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V. M. Litvyak,1 P. Bazhin,1 R. André,2 M. Vladimirova,3 and K. V. Kavokin1

1Spin Optics Laboratory, St. Petersburg State University, 198504 St. Petersburg, Russia
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Nuclear magnetic resonance (NMR) is particularly relevant for studies of internuclear spin cou-
pling at zero and ultra-low fields (ZULF), where spin-spin interactions dominate over Zeeman ones.
Here we report on ZULF NMR in CdTe. In this semiconductor all magnetic isotopes have spin I = 1/2,
so that internuclear interactions are never overshadowed by quadrupole effects. Our experiments
rely on warm-up spectroscopy, a technique that combines optical pumping, additional cooling via
adiabatic demagnetisation, and detection of the oscillating magnetic field-induced warm-up of the
nuclear spin system via Hanle effect. We show that NMR spectra exhibit a rich fine structure, consis-
tent with the low abundance of magnetic isotopes in CdTe, their zero quadrupole moments, as well as
direct and indirect interactions between them. A model assuming that the electromagnetic radiation
is absorbed by nuclear spin clusters composed of up to 5 magnetic isotopes allows us to reproduce
the shape of a major part of the measured spectra.

I. INTRODUCTION

Nuclear spin interactions provide a wealth of infor-
mation about the connectivity and spatial ordering of
atoms in solid materials [1], they determine thermo-
dynamics of the nuclear spin system [2] and are of
crucial importance in many domains, spreading from
physics, chemistry and biology [3] to quantum informa-
tion processing [4]. Experimentally these interactions
are probed via nuclear magnetic resonance (NMR) ex-
periments, where absorption of the electromagnetic ra-
diation as a function of its frequency is measured at rel-
atively high static magnetic field.

In semiconductors, nuclei with non-zero magnetic
moments participate in direct dipole-dipole and indi-
rect (exchange and pseudodipolar) interactions [5]. The
strength of these internuclear interactions is deduced
from the shape of NMR lines at high external magnetic
fields, where nuclear Zeeman energies are many orders
of magnitude higher than the spin-spin ones.

The magnetic dipole-dipole interaction is the most
long-range type of internuclear spin-spin interactions.
Even at high magnetic field it is non-trivial to determine
theoretically the precise shape of the absorption spec-
trum due to dipole-dipole coupling, but its contribution
to the widths of NMR lines was calculated by Van Vleck
in 1948 [6].

Indirect interactions (exchange and pseudodipolar)
were included into consideration somewhat later. These
interactions are mediated by valence electrons, and dif-
fer from zero only for the nearest neighbor nuclei. For
example, the indirect exchange interaction was exper-
imentally detected from the broadening of NMR lines
in GaSb [7] and in GaAs [8]. The theoretical descrip-
tion was provided in [9]. The pseudodipolar interaction
was first mentioned in Ref. 10. Then it was found that
the pseudodipolar interaction in GaAs crystals cancels

a considerable part of the dipole-dipole contribution to
the second moment of NMR lines [11, 12]. The values
of the isotope parameters and interaction constants in
GaAs are reported in Tables I,II. Here D characterises di-
rect dipole-dipole coupling between nearest neighbors,
J⊥ and J∥ account for the anisotropy of the exchange in-
teraction between two neighboring nuclei with respect
to the axis of the interatomic bonds, see Sec. III.

Because in traditional high-field NMR spin-spin inter-
action energies are many orders of magnitude smaller
than Zeeman ones, the only terms of the spin-coupling
Hamiltonians that may be observed in such experiments
are those that commute with the Zeeman Hamiltonian.
Furthermore, spin-spin interactions usually make more
subtle contributions to the zero-field NMR spectrum
than quadrupole interactions. Therefore spin-spin in-
teractions can be difficult to determine in the systems
with spins greater than 1/2 if any non-intentional resid-
ual electric field gradients are present [12, 13]. How-
ever, because NMR sensitivity depends on magnetiza-
tion magnitude and precession frequency, and both de-
crease when the magnetic field is decreased, measure-
ments of the spin-spin interactions at low fields are par-
ticularly challenging.

Starting with the pioneering works in 1980s [14, 15],
a trend has developed toward optically detected NMR
(ODNMR) using submicrotesla fields or even no exter-
nal field at all. In semiconductors, where deep cool-
ing of the nuclear spin system can be reached by op-
tical pumping followed by adiabatic demagnetisation to
zero field, a specific approach to zero and ultra-low field
(ZULF) NMR, termed as warm-up spectroscopy, has
been proposed in Ref. [15]. The warm-up spectroscopy
has been further developed in [13]. The method is
based on the measurements of the oscillating magnetic
field (OMF)-induced modifications of the nuclear spin
temperature. This concept is particularly relevant in
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Figure 1. Absorption spectra of optically cooled NSS in zero
magnetic field in bulk n-GaAs, see Ref. 12 (a) and in wide
CdTe quantum well studied in this work (b).

ZULF regime, where it has been successfully employed
for the description of a plethora of the experimen-
tal data [12, 13, 16, 17]. However, only few ZULF
ODNMR experiments in semiconductors are currently
available, and they mainly address GaAs based samples
[12, 13, 18, 19].

The absorption spectrum of the lightly n-doped GaAs
crystal measured in Ref. 12 by warm-up technique at
zero magnetic field is shown in Fig. 1 (a). It presents
a single broad peak at the frequency f ≈ 3.5 kHz, with
full width at half maximum (FWHM) ≈ 4 kHz. Unfor-
tunately, theoretical calculation of such a spectrum in
ZULF regime and thus identification of different kinds
of the spin-spin interactions on the basis of compari-
son with the data is prohibitively complex, due to long-
range nature of the dipole-dipole coupling and poten-
tially nonzero quadrupole contribution.

In this context, CdTe is a very promising material. It
has a zinc-blend crystal structure, similar to GaAs, but
its nuclear spin system (NSS) is very dilute, only about
one-third of the nuclei have a non-zero magnetic mo-
ment. The direct dipole-dipole coupling is rather weak,
as compared to GaAs, where all the isotopes are mag-
netic [6]. On the other hand, high atomic numbers fa-
vor stronger indirect spin-spin coupling, see Table II.
Finally, in contrast with GaAs, all magnetic isotopes
have spin I = 1/2, so that quadrupole effects can not
mask internuclear coupling. The main characteristics
of CdTe isotopes with nonzero magnetic moments, as
well as known from the literature parameters character-
izing their interactions are summarized in Tables I, II
[20]. For comparison, the same parameters for GaAs are
reported.

The peculiarities of nuclear spin-spin interactions in
CdTe crystals were discovered by Nolle and co-workers
using traditional high-field NMR spectroscopy (B =
2.114 T) [21–23]. These measurements required signif-
icant acquisition times, about 12 h/spectrum, and pro-
vided remarkable results. Spectra around resonance fre-
quency of 125Te for different orientations of the crys-
tal with respect to the external magnetic field appeared
to have complex structure consisting of the main line

I γ
(kHz/G)

Ahf
(µeV)

A Pm

69Ga 3/2 1.03 43.1 0.6 1.0
71Ga 3/2 1.29 54.8 0.4 1.0
75As 3/2 0.73 43.5 1.0 1.0
GaAs 3/2 0.93 91 2.0
111Cd 1/2 -0.91 -37.4 0.13 0.91
113Cd 1/2 -0.95 -39.1 0.12 0.91
125Te 1/2 -1.35 -45 0.08 0.75
123Te 1/2 -1.12 -45 0.01 0.75
CdTe 1/2 -0.17 -13 0.34

Table I. Magnetic isotope parameters. Gyromagnetic ratio γ ,
hyperfine constant Ahf, abundance A, and the probability to
have a magnetic neighbor Pm. Average values of γ and Ahf, as
well as the total abundances of magnetic isotopes per unit cell
consisting of two atoms in CdTe and in GaAs are given[24].
We neglect in this work 123Te, a magnetic isotope with very
low abundance.

J⊥ (kHz) J∥ (kHz) D (kHz)
69Ga/75As 0.034a,

-0.339b
0.643a,
0.678b

0.339

71Ga/75As 0.043a,
-0.43b

0.817a, 0.86b 0.43

111Cd/125Te 0.723 0.42 0.364
111Cd/125Te 0.765 0.435 0.38

Table II. Spin-spin coupling constants from Ref. 22 in CdTe
and from [25]a, [12]b in GaAs.

and several satellites, depending on the field orienta-
tion. These fine structure was interpreted as being due
to spin-spin interactions. The widths of the individual
lines appeared to be as small as ≈ 0.2 kHz, roughly 10
times smaller than in GaAs crystals. This points out the
significance of the difference between CdTe and GaAs
NSS properties. From the measured spectra of 125Te
Nolle calculated the constants of pseudodipolar and ex-
change interactions reported in Table II, but, to the best
of our knowledge, no experimental studies of the nu-
clear spin coupling at zero and low magnetic fields has
been reported yet.

In this work we report on ZULF ODNMR experiments
in CdTe. Fig. 1 (b) shows the absorption spectrum mea-
sured at zero magnetic field. As for GaAs (Fig. 1 (a)),
the experiments are performed using warm-up spec-
troscopy [13], but in CdTe we observe multiple absorp-
tion lines, with much smaller FWHM, ≈ 0.3 kHz, con-
sistent with dipole-dipole interaction between nearest
neighbors.

In the absence of quadrupole interactions, the ob-
served fine structure must be related to the internu-
clear spin coupling. We propose a model based on the
hypothesis that NSS comprises mainly isolated nonin-
teracting spins and small clusters consisting of up to 5
magnetic isotopes. The long-range interaction between
clusters is neglected. Under these assumptions one can
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reduce the problem of the interactions among all nuclei
to the problem of the ensemble of interactions among a
small number of nearest neighbors inside so-called nu-
clear spin clusters.

Using the hypothesis presented above, we calculate
the spectral dependence of the NSS warm-up rate in-
duced by the OMF at zero and low static magnetic fields
for different orientations of the OMF with respect to the
static field and the crystal axes, and compare these cal-
culations with the experimentally measured spectra. An
agreement between the model and the data is achieved
in the absence of fitting parameters in most of the stud-
ied experimental configurations, suggesting the rele-
vance and validity of the cluster model.

Most of the observed spectral features could be iden-
tified within the model on the basis of the internuclear
interactions constants deduced from high-field NMR,
except from the lowest frequency peak, indicated in
Fig. 1 (b) by the arrow and the question mark. Its origin
still needs to be clarified, but it could be related to some
specific manifestations of the internuclear coupling in
crystals, not observable in traditional NMR, because un-
der high magnetic field these interactions are truncated
by the Zeeman effect. Another discrepancy between the
data and the model concerns the zero-field spectrum ob-
tained in the configuration where OMF is oriented per-
pendicular to the sample surface. This could result from
the incomplete thermalization within CdTe NSS.

The paper is organised as follows. In the next section
we present the structure of the studied sample and the
main principles of the the warm-up spectroscopy. More
information about experimental protocol can be found
in Appendix. The cluster model that we develop to cal-
culate the warm-up spectra is introduced in Sec. III. In
Section IV the experimentally measured spectra are pre-
sented and compared to the model predictions. Section
V summarizes the results and points out some still un-
resolved issues.

II. SAMPLE AND EXPERIMENTAL TECHNIQUE

We study a 30-nm-wide CdTe quantum well (QW)
sandwiched between Cd0.95Zn0.05Te barriers. The
top (bottom) barrier is 93(1064)-nm-thick. The sam-
ple is grown by molecular beam epitaxy on a [100]
Cd0.96Zn0.04Te substrate. Nuclear spin dynamics in this
structure has been studied in Ref. [26]. An optical study
of a very similar QW can be found in Ref. [27]. These
studies confirm high quality of this type of structures
and negligibly small exciton localization energy.

Though the sample is nominally undoped, low-
temperature photoluminescence (PL) measurements re-
ported in Ref. [26] indicate some unintentional doping.
In wide CdTe/CdZnTe QWs excitonic states are known
to be quantized as a whole, and in the studied struc-
ture the first excited state of the free exciton emits light
at 1.602 eV [28]. This resonance is chosen to monitor

PL polarization state in the detection part of the warm-
up spectroscopy protocol described below. Importantly,
although we study the NSS in the quantum layer in a
heterostructure, the experiments presented here do not
call on the QW-specific properties. Therefore, the NMR
spectra reported below should be relevant for bulk CdTe
crystals.

The experimental method that we implement to mea-
sure NMR spectrum is an all-optical technique, termed
warm-up spectroscopy. It has been applied previously
in GaAs[12, 13]. A typical measurement (see also Fig. 7
and Section VII) consists of five steps :

(i) Complete depolarization of the NSS by irradiation
with OMF at f = 3 kHz during 10 s in zero static field
and ”in the dark”.

(ii) Optical cooling of the NSS during 700 s in the
presence of the longitudinal magnetic field Bp = 150 G
(Faraday geometry). The excitation laser emits at
1.82 eV (far above QW barriers) and delivers 15 mW.
It is circularly polarized and focused on a 100 µm-
diameter spot on the sample surface.

(iii) Adiabatic demagnetisation ”in the dark” from Bp
to zero magnetic field within 20 ms, which results in
additional cooling of the NSS [16, 17].

(iv) Application of the OMF BOMF = 1 G at frequency
f during tOMF = 1 s. OMF field is applied either along
the growth axis, or in the sample plane, either in pres-
ence or in absence of the static magnetic field B. Appli-
cation of the OMF warms the NSS, the efficiency of this
process depends on the difference between the OMF fre-
quency f and the frequency of nuclear spin resonances.

(v) The last step consists in the measurement and
quantitative analysis of the observed increase of the NSS
temperature. To do so we switch on the transverse mag-
netic field Bm = 1.2 G (Voigt geometry) and the optical
pumping. If the NSS is still cold enough, then an effec-
tive field BN (f ) acting on the electrons resident in the
QW will be created via hyperfine interaction. The mag-
nitude of this field can be extracted from the PL polar-
isation degree as described in Appendix VII. The ratio
between BN (f ) and the nuclear field BN0 that we deter-
mine from the strictly identical experiment but without
OMF, allows us to determine the OMF absorption rate at
a given frequency as:

1
TOMF

(f ) =
1

tOMF
ln

(
BN(f)
BN0

)
. (1)

By repeating the entire protocol for frequencies rang-
ing from 30 Hz to 22 kHz we obtain the NMR spectrum
at a given static field and orientation of the OMF. The
detailed description of the procedure that allows as to
determine BN (f ) and BN0 is given in Appendix VII. All
the measurements presented throughout this work are
conducted at at T = 7 K.

An example of the NMR spectrum measured at B = 0
and OMF ∥ [001] is shown in Fig. 1 (b). The interpreta-
tion of this spectrum within the cluster model, as well
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as the measurements in the presence of static fields and
OMF with different orientations are reported in Sec. IV.

III. ABSORPTION OF THE ELECTROMAGNETIC
RADIATION BY THE NSS: THE CLUSTER MODEL

In this section we develop a model that allows us to
calculate the absorption of the electromagnetic radia-
tion by the NSS in ZULF regime under the hypothesis
that this absorption is determined by nuclear clusters.
We start by defining the cluster as the set of magnetic
isotopes located in a given way relative to each other.
The nearest neighbors of a nucleus included in a cluster
are either nuclei from the same cluster or non-magnetic
nuclei.

We rank the clusters by their size, because, as will
be shown below, their abundance in the crystal drops
quickly as their size increases. Moreover, the clusters
containing the same number, N , of magnetic nuclei may
differ in the location of their nuclei relative to each other
and to the crystal axes. The absorption of the electro-
magnetic radiation depends on both cluster size and its
configuration. Examples of the clusters of different sizes
are sketched in Fig. 2. The number of possible cluster
configurations, CN , increases rapidly with N , see Table
III [29]. For example, a cluster containing two nuclei
(N = 2) can be formed in four different ways, because
every nucleus in the zinc-blend lattice of CdTe has four
nearest neighbors. If one takes into account two mag-
netic isotopes of Cd, then the number of the configura-
tions doubles, CN = 8.

In general, for the cluster with N nuclei its appear-
ance probability (or, equivalently, abundance), is given
by the sum of the appearance probabilities over all pos-
sible configurations:

PN =
CN∑
l=1

PNc(l), (2)

where the appearance probability of the l-th cluster
with N magnetic isotopes, PNc(l), is given by

PNc(l) =
1
N

N∏
i=1

A(i) · (1− Pm(i))4−GN (i). (3)

Here i is the index that goes over all magnetic isotopes
in the l-th cluster, A(i) is the abundance of the i-th iso-
tope, Pm(i) is the probability of the i-th isotope to have
a magnetic nearest neighbor (see Table I), and GN (i) is
the number of magnetic nearest neighbors of the i-th
isotope in the l-th configuration.

Table III summarizes the probabilities calculated
from Eqs. 2-3. One can see that the abundance of the
clusters decreases rapidly as the cluster size increases.
In the following we assume that only isolated single nu-
clei and the clusters with up to N = 5 nuclei contribute

Figure 2. Sketch of the most frequent nuclear magnetic clus-
ters in CdTe, with N = 2 to N = 5 spins. Blue circles are Cd
isotopes, black circles are 125Te, red lines indicate interatomic
bonds, θ is the angle between interatomic bond and crystallo-
graphic axis.

to the absorption spectrum, and neglect larger clusters.
We also suppose that different clusters do not interact
between each other.

N CN PN
2 8 0.012
3 48 0.004
4 344 0.0013
5 2544 0.0006

Table III. Number of possible configurations and the appear-
ance probability for the clusters with different size. Only clus-
ters with 125Te in the center are considered.

Under above assumptions, the absorption of radiation
by the clusters of the size N is calculated as follows.
First, for each configuration l from the total of CN clus-
ter’s configurations, a Hamiltonian accounting for Zee-
man interaction, as well as for direct and indirect spin-
spin interactions can be written as:

ĤN (l) = h
[ N∑
i=1

γ i(⃗̂I i B⃗)+

N∑
i<j

δij
∑

k,s=x,y,z

(
J
ij
ks +D

ij
ks

)
Î ik Î

j
s

]
. (4)

Here i is the index that goes over all nuclei in the clus-

ter, h is the Planck constant, γ i and ⃗̂I i are the gyromag-
netic ratio and the spin operator of the i-th nuclei, re-
spectively, B⃗ is the static magnetic field. δij = 1 if i-th
and j-th nuclei are nearest neighbors, and zero other-
wise. J ij and D ij are the tensors of indirect and direct



5

internuclear interactions, respectively. In the coordinate
system defined by the principal axes, these tensors read:

J ij =

J⊥ 0 0
0 J⊥ 0
0 0 J∥

 ; D ij =

D 0 0
0 D 0
0 0 −2D

 , (5)

where J∥ and J⊥ are the constants of indirect interaction
between i-th and j-th nearest neighbor nuclei along the
direction of the interatomic bond and perpendicular to
it, respectively. Their values, reported by Nolle [22], are
given in Table II. The direct interaction constant D is
given by

D =
µ0ℏ

4π
γ iγ j

r3
0

. (6)

It characterises direct dipole-dipole interaction between
i-th and j-th nearest neighbor nuclei, see Table II. Here
µ0 is the vacuum magnetic permeability, r0 is the dis-
tance between nearest neighbors, r0 = 0.28 nm in CdTe.

Tensors J ij and D ij are written in the coordinate sys-
tem defined by the principal axis. It is directed along
the internuclear bound, which is rotated by the angle θ
with respect to the [001] crystallographic axis, see Fig. 2.
Since in our experiments static and OMF fields are ap-
plied along the crystallographic axes we rotate these
tensors by an angle θ for further calculations.

The Hamiltonians ĤN (l) for each cluster configura-
tion are diagonalised numerically yieldings an energy
spectrum and a set of the corresponding wavefunctions.
The OMF induces transitions between a pair of the clus-
ter spin states if its frequency matches the energy differ-
ence between the energy levels. The probability of tran-
sition Pmn between energy levels Em and En is given by
Pmn ∝ M2

mn, where Mmn = ⟨Ψm |HOMF|Ψn⟩ is the matrix
element of the Hamiltonian describing Zeeman interac-
tion between B⃗OMF and the nuclear spins:

HOMF = h
N∑
i=1

γ i
(
⃗̂I i B⃗OMF

)
. (7)

The warm-up rate associated with a given transition is
proportional to its probability and to the square of its
energy

1
TOMF

∣∣∣∣∣
mn
∼Pmn |Em −En|2. (8)

Assuming that the NSS is fully thermalized, the warm-
up rate corresponding to the l-th configuration of the

cluster containing N nuclei 1
TOMF

∣∣∣∣∣
l

is then obtained by

the summation of the warm-up rates over all different
pairs of states (m,n) within the cluster. Finally, the
warm-up rate of the ensemble of the clusters containing

Figure 3. Calculated absorption of the OMF energy by the nu-
clear spin clusters in CdTe in zero magnetic field: (a) Absorp-
tion due to the clusters of a given size, from N = 2 to N = 5; (b)
Absorption accounting for various combinations of the cluster
sizes.

N nuclei is calculated as a sum over all possible config-
urations, taking into account their abundance:

1
TOMF

∣∣∣∣∣
N

=
CN∑
l=1

PNc(l)
1

TOMF

∣∣∣∣∣
l
. (9)

The obtained rates are transformed into spectra by
convoluting them with the Gaussians with FWHM=
0.3 kHz. A linewidth of this order of magnitude can be
expected due to direct dipole-dipole interactions of the
cluster nuclei with other magnetic nuclei in the crystal.
Since the clusters of different sizes can contribute to the
total absorption of the nuclear spin system, we also cal-
culate spectra including combinations of clusters of dif-
ferent sizes. The resulting zero-field warm-up spectra
for CdTe NSS are shown in Fig. 3. Individual contribu-
tions of the nuclear spin clusters of size N are shown in
(a), while the combined absorption of the clusters with
different sizes is shown in (b).

One can see that with increasing number of nuclei in
the cluster the number of peaks in the spectrum grows
up, the separation between them decreases, and the
whole spectrum shifts towards higher energies. None of
the spectra corresponding to the clusters of a given size
matches the salient features of the measured spectrum
shown in Fig. 1 (b), namely three distinct peaks and a
high-frequency tail, but a combined contribution of all
the clusters up to N = 5 does present a similar structure.

In the next Section we present nuclear spin absorption
spectra measured for two different orientations of the
OMF, in zero and low magnetic fields, and compare the
data with the calculations performed within the cluster
model.

IV. EXPERIMENTAL RESULTS AND COMPARISON
WITH THE MODEL

Fig. 4 shows the OMF absorption spectra measured
in zero static field for two different orientations of the
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Figure 4. Zero-field absorption spectra measured (sym-
bols) and calculated within the cluster model assuming the
contribution of all the clusters containing up to five nuclei
(lines). Twe different orientation of the OMF are explored,
BOMF ∥ [001] (a) and BOMF ∥ [110] (b).

OMF, either parallel (a), or perpendicular (b) to the
growth axis. The spectrum in (a) is identical to the one
shown in Fig. 1 (b), but here the spectra are compared
to the calculation (lines) within the cluster model ac-
counting for all the clusters up to N = 5 (see also green
line in Fig. 3 (b)). One can see that the calculated spec-
trum matches relatively well the experimental one when
the OMF is oriented along the growth axis (Fig. 4 (a)),
except the lowest frequency peak at ≈ 0.25 kHz. This
peak is indicated by the arrow and the question sign. It
may be related to the dipole-dipole coupling between
the same isotopic species separated by large distances,
because this coupling is assumed to be weak, and is not
included in the model. Estimations including up to 5
interacting Cd isotopes indicate that this contribution
would no exceed one percent of the main absorption line
spectral density. Thus, it may have another origin. We
speculate that it could be related to some ZULF-specific
manifestations of the internuclear coupling in crystals,
which does not exist in traditional NMR, because under
high magnetic field these interactions are truncated by
the Zeeman effect.

Remarkably, in the case where the OMF is oriented
in the QW plane (Fig. 4 (b)), the spectrum has a very
different shape. While the integrated absorption is of
the same order, the three-peaks fine structure is almost
washed out, and only the higher-frequency tail persists.
This result is quite surprising. Indeed, the rate of ab-
sorption at a given frequency is proportional to the
imaginary part of magnetic susceptibility. The suscep-
tibility is a second-rank tensor, which, in case of cubic
symmetry, can only be a scalar. This symmetry conclu-
sion is supported by numerical calculations within the
cluster model, which gives exactly the same result for
the two geometries. This significant discrepancy indi-
cates that the model fails to describe a part of the NSS
thermodynamics. We tentatively attribute this result
to the incomplete thermalization within the NSS: spin
clusters could retain memory of the direction in which
they were initially polarized. Further research is re-

Figure 5. Absorption spectra measured under in-plane static
field (B ∥ [110]) up to 3 G (symbols). Solid lines with the cor-
responding color code are the spectra calculated within clus-
ter model and accounting for clusters up to N = 5. Solid and
dashed gray lines represent absorption that one would expect
from Zeeman splitting of individual, non-interacting Cd and
Te isotopes, respectively.

quired, however, to validate this hypothesis.
Evolution of the spectrum shown in Fig. 4 (a) upon in-

creasing static magnetic field applied in the QW plane
(B ∥ [110]) up to 3 G is shown in Fig. 5. One can
see that the zero-field absorption peaks shift towards
higher frequencies and additional peaks, correspond-
ing to non-interacting 111Cd, 113Cd and 125Te isotope’s
Zeeman splittings, start to form, cf black spectra cal-
culated for such non-interacting nuclei. These Zeeman
contributions to the spectra are also indicated by grey
arrows. Note that at such low fields, the contributions
of 111Cd and 113Cd are still not resolved, since they have
very similar gyromagnetic ratios, see Teble I. The model
reproduces faithfully the position of main absorption
peaks but seems to overestimate the intensity of the blue
side of the spectrum. As in the case of the [110]-oriented
OMF absorption shown in Fig. 4 (b), this could suggest
an incomplete thermalization within the NSS.

At higher magnetic fields, when Zeeman splittings
of all isotopes significantly exceed internuclear inter-
actions, a spectral structure similar to that measured
by Nolle [22] is expected to be observed. At 2.114 T,
Nolle observed Zeeman lines surrounded by the satel-
lites, that he identified as being due to nuclear spin-spin
interactions. The position of the satellite peaks has been
shown to depend on the orientation of the static mag-
netic field. This experimental fact is a fingerprint of
non-scalar pseudodipolar interactions. To check the va-
lidity of this argument in our sample, it is instructive to
measure magnetic field orientation-dependent nuclear
spin absorption in the regime where Zeeman interaction
dominates over spin-spin coupling.

Such spectra are measured at B ≈ 15 G for two per-
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Figure 6. Measured (symbols) and calculated (lines) absorp-
tion spectra at static magnetic fields B ≈ 15 G for two mutually
orthogonal orientations of the oscillating and static magnetic
field: (a) B = 14.5 G and ∥ [110], OMF ∥ [001]; (b) B = 15 G and
∥ [001], OMF ∥ [110].

pendicular orientations of the static field, see Fig. 6. For
each of these measurements the OMF orientation was
adjusted to be perpendicular to the static field. One
can see that both spectra clearly demonstrate spin-spin
satellites accompanying Zeeman absorption peaks. As
in Ref. 22, the position of the satellites depends on the
orientation of the magnetic field. This is correctly re-
produced by the cluster model with N limited by 5 nu-
clei, and thus confirms its validity. We note, however,
that similarly to lower-field data (Fig. 5), the intensity
of the high-frequency peaks corresponding to 125Te and
its satellites is slightly overestimated as compared to the
Cd-related low frequency part of the spectrum, and as

in zero-field experiment (Fig. 4) (b)) the fine structure is
somehow washed out in the OMF∥ [100] geometry.

Finally, the signal associated with the very low abun-
dance 123Te isotope has not been identified in the mea-
sured spectra, justifying our choice to neglect it the cal-
culations.

V. CONCLUSIONS

We have studied, experimentally and theoretically,
the absorption of electromagnetic radiation by nuclear
spins in wide CdTe/CdZnTe QW at zero and low mag-
netic fields. The reported results are not specific to het-
erostructures, and should apply as well to bulk CdTe
crystals.

The absorption spectra are measured using warm-
up spectroscopy, a multistage technique that comprises
NSS preparation by optical pumping followed by adi-
abatic demagnetization, application of the OMF which
heats the NSS at a given value of the static magnetic
field, and measurement of the frequency-dependent
NSS warm-up rate optically, via Hanle effect [13].

We found that CdTe NSS is characterized by much
narrower absorption lines than GaAs NSS, which we
have studied previously [12]. The main characteristics
of the spectra, namely, the fine structure observed in
zero magnetic field, as well as the satellite lines that
emerge under magnetic field around the Zeeman lines
of the three main magnetic isotopes, are understood in
terms of internuclear coupling, on the basis of the ”clus-
ter model”, that we developed for this purpose.

The model is based on the hypothesis that NSS in
CdTe comprises mainly isolated noninteracting spins
and small clusters consisting of up to 5 magnetic iso-
topes. It accounts for direct and indirect (exchange and
pseudodipolar) interactions within the clusters, while
the long-range interaction between the clusters is ne-
glected. This allows us to simplify a prohibitively com-
plex problem resulting from the long-range character of
the dipolar interaction, and reduce it to a tractable one,
in order to calculate the shape of the NSS absorption
spectra.

The proposed model faithfully reproduces the posi-
tion of the absorption peaks in most of the studied con-
figurations (different values of the static field, its orien-
tation with respect to the crystal axes), while it does not
have any free parameters. The main experimentally ob-
served features that still need to be understood include
the lowest frequency peak at zero magnetic field spec-
trum, the overestimated intensity of the high-frequency
part of the spectrum, as well as the unexpected differ-
ence between zero-field absorption spectra measured in
OMF ∥ [001] and OMF ∥ [110] configurations. While the
two later observations are probably related to the in-
complete thermalization within the dilute NSS in CdTe,
the former may point on the ZULF-specific manifesta-
tions of the internuclear coupling in crystals, that can
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Figure 7. PL polarization degree measured (blue line) in a sin-
gle warm-up experiment that allows for the determination of
BN at t = 0 by fitting (red line) Eqs. 10 and 11 to the data.
Relevant values of the PL polarization are indicated by red ar-
rows.

not be observed in traditional high-field NMR, where
these interactions are negligibly small as compared to
the Zeeman effect.
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VII. APPENDIX: MEASUREMENTS OF THE NSS
WARM-UP RATE.

The five-stages experimental protocol described in
Sec. II comprises the measurement stage, where nuclear
field BN [30], created by nuclei and acting on photocre-
ated electrons, is extracted from the PL polarisation de-
gree. We are interested in BN (t = 0), the value of BN

at t = 0, that is right after the application of the OMF.
We denote this field as BN (f ) when it builds up after
the application of the OMF during tOMF, and as BN0
in the reference experiment, were OMF is not applied.
Once these fields are measured, the absorption rate at
frequency f is readily obtained via Eq. 1.

To determine the field BN (t = 0), circularly polarized
laser beam and the transverse measuring field Bm are
switched on at t = 0, and then the PL polarization degree
ρ(t) is recorded during 150 s. The polarization recorded
during the entire duration of the protocol, including the
pumping stage, is illustrated in Fig. 7. Three important
values of the PL polarization are indicated by red ar-
rows. The polarization under optical pumping in the
presence of the longitudinal field Bp is denoted as ρb,
where the index indicates that it accounts for the pres-
ence of the field b, a small nuclear field brought about by
nuclear spin cooling in the Knight field of photocreated
electrons [13]. The polarization at t = 0 in the presence
of both measurement field and the nuclear field is de-
noted as ρ(Bm+BN (t = 0)+b). The nuclear field BN (t = 0)
is the one we need to extract from this measurement. Fi-
nally, the polarization ρ(Bm + b) is reached at the end of
the measurement stage, after complete depolarization of
the NSS. One can see that ρb is higher than two other po-
larization values discussed above. This is the manifesta-
tion of the Hanle effect, that predicts depolarization of
the PL in the presence of the transverse field and pro-
vides the relation between the value of the transverse
field and PL polarization.

Assuming that during measurements nuclear spin
polarization decays exponentially with a characteristic
time T1, the PL polarization degree in the total mag-
netic field experienced by electrons Bm + BN (t) + b can
be written as [31]:

ρ(t) = ρb
B2

1/2

B2
1/2+B̃2

, (10)

where

B̃ = [BN (t = 0)− b]exp(−t/T1) +Bm+b. (11)

Here B1/2 and T1 are the independently measured half-
width of the Hanle curve and the PL depolarization
time, respectively.

Fitting Eq. 10 to the data like those shown in Fig. 7
allows us to determine BN (t = 0). In the case where the
OMF at frequency f is applied prior to measurements,
we have BN (t = 0) ≡ BN (f ), and in the reference exper-
iment without OMF we have BN (t = 0) ≡ BN0. Finally,
the absorption rate is obtained from the Eq. 1.
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