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Dynamics of *He in one dimension in the Luttinger liquid limit
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NMR techniques have been used to investigate the dynamics of highly degenerate *He confined to the interior
of “He plated nanotubes of MCM-41 (Mobil Composition Matter No. 41). The *He line density was 0.93 &
0.10 nm™!, corresponding to a Fermi degeneracy temperature of Tr &~ 0.1 K. Experiments conducted down to
10 mK reveal a linear temperature dependence of the nuclear spin-lattice relaxation for 7 < T, following a peak

at 27, which are hallmarks of Luttinger liquid physics.
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I. INTRODUCTION

New physical properties are predicted for systems con-
strained to one dimension (1D) for which correlations
between neighbors render all excitations collective, and so
must be described by the Tomonaga-Luttinger liquid (TLL)
theory [1-3]. While considerable activity has been dedicated
to electronic systems (quantum Hall edge states [4] and
quantum wires [5]) much less attention has been given to
neutral systems [6,7]. Among neutral systems, 1D quantum
gases are of particular interest because of their high purity,
well-characterized interactions, and the ability to vary the
density continuously. One-dimensional “He superfluidity has
been observed in nanotubes [8—12] and the onset of quantum
degeneracy has been reported for *He in the nanoscale chan-
nels of FSM-16 (folding sheet materials using C¢ surfactant)
[13,14].

Previous studies of *He on MCM-41 focused on tempera-
tures T > Tr [15-17] successfully demonstrated the classical
behavior expected for quasi-1D spin-1/2 systems such as
the 12 power law for the temporal dependence of the spin
diffusion in the 1D hydrodynamic limit [15], but have not
explored the system when highly degenerate. Here, we report
a significant improvement over earlier NMR studies of *He
on MCM-41 [18,19] by mixing fine Ag powder to better
thermalize the system at low temperatures, enabling studies
of the dynamics well below the Fermi temperature. Matsushita
et al. [20] have recently reported 1D behavior for NMR stud-
ies of *He adsorbed on a different material, FSM-16, for a
wide range of line densities for temperatures 7 > 60 mK,
both above and below Tr. However, their results for an NMR
frequency of 4.4 MHz show a different temperature depen-
dence for the relaxation times compared to our observations
at 45 MHz, suggesting a variation of the spectral density of
the dynamics as a function of frequency.

One unique characteristic of 1D Fermi spin systems, used
as a hallmark for detecting TLL behavior, is a linear depen-
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dence of the relaxation times on temperature [21], at low
temperatures with a peak in the relaxation time at T = 27F,
provided the spin polarization is not high [22]. Although a
linear temperature dependence of *He relaxation has been
observed for liquid 3He in contact with a solid surface [23] it
is uniformly linear for 0.7 < T < 700 mK with no peak and
that dependence results from the static Pauli susceptibility of
the bulk liquid *He which is not present in the experiments
described here.

The unusual dynamical behavior at low temperatures for
Luttinger liquids results naturally from the density of states in
low-density 1D Fermi systems which varies as p(E) oxc E™¢
[24] where the power « is related to the Luttinger liquid
parameter K [24] by o = %(K + K1 —2). K is the ratio
of the Fermi velocity to the speed of sound [6]. For *He
line densities n ~ 1.0 nm~!, as used in experiments reported
here, Astrakharchik and Boronat [6] show K = 1.3 for which
a =0.03.

Detailed calculations by Polini and Vignale [21] for
charged systems show that there is a peak in the relaxation rate
at T = 2Tr followed at higher temperatures by a T2 depen-
dence. The latter is expected from the chemical potential in the
nondegenerate regime (1 = ]% ln(%). Earlier NMR studies
[19,25] were carried out close to 7 and while consistent with
the predictions of Polini and Vignale [21] those studies did
not explore temperatures significantly below the 7r due to
inadequate thermalization. For the present experiments a new
experimental cell with greatly improved thermalization was
constructed.

II. EXPERIMENTAL METHODS

The quasi-1D confinement of *He atoms in this experiment
was provided by mesoporous silicate MCM-41 [26], which
consists of hexagonal channels of diameter 2.3-2.7 nm (with
largest inscribed circles of 2.1-2.4 nm) and ~300 nm in
length. To enable cooling the system to much lower tem-
peratures than in earlier experiments, the MCM-41 grains
were mixed with ultrafine (sub-um Ag) powder [27] and this
mixture was pressed into the polycarbonate NMR cell with a
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FIG. 1. Illustration showing a cross section of one hexagonal
nanotube of MCM-41 with *He plating (blue) and internal *He atoms
(green). D, the largest inscribed circle, is 2.1-2.4 nm, and following
the arguments of Matsushita et al. [8,9], the diameter accessible to
*He atoms is 0.8—1.1 nm. The inset at the lower right-hand side
illustrates the typical stacking of the nanochannels as large bundles
of nanotubes with a given orientation.

pressure of about 20 bars to make thermal contact with a solid
silver post extending from a copper nuclear refrigerator. The
nuclear refrigerator was cooled to temperatures down to 3 mK,
but Kapitza thermal resistance between the Ag powder and
the MCM-41 prevented reliable cooling of the *He below 5—
10 mK (see Supplemental Material [28] and Refs. [8,9,27,29—
35] therein). The temperatures were recorded using a RuO,
thermometer [36] for 0.03 < T < 1.0 K and also a *He melt-
ing curve thermometer [37] for T < 0.25 K. After mounting
the cell on the experimental cold finger (Fig. 2) the entire
unit was heated to 373 K and pumped for 8 h to remove
adsorbed water and air, before cooling to cryogenic temper-
atures. For a review of adsorption on MCM-41, see Nichols
et al. [38].

A key feature of this experiment was preplating of the
MCM-41 substrate with a carefully determined quantity of
“He, which produces no NMR signal, before admitting the
3He sample (Fig. 1). The “He plating serves two purposes,
both of which enable the system to better approximate an ideal
1D gas of *He atoms: (a) By reducing the effective diameter
d of the channels, the gap Ag; to the first excited transverse
quantum states is increased to far above the lowest temper-
atures used, and (b) the *He-(MCM-41) wall interaction is
replaced by the much weaker 3He-*He interaction [9,33,39].

The NMR cell contained 0.070 g of MCM-41 and 0.42 g
of Ag powder. From the adsorption isotherm the monolayer
completion corresponds to a total MCM-41 surface area of
61.1 +2.4 m2. From the manufacturer’s specification [27]
the surface area of the Ag powder was 0.88 m?, or about
1.4% of the total area. (The surface area of the cell wall
and the filter are estimated to be less than 0.1 m?.) Follow-
ing Matsuhara et al. [13,40], the line density is given by
np = %JTD, where N3 is the number of 3He atoms, S is the
available surface area, and D is the diameter of the nanotubes
prior to plating. From the value of D = 2.5 + 0.3 nm we find
n;, =0.93+0.10 nm™~".
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FIG. 2. Schematic representation (not to scale) of the low-
temperature NMR cell and link to a solid silver cold finger extending
from a nuclear refrigerator [41,42]. The copper nuclear refrigerator
was used in this experiment for temperatures below 11 mK. The
high-purity annealed Cu and high-purity silver post provided an
excellent thermal link between the thermometers and the NMR cell.

A *He isotherm measurement was carried out at 1.5 K
to determine a monolayer coverage and the coverage for the
minimum compressibility. (See Supplemental Material [28].)
From the ratio of the monolayer coverage and the minimum
compressibility determined from the isotherm one can use the
method of Matsushita et al. [8,9] to estimate the free diameter
for the *He inside the pore. Note that the repulsive range
of the He-He interactions is of the order of 0.30-0.35 nm
which is significantly larger than the size of the atoms. With
this in mind we find a pore diameter d ~ 0.80-1.1 nm which
determines the first excited energy level Ag; for the transverse
motion of the atoms. For this value of d, Agy/kg =~ 0.7 K,
comparable to the values given by Wada and Cole [9]. The
system can be considered quasi-1D at temperatures well be-
low Ay as there is very little excitation to transverse modes.
For a line density of 0.93 nm~! the Fermi temperature Tr &
120 mK (for an effective mass m*/m = 1.4) and we have the
desired condition kgTr << Ag; for the observation of TLL
dynamics. For the NMR studies we employed a single coil
resonated at 44.9 MHz and matched to a 50-2 rf cable by a
capacitive transformer [18] (not shown in Fig. 2). There was a
significant loss in signal to noise compared to previous exper-
iments due to the effect of the Ag powder, and the NMR line
was appreciably broadened. An on-resonance /2 rf pulse
would lead to excessive rf heating and we therefore used an
off-resonance technique with a small rf level to provide a
large effective field in the rotating frame to produce modulated
NMR echoes using a two-pulse sequence. (See Supplemental
Material [28] for NMR details.)
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FIG. 3. Comparison of the observed relaxation of the nuclear
magnetization M (ty) (solid black circles) with a stretched expo-
nential decay: exp[—(%)ﬁ] for B = 0.7 (solid blue line, best fit)
and with pure exponential decay (solid red line) for 8 = 1.0 for a
sample at 25 mK. For this sample the pure exponential decay does
not provide a good fit to the data. Additional examples for other
temperatures are given in the Supplemental Material. Note that while
ideally M (0) = 0, small nonzero values occur due to the limitations
on rf pulse amplitude to prevent unacceptable heating. (fyy is the
waiting time between pulse sequences.)

III. EXPERIMENTAL RESULTS

The nuclear spin-lattice relaxation time was determined by
measuring the NMR echo amplitudes M(#y ) for a series of
rf pulse sequences: (5 — v — ) separated by #y. The results
shown in Fig. 3 are for the decay 1 — M (tw)/M, where M,
is the equilibrium value for very long waiting times ty. At
low temperatures T < Tr the relaxation was not purely expo-
nential and a better fit is obtained for a stretched exponential
exp[—(’%)ﬂ ]. In addition to Fig. 3 we have included in the
Supplemental Material similar analyses of the NMR decay in
terms of pure and stretched exponentials for 7 =5, 11, and
200 mK. This nonexponential relaxation is not unexpected
and was previously observed by Matsushita et al. [20] for
the 75 relaxation of *He on “He-plated FSM-16. The nuclear
spin-spin relaxation 7, is determined by fluctuations at zero
and very low frequencies and can be influenced by static
wall impurities. In our case we observed stretched exponential
relaxation for measurements of 77 which is associated with
the density of fluctuations of the *He atoms at high frequen-
cies such as those due to *He-*He collisions. In that case
the relaxation is expected to be dominated by pure *He->He
dipolar interactions which vary as (3cos?6; — 1) where 6;
is the angle of the orientation of a particular nanotube with
respect to the applied magnetic field. Because of the variation
of 6; throughout the sample there is a distribution of relax-
ation times and an overall stretched exponential response is
expected. Stretched exponential decay has also been seen
for nanoconfined water [43] and is universally observed in
hierarchically constrained systems[44] such as molecular and
electronic glasses [45], mathematical simulations of frustrated
systems [46], and for defect diffusion in many systems [47].
If the relaxation dynamics in Luttinger liquids is hierarchi-
cal, for which low-energy barriers must be crossed before
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FIG. 4. Variation of the exponent (8) for the stretched exponen-
tial fit to the magnetization relaxation as a function of temperature.
The solid black circles are for the sample with Ag powder and the
solid red triangles are for an earlier sample [18] without Ag powder.

high-energy barriers [48,49], a stretched exponential decay
can be expected. The variation of the stretched exponen-
tial coefficient 8 as a function of temperature is shown in
Fig. 4.

Above the region of degeneracy (T > Tr) a straight expo-
nential provides the best fit to the data while 8 approaches 0.4
at temperatures ~0.05 K but returns to values near unity at the
lowest temperatures. Figure 5 shows the data for this exper-
iment analyzed allowing nonexponential decay. Also shown
(as red triangles) is the previous data [18] but now analyzed
for consistency allowing nonexponential decay.
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FIG. 5. Observed temperature dependence of the nuclear spin-
lattice relaxation times for the new sample with Ag powder (solid
blue circles) compared to the earlier sample without Ag powder
(solid red triangles). The dashed blue line depicts the limiting behav-
ior Ty o T at low temperatures and the dashed red line is 7; oc 7~/
for high temperatures. The best overall fit to the data is for 7r =
95 + 5 mK. The solid green line is the theoretical dependence from
Polini and Vignale [21] that does not include transverse excitations,
and the solid black line is the dependence if excitations to the lowest
transverse mode with A /kz = 0.77 K are included. Typical error
bars are shown for the two sets of data.
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IV. DISCUSSION

The detailed calculations of Polini and Vignale [21] lead to
an intrinsic spin (or “spin drag”) relaxation rate

8 5 T Ep
BT g VRear R W
where yy, = mgip /nLh2 is the dimensionless Yang interac-
tion parameter (evaluated at momentum transfer g = 2kp)
and g;p is the s-wave interaction strength. Er = kgTp is the
Fermi energy. The resulting nuclear spin-lattice relaxation
time 7y = ;' /M, where M, = 1.8 x 10® s72 is the NMR
second moment (see Supplemental Material [28]), or

8 , T Ep
o Vokr 3 Eas
9 2Tp th

The best fit to the experimental data at low temperatures
(shown by the solid black line in Fig. 5) is for 7} = 25

or yo, = 0.54 £0.07. This value of y is smaller than that
obtained for the experiments on adsorbed *He without Ag
powder [19], and the difference is attributed to a better eval-
uation of the effect of the transverse excitations in the new
sample for T > Tr. It should be noted that if the charac-
teristic correlation time 7 > a)L_l (the inverse of the Larmor
frequency) the temperature dependence of 7; is typically dif-
ferent from that of the spin-spin relaxation time 75. Basically,
Ti measures the spectral density of the fluctuations at high
frequencies while 7, measures the density at low frequencies
and will be influenced by low rate processes such as diffusion
of *He impurities in the “He wall layer and not reflect the
Luttinger dynamics.

At high temperatures the presence of thermal excitations of
transverse modes in the nanochannels provides an additional
relaxation path and therefore reduces the relaxation time be-
low that calculated by Polini and Vignale [21] who found

T, = ()

16 T 17'V2Ep
-1 of L £F
Thr = 27270 [2TF] 7 3
using a high-temperature chemical potential pug =

kT In[ 2257 | which yields the dashed red line in Fig. 5

given by T} = 7.0[%]’1/ 2. The addition of the transverse

excitations adds the term Ag; to the the thermal factor
exp[—(E + Ag; — n)/kgT]. The calculated value of Ay /kp
was 0.68 K following the assumptions about the free diameter
inside the MCM-41 channels discussed in Sec. II.

Adding all contributions, we find the solid black curve for
Ap; =0.77 K and yp = 0.47 £ 0.07. This fit is in reason-
able agreement with the experimental data provided we use
stretched exponentials to describe the relaxation data. As Ag;
is very sensitive to the effective channel diameter d, the dif-
ference between the best fitted value 0.77 K and the calculated
value 0.68 K is not surprising.

V. CONCLUSION

Measurements of the nuclear spin-lattice relaxation times
for *He confined to the interior of “He plated nanochannels
of MCM-41 show a linear dependence on temperature when
the sample is cooled well below the degeneracy temperature
Tr. Below T the relaxation follows a stretched exponential
decay as expected for a system constrained to hierarchical dy-
namics. At high temperatures the expected 7'/ dependence
is strongly modified by the excitation of transverse motions
starting at the lowest excitation energy Ag;. The peak in the
value of the relaxation time clearly identifies the degeneracy
temperature and the value deduced is consistent with the line
density of the sample. These behaviors are in good agreement
with the theory of Polini ef al. [21] for Luttinger liquid dy-
namics, and these are measurements of such dynamics in a
neutral fermion system well below Tr.
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