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The nuclear spin systems in CdTe/(Cd,Zn)Te and CdTe/(Cd,Mg)Te quantum wells (QW) are
studied using a multistage technique combining optical pumping and Hanle effect-based detection.
The samples demonstrate drastically different nuclear spin dynamics in zero and weak magnetic
fields. In CdTe/(Cd,Zn)Te, the nuclear spin relaxation time is found to strongly increase with the
magnetic field, growing from 3 s in zero field to tens of seconds in a field of 25 G. In CdTe/(Cd,Mg)Te
the relaxation is an order of magnitude slower, and it is field-independent up to at least 70 G. The
differences are attributed to the nuclear spin relaxation being mediated by different kinds of resident
electrons in these QWs. In CdTe/(Cd,Mg)Te, a residual electron gas trapped in the QW largely
determines the relaxation dynamics. In CdTe/(Cd,Zn)Te, the fast relaxation in zero field is due to
interaction with localized donor-bound electrons. Nuclear spin diffusion barriers form around neutral
donors when the external magnetic field exceeds the local nuclear field, which is about B; ~ 0.4 G
in CdTe. This inhibits nuclear spin diffusion towards the donors, slowing down relaxation. These
findings are supported by theoretical modeling. In particular, we show that the formation of the
diffusion barrier is made possible by several features specific to CdTe: (i) the large donor binding
energy (about 10 meV), (ii) the low abundance of magnetic isotopes (only ~ 30% of nuclei have
nonzero spin), and (iii) the absence of nuclear quadrupole interactions between nuclei. The two
latter properties are also favorable to nuclear spin cooling via optical pumping followed by adiabatic
demagnetization. Under non-optimized conditions we have reached sub-microkelvin nuclear spin

temperatures in both samples, lower than all previous results obtained in GaAs.

I. INTRODUCTION

The nuclear spin physics of solids has enjoyed a re-
newed interest from the scientific community in recent
years, with modern research being largely stimulated by
the possible spintronics and quantum computing appli-
cations. Frequently, nuclear spins are seen as an obstacle
to reaching long electron coherence times, especially in
quantum dots [1, 2]. However, they can also be made
useful. For example, the feedback from the nuclei can
be used for frequency focusing of electron spin preces-
sion in quantum dots [3], and there is a growing body
of encouraging research on the topic of hybrid quantum
registers employing nuclear spins as long-lived quantum
bits [4-8]. As the nuclear spins do not interact directly
with light, they are controlled via hyperfine interaction
with electrons, which is typically achieved through reso-
nant or nonresonant optical pumping, with protocols of
increasing complexity [6, 9-11].

In GaAs, the model semiconductor, every nucleus
has spin I = 3/2, and therefore possesses a nonzero
quadrupolar magnetic moment. Once the cubic sym-
metry is lifted by, e.g., strain or defects, the uncontrol-
lable quadrupolar interactions shorten the nuclear spin
lifetime and fundamentally limit nuclear spin tempera-
tures achievable via adiabatic demagnetization. Further-
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more, a strong field dependence of nuclear spin relax-
ation is introduced [12, 13]. Although there is ongoing
research on comparatively strain-free GaAs/(Al,Ga)As
quantum dots (see, e.g., Ref. [6]), the quadrupolar ef-
fects can hardly be eliminated completely and become
particularly important in small magnetic fields.

Consequently, materials with I = 1/2 are intriguing, as
the nuclei do possess spin, but completely lack quadrupo-
lar moments, and thus the aforementioned properties of
their nuclear spin systems are robust with respect to
stress, defects and electric fields. CdTe is especially inter-
esting in this regard as the local field describing nuclear
spin-spin interactions (B, = 0.4 G [14]) is smaller than in
GaAs (~ 1 G [15]) due to the low abundance of Cd and Te
isotopes with nonzero spin (the latter will be referred to
as magnetic nuclei hereafter). This is expected to reduce
the lowest achievable nuclear spin temperature [16, 17]
and to influence nuclear spin diffusion [18]. Additionally,
CdTe is very similar to GaAs in electronic properties, the
primary difference being the higher exciton/donor bind-
ing energy and, consequently, the smaller Bohr radius
ap ~ 5 nm [19, 20].

To use the nuclear spin system in a device, one should
find a way of controlling it. A seldom explored possibility
consists in using an external magnetic field to manipulate
the diffusion barrier [18]. A nuclear spin diffusion barrier
arises when the magnetic field gradient becomes larger
than the local field; this hinders spin flips between neigh-
boring nuclei, slowing down and eventually inhibiting nu-
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FIG. 1. Schematic diagrams of the spin-lattice interactions
studied in this work. (a) Donor-bound electrons in a wide
insulating CdTe QW with low barriers; nuclear spins inter-
act with the strongly localized individual electron spins. (b)
Resident electron gas forming on QW potential fluctuations
(shown by barrier color) in a deep CdTe QW with uninten-
tional barrier doping; nuclear spins interact with the weakly
localized 2D electron gas. The electron gas puddles constitute
a only a small portion of the entire QW area ({n2p) is the
electron gas density averaged over the entire QW).

clear spin diffusion. Upon applying a threshold magnetic
field the bulk polarized nuclei would become separated
from the donor site, preventing rapid diffusion and re-
laxation on the donor after pumping is stopped [21]. In
semiconductors, there is no consensus on the subject of
diffusion barriers: although there is some evidence for
their formation in GaAs quantum dots at high magnetic
fields [22, 23], there is more recent evidence to the con-
trary [24]. Nevertheless, it is tempting to search for diffu-
sion barrier formation in lightly or even unintentionally
n-doped CdTe, as the relatively strong localization on
donors together with the small local field should make
the effect quite observable as far as the electrons remain
localized. Conversely, one would not expect to see a sig-
nificant magnetic field response if the electrons are not
strongly localized, disappearing completely in the limit
of bulk Korringa relaxation [25].

For our study of the CdTe nuclear spin system, we
have chosen two illustrative structures. Both samples
are studied in similar conditions via optical pumping fol-
lowed by adiabatic demagnetization, with photolumines-
cence (PL) polarization measurements serving as a probe
of the nuclear spin state. Sample A is a very wide high-
quality CdTe quantum well (QW) sandwiched between
low (Cd,Zn)Te barriers. The QW contains a small num-
ber of donors due to unintentional n-doping. The nuclear
spin dynamics develops around these donors. The in-
homogeneous Knight field of the donor-bound electrons
creates a diffusion barrier, which results in a magnetic
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FIG. 2. Low-temperature PL and PL polarization spectra
of the two samples studied: (a) Sample A, (b) Sample B.
Black vertical lines show the energies used for nuclear spin
polarization measurements.

field dependence of the nuclear spin relaxation. Sam-
ple B is a thinner CdTe QW surrounded by very high
(Cd,Mg)Te barriers. Here, fluctuations of the QW po-
tential attract electrons, which form rare (< 10'° cm™=3)
two-dimensional (2D) electron gas puddles, while the rest
of the QW remains basically electron-free. This leads to
slow temperature-dependent nuclear spin relaxation in-
duced by fluctuations of the electron spin near the Fermi
level in the areas covered by 2D electron gas with a large
contribution due to nuclear spin diffusion from electron-
free areas but with no notable dependence on the applied
magnetic field. Phenomenological modeling of nuclear
spin relaxation in these two different regimes supports
the proposed interpretation.

The paper is organized as follows. Section II describes
the studied samples in more detail. It is followed by Sec-
tion IIT which describes the experimental data obtained.
In Section IV we examine the experimental results and
present their theoretical modeling, summarizing our find-
ings in Section V. Finally, Appendices A and B feature
extended descriptions of the theoretical models.

II. SAMPLES & CHARACTERIZATION

The two CdTe QW structures were grown by molecu-
lar beam epitaxy. Sample A is a 30-nm-wide CdTe QW
sandwiched between Cdg.g5Zng.o5Te barriers, grown on
a Cdg.g6Zng.gsTe substrate. The top barrier also func-
tions as the capping layer and is 93 nm thick. The other
studied structure contains four 20-nm CdTe QWs sur-
rounded by high Cd;_,Mg, Te barriers (x &~ 20 — 30%),
which differ in top barrier (=capping layer) thickness.
For Sample B we have chosen the QW with the smallest
cap layer thickness of just 17.5 nm.



Both samples are nominally undoped, however, the
low-temperature PL spectra shown in Fig. 2 indicate
some unintentional doping. In Sample A, we interpret
the main PL features as the free exciton ground state
X (1.5981 eV), the negative trion X~ (1.5962 eV), and
the exciton bound to neutral donor DX (1.5953 eV),
as the binding energies are consistent with literature
data [26-28]. The structure of the free exciton resonance
series is also reproduced by calculations similar to that
of Ref. [29], where a sample grown under the same con-
ditions as Sample A was studied.

In Sample B the overall blueshift due to additional
quantum confinement energy is partly compensated by
the enhanced exciton binding energy [20]. We inter-
pret the spectrum similarly to Sample A. Evidently,
there are some donors inside the QW as well as accep-
tors (the DX, A°X peaks at 1.5939 and 1.5903 eV, re-
spectively) [28]. However, the relative intensity of the
trion line (1.5962 eV) as compared with the free exciton
(1.5988 €V) suggests that a dilute carrier gas is present.
Although a structure similar to Sample B was shown to
contain a hole gas, with the carrier type changing under
above-barrier excitation [30], supplementary pump-probe
measurements (data not shown) confirm the presence of
an electron gas in Sample B. Additionally, due to the
height of the Mg barriers, small variations of Mg content
lead to rather large QW potential fluctuations. That is to
say, a Mg density variation of just 1% would lead to more
than a 10 meV change in total barrier height [31, 32].
These areas trap the electrons drawn to the QW from
the barriers, which results in electron gas puddles that
live indefinitely. As we will show in Sec. IV, the electron
gas density of these puddles is no higher than 10' cm~2.

III. EXPERIMENTAL

Nuclear spin polarization experiments were performed
following the standard optical orientation technique [33].
Overall, the setups and experimental protocols are quite
similar to Refs. [12, 13, 34, 35], and have been exten-
sively used in studies of nuclear spin relaxation in GaAs.
During the optical cooling stage, the nuclear spins are
dynamically polarized in a longitudinal magnetic field
Bpump under optical pumping with circularly polarized
light. Once the pumping is stopped, we proceed with
adiabatic demagnetization to zero field. During this pro-
cess, the nuclear spin system reaches internal equilibrium
and its lowest spin temperature 95\?). In the next stage,
the transverse field Bgax is applied, and nuclear spin
relaxation proceeds for a time tqapx, after which we con-
duct the measurement. An illustration of the protocol is
shown in Fig. 3.

The measurement procedure yields the effective nu-
clear field By (the Overhauser field [36] that the nuclei
exert on the electrons via hyperfine interaction). The
procedure consists in switching on simultaneously the
transverse measuring field By, and the pumping beam,
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FIG. 3. An illustration of the experimental protocol used to
measure nuclear spin relaxation as a function of the magnetic
field Bqark. The demagnetization stage (shown by gray area)
is very short and takes place between the cooling and relax-
ation stages. The times tpump, tdark are not to scale. The data
shown in the lower panel have been measured on Sample A
at Baark = 25 G at tqark = 25 s.

and then recording the PL depolarization. The PL po-
larization degree p(t) is then determined by the total field
B+ By experienced by the electrons (the Hanle effect),
and can be described with

pOB%/Q

) = — RRENEL
B3+ [ B b+ (B (taark) — b) exp (— 4o )|

where pg is the polarization degree in zero transverse
field, By /7 is the half-width of the Hanle curve, T} is the
PL polarization relaxation time, and b is a small nuclear
field brought about by additional nuclear spin cooling in
the Knight field of photocreated electrons during mea-
surement [12].

In experiments on Sample A, the nuclear spins were
pumped for tpymp = 610 s in an external field of Bpymp =
150 G by a laser tuned to E = 1.822 eV (above-barrier
excitation), with By, = 1.2 G.

Sample B was subjected to a shorter pumping time
of tpump = 100 s, and the applied field was also some-
what weaker, Bpump = 115 G. The pumping energy
was F = 1.631 eV (below-barrier excitation), and the
measuring field was chosen equal to the pumping field,
B, =115 G. We note that in experiments on both sam-
ples the pumping energy was dictated by laser availabil-
ity, not pumping efficiency.

The rate of spin exchange between, e.g., neutral donors
and free electrons is orders of magnitude faster than the
nuclear spin dynamics [21]. Therefore, all of the electron
states are equally valid sensors of the nuclear spin state.
As such, the detection energies were chosen to maximize
the PL polarization degree p(t). The PL intensity and
polarization spectra are shown in Fig. 2. Solid black lines
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FIG. 4. Nuclear spin dynamics in Sample A. Solid lines: self-
consistent theoretical modeling via diffusion equation. The
strong dependence on magnetic field is well-described by the
onset of a diffusion barrier due to the inhomogeneous Knight
field. The curve at Bgark = 0 corresponds to spatially homo-
geneous diffusion with D = 3 x 10713 cm?s~! with relaxation
via bound electrons. The diffusion barrier becomes more sig-
nificant as Bqark grows, slowing nuclear spin diffusion and im-
peding relaxation. For details, see Sec. IV A and Appendix A.

indicate the detection energies, 1.6019 eV and 1.5861 eV
for Samples A and B respectively. Additional modeling
shows that in Sample A this roughly corresponds to the
free exciton state formed by the el-hh3 quantum-confined
states. In Sample B we are likely probing states that are
localized on QW potential fluctuations.

The results of measurements on Samples A and B are
presented in Figs. 4 and 5, respectively. The two samples
exhibit drastically different nuclear spin dynamics.

In Sample A we observe an increase of the nuclear spin
lifetime with the transverse magnetic field Bgark, and it
reaches tens of seconds at best.

Sample B demonstrates a much longer nuclear spin life-
time of the order of hundreds of seconds, which is inde-
pendent of Bgak, but depends on temperature. Addi-
tionally, there is a background — an extremely long-lived
component of the nuclear spin polarization that persists
for thousands of seconds.

It is instructive to estimate the lowest nuclear spin
temperature reached in these experiments on CdTe and
compare to the existing measurements in GaAs samples.
Since By, > By, from the Curie law we get [33]

PO _ h{(y)I(I +1) Brbn
N 3kp By ’

tdark=0

(2)

where kp is the Boltzmann constant, (y) = —6.47 x
10" rads~! T~ ! is the average gyromagnetic ratio of mag-
netic isotopes [37], and

~ 700 G (3)
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FIG. 5. Nuclear spin dynamics in Sample B at T'=5 K (a)
and 10 K (b). Points: experimental data, solid lines: model-
ing via Eq. (7). The dynamics is governed by free electron-
induced relaxation and diffusion. It is independent of the
magnetic field, as the electron localization is insufficient for
the diffusion barrier effect. At 10 K the relaxation rate is the
same at 6.8 G and 68 G, only the backgrounds are different.
For details, see Sec. IVB and Appendix B.

is the value of the nuclear field at saturation, where (A) =
—13 peV is the average hyperfine constant [38-40], g. =
—1.6 is the electron g-factor [41], and pp is the Bohr
magneton.

Applying Eq. (2), we find that the nuclear spins of
Sample A are cooled down to around 0.3 K. In Sample B
the temperature is even lower, possibly reaching as low
as 0.08 pK, although it is difficult to make a precise mea-
surement due to the aforementioned in-plane inhomo-
geneity of Sample B. Nevertheless, even after subtracting
the background completely, we arrive at around the same
nuclear spin temperature as for Sample A, 95\?) ~ 0.3 uK.
For comparison, to our knowledge the lowest spin tem-
peratures obtained in GaAs are 0.5 pK ([35], rotating
frame) and 2 pK ([17], laboratory frame). Considering
that such a low temperature is obtained under pumping
conditions which were not optimized for the most efficient
nuclear spin cooling, these results suggest that CdTe is a
potential candidate for reaching record low temperatures
in the semiconductor nuclear spin system.
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FIG. 6. Results of modeling the Sample A nuclear spin dy-
namics with a field-dependent diffusion coefficient D(Bgark)-
Sharp changes in diffusion occur in fields close to the local
field Br, =~ 0.2 — 0.4 G. Inset: corresponding fits of the data.

IV. DISCUSSION
A. Donor-bound electrons (Sample A)

The nuclear spin relaxation in Sample A (see Fig. 4)
is rather fast, with nuclear spin lifetimes of the order of
seconds. We assume that the relaxation is due to hy-
perfine interaction with donor-bound electrons, as these
are essentially the only resident electrons in the sample.
The distinct field-dependent behavior that we observe
can be phenomenologically modeled by a radial diffusion
equation with a nuclear spin diffusion coefficient D that
depends on Bgark, see Fig. 6. To account for the exper-
imental results, the diffusion coefficient must experience
a sharp change in fields of the order of 0.3 G, close to the
value of the local field By,. We theoretically estimate the
local field due to both magnetic dipole-dipole interaction
and indirect interactions to be < 0.4 G. This is consistent
with NMR linewidth measurements in CdTe, which give
a value of about 0.2 G for 12°Te [42].

The field dependence of the diffusion coefficient sug-
gests the formation of a nuclear spin diffusion barrier.
Below we briefly explain the principles of nuclear spin
relaxation affected by the diffusion barrier; further de-
tails can be found in Appendix A.

In weak magnetic fields Bg.x 2 Br, the cold nuclear
spins are easily polarized, resulting in an Overhauser field
that is much larger than Bg., k. The polarized nuclei in-
teract with electrons. Since the resident electrons are
localized on donors and their density is low, the hyper-
fine relaxation mechanism is dominant over the spin-orbit
one. It can be shown that in this regime dynamic elec-
tron polarization by nuclei takes place [43], and the aver-
age electron spin (S,) is determined by the mean nuclear
spin (I.), and is therefore proportional to the Overhauser

field By. In turn, the polarized electrons exert a weak
but highly inhomogeneous Knight field back upon the
nuclei, Be(r;) o |¢(r;)[*(S), where ¥(r;) is the electron
wavefunction at the nucleus located at r;. Indeed, the
Knight fields experienced by two nearby nuclei situated
at a distance r away from the donor and separated by
r;; < ap differ by:

OB, (r)
or |’

ABe (7“, BN) = Tij (4)

If at any distance r from the donor AB.(r, By) > By,
then the corresponding nuclear spin flips are suppressed
due to energy conservation. Eq. (4) allows us to estimate
(see Appendix A) that at Bgak as small as 1 G in the
immediate vicinity of the donor site AB.(r, By) > By,
even for a pair of nearest-neighbor nuclei with nonzero
spin separated by ru,, so nuclear diffusion is expected to
be strongly suppressed.

The rigorous calculation of the spatial and field-
dependent behavior of the diffusion coefficient is outside
the scope of this work. Instead, we incorporate the effect
by linking the diffusion coefficient D with the Overhauser
field By induced by Bgark through AB.(rn,, By) (here-
after referred to as AB2™") as defined by Eq. (4). This is
ensured by a phenomenological dependence which satis-
fies

D(AB™)~0, if  AB™> By; (5)
D(AB™)~ Dy, if AB™ < By,. (6)

In the above, Dy is the nuclear spin diffusion coefficient in
the absence of Knight-field feedback, i.e., in zero external
field. Thus, the diffusion coefficient is spatially inhomo-
geneous and time-dependent, as ABL™ follows the spatial
distribution of the Knight field, which scales with the
time-dependent Bpy. In the theoretical curves of Fig. 4,
a step-like D(AB2I™) was used, accurately describing the
data with By, = 0.4 G as calculated from the spin-spin
interaction constants measured by Nolle [15, 42]. Ad-
ditional details regarding the modeling can be found in
Appendix A.

Note that the optical cooling stage, where the strong
field Bpump is applied, is modeled with the diffusion
coefficient D = 0, while the curve at Bg.,x = 0 cor-
responds to the maximum diffusion coefficient Dy =
3 x 10713 ecm?s~ !, which is around what is typically seen
in GaAs [21, 44].

B. Free electrons (Sample B)

As discussed in the previous Section, the seconds-long
nuclear spin relaxation and its magnetic field dependence
in Sample A are direct consequences of strong electron
localization. Since in Sample B we observe nuclear spin
relaxation times of the order of a hundred seconds, the
electrons responsible for this relaxation must be much
less localized. Indeed, as discussed in Sec. 11, the presence



of electron gas puddles in Sample B is quite probable, so
we turn our attention to free 2D electrons.

In structures hosting an electron gas, nuclear spin re-
laxation via interaction with free electrons is known to
be relevant [44-47]. In the extreme case of a degenerate
electron gas, one expects the Korringa relaxation mech-
anism to dominate. Its defining feature is the simple
relationship vk o« kT between the Korringa relaxation
rate vk and the temperature of the electron gas [25].
This is consistent with our measurements, which yield
It=(138+8)sat T =5Kand I'"! = (75 +9)s at
T = 10 K, as determined from single-exponential fits of
the data shown in Fig. 5. Thus, we continue with free
electron-mediated relaxation.

To implement this idea theoretically, we employ an ap-
proach similar to Ref. [48]. A detailed calculation of the
Korringa-like relaxation rate 'k (z) in a QW containing a
low density 2D electron gas is presented in Appendix B;
here we only remark that the result is similar to the usual
bulk Korringa relaxation [25] and the results of Ref. [48].
However, we do obtain a low-density correction which
becomes significant if the Fermi energy is small com-
pared to kT, i.e., when the gas is nondegenerate. As the
Korringa mechanism is reserved for degenerate electron
gases, hereafter we will refer to the resulting relaxation
as Korringa-like.

A prominent feature of nuclear spin relaxation via 2D
electrons is the dependence of their relaxation rate I'x
on the position of the nucleus along the QW growth axis:
'k o [1e(2)]*. Performing a calculation of AB2® similar
to that made for Sample A via Eq. (4), we find that dur-
ing pumping, when the Knight field is at its maximum
due to the high electron density and average spin, a soft
diffusion barrier may arise along the growth axis. During
relaxation, however, confinement-induced electron local-
ization in the QW is certainly insufficient to significantly
affect spin diffusion along z, and the diffusion barrier
cannot be formed.

The large long-lived backgrounds seen in Fig. 5 are
quite surprising, especially in comparison with Sample A.
We believe they can only be explained by the entirety of
the QW being polarized during pumping. This is con-
sistent with Ref. [49], where homogeneous polarization
occurs under resonant pumping. Although in our case
the optical pumping is nonresonant, Sample B is pumped
below the barrier, which ensures efficient polarization of
the QW nuclei.

After pumping we observe a slow relaxation process
(see Fig. 5), which could be caused by two factors. First
of all, the unpolarized resident electron gas siphons the
nuclear spin polarization via Korringa-like relaxation as
discussed above. On the other hand, it is possible that
simultaneously a portion of the polarization escapes into
the electron-free parts the QW via spin diffusion. How-
ever, the resident electrons induce relaxation also during
pumping. Therefore, the nuclei situated within electron
puddles should not be more polarized than the rest of the
QW, and the second mechanism is unlikely to be signif-

icant. Eventually, a quasi-stationary regime is reached,
where the flow of nuclear spin into the puddles becomes
completely compensated by the slow Korringa-like relax-
ation, leading to the long-lived signal.

It is not feasible to meaningfully model the experi-
ments on Sample B with a diffusion equation similarly
to Sec. IV A, as that requires the knowledge of the in-
plane electron localization area in addition to other pa-
rameters such as the Fermi energy and the diffusion co-
efficient. To evade this, we spatially integrate the dif-
fusion equation over the area occupied by the resident
electron gas. This yields a rate equation for the Over-
hauser field, or, equivalently, for the average nuclear spin
I, = IBx/by with the average Korringa-like relaxation

rate T\*® = L1 Jow Tx(2)dz.  An additional term
Pp(t) describes the diffusion flow into or out of the area:

L, (%)
ot

Because one cannot easily calculate Pp(t), we use a sim-
plified phenomenological expression:

Pp(t) =Tp[J. — L.(2)], (8)

where J, is the average nuclear spin of nuclei unaffected
by Korringa-like relaxation, and I'p is the diffusion rate.
The diffusion coefficient cannot be extracted with this
approach, unfortunately. Furthermore, only the sum

= Pp(t) ~ T L(1). (7)

ngg) + I'p is determined from experiments, although

we would expect I'p < ngg), as discussed above.

Fitting the model defined by Egs. (7-8) to the data
enables us to give the lower limit of the nuclear spin po-
larization of the entire QW in Sample B, which is around
15% at T'= 5 K and 6.5—8% at 10 K. These estimates are
obtained under the assumption that the observed relax-

ation is entirely due to diffusion, so I'p > ngg), which
is unlikely. Therefore, we expect that the polarization of
the electron-free areas is much higher in reality. On the
other hand, if all of the relaxation was due to the resident
electron gas, that would require a 2D density of approx-
imately 5 x 10° cm™2 and 8 x 10° cm ™2 for T =5 K and
10 K, respectively (see Fig. 8 in the Appendix), which
are reasonable carrier densities considering the PL spec-
trum in Fig. 2(b) [30, 40]. The difference between the
two densities is also unsurprising, as it is possible that at
higher temperatures more electrons from the barriers are
collected into the QW, and more donor-acceptor pairs
inside the QW are ionized. The noticeable difference be-
tween the backgrounds in Bgax = 6.8 G and 68 G data
at T = 10 K is not clear as the nature of the background
signal is not exactly identified. Additional experiments
are required to elucidate this issue.

V. CONCLUSIONS

The nuclear spin dynamics in CdTe QWs is shown to
depend strongly on the nature of the electrons present in



the sample.

In the presence of donor-bound electrons, like in the
CdTe/(Cd,Zn)Te QW studied here, the enhanced role of
the hyperfine interaction is a direct consequence of fea-
tures specific to CdTe: the low density of magnetic nuclei
and absence of quadrupole nuclear moments lead to very
efficient nuclear spin cooling, while the large binding en-
ergy of electrons produces a strong hyperfine interaction.
Thus, the normally weak effect of dynamic polarization
of electron spins by the nuclei is enhanced, and leads to
the formation of a nuclear spin diffusion barrier. The nu-
clear spin relaxation is then easily tunable. In zero field
nuclear spin diffusion is efficient and the relaxation time
is of the order of seconds. In fields larger than By, dif-
fusion is strongly suppressed, increasing the nuclear spin
lifetime by more than an order of magnitude in a field of
25 G. A model that accounts for the spatial inhomogene-
ity of the Knight field and the resulting field-dependent
diffusion barrier allows us to quantitatively describe the
experimental results.

On the other hand, if resident electrons form a nonde-
generate 2D electron gas, as it is in the CdTe/(Cd,Mg)Te
QW studied in this work, nuclear spin relaxation is much
slower, and is field-independent at least up to fields of
the order of 70 G. At T' = 10 K, the relaxation time is
of the order of 70 s, and two times slower at T = 5 K,
much longer than even the longest times measured in the
CdTe/(Cd,Zn)Te QW, where nuclear spin relaxation is
driven by donor-bound electrons. Such relaxation times
are consistent with our calculations of the nuclear spin
relaxation induced by hyperfine interaction with a low-
density 2D electron gas.

Notably, not only the nuclei in the areas covered by
electron gas puddles, but the nuclear spin system across
the entire QW plane is polarized during below-barrier
pumping, as during pumping electrons are present every-
where in the QW. This introduces a spin diffusion flow
into the areas occupied by the resident electrons. Even-
tually it compensates the Korringa-like relaxation and a
steady state is reached, where we end up with a stable
nuclear spin polarization that persists for thousands of
seconds, dynamically supported by spin diffusion. Mod-
eling shows that at least a ~ 15% polarization of the bulk
nuclei is achieved at T' = 5 K, although further study is
required to completely unveil the nature of the long-lived
signal and its temperature dependence.

Our theoretical description of free electron-mediated
relaxation includes a low-density correction, which gen-
eralizes the Korringa relaxation mechanism for arbi-
trary QW electron densities. This may become useful
if the electron gas is purposely injected, either electri-
cally or by modulation doping, at densities below the
Mott transition. Applied to our experiments on the
CdTe/(Cd,Mg)Te QW, the theory gives us rough esti-
mates of the electron gas density that is inline with our
expectations.

Finally, the sub-microkelvin temperatures that we
reach by unoptimized optical pumping indicate that

CdTe is a potential candidate for reaching record low nu-
clear spin temperatures, presumably due to the low abun-
dance of magnetic isotopes and their zero quadrupole mo-
ment.
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Appendix A: Nuclear spin relaxation and diffusion
in the vicinity of donor-bound electrons

We describe the nuclear spin system in CdTe by the
average nuclear spin (I, (r,t)) as experienced by the elec-
trons, so the angled brackets imply a spatial average over
an area that is small in comparison to ap, but large
enough to include thousands of nuclei. To model the
behavior of the nuclear spin polarization, following the
seminal work of D. Paget [21] and many others, we write
a spin diffusion equation with relaxation and pumping
terms. In general, this equation has the form

o)
ot

Here I'(r,t) and P(r,t) are the electron-mediated nuclear
spin relaxation and polarization rates, and D(r,t|B) is
the magnetic field-dependent diffusion coefficient, which
generally is inhomogeneous and time-dependent. The
experimentally measured Overhauser field acting on the
donor-bound electron is recovered by performing the in-
tegration

=V [D(r,t|B)V(L)] — D(r,t)(L) + P(r,t). (A1)

b
B () = (Lt ) osuclv)Pdr,  (42)
where e 10c(r) = (ma%)"/2exp (—r/ap) is the wave-

function of the donor-bound electrons.

Let us consider a perfect crystal that is weakly doped
with donors. That is to say, at low temperatures the
only electrons in the system are the electrons localized on
donors, which are separated by distances much greater
than the Bohr radius (ap =~ 5 nm in CdTe). Since all
electrons contribute to the signal independently, it is suf-
ficient to describe what happens under one donor orbit.
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FIG. 7. (a) Magnitude of the Knight field produced by a

donor-bound electron vs. distance from donor r, measured
in units of ap = 5 nm; (b) difference of Knight fields experi-
enced by two nuclei separated by the most probable nearest-
neighbor distance rnn = 0.41 nm. Colors denote values of
electron polarization: (S;) = 0.5 (maximum value [33]) and
(S.) = 0.015 (estimated from experimental nuclear polariza-
tion right after pumping, B = 1 G). Gray area in (b): ap-
proximate value of local field By.

The spherical symmetry of the problem reduces Eq. (A1)
to its radial part.

Because of the above-barrier pumping and the strong
localization of a donor-bound electron, we assume that
both the pumping and the relaxation occur via the donor-
bound electrons. It is possible to directly calculate the
nuclear spin pumping and relaxation rates due to spin-
flips with a donor-bound electron described by the wave-
function e 10c(r). However, here we limit ourselves to
a simpler approach. The nature of the contact hyper-
fine interaction requires the rates to be proportional to
Y 10c(1)|*. We may therefore simply write

I(r,t) =Tgexp (—4r/ap),
P(r,t) = Pyexp (—4r/ap),

(A3)
(A4)

with I'g and Py being the relaxation and pumping rates
at the center of the donor. In the steady-state, these
rates are related through [50, 51]

I+1

P(r,t) S+1

L(r,t)pe, (A5)
where S = 1/2 is the electron spin, I = 1/2 is the spin
of magnetic isotopes in CdTe, and p. = (S,)/S is the
electron spin polarization. The fitted curves in Fig. 4
correspond to Py = 0.54 s~ and I'y = 13.2 s~ ! during
pumping (p. = 0.04), and Iy = 0.08 s~! during relax-
ation.

As stated in the main text, the field dependent behav-
ior of nuclear spin relaxation observed in Sample A can
be understood in terms of a diffusion barrier that builds
up due to the inhomogeneity of the Knight field. As
the cold nuclear spins are polarized by a magnetic field
B > By, the electrons are polarized via mutual spin-
flips with nuclei [43], creating a strongly inhomogeneous
Knight field B.(r,t) ~ exp(—2r/ap). If B, is so strong
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FIG. 8. Average Korringa-like relaxation rate (I'k) as a func-
tion of 2D electron gas density at various temperatures in

a 20-nm CdTe QW, calculated according to Egs. (B10-B11).

The relaxation time of a degenerate electron gas 7 is marked

for T =5 K and 25 K, highlighting the distinct 757" = const
behavior.

that the Zeeman splitting of neighboring nuclear spins in
B¢ is greater than in the local field By, then mutual spin-
flips are forbidden by energy conservation, and diffusion
is hindered.

The distance r,, between two nearest-neighbor mag-
netic nuclei may be estimated assuming a continuous
Poisson distribution with an average density of magnetic
isotopes per unit volume o:

Tyin = / re” 37 4ar2dr & 0.55 0 /3, (A6)
0

Taking into account the isotopic abundances from Table I
along with the CdTe lattice constant ag = 0.648 nm, we
obtain r,, = 0.41 nm. The Knight field experienced by
an average magnetic nucleus may be written as:

Za xaAa/’Ya
Za Ta

where A, Vo and x, are the hyperfine constants, gyro-
magnetic ratios and abundances of magnetic isotopes in
CdTe (see Table 1), and vy = a3 /4 is the elementary cell
volume. The average electron spin is tied to the Over-
hauser field via

B.(r) = —1p

[Yeoc(M)*(S2), (A7)

I(I+1)

(L) = (8) 551y

(A8)
which is another form of Eq. (A5). The difference
of Knight fields experienced by two nuclei is given by
Eq. (4). A simple calculation of AB™ is displayed in
Fig. 7, showing that a diffusion barrier should indeed
arise at distances of the order of ap, depending on the
electron spin polarization.

We now suggest a phenomenological expression to
model D(r,t|B). The asymptotic conditions of Eqgs. (5-6)
can be fulfilled most easily by a step function

D(r,t|B) = Dy H(B\™ — AB™), (A9)



where H(x) is the Heaviside function, and B(Lﬁt) is a fit-

ting parameter close to the value of By. Of course, the
choice of fitting function is not unique. We have also
tested Lorentzian, Gaussian and Fermi functions, as well
as a smoothed Heaviside function with similar results, so
Eq. (A9) was chosen for simplicity.

A problem that is inherent in this approach has to
do with the Knight field following the evolution of the
nuclear spin polarization. Because of this, when solv-
ing the equation (A1), in principle one must recalculate
By ~ [(L.(r,t))|e10c(r)|?r?dr at every time-step of the
calculation. We evade this by first modeling the exper-
imental data with Eq. (A1) using a set of constant dif-
fusion coeflicients D(Bgayk), as shown in Fig. 6. The
resulting theoretical curves are used as estimates of the
Overhauser field for the purposes of calculating the dif-
fusion coefficient according to Eq. (A9). Injecting these
into Eq. (A1), we obtain the theoretical curves in Fig. 4,
which display a quantitative agreement with the experi-
mental observations.

TABLE 1. Isotope parameters used throughout the work. z,
are the natural abundances, A, are the hyperfine constants,
and =y, are the nuclear gyromagnetic ratios. Throughout this
work, we neglect the '?*Te isotope, as its natural abundance
is less than 1%. Data are taken from Refs. [38, 40].

Isotope Ta Ay (neV) 7o (107rads™'T7h)
cq 0.13 -37.4 -5.698
H3cq 0.12 -39.1 -5.960
125 0.07 -45 -7.059

Appendix B: Nuclear spin relaxation induced by
hyperfine relaxation with 2D electron gas

In this Section, we describe the calculation of the
Korringa-like nuclear spin relaxation rate I'k introduced
in Sec. IVB. Let us consider a perfect infinite QW of
width L with an area S hosting a 2D electron gas de-
scribed by Fermi statistics. Applying the same approach
as in Ref. [48], we calculate the matrix elements of the
electron-nucleus spin-flip transitions due to hyperfine in-
teraction.

Let S, be the electron spin projection on the QW
growth axis, and let I, ; be that for the j-th nucleus.
The free electron’s wavefunction in the QW ¢ free(r) is

given by:
/2 s
we,free (I‘) = TS COS (EZ) .

Denoting the hyperfine interaction operator as Vj(r) =
Aj v ij-gé(r —r;), where S and ij are the spin opera-
tors for electron and j-th nucleus, respectively, we may
write the matrix elements for the mutual spin-flips of the

(B1)

electron and a nucleus as

Mi,j = <Sz + 1a Iz,j + 1,'(/)e,free| ‘A/j |Sz7Iz,jwe,free> .

(B2)
A straightforward calculation gives
1 4
(M2 = 5 (45 20)° [t eol25)
x [I(I+1)—12,F L] (B3)

To deal with the average nuclear spin (I, (r,t)) inter-
acting with the electron at a given position, we average
the matrix elements as

[Ma(2)]® =A%) 5 [ eel2)

x [I(I +1) = (I2) F (L)] - (B4)
The average square of the hyperfine constant (A?) is
given by

<A2> — Za Ai(ﬂa
Za e ’

where the sum goes over all magnetic isotopes in CdTe,
see Table I.

To obtain the nuclear spin flip rate we average
the matrix elements over the statistics of the elec-
tron gas, i.e., the Fermi-Dirac distribution f(E,Er) =
(1+ exp [(E — Ex) /kpT]) "
golden rule

(B5)

According to the Fermi’s

W =20 et [ 08, o) S (P B ) P
(B6)

where gop = m.S/mh? is the 2D density of states, Ep 1 =
Er £ A/2 is the quasi-Fermi level of the S, = +1/2
electrons, A is the splitting of the quasi-Fermi levels, and
E = 0 corresponds to the bottom of the conduction band.

Neglecting nuclear spin diffusion, we write the rate of
change of the nuclear spin as

d(Z2)
=W, -W_. B7
g7 + (B7)
Performing the integration in Eq. (B6) we find
T
Wy -W_ = ﬁkBT<A2> Vgg%D|¢e,free(z)|4
X [tanh S [T+ 1) —(12)] - <IZ>}
X f(AvEFvT)a (BS)
where
1 efEF/kBT +€A/2kBT
f(A, EF, T) :i ln e—EF/kBT 4 e—A/Qk‘BT
X coth ﬁ (Bg)



is a dimensionless factor that depends on the 2D elec-
tron gas density and temperature. For a degenerate un-
polarized gas f(A, Er,T) = 1, and we recover the classic
Korringa relaxation [25].

In Eq. (B8), the term proportional to [I(I + 1) — (I2)]
can be identified as the pumping term, while the coeffi-
cient before (I,) is the relaxation rate. When the pump-
ing beam is turned off after the optical cooling stage, the
few resident electrons in Sample B rapidly lose the light-
induced polarization, and P — 0 as A — 0. We are then
left with the Korringa-like nuclear spin relaxation rate

™ kBT

Tk(2) =717 o Bi/kaT

<A2> l/g Q§D|we,free(z)|47 (B10)
which recovers the Korringa behavior 'k (2) « kgT at
high electron densities, where Er > kpT', but is spatially
inhomogeneous due to the |1, free(2)|* factor.

As explained in the main text, due to practical diffi-
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culties, we do not apply the full Eq. (A1) to describe the
Sample B data. Instead, we use Eqs. (7-8), which can
be thought of as a spatial average of Eq. (Al). There,
we use the spatially averaged ngg) = %fQW I'k(2)dz
as an estimate of the observed nuclear spin relaxation
rate. Considering that the Fermi energy and the electron
density are linked by

nQDZ/ g2 f(E, Ep)dE, (B11)
0

we may directly plot F%?vg) as a function of electron den-

sity using the parameters from Table I, see Fig. 8. The
data presented in this Figure allow us to estimate the
density of the electron gas puddles in Sample B by vary-
ing the the diffusion contribution I'p to the total observed
relaxation rate I', as described in the main text.
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