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We have performed >*Co NMR measurements of CeColns down to ultralow temperatures. We find that the
temperature dependence of the spin-echo intensity provides a good measure of the sample temperature, enabling
us to determine a pulse condition not heating up the sample by the NMR pulses down to ultralow temperatures.
From the longitudinal relaxation time (7;) measurements at 5 T applied along the ¢ axis, a pronounced peak in
1/TiT is observed at 20 mK, implying an appearance of magnetic order as suggested by the recent quantum
oscillation measurements [H. Shishido et al., Phys. Rev. Lett. 120, 177201 (2018)]. On the other hand, the NMR
spectrum shows no change below 20 mK. Moreover, the peak in 1/7;T disappears at 6 and 8 T in contrast to
the results of the quantum oscillation. We discuss that an antiferromagnetic state with a moment lying in the a-b
plane can be a possible origin for the peak in 1/T,T at5 T.
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I. INTRODUCTION

Understanding the role of enhanced quantum fluctuations
near a magnetic quantum critical point (QCP) has been a
central issue in condensed-matter physics [1,2], because such
quantum fluctuations are believed to mediate various exotic
phenomena, such as non-Fermi liquid behaviors, enhance-
ments of effective mass, and unconventional Cooper pairings.
Many studies of unconventional superconductivity near a
magnetic QCP have been performed in heavy-fermion ma-
terials [3]. The energy scale of the heavy-electron materials
is reduced by the strong mass renormalization owing to hy-
bridization of f electrons with conduction electrons. This
reduced energy scale enables a fine tuning of the system near a
QCP by easily accessible magnetic fields or pressures, making
heavy-electron materials as ideal platforms to study the QCP
physics.

Among the various heavy-fermion materials, CeColns has
been attracting broad attention because of its d-wave su-
perconducting state with the high transition temperature of
2.3 K and the proximity to a putative magnetic QCP [4-6].
A field-induced QCP has been inferred to lie near the upper
critical field from the crossover of non-Fermi liquid behaviors
at low fields to Fermi liquid behaviors at higher fields [7-10].
However, no antiferromagnetic (AFM) state corresponding to
the QCP has been observed, shrouding the origin of the QCP
in mystery. It has been assumed that the apparent absence of
AFM order can be explained by the AFM state being hidden
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at an inaccessible negative pressure [11] or superseded by the
superconductivity [6].

Recently, some of us have reported anomalous decrease
in the de Haas—van Alphen (dHvA) amplitudes of CeColns
below 20 mK for 6-10 T (H || ¢) [12]. An appearance of a
field-induced AFM phase has been put forward to explain the
decrease of the dHVA amplitude, because additional dissipa-
tion by magnetic breakdowns in the AFM phase can provide
the most plausible explanation for the decrease of the dHvVA
amplitude. However, direct evidence of magnetic order has yet
to be observed.

It is a very challenging issue to investigate the presence
of magnetic order below 20 mK, unattainable low temper-
atures for a conventional dilution refrigerator, under high
fields of 6-10 T. One of the most powerful methods to
elucidate magnetic order is a neutron-diffraction measure-
ment. Neutron-diffraction experiments were performed down
to nano-Kelvin and pico-Kelvin temperatures at Risg Na-
tional Laboratory in Denmark to find nuclear magnetic order
in simple metals [13], which has been shutdown. SQUID-
based magnetization measurements are also powerful probes
for detecting nuclear magnetism [13] and superconductiv-
ity [14—17] at ultralow temperatures, which, however, cannot
be applied to high-field measurements required for CeColns.
Another candidate is a nuclear magnetic resonance (NMR)
measurement, which is sensitive to changes of the internal
magnetic fields and the spin dynamics. It is, however, neces-
sary to pay attention to a sample heating caused by the NMR
pulses [18,19].

In this paper, to find evidence of the magnetic order in
CeColns, we have utilized the spin-echo NMR technique
down to ultralow temperatures. We find that the repetition
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FIG. 1. (a) A picture of the sample with a silver wire (100 pm di-
ameter) soldered by indium. The sample size is 1.1 mm x 1.0 mm x
0.1 mm. (b) Cu wires were wound around the sample for NMR mea-
surements. The silver wire was thermally anchored to the cryostat.

time dependence and the temperature dependence of the spin-
echo intensity allow one to find pulse conditions in which the
heating of the sample is kept negligibly small. By this pulse
condition, we have investigated the temperature dependence
of the longitudinal relaxation time (77) of ¥Co NMR. We find
that 1/7;T shows a peak near 20 mK at 5 T. However, this
peak is absent at 6 and 8 T. Moreover, the NMR spectrum at
5 T shows no change below 20 mK. We discuss that magnetic
order with a moment lying in the a-b plane is one possible
origin.

II. EXPERIMENTAL DETAILS
A. Materials and methods

High-quality single crystals of CeColns were grown by
the In-flux method [20]. NMR measurements were performed
under a magnetic field H || ¢ down to 5 mK using our home-
made nuclear-demagnetization cryostat. To ensure the sample
temperature down to the ultralow temperature, the sample
and the NMR pickup coil were immersed in liquid *He. For
further thermal anchoring, a silver wire of 100 um diameter
was soldered to the sample by indium [Figs. 1(a) and 1(b)].
This silver wire was then firmly anchored to the cryostat.
The cryostat temperature was measured by a melting curve
thermometer as described in Ref. [12].

NMR measurements were performed by the standard spin-
echo method. The first and the second pulses with a common
amplitude of Vj; and a pulse width of 71y and f5,4 (= 2 X t15)
were applied with the interval time t between the first and
the second pulses to observe a spin-echo signal (details of
the NMR sequence are described in Appendix A). While the
spin-echo intensity is proportional to Vjis(f1s + f2nq), the pulse
power (Pys) applied to the NMR circuit is proportional to
szls(tlst + tng) [in this paper we determined Vp as the input
voltage applied to the NMR tune circuit, and define Py =
Vp2ls(l‘15t + tong) for the sake of expedience]. Therefore, the
heating by the NMR pulses can be effectively suppressed by
reducing Vyis with keeping Vs (f1s¢ + f2nq) With a longer pulse.
A typical pulse width used below 100 mK was ~100 us, and
the tipping angle was 20-30 deg. The amplitude and the width
of the comb pulse used for the 77 measurements was the same
with those of the first pulse.

In CeColns, NMR measurements can be performed at >°Co
(I =7/2) and "In (I = 9/2) nuclei [Fig. 2(a)]. Figure 2(b)
shows a NMR spectrum at 1.7 K and 8 T. The NMR spec-
tra were obtained by summing the Fourier transform of the
spin-echo signal measured at equally spaced rf frequencies
at a fixed magnetic field. Seven absorption peaks of *Co
(I = 7/2) were observed with an equal-frequency spacing. A
NMR signal of ''°In from one of the two inequivalent In sites,
In(1) [21], was also observed. In this work we investigated
the temperature dependence of the NMR spectrum and that of
1/TyT by measuring the center peak of the >°Co signal.

B. Estimation of the sample temperature

For NMR measurements at low temperatures, measuring
the actual sample temperature is strikingly important, because
the heating by excess Py, might increase only the sample
temperature without affecting the cryostat temperature. The
most direct method to check the sample temperature is to ob-
serve the pulse-power dependence of the Knight shift after the
NMR pulse, as discussed in the recent measurements [18,19]
of SrpRuQy,. In CeColns, the temperature dependence of the
Knight shift becomes smaller below 100 mK [22], not al-
lowing us to check the sample temperature by measuring the
Knight shift at ultralow temperatures.

We thus utilize the temperature dependence of the spin-
echo intensity. The spin-echo intensity of an absorption peak
is determined by the population difference between the neigh-
boring energy levels (m = —7/2 to +7/2 for *Co). Owing to
the Boltzmann distribution of the nuclear spins, the spin-echo
intensity Isg for the center peak of **Co is given by

E_ip

exp(— 2_/72)_6’(1)(_ kBT)
Yaexp (=)
where kg is the Boltzmann constant,
E, = —myhHy + thvo{3m* — 1(1 + 1)} )

is the eigenvalue of the energy for the mth energy level,
Hy is the static magnetic field applied along the c¢ axis,
y/2m = 10.1021310 MHz/T is the gyromagnetic ratio, and
vo = 0.230 MHz is the nuclear quadrupolar resonance (NQR)
frequency of *Co [23,24].

The calculated temperature dependence of Isg(T)
[Fig. 2(c)] shows a peak at the temperature where the thermal
broadening kT is about equal to the Zeeman gap y hHj. The
peak temperature is 5-10 mK for 5-12 T, demonstrating a
good temperature sensitivity at the ultralow temperatures.
Thus, by checking whether the temperature dependence of Isg
follows the curve given by Eq. (1), one can find an appropriate
pulse condition (the amplitudes and the widths of the NMR
pulses) by which the heating of the sample is negligible.

Isg(T) x

ey

III. VERIFICATION OF THE SAMPLE TEMPERATURE
BY THE TEMPERATURE DEPENDENCE OF SPIN-ECHO
INTENSITY

Here we discuss the procedure to find a pulse condition
with a negligible sample heating and how we confirmed that
Isg(T) follows the curve shown in Fig. 3(c). We find that, be-
cause of the temperature dependence of Isg, the repetition time
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FIG. 2. (a) Crystal structure of CeColns. (b) NMR spectrum taken at 1.7 K and 8 T (H || c). Seven absorption peaks corresponding to ¥Co
(I = 7/2) were clearly observed. Note that a ''>In NMR signal from the In(1) site is merged with the first quadrupole-satellite peak at the
higher-frequency side. (c) The calculated temperature dependence of the spin-echo intensity of the center line at different fields. Each curve is

normalized by the peak value.

(tp) dependence of Isg can be used to check the heating of
the sample given by the pulse condition. Thus, we determined
the pulse condition at each temperature by checking the #,
dependence of Isg (see Appendix A for details). We then mea-
sured the temperature dependence of the transverse relaxation
time (73) to evaluate Isg(7") at T = 0 for each temperature (see
Appendix B). Finally, we took into account the tipping angle
difference in the different temperature ranges. In the pulse
condition without the #,,, dependence, the tipping angle was set
as a smaller value in the lower temperature range. Therefore,
at the boundary temperature where the pulse condition was
changed, the spin-echo signals were measured by both tipping
angles to normalize the signal intensities obtained by different
tipping angles.

The temperature dependence of Isg(7') obtained by this
procedure at 5, 8, and 12 T is shown in Fig. 3. As shown
in Fig. 3, the temperature dependence of Isg(7) observed
by the pulse condition without the f#;, dependence well
follows the Boltzmann curve given by Eq. (1), ensuring the
thermal equilibrium of the sample temperature with the cryo-
stat temperature down to ultralow temperatures. This good
agreement, paving a way for reliable NMR measurements at

ultralow temperatures, is one of the main outcomes of this
work.

We note that, however, the validity of the thermal equi-
librium is limited for a timescale longer than or equal to 7}
as discussed in detail below. We also note that, as shown in
Fig. 3, the spin-echo intensity quickly decreases for kT <
yhH,, because the nuclear spins are redistributed to lower-
energy levels than those corresponding to the center peak of
¥Co (m = +1/2 < —1/2). At these low temperatures, the
satellite peaks for lower-energy levels show larger signals (see
Appendix C for details), offering alternative ways to extend
measurements for lower temperatures at higher fields in the
future.

IV. INVESTIGATION OF MAGNETIC ORDER IN CeColns

A. Longitudinal relaxation time (7;) measurements

We performed the longitudinal-relaxation time (77) mea-
surements at 5, 6, and 8 T by the pulse condition determined
as described in the previous section. A typical recovery curve
at 5 T is shown in Fig. 4(a). As shown in the solid line
in Fig. 4(a), the data are well fitted by the relaxation curve
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FIG. 3. The temperature dependence of the spin-echo intensity at 5, 8, and 12 T. The solid line shows the Boltzmann curve [Eq. (1)] for
each temperature. The error bars represent =0, where o is one standard deviation of the data.
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FIG. 4. (a) Recovery curve of the magnetization M (¢) divided by the saturation value M, at 5 T and 10 mK. The solid line shows a fit for
the central transition of the nuclear spin 7/2. (b) The temperature dependence of 1/77T at 5, 6, and 8 T. The data of the previous work are
taken from Ref. [27] (5§ T) and Ref. [22] (8 T). The error bars represent o, where o is one standard deviation of the fitting of the recovery
curve by Eq. (3). To show the overlapped data points at 5 T, all the data at 5 T are listed in Table I. (¢) Comparison of recovery curves at 5 T at
different temperatures. To compare 717, rather than 7, at different temperatures, the data are plotted as a function of the product of the delay

time (¢) and the temperature.

expected for the central transition of the nuclear spin 7/2 [25],
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We determine 77 by using Eq. (3) for the recovery
curves observed at different temperatures and plot the tem-
perature dependence of 1/77T in Fig. 4(b). As show in
Fig. 4(b), we confirm a good reproducibility of our data above
~100 mK [26] with those in Refs. [22,27].

We find that 1 /71T at 5 T shows a peak ~20 mK, whereas
those at 6 and 8 T follow the Korringa law (1/7T;T ~ const.)
without a peak. The peak of 1/77T at 5 T can also be clearly
inferred from the comparison of the recovery curves at 10, 20,
and 200 mK shown in Fig. 4(c) where the data are plotted

TABLE 1. All data of the temperature dependence of 1/T;T at
5 T shown in Fig. 4. The error represents one standard deviation of
the data.

Temperature (mK) 1/TiT (s7' K™
8.197 £ 0.034 13.77 £+ 9.81
10.499 £ 0.085 17.84 + 5.25
10.954 4+ 0.034 18.28 £+ 6.79
15.219 4+ 0.030 57.37 + 15.65
20.900 + 0.032 66.16 + 17.67
21.031 £ 0.035 70.21 + 28.13
21.223 +0.027 79.41 + 10.66
26.423 + 0.028 43.66 £+ 10.34
36.994 4 0.038 53.27 £ 7.27
53.546 + 0.052 57.58 + 3.45
104.76 4 0.082 44.18 £+ 1.57
205.97 £ 0.12 35.68 £+ 2.06
986.90 + 0.13 28.42 + 3.40

as a function of the product of the delay time (¢) and the
temperature to compare 717, rather than 77, of these curves.
As shown in Fig. 4(c), the recovery as a function of t x T
takes place more quickly at 20 mK than those at 10 and
200 mK.

The bigger errors of 1/T7T near the peak might reflect a
sharp change of 1/7,T. Owing to the small tipping angle set
to avoid the heating, a very long averaging time was required
in the 77 measurements to resolve a small change of the NMR
signal. Therefore, a small temperature instability can easily
cause a large ambiguity because of this long accumulation. At
5 T, although we could observe the spin-echo signal down to
5 mK by the pulse condition without the heating, we could not
resolve the relaxation of the NMR signal down to 5 mK owing
to the small tipping angle.

B. NMR spectrum below 20 mK

To check if the peak of 1/7;T is caused by magnetic order,
we compare the NMR spectrum above and below 20 mK
(Fig. 5). As shown in Fig. 5, the NMR spectrum at 5 mK is
virtually the same with that at 30 mK. From the linewidth of
the NMR spectrum (~20 kHz) and the coupling constant of
PCo (4.7 kOe/up) [23], the absence of a broadening of the
NMR spectrum limits the magnitude of the internal magnetic
field along the applied field less than 0.004 1.

C. Possible magnetic order in CeColns below 20 mK

In the dHVA measurements [12], the anomalous suppres-
sion of the dHvVA amplitude has been observed at almost the
constant temperature of ~20 mK above 7.5 T. On the other
hand, the peak in 1/7,T was observed only at 5 T. This field
dependence may be attributed to a change of the Q vector of
the magnetic order.

In general, 1/T,T is given by

1 2 Im XL(‘I’ C()())
ke quf @ —= = (4)
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FIG. 5. The NMR spectrum of *Co center peak at 5.0 and 30 mK.

where f2(q) is the hyperfine form factor, Im y (g, wp) is the
imaginary part of the dynamical susceptibility perpendicular
to the magnetic field, and wy = 2wy Hy is the Larmor fre-
quency. For the >?Co NMR in CeColns under a magnetic field
of H | ¢, the hyperfine form factor f2(g) is written as

12(q) = 4A% cos’ mq, S

owing to the lattice symmetry of CeColns [see Fig. 2(a)],
where A is the in-plane component of the hyperfine coupling
constant [22,28] and ¢, is the ¢ component of the Q vector.
This form factor filters out the spin fluctuations for a mag-
netic structure with g. = 1/2. Therefore, the presence and the
absence of the 1/T\T peak suggests a change of g, from an
incommensurate g, # 1/2 at 5 T to g. = 1/2 at higher fields.

We note that a similar change of the Q vector has been
observed in the related antiferromagnetic compound CeRhlIns.
The magnetic structure of CeRhIns at ambient pressure and at
zero field [29] is an incommensurate helical order with Qic =
(1/2,1/2,0.297). This magnetic structure changes to a com-
mensurate antiferromagnetic order with Q¢ = (1/2, 1/2,1/2)
under a high pressure above 1.7 GPa [30], or to Qp =
(1/2,1/2,1/4) under a high magnetic field applied in the a-b
plane [31]. This change of the Q vector has been discussed in
terms of the distance from the QCP [30]. Therefore, given that
a field-induced QCP [7-10] has been discussed in CeColns
near H., for H | ¢, a change of the Q vector can also be
expected in CeColns.

Next, we discuss the absence of the change in the NMR
spectrum below 20 mK at 5 T (Fig. 5) despite the possible
magnetic order. The spectral shape corresponds to the his-
togram of the absolute values of the local magnetic field at
the Co sites. Because the local field is the vector sum of the
external and the internal magnetic fields, appearance of the
internal field parallel to the applied field (|| c axis) results in a
drastic change of the spectrum such as splitting or broadening.
On the other hand, a transverse internal field makes a small
change in the spectral shape. This is in contrast to 1/7;T that
probes the magnetic fluctuations perpendicular to the applied
field [Eq. (4)]. Therefore, magnetic order only with transverse
moments causes a peak in 1/7;T, but no change in the NMR
spectrum. In fact, such a magnetic structure has also been
reported in CeRhlIns, where the magnetic moment in the AFM
phase is laid in the a-b plane [29,32].

(@ Qic,H=5T (b) Qc,H>6T
£ 5 £ oo &
ﬂ%:fo @"m
9 Co o)
o—9® cd ,0/0‘

,c’\ae . ;"\‘ .
FIG. 6. Proposed magnetic structures of CeColns below 20 mK
with an incommensurate Qic (a) and a commensurate Q¢ (b) by
reference to that of CeRhlns under pressure [30]. The magnetic

moments are suggested to be in-plane. Inequivalent In(2) sites for
QOc are marked by solid circles with different colors in (b).

The possible magnetic structures of CeColns are shown in
Fig. 6. In the incommensurate magnetic order presumed at 5 T
[Fig. 6(a)], the internal field at the Co site has only the in-plane
component, which results in the anomaly in 1/77T without
the change of the NMR spectrum. On the other hand, the
internal field is completely canceled out owing to the local site
symmetry at the Co site for the commensurate magnetic order
presumed at higher fields [Fig. 6(b)]. Although it is impossible
to check the magnetic structure by using *Co NMR, the !'’In
NMR measurements at the In(2) sites can be used to confirm
the magnetic structure because of the lower site symmetry.
We have thus tried to perform ' In NMR measurements at
the In(2) sites below 20 mK. However, as shown in Fig. 9(a),
T, at the In(2) sites is very short (~40 us), disabling us to
suppress the heating effect by a longer NMR pulse with a
smaller amplitude.

It should be noted that the absence of the change in the
NMR spectrum might be caused by a heating effect in the
timescale shorter than 7;. The heating checks by the spin-echo
intensity [the #, dependence (Fig. 8) and the temperature
dependence of Isg (Fig. 3)] ensures the thermal equilibrium of
the sample temperature in the timescale of 77, but are insensi-
tive to an instantaneous heating in the timescale of the Knight
shift (0.1-1 ms, see Fig. 7). The recent experiments [18,19]
checking the heating by the Knight shift of Sr,RuQOy4 report
a short thermal relaxation of order of 1 ms, which is much
shorter than the delay time used for our 77 measurements.
Therefore, Tie might exceed 20 mK in a timescale shorter
than ~1 ms after the NMR pulses, but relax to below 20 mK
during the 7} measurements. This explains the absence in the
change of the NMR spectrum despite the appearance of a
peak in 1/T7T by magnetic order. To check this possibility,
we tried to observe the NMR spectrum by a weaker NMR
power. However, the smaller NMR signal owing to the weaker
NMR pulses disabled us to observe the NMR spectrum within
our present resolution. Improving the sensitivity of the NMR
measurements is required to investigate a change in the NMR
spectrum at 5 T as well as to observe the ''>In NMR at the
In(2) sites down to ultralow temperatures, which remains as
a future work. Also, it is an important future issue to observe
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a broadening of the NMR spectrum under a tilted magnetic
field to confirm the internal field in the AFM phase, although
the magnitude of the magnetic moment might be comparable
to the linewidth of the NMR spectrum (Fig. 5) owing to the
ultralow ordering temperature [33].

We note that another possible explanation for the 1/77T
peak, except for magnetic order, includes a crossover from a
non-Fermi liquid to a Fermi liquid. As shown by the thermal
expansion measurements [10], the crossover line is suggested
to terminate near H.,, which may correspond to 20 mK at 5 T.
Howeyver, this crossover should be observed at 6 and 8 T at
higher temperatures, which is absent in our measurements.

V. SUMMARY

To investigate the origin of the anomaly found at ~20 mK
in the quantum oscillation measurements [12], ¥Co NMR
measurements of CeColns were performed down to 5 mK
under a magnetic field of 5, 6, 8, and 12 T applied parallel
to the ¢ axis.

We have developed the spin-echo NMR measurements pro-
cedure to find a pulse condition without heating the sample
down to ultralow temperatures. We find that, by tuning the
pulse condition to avoid a repetition time dependence of the
spin-echo intensity, the temperature dependence of the spin-
echo intensity follows the curve expected by the Boltzmann
distribution of the nuclear spins. This ensures no heating of
the sample during the NMR measurements at least for the
timescale of 77 measurements. From the pulse condition de-
termined by this procedure, we find a peak at ~20 mK in the

—
Q
-

Repetition time:t

temperature dependence of 1/T;T at 5 T, whereas the peak
is absent at 6 and 8 T. The NMR spectrum at 5 T shows no
discernible change below 20 mK.

We suggest that the presence and the absence of the peak
in 1/T1T may be related to the change of the Q vector in the
AFM state from an incommensurate to a commensurate one
as observed in CeRhIns [30,31]. The absence of the change in
the NMR spectrum may be explained by the magnetic moment
lying only in the a-b plane in the AFM state and/or a heating
effect by the NMR pulse in the timescale much shorter than
Ti. Measurements of ''>In NMR at the In(2) sites and °Co
NMR by weaker NMR pulses under a tilted magnetic field
remain as future works to reveal the magnetic ground state
below 20 mK.
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APPENDIX A: OPTIMIZING PULSE CONDITION BY
REPETITION TIME (¢,,) DEPENDENCE MEASUREMENTS

To estimate the heating effect by checking the temperature
dependence of Isg, it is necessary to pay attention to the fact
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FIG. 7. (a) Anillustration of the NMR pulse sequence consisting of the first and second pulses of the width of #,, and 7,4, and the amplitude
Viis- A spin-echo signal is observed at 27 after the first pulse, where 7 is the interval time between the first and the second pulses. This sequence
is repeated with the repetition time (f). The spin-echo decay by the transverse relaxation on the timescale of T; is illustrated by the dashed line.
(b) The time dependencies of various temperatures; the temperature of the cryostat (Tcryogiar» gray), the electrons (7., blue), and the nuclear
spins (Tya, pink) are shown. The solid (dashed) lines show the case that the sample is heated up (not heated up) by the NMR pulse. Timescales
of the longitudinal relaxation of the nuclear spins (7}) and the thermal relaxation of the electron system (z,,) are also indicated by the arrows.
Because of the repetition sequence, the effective temperature of the nuclear spins (T, filled circles), where the NMR signals are accumulated,
is affected by #,. Spin-echo signal is observed at a higher 7. (thus with a smaller spin-echo intensity) for a shorter ,, when the T, is increased
(open circles on the solid line). On the other hand, there is no repetition time dependence when the heating is negligible (open circles on the

dashed line).
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that the temperature of the electrons (7i.) and that of the
nuclear spins (7nc) may be different in the sample in the
timescale of the NMR measurements. Figure 7 illustrate a
schematic of the NMR pulse sequence [Fig. 7(a)] and the
time dependencies of Ty and Ty [Fig. 7(b)]. The solid lines
in Fig. 7(b) show a case that the sample is heated up by an
excess pulse power. In this case, the NMR pulses increase
Tiie which immediately affects the Knight shift. On the other
hand, Txe remains the cryostat temperature (Tcryosa) in the
timescale of detecting the spin-echo signal (< T}), producing
ISE at TCryostat-

For pulse NMR measurements, the pulse sequence is re-
peated at a repetition time (#) interval in order to resolve a
small signal by accumulating the NMR signals. Therefore,
when T is increased by the NMR pulses with an excess
Py, the heating of the sample increases the effective tem-
perature of the nuclear spins (7.) where the NMR signals
are accumulated. The effective temperature becomes higher
(thus Isg becomes smaller) for a shorter #;, when the T is
increased by the NMR pulses [the open circles on the solid
line in Fig. 7(b)]. This repetition time dependence is absent
when the increase of T is negligible [the open circles on the
dashed line in Fig. 7(b)].

We checked this , dependence of Isg for #; as short
as possible because the heating effect becomes larger at
a shorter t;, [see Fig. 7(b)]. As shown in Fig. 7(b), the
maximum of Ty is expected at t ~ T;. Therefore, the ab-
sence of the #;, dependence for t,;, ~ 7| ensures the absence
of the heating of the sample for a shorter time which
may cover the time region required for 77 measurements
(T1/100 < t). Given the higher sensitivity of Isg at lower
temperatures [see Fig. 2(c)], this heating check procedure
provides a sensitive method to confirm the sample temperature
below 100 mK.

We first checked the #;, dependence of Isg for each tem-
perature by using different pulse conditions. A typical data
set at 21.8 mK and 5 T is shown in Fig. 8. As shown in
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FIG. 8. Repetition time dependence of the spin-echo intensity
at 21.8 mK and 5 T. The data are normalized by the intensity at
the longest repetition time. The signal becomes smaller at a shorter
repetition time when a large pulse power is applied to the NMR
circuit.

Fig. 8, smaller Isg was observed at a shorter #;, for a larger
P15, showing the heating of the sample as expected in Fig. 7.
Such #;, dependence becomes smaller for smaller Py, and
is almost absent at Py = 3244 V2 ps. We can thus find an
appropriate pulse condition which does not heat up the sample
by measuring the #,, dependence of Isg.

APPENDIX B: TRANSVERSE RELAXATION TIME (T3)
MEASUREMENTS

To determine the temperature dependence of Isg(7'), one
needs to know the temperature dependence of 7. This is
because the spin-echo signal, which is observed at a fixed
delay time 27, decays as a function of 27 /T; [see Fig. 7(a)].
We thus checked the temperature dependence of 7, by the
pulse condition determined by the procedure described in
Appendix A.

Figure 9(a) shows the T dependence of the spin-echo inten-
sity of >Co and 'In NMR at the In(2) site at 8 T. The decay
curves can be fitted by a Gaussian function, Isg(7, 27) =
Isg(T)exp{—(Q21/ T»)?} for the whole temperature range we
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FIG. 9. (a) The dependence of the spin-echo intensity on the
interval time between the first and the second pulses (t) at different
temperatures. The data are normalized by the value at 7 = 0. The
data of *Co and !'*In NMR at the In(2) site are shown by circles and
diamonds, respectively. Each solid line shows a fit by Isg(7', 27) =
Ise(T) exp {—(21/T»)*}. (b) The temperature dependence of 1/T; of
¥Co at 5, 8, and 12 T. The dashed lines show a guide to the eyes.
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measured. We find that 1/7, decreases as lowering tempera-
ture as shown in Fig. 9(b). This decrease might be explained
by a decrease of the occupation number of the nuclear spins
at E1/2 and E71/2 for kT < yhH,.

APPENDIX C: NMR INTENSITY FOR kT < yhH,

As described in Sec. III, the nuclear spins are redistributed
to lower energy levels for kgT < yhHy, giving rise to a larger
NMR signals corresponding to the absorption between the
lower energy levels. To show this quantitatively, we calculate
Isg at 5 T by using Eq. (1) for other transitions and plot
the temperature dependence of Isg normalized by that of the
center peak of Co (m = +1/2 <> —1/2) in Fig. 10.

As shown in Fig. 10, the relative NMR intensity for the
absorption between the lower energy levels becomes larger for
kgT < yhH,, showing a new alternative possibility to extend
the NMR measurements for lower temperatures.
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FIG. 10. The temperature dependence of Isg at 5 T calculated for
all NMR absorption in ¥Co (I = 7/2) by using Eq. (1). The data are
normalized by Isg of the center peak.
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