-field muon spin relaxation (ZF-uSR) mea-
surements were carried out under pressures up to 2 kbar at
2.3 K. Figure 1 shows ZF-uSR time spectra in various pres-
sures at 2.3 K. Each plot is shifted consecutively for clarity.
All spectra are analyzed using the two components function
as follows:
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FIG. 2. Pressure dependence of the static internal magnetic field
at muon sites deduced from the muon spin rotation frequency at 2.3
K (open circles). Dashed line is guide for the eye. Closed square is
the internal magnetic field at muon sites deduced from LF-uSR
measurements at 2.3 K as shown in Figs. 5 and 6.

A() =Ae™ cos(wt + 0) + Aye™'G,(AHypt).  (2)

The first term is the signal from the magnetically ordered
region of samples and the second term is that from the large
pressure cell and the spin-fluctuating region of samples be-
cause it is quite difficult to distinguish the relaxing part
exp(—\r) between the pressure cell and the samples. N\ and
N\, are muon spin relaxation rates, and w is the rotation fre-
quency. G,(A,H;g,t) is the static Kubo-Toyabe function,
where A/, is the distribution width of nuclear-dipole fields
at the muon sites.”? H  is the external longitudinal field, so
that Hy =0 in the case of the zero field. y, is the gyromag-
netic ratio of the muon spin (27X 13.5534 kHz/gauss). In
this analysis, the double pulse structure is fully taken into
account, i.e., the normal relaxation function f(f) becomes
Fap()=0.5f(t— 14/ 2) +0.5f(t+ 1,/ 2),* where lee

=324.5 ns is the separated time between the double pulses.'

The conditions in the analysis are as follows: The ratio of the
amplitude of the rotational signal and the another part A;/A,
is 0.16. A/y, and \, are fixed to be 3.8 gauss and
0.081 us~!, respectively. \; has almost constant value of
8+ 1 us!in the whole range of pressures. In order to grasp
the tendency to the development of an order parameter, the
main rotational component is considered in the analysis. Fit-
ted results are shown in Fig. 1 as solid lines. Above 0.5 kbar,
the spontaneous muon spin precession is observed although
no rotational signal is observed in ambient pressure. The
spontaneous muon spin precession in zero field indicates that
a long-range coherent ordering appears above 0.5 kbar. The
static internal magnetic field H;, at the muon sites are de-
duced using the relation of Hj,=w/y,. Figure 2 shows the
pressure dependence of the static internal magnetic field H;,
at the muon sites. With increasing pressure, H;, increases
monotonically and saturates above 1.5 kbar. The pressure
dependence of H,, corresponds to the change of the ordered
moment and suggests the saturation of the development of
the ordered moment above ~1 kbar from the view point of
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FIG. 3. (Color online) ZF-uSR time spectrum in ambient pres-
sure at 0.29, 2.3, 2.6, 3.0, and 6.0 K. Solid lines are fitted results
using the formula (3).

MSR measurements. However, this uSR result in the pres-
sure dependence of H;, is not consistent with reported mag-
netization measurement results for the sample of x=0.012 in
pressures, because the step height of the magnetization at the
spin-flop transition, which corresponds to the ordered mo-
ment, increases with increasing pressure up to 5 kbar.!” This
discrepancy is open problem.

Figure 3 shows the temperature dependence of the
ZF-uSR time spectrum in ambient pressure. The constant
background from the high-purity silver plate has already
been subtracted. Drastic change of the time spectrum is ob-
served and a loss of the initial asymmetry is seen below
Tn=2.85 K. All the time spectra in ambient pressure are
analyzed using the function

A =A™ + Are ™G, (A Hy,1). (3)

The first term is the fast relaxation component which appears
below Ty and the second term is that of the slow relaxation
with the static Kubo-Toyabe function. In the analysis, the
initial asymmetries A(0) and A/ y,, are fixed to be 10.3% and
0.98 gauss, respectively. Fitted results are shown in Fig. 3 as
solid lines. Temperature dependence of the normalized am-
plitude A of the fast-relaxation component is plotted in Fig.
4(a). As mentioned below, the origin of the fast relaxation is
a static internal magnetic field, thus, the temperature depen-
dence of A, relates with the development of the volume frac-
tion of an ordered phase. The volume fraction of a magneti-
cally ordered region of samples is 3/2 of the normalized
amplitude A; under the assumption that all the fast relaxation
component originates from a static internal magnetic field
because static internal magnetic fields of which directions are
parallel to that of the incident muon beam does not depolar-
ize the muon spins. Thus, the volume fraction of a magneti-
cally ordered region at 0.28 K is roughly estimated to be
85%. A, at 2.3 K is large enough to discuss properties of the
ground state. Figure 4(b) shows the temperature dependence
of muon spin relaxation rates \; and \, in the formula (3). At
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FIG. 4. (a) Temperature dependence of the normalized ampli-
tude A;. Error bars are within symbols. (b) Temperature dependence
of \; (the right side vertical axis, closed squares) and \, (the left
side vertical axis, open circles) in the formula (3).

the transition temperature, the relaxation rate A\, has a maxi-
mum, and shows a remarkable decrease with decreasing tem-
perature. A; shows a similar temperature dependence below
TN.

In order to determine whether or not the fast relaxation
originates from a static internal magnetic field, the
longitudinal-field muon spin relaxation (LF-uSR) measure-
ments are carried out in ambient pressure. Time spectra of
LF-uSR at 2.3 K are shown in Fig. 5. Solid lines are fitted
results using the formula (3). The fast relaxation part in time
spectra overlaps, and the long tail of time spectra show par-
allel shift with increasing Hj . This is the typical behavior in
the presence of a static internal magnetic field at the muon
sites.?

Figure 6 shows the LF dependence of the amplitude A, in
ambient pressure at 2.3 and 0.29 K obtained from LF-uSR

e
TICu, ,Mg,Cl; (x = 0.015)
LF-uSR
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(=)
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FIG. 5. (Color online) LF-uSR time spectrum under zero pres-
sure in 0, 20, 50, 100, 200, 300, and 1000 gauss. Solid lines are
fitted results.
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FIG. 6. (Color online) Longitudinal field dependence of the am-
plitude A, of the formula (3) at 2.3 K (open circles) and at 0.29 K
(open squares). Error bars are within symbols. Solid lines are fitted
results. The deduced static internal magnetic field is 90 =20 gauss
at 2.3 K and is 180 %35 gauss at 0.29 K.

time spectra at each temperature by analyzing using the for-
mula (3). Generally, implanted muon spins precess around
the total magnetic field of the internal field and the external
field at the muon sites. Thus, the time spectrum changes with
increasing the longitudinal field as shown in Fig. 5 and this
change is represented by the increase in A, in the formula
(3). In other word, implanted muon spins are decoupled by
longitudinal fields from the static internal magnetic field. The
static internal field H;, is estimated by the formula

A(H D) — C 3 1 ()cz—l)z1
— o€ — p ——
2\ILR 47427 g2

)il , (4)

x—1

where x=H; g/ H;,.. The constant term C originates from the
finite-volume fraction of spin-fluctuating regions. This for-
mula is derived from the assumption that H,, has a unique
magnitude but random directions to H; z.>*"?’ The estimated
static internal field H;, at the muon sites is 90 = 20 gauss at
2.3 K and is 180 %35 gauss at 0.29 K. The data of 2.3 K is
plotted in Fig. 2 (closed square).

As shown in Fig. 3, no rotational signal and a loss of the
initial asymmetry are observed in zero field. This result in-
dicates two possibilities in the case of the pulsed muon
beam: the first possibility is that there exist a long-range
coherent ordered state whose static internal magnetic field at
the muon sites is larger than ~600 gauss and the second
possibility is the existence of a short-range ordered state
whose coherent length is shorter than the resolution limit of
the uSR technique and whose internal field is smaller than
~600 gauss. From results of LF-uSR measurements as dis-
cussed above, the static internal magnetic field at the muon
sites is deduced to be below a few hundred gauss at 0.28 K,
thus, the first possibility is ruled out.

In ambient pressure, the magnetic Bragg peaks are ob-
served by elastic neutron-scattering measurements.'>!¢ This
means that the spin state is coherent in space because the
origin of the magnetic Bragg peak is a periodic arrangement
of spins. As mentioned above, the spin state is not a long-
range coherent ordered state but has the internal static mag-
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netic field of ~90 gauss at 2.3 K and of ~180 gauss at 0.28
K in ambient pressure. Form these results, it is suggested that
the system is in a short-range magnetically ordered state in
ambient pressure below 7Ty. Thus, we conclude that the
crossover reported by Imamura et al.'” is the continuous
change from a short-range order to a long-range coherent
order without the quantum-critical point during the change.

Here, we speculate about the reason for the continuous
change of spin states by pressure. As mentioned above, a
finite spin gap still remains below the transition temperature
in TI(Cu,;_,Mg,)Cl; and this gap would be collapsed by pres-
sure around 0.4 or 0.5 kbar because the critical pressure P, is
0.42 kbar in the nondoped TICuCls. It is suggested that a
long-range coherent ordering is impeded by the formation of
spin dimers when a finite spin gap remains, and that above a
critical pressure P, the coherent order develops drastically.
It is plausible to consider the model as follows: doped Mg-
ions destroy spin dimers locally and unpaired spins are in-
duced. These spins interact one another through the inter-
dimer exchange interaction with excited states of spin dimers
and the spin system tends to the magnetic phase transition. In
ambient pressure, however, the spin system is divided into
islands of a short-range ordered state around Mg ions and the
gapped spin-singlet state. Above the critical pressure, the
spin gap is collapsed, and islands spread throughout the
sample, i.e., a long-range coherent order appears.

In the last, the possibility of another crossover is pointed
out. In the case of the lightly doping of x=0.0047, the ap-
pearance of an internal static field is not observed down to 20
mK by SR measurements although a magnetic phase tran-
sition is observed at 0.70 K by the specific-heat
measurement.?® In this study for x=0.015, the existence of
the internal static field is confirmed but the volume fraction
of the static-field region is not 100%. These results suggest a
continuous change from the spin-fluctuating state to the
short-range ordered state in ambient pressure with increasing
the Mg doping. The detail investigation of the Mg concen-
tration dependence of the ground state is on progress.

IV. SUMMARY

In summary, zero- and longitudinal-field muon spin relax-
ation (ZF- and LF-uSR) measurements were carried out in
pressures up to 2 kbar in impurity-doped TICu,_ Mg, Cl;
with x=0.015. The spontaneous muon spin precession, which
indicates the existence of a long-range coherent order, was
observed above 0.5 kbar at 2.3 K, although no rotational
signal was observed in ambient pressure. LF-uSR measure-
ments in ambient pressure revealed the existence of an inter-
nal static magnetic field of 90 =20 gauss at 2.3 K. These
results indicate that the reported crossover by pressure is the
continuous change from a short-range order to a long-range
coherent order without the quantum-critical point during the
change.
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