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Low-field cross spin relaxation of 8Li in superconducting NbSe,
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A low energy beam of spin polarized 8Li has been used to investigate nuclear spin relaxation in the
multiband superconductor NbSe,. In low magnetic fields there is significant cross relaxation between the 8Li
and the host *Nb spins, which is driven by low frequency fluctuations in the nuclear magnetic dipolar
interaction. The rate of cross relaxation is strongly field dependent and thus the 1/7 spin relaxation rate of the
8Li is a sensitive monitor of the static local magnetic field B just below the surface. This in turn is used to
determine the absolute value of the magnetic penetration depth N\ in the Meissner state. The temperature
variations in 1/7| and N\ are consistent with a wide distribution of superconducting gaps expected for a

multiband superconductor.
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I. INTRODUCTION

NbSe, belongs to a family of transition metal dichalco-
genides and exhibits interesting physical properties such as
superconductivity (7.,=7.0 K) and a charge density wave
(Tepw=30 K). Its layered crystal structure gives rise to a
strong anisotropy in both its electronic and mechanical
properties.! There is also recent evidence>? that the super-
conductivity is multiband, whereby different parts of the
Fermi surface have different superconducting gaps.* This
may lead to unusual properties in the vortex state. For ex-
ample, delocalized quasiparticles associated with the vortices
are believed to be responsible for the anomalous thermal
conductivity in a magnetic field® and also for the enlarged
vortex cores.® Vortex structure and vortex interactions are
interesting but complicate the theory for the magnetic field
distribution in the vortex state. This can lead to uncertainty
in the absolute value of the London penetration depth de-
rived from muon spin rotation/relaxation uSR (Refs. 7-9)
and B-NMR (Ref. 10) in the vortex state. The magnetic field
distribution in the Meissner state is less complicated and thus
a measurement of \ is more direct. So far this has only been
possible with low energy muons on large area thin films.'!2

In this paper we investigate the longitudinal relaxation
rate 1/T; of ®Li nuclear spins in the Meissner state of a
single crystal of NbSe,. We show that in low magnetic fields
1/T, is driven by low frequency host nuclear spin dynamics,
principally *Nb. A characteristic Lorentzian field depen-
dence in 1/7 is observed and attributed to fluctuations in the
magnetic dipolar interaction between the ®Li and neighbor-
ing **Nb nuclear spins. The observed 1/7; spin relaxation
rate of ®Li is sensitive to the static local magnetic field and
the host *Nb 1/T, spin relaxation rate at a well-defined
mean depth below the surface. Below 7, a sharp increase in
1/T, is observed which is used to measure the absolute value
of the London penetration depth in the a-b plane \,,. The
temperature dependence of A\, is considerably different from
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the empirical two fluid model which characterizes many
single gap superconductors. Furthermore, the Hebel-Slichter
peak'? in 1/T, just below T, is small and broad. Both of
these effects are consistent with a distribution of supercon-
ducting gaps.

II. EXPERIMENTAL

The 28 keV beam of ’Li is produced at the isotope sepa-
rator and accelerator (ISAC) at TRIUMF. A large nuclear
polarization (70%) is generated in flight using a collinear
optical pumping method.'* The polarized beam is bent 90°
and directed into a recently commissioned low field S-NMR
spectrometer. The mean depth of the implanted SLi in this
experiment was fixed at 120 nm, although in future studies it
will be possible to vary the implantation depth over a wide
range of 2-200 nm.

A schematic of the apparatus is shown in Fig. 1. Helmholz
coils are used to apply a small uniform magnetic field from 0
to 15 mT in the y direction, which is parallel to both the
sample surface and initial 8Li polarization. In B-NMR the
nuclear polarization is monitored through the anisotropic 8
decay of a radioactive nucleus. In this case the probe is ®Li,
which has nuclear spin (/=2) and a mean lifetime 7=1.2 s.
The emitted beta has an average energy of about 6 MeV so it
can easily pass through thin stainless steel windows in the
ultrahigh vacuum (UHV) chamber and reach the surrounding
plastic scintillation detectors.!

The single crystal of 2H-NbSe, measured about 4 mm in
width and length in the ab plane and 0.1 mm along the
hexagonal ¢ axis. Magnetization measurements showed a su-
perconducting transition at 7,=7.0 K with a 10%-90% tran-
sition width in 0.1 K. Immediately prior to introducing it into
the UHV chamber (10~ torr) the sample was attached to a
sapphire plate and cleaved. It was then mounted on a cold
finger cryostat with the ¢ axis along the beam direction. The
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FIG. 1. Experimental setup used to measure the spin relaxation
rate of ®Li in low magnetic fields. The initial polarization and small
external magnetic field are in the y direction. The cryostat is held
from above on a high voltage platform which will be used in the
future to control the mean depth of implantation.

beam was focused such that there was no detectable back-
ground signal.'”

A long pulse method!®~!'® was used to measure 1/T of the
8Li, in which a period of 4 s of beam on is followed by 12 s
of beam off. Figure 3 shows the typical time dependence of
the beta-decay asymmetry AP(¢) over the full time interval,
where A is an experimental constant determined by the prop-
erties of the beta decay, geometry, and degree of polarization
and P(r) is the nuclear polarization averaged over all 8Li in
the sample and normalized such that P(0)=1. The form of
the relaxation function is explained below.

III. RESULTS

In a previous study of the normal state we have shown
that there is no resolved quadrupolar splitting of the S-NMR
resonance of SLi in NbSe,.!? A typical resonance is shown in
Fig. 2. Both the Knight shift and Korringa relaxation rate
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FIG. 2. (Color online) The nuclear resonance spectrum of 8Li in
the normal state of NbSe, in a high magnetic field of 30 kG. The
linewidth is attributed to magnetic dipolar broadening from host
%Nb nuclear moments. Note that there is no evidence for any qua-
drupolar splitting (see Ref. 19 for more details).

PHYSICAL REVIEW B 79, 144518 (2009)

Time (s)

FIG. 3. (Color online) The time dependence of the nuclear po-
larization of ®Li in the normal state of NbSe, at 8K at various
magnetic fields. The fitted curves are generated by assuming a
single exponential spin relaxation rate as explained in the text.

measured in a high magnetic field of 30 kG are very small
indicating that there is little direct contact with the conduc-
tion electrons. This is evidence that the ®Li occupies an in-
terstitial position between the NbSe, layers. The observed
Gaussian linewidth of 2.1 kHz is attributed to the magnetic
dipolar broadening from the host **Nb nuclear spins.

In the current experiment the spin relaxation rate of Li
was investigated in weak magnetic fields, where the spin
relaxation rate is much larger and strongly field dependent.
Typical spin relaxation data in the normal state at 8 K are
shown in Fig. 3. The measured asymmetry is maximum
when the beam is first turned on and then approaches an
equilibrium value A/[1+ 7/T,], where 7 is the mean lifetime
of 8Li and T is its nuclear spin relaxation time. At r=4 s the
beam goes off and the polarization decays exponentially to
zero with the relaxation time 7. Excellent fits to the normal
state data were obtained assuming single exponential relax-
ation for a ®Li spin arriving at time ¢/, and detected later at
time ¢, i.e., p(t—t")=exp[—-(t=1")/T,]. The fitted curves are
obtained by weighting p(r—¢') according to the radioactive
decay of the ®Li and integrating over arrival times 1’ <z.!7-18
One then obtains an average polarization for all the ®Li in the
sample at time 7,

/

p(t)zlxl_L[_t/T]
r

1—exp[-#/7]’

Py =T mW T )
7 l—exp[-1,/7]

depending on whether 1 <t, or t>1t,, respectively, where ¢, is
the pulse length, 7 is the mean 8Li lifetime, T, is the spin
relaxation time, and 1/7'=1/7+1/T).

Figure 4 shows the magnetic field dependence of the fitted
1/T,. This is very different than the behavior in high mag-
netic fields (e.g., 30 kG) where the ®Li 1/7) is 1 order of
magnitude smaller and independent of the applied magnetic
field. The enhanced relaxation and its strong dependence on
magnetic field are attributed to cross relaxation with the host
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FIG. 4. The 1/T, spin relaxation rate of 8Li as a function of
magnetic field at 8 K. The curve is a fit to a simple Lorentzian
corresponding to an exponential time correlation function for the
nuclear dipolar fields from the host Nb nuclear spins.

%Nb spins which is driven by low frequency fluctuations in
the magnetic dipolar interaction. Essentially the ®Li nuclear
polarization is being transferred to the host **Nb nuclear
spins at a rate equal to 1/7,. In high magnetic fields this
contribution to the ®Li spin relaxation is completely
quenched, except near level crossing resonances,”’ whereas
in low fields it is dominant. The behavior in low field may
also be considered a level crossing resonance except when
the resonance in this case occurs it occurs at zero magnetic
field. The origin of the cross relaxation is the same in zero
field as it is for a level crossing resonance at a finite field.
The curve is a fit to a simple Lorentzian form, corresponding
to an exponential autocorrelation function of the fluctuating
local magnetic dipolar field,

L (‘de)zTc

T, 1+ (yBr)?’ @

where y=27X 630 Hz/G is the gyromagnetic ratio of Li,
B, is the magnitude of the fluctuating dipolar field, B is the
applied field, and 7. is the correlation time for fluctuations in
B, from ?*Nb spins.2! In the slow fluctuation limit 1/7)
[~B3/(Br,)] varies inversely with B2 and is proportional to
1/7. The fit to Eq. (2) yields a value for B3/,
=1800(30) G?s~'. From the B-NMR resonance linewidth in
the normal state'® (see Fig. 2) we can make an estimate of
B,~2.0(5) G, yielding 1/7,=450(200) s~ at 10 K. As ex-
plained below this is in reasonable agreement with what is
expected from conventional measurements of the host “*Nb
spin relaxation times 7, and 7).

The low field cross spin relaxation rate of ®Li is also a
strong function of temperature. Figure 5 shows how the time
evolution of the nuclear polarization AP(r) changes above
and below the superconducting transition temperature with a
small magnetic field of 30 G applied parallel to the surface,
which is much smaller than the lower critical field of 600
G.?? Note the increased relaxation below 7,=7.0 K, which is
attributed to screening of the applied field by induced super-
currents. All the measurements are performed under zero-

PHYSICAL REVIEW B 79, 144518 (2009)

0.20 - T T T T T T T T T
Meissner State, 30G

0.15 |3

0.10

AP(t)

0.05

0.00

Time(s)

FIG. 5. (Color online) Low-field nuclear spin relaxation of 8Li
in NbSe, above and below 7.=7.0 K. A magnetic field of 30 G,
which is much less than H,, (Ref. 22), is applied parallel to the
surface after zero-field cooling. Note the sharp increase in the re-
laxation rate below the transition temperature. This is attributed to
the Meissner screening of the external field. The size of the increase
is a direct measure of the London penetration depth near the
surface.

field-cooled conditions with the external field aligned to
within about 0.2° parallel to the surface, ensuring that the
entire sample is in the Meissner state.

The open circles in Fig. 6 show a sharp rise in the average
spin relaxation rate below 7, which is attributed shielding of
the applied field in the Meissner state. Together with the
calculated stopping distribution [see p(x) in Fig. 7] and mea-
sured field dependence of 1/T; (Fig. 4), this increase pro-
vides a direct measure of the London penetration depth. One

o & B 1 surface
5 o B|| surface
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FIG. 6. (Color online) The temperature dependence of the 1/
of 8Li in NbSe, with a small external magnetic field of 30 G applied
parallel to the surface (open circles) and with a 100 G applied
perpendicular to the surface (filled diamonds). The fitted curve
through the vortex state data (filled diamonds) is based on the
Hebel-Slichter theory assuming a multigap model as described in
the text. The curve through the Meissner state data (open circles) is
also derived from this model, taking into account the reduction in
magnetic field from Meissner screening, using the temperature de-
pendent London penetration depth given in Fig. 8.
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FIG. 7. The depth dependence of the magnetic field B(x), the
stopping density p(x), and the spin relaxation rate 1/7;(x).

can make a simple estimate of A\, as follows: extrapolate the
linear variation 1/7 in the normal state (shown in Fig. 6) to
a temperature below T, to obtain an estimate for the shift in
7, from just above T, to below T.. (Note that the temperature
variation in 7, is small and thus has only a minor effect on
resulting value of \,,.) Using the measured value of 1/T;
below T, one can solve Eq. (2) to estimate the average local
field (B(x)). One can then solve the London equation
(B(x))=B(0)exp[—(x)/\,,] for \,, using the average stop-
ping depth (x) from Fig. 7. For example at 4 K this proce-
dure gives an average magnetic field of (B(x))=16.4(1) G,
which is substantially less than the applied field of B,
=30 G. The reduction corresponds to a London penetration
depth of 243(3) nm at 4 K, which is close to the value ob-
tained using the more sophisticated analysis described below.

IV. ANALYSIS AND DISCUSSION

More accurate values of \,, and its variation with tem-
perature can be obtained by fitting the time dependence of
the polarization at each temperature (see Fig. 5) taking into
account the stopping distribution and resulting spread of re-
laxation rates. The stopping distribution [ p(x)] calculated us-
ing TRIM-SP,” the expected exponential decay of the mag-
netic field B(x)=B exp[—x/\,;] in the Meissner state, and a
resulting depth dependent relaxation rate 1/7;(x) are all
shown in Fig. 7. Each of the time spectra below T, (e.g., Fig.
5) was fit to a depth averaged polarization function,

(P(1) = f p(X)P(x,1)dz, 3)

where P(x,1) is given by Eq. (1) using a depth dependent
1/T, given by Eq. (2) and the London model for B(x)
=By exp[—x/\,). In addition, a small correction to 7. at each
temperature was made using data taken in the vortex state
(filled diamonds in Fig. 6). In this geometry the temperature
dependence of 1/7; is governed solely by that of 7. as de-
scribed below. As one can see from Fig. 5, the theoretical
expression for the relaxation function in the Meissner state
gives an excellent fit to the data below 7,. The only free
parameters are A\, and the initial polarization. The fitted
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FIG. 8. (Color online) (a) The magnetic penetration depth A, in
the Meissner state of NbSe, as a function of temperature. The solid
lines are a fit to the multigap model, whereas the dashed line is a fit
to the single gap model given by Eq. (4). (b) The inverse square of
the penetration depth versus temperature normalized the value at
T=0.

temperature dependence of A, is shown in Fig. 8(a). Using
the fact that 1/\2,(T)=4mm,/mc?, where n, is the superfluid
density, one can also plot the temperature dependence of the
normalized superfluid density nS(T)/nS(O)=)\2b(O)/ Aib(T)
[see Fig. 8(b)]. In both plots the dashed curves show the
phenomenological power-law form that is observed in many

single gap BCS superconductors,’

T 41-12
)\ab(T) = )\ab(o)|:1 - (F) :| . (4)

c

The solid curves are a fit to a simple model for a minimally
coupled multiband superconductor assuming a square distri-
bution of gaps. In the limit of zero coupling there is a corre-
sponding square distribution of 7,’s all with the same value
of 2A/kgT,.* In reality there is always some coupling so
there is single transition temperature. However when the
coupling is small the density of states approaches our simple
model with a distribution of 7,’s. In the fit the range of T is
from 70" to T.=7.0 K. In the multigap model the penetra-
tion depth N, (T)=1/(1/ )\ib(T,A)) where the angled brack-
ets indicate an average over the gap distribution. Thus at any
given temperature only gapped parts of the Fermi surface
contribute to the superfluid density. The best fit gives 70"
=5.78(4) K and \,,(0)=226(3) nm. Note that in the multi-
gap model, the superfluid density in Fig. 8(b) evolves more
slowly than the single gap model. It is likely that there are
other contributions to the unusual temperature dependence in
N such as gap anisotropy. However these alone would not be
consistent with scanning tunneling microscopy (STM) (Ref.
2) and angle-resolved photoemission spectroscopy (ARPES)
data,’ both of which show that a significant fraction of the
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Fermi surface appears gapless above 5 K. Also the multigap
model is a natural explanation for the small Hebel-Slichter
peak shown by the filled diamonds in Fig. 6. It should be
noted that STM and ARPES are very surface sensitive where
the present result characterizes the subsurface region. The
unusual temperature dependence of the normalized super-
fluid density in Fig. 8(b) is similar to rf resonant circuit pre-
cision measurements of the temperature dependence of A
which find evidence for two gaps.?* However, in that case the
temperature dependence of the superfluid density relies on
other measurements of the absolute value of \,,(0). Our
measured value of \,,(0) is close to what has been observed
in the vortex state'” but in the present experiment there are
no complications due to vortex structure or dynamics. There
may be other systematic effects related to the surface prop-
erties. For example, low energy muon experiments on thin
films typically find evidence for a thin dead layer of thick-
ness 6~2-20, in which there is no shielding.'"'? In previ-
ous work on the vortex state we found no evidence for a
superconducting dead layer in freshly cleaved NbSe,.' Nev-
ertheless we reanalyzed the data assuming a small nonzero 9.
The temperature dependence of A, is unaffected whereas the
value of A\, at 7=0 is reduced by an amount approximately
equal to 6. In the future it will be possible to vary the energy
of implantation and thereby measure the entire field profile
and any possible dead layer. There are also plans to install a
low temperature cryostat. These capabilities will allow more
precise measurements of the absolute value of the penetra-
tion depth and its temperature dependence in many super-
conductors.

As mentioned above there is a slight temperature depen-
dence in 7. This can be measured independently using a
different geometry where the magnetic field is applied per-
pendicular to the surface. In this case the large demagnetiza-
tion factor ensures that the sample enters the vortex state so
that the average internal magnetic field is very close to the
applied field.'” The resulting values of (1/T,), are the filled
diamonds in Fig. 6 and have been scaled upward by a factor
of 1.56 to overlap in the normal state with the (1/7)), data.
The scaling factor is attributed to the difference in the mag-
netic field and anisotropy in B, and 7,. In this geometry the
average magnetic field is almost temperature independent
and the same above and below 7. There is broadening of the
field distribution in the vortex state but this has little effect
on the observed average relaxation rate at this magnetic field.
The temperature dependence of (1/7;), is then attributed
solely to changes in 1/ 7. Above T, (1/T,), is found to fol-
low a simple linear form a+b7. The temperature indepen-
dent term a=1.37(17) s~! is attributed to fluctuations in B,
arising from the Nb-Nb spin-spin relaxation (**Nb 1/T5),
whereas the T-dependent term b=8.9(2) X 1072 s7!/K is at-
tributed to Korringa spin-lattice relaxation (**Nb 1/7). The
contribution to 1/7, from **Nb 1/T; is approximately
bTB%/B2=200(100) s~ at 10 K. The form of the relaxation
function for $=9/2 **Nb in NbSe, from nuclear quadrupole
resonance (NQR) is multiexponential.”> Nevertheless one
can estimate an effective 7, from *Nb 1/7, as the time
which the polarization drops to 1/e of its initial value. This
gives 1/7,~130 s™' at 10 K. The agreement with the
present experiment is reasonable considering the uncertain-
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ties. Note that below T, there is a broad feature which we
attribute to a Hebel-Slichter coherence peak'> in the **Nb
1/T,. The peak is smaller and broader than an ideal BCS
superconductor with a single superconducting gap and is
consistent with NQR measurements of *>Nb 1/7 on a pow-
dered sample.”® There are many potential sources of broad-
ening in the density of states which can lead to a reduced
coherence peak.? The fitted curve below 7, is obtained from
the multigap model assuming a square distribution of 7,.’s
from 5.9 to 7.0 K and a small quasiparticle damping rate of
I'/kz=0.36 K.2027 It is interesting to note the *Li 1/, does
not drop off exponentially at low temperatures, as in the case
of conventional NQR measurements of the host SNb 1/ T,
but instead approaches a constant value determined by the
%Nb 1/T,. This may be traced to the fact that in low mag-
netic fields the observed ®Li 1/7 is the rate at which polar-
ization is being transferred to the host nuclear **Nb spin
system rather than to the electronic spin system. Conse-
quently the cross relaxation rate remains finite even at very
low temperatures because the host nuclear spins continue to
fluctuate via their spin-spin interaction.

An important aspect of the present paper is that it demon-
strates a way to monitor host nuclear spin dynamics with an
implanted spin probe. For example, most conventional NMR
in superconductors is done on crushed powders in order to
obtain a reasonable signal to noise ratio. Furthermore, in
conventional NMR and NQR the signal comes from the en-
tire 1f penetration depth, which cannot be controlled easily.
The current method offers a way to monitor host nuclear spin
relaxation in single crystals and heterostructures as a func-
tion of depth. In particular we have shown that in low mag-
netic fields 1/7; of the ®Li is dominated by dynamics of the
neighboring host nuclear spins which are coupled to the Li
through a magnetic dipolar interaction. The 7-dependent part
is from the host nuclear 1/7;, whereas the T-independent
part is from the host 1/7,. The present experiment was per-
formed at a fixed mean energy, but it is a straight forward
extension to vary the depth of implantation. Thus it will be
possible to monitor host nuclear spin dynamics as a function
of depth on a nanometer length scale. A similar, but more
subtle, effect also occurs at level crossing resonances, where
it has been shown that the host nuclear spin dynamics can
affect the level crossing resonance linewidths.?° Finally, we
expect that low energy S-NMR measurements of 1/7 will
be useful in measuring the depth and temperature depen-
dence of the host 1/7 in heterostructures and single crystals
where conventional NMR and NQR are problematic at best
and often impossible.

V. SUMMARY

In summary, low field cross relaxation between implanted
8Li spins and host *>Nb nuclear spins has been investigated
in the Meissner state of a single crystal of NbSe,. The cross
relaxation is driven by low frequency dynamics of the host
%Nb nuclear spins and is a sensitive monitor of the local
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magnetic field and the host nuclear spin relaxation rate at a
well-defined mean depth beneath the surface. This is used to
measure the absolute value of the London penetration depth
Au» in NbSe,. The temperature dependence of \,, differs
substantially from the common two fluid model observed in
many single gap superconductors. Also, there is evidence for
a broad coherence peak in the host **Nb spin relaxation rate.
Both effects are attributed to the multiband nature of the
superconductivity in NbSe,. We expect that this method can
be applied more generally to monitor the host nuclear spin
dynamics in single crystals and heterostructures as a function
of depth and temperature.
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