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Synopsis

Introduction

Disorder in some form is almost always present in condensed matter systems. It
could arise from missing atoms, external impurities or disordered distribution of
dopants giving rise to a random scattering potential. Studying the effects of disor-
der is therefore necessary to have a good understanding of the properties of these
systems. Disorder/impurities can also give rise to new and interesting features in
the host systems. Kondo effect and heavy fermions [1], spin fractionalization in
frustrated magnets [2], weak localization in two-dimensions [3, 4] are some exam-
ples of these effects. External impurities are also often used as probes to study the
electronic state of host system, nature of order parameter and phase transitions [5]
etc. All these properties make it interesting to study disorder effects in condensed

matter systems.

In low dimensions, the quantum effects are enhanced and studying them pro-
vides an opportunity to understand and observe the effects of quantum fluctua-
tions. Moreover, low dimensional systems can be easily created in semiconductor
heterostructures which are useful for technological applications. These semiconduc-
tor heterostructures provide the advantage of tunability of various parameters like
carrier density, disorder in the system, which allows exploring different phases of
the system. Strong correlations, where the interactions between particles dominate
over their kinetic energy, are another important feature of many condensed matter
systems giving rise to various novel effects like high Tc¢ superconductivity, fractional
quantum hall effect and spin liquid states [6, 7, 8]. Disorder, low dimensionality
and strong correlations are main components of the three systems we studied in
this thesis work. Following is a brief description of our work. More details of the

immediate context, motivations etc are discussed in individual sections.

Our first work concerns Kondo lattice scenarios in semiconductor heterostruc-

iii
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tures. We have studied Nuclear Magnetic Resonance (NMR) to probe the nature of
the electronic state in two dimensional electron gas (2DEG) in the heterostructures
[9]. In Kondo systems, a free electron gas interacts with localized spins and the
system can show a transition to a Fermi liquid state at low temperatures where
the localized spins are screened by the conduction electrons. Magnetic interactions
between the localized impurities, which are mediated by conduction electrons (Ru-
derman Kittel Kasuya Yosida (RKKY) interactions [10]), compete with the Kondo
coupling and the system shows a rich phase diagram, including a quantum criti-
cal point and heavy fermion superconductivity, arising out of this competition [11].
Semiconductor heterostructures can be used to explore this phase diagram if the for-
mation of a Kondo lattice in these structures is confirmed. We showed that nuclear
relaxation rate shows distinguishable features for a Kondo lattice and a disordered
arrangement of localized spins and can thus can be used to confirm the formation
of Kondo lattice in these structures. NMR can also distinguish a Kondo interaction

dominated regime from RKKY interaction dominated regime.

In second part of this thesis, we have analyzed the effects of coupling external
magnetic impurities to spin-1/2 Kitaev model [12] which is a quantum spin-1/2
model on honeycomb lattice with very anisotropic interactions [13]. The model can
be exactly solved and has a spin liquid ground state with very short ranged spin
correlations. The exact solvability of this model might be utilized to understand
quantum spin liquid states better. The model also allows non-abelian anyonic exci-
tations which make it interesting for quantum computation. We studied the effects
of spin-S impurities coupled to the Kitaev model in its gapless spin liquid phase.
We found that there is an interesting Kondo effect in the Kitaev model which is
independent of the sign of the Kondo coupling (ferromagnetic or antiferromagnetic)
and it is accompanied by a change of topology of the ground state. The ground state
has finite fluxes at the impurity sites in strong coupling regime. These fluxes are as-
sociated with localized zero energy Majorana fermionic modes and have non-abelian
statistics. We also calculated the inter-impurity interactions mediated by the gapless

excitations of Kitaev model and found interesting non-dipolar interactions.

In our final study of the effects of disorder and magnetism, we have analyzed the
transport properties of magnetic semiconductor heterostructures [14]. These het-
erostructures have a thin layer of Mn atoms separated from the transport channel
and show ferromagnetism at low temperatures. The ferromagnetism also affects the
transport properties of these heterostructures. These systems are of relevance for

spintronic devices and understanding the transport properties is thus an important



question. Also, the mechanism of ferromagnetism in bulk magnetic semiconductors
and semiconductor heterostructures is not very well understood. Due to the poten-
tial fluctuation caused by the disorder in Mn layer, charge carriers in the quantum
well accumulate in potential wells forming charge droplets at low carrier densities.
We incorporated the effects of ferromagnetism of Mn atoms in the hopping proba-
bilities of charge carriers which could explain the observed anomaly (peak/shoulder)
in the resistivity of these structures. In bulk magnetic systems, the position of this
anomaly is generally used to infer the Curie temperature, but we showed that in two

dimensional systems, the anomaly can appear much below the Curie temperature.

Kondo Lattice Scenario in Disordered Semiconductor Heterostruc-
tures

Semiconductor heterostructures are layered structures of two or more semiconduc-
tors of different band gaps that can give rise to quantum well structures and the
density of charge carriers in the quantum well can be controlled by gate voltages
(Fig. 4a). These structures can be J—doped with an atomic layer of dopants spa-
tially separated from the quantum well, to further control the carrier densities in the
quantum well with minimal effect on their mobility. Semiconductor heterostructures
have played a key role in the discovery and exploration of important phenomena in
condensed matter systems, like Fractional quantum Hall effect [15], due to their
reduced dimensionality, high mobilities and enhanced quantum effects. In our work,
we analyzed these systems in context of possibility of formation of a Kondo lattice
in Si 6—doped GaAs/AlGaAs heterostructures. Such a realization, if confirmed, can
be very useful to study properties of Kondo lattice systems in various regimes of
parameters. The main advantage of these structures is their tunability which is not
possible in actual Kondo lattice (heavy fermion) materials. These can be used to
study the complex phase diagram of Kondo lattice systems which arises from the
competition of the magnetic ordering tendency of the localized electrons and the
screening tendency (Kondo effect) of the conduction electrons and to explore the

nature of this quantum critical point [16, 11].

An electron gas is formed at the junction of GaAs and AlGaAs due to band
bending and mismatch of band gaps. The Si layer is partially ionized and provides
carriers in the quantum well region. These ionized Si atoms would like to arrange
in a triangular lattice to minimize the Coulomb energy. Generally disorder in the
arrangement of Si atoms is known to be significant. The possibility of spatial or-

dering of charged donors, or Wigner crystallization, in §— doped heterostructures,



vi SYNOPSIS

when the degree of ionization is around 1/3 or lower has been theoretically predicted
[17, 18]. These ions cause a spatially varying Coulomb potential at the junction of
GaAs and AlGaAs where two dimensional electron gas (2DEG) is formed. The po-
tential profile depends on the arrangement of ions in the delta layer and could be
disordered or ordered. The potential wells can bind electrons and can give rise to
local moments in the 2DEG. This forms a Kondo system with these local moments
interacting with the free electrons. If the ions form a crystalline structure, there
is an interesting possibility of forming a Kondo lattice. There are two competing
interactions in the system, the Kondo coupling which tries to screen the impurity
spins and give rise to Kondo effect at low temperatures, and the inter-impurity spin
interaction mediated by the free electrons (RKKY interaction) which tends to build

correlations between the impurity spins.

In transport measurements, which are generally used to study these systems, the
enhanced density of states at the Fermi energy due to the Kondo resonance gives
rise to a peak in zero bias tunneling conductance in the Kondo-coupling dominated
regime which splits in the RKKY dominated regime. These were observed in the
experiments ([19]) done in these heterostructures. However, we argued that the
transport measurements are unable to give information about the spatial order of
localized spins and can not be used to confirm the formation of an artificial Kondo
lattice in semiconductor heterostructures. A zero bias conductance anomaly can
appear as long as each impurity is Kondo screened and it can split when pairwise

magnetic interactions become strong.

Although their small sizes make it difficult to employ standard bulk methods
such as neutron diffraction, suitably adapted NMR methods have been proposed
by which nuclear polarization may be generated locally in such devices and its
relaxation can be feasibly detected through two-terminal conductance measurements
[21]. The behavior of the nuclear relaxation rate conveys important information
about the electronic state in the device. We studied NMR, for these systems in
different regimes and showed that nuclear relaxation rate shows distinct features
for a lattice of localized spins and a disordered distribution as well as for different

interaction regimes.

We consider the Hamiltonian for S = 1/2 magnetic impurities in a 2-dimensional

electron gas:

HZkaCLOCkJ—i-JZO'Z‘-SZ‘. (1)
k i
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Here S; is the localized spin and o; is the conduction electron spin density at r;. J
is the antiferromagnetic Kondo coupling between localized spins and free electron
density. The second term also gives rise to inter-impurity RKKY interaction which
in two-dimensions is Jrrkry (Rij) ~ % cos(2kpR;j); where, p(ep) is the electron

ij
density of states at the Fermi energy and kg is the Fermi momentum.

Nuclear spin relaxation takes place by coupling to various degrees of freedom of
the system. In our system, the nuclear polarization couples to both the localized
spin S and conduction electrons . The nuclear spins see an effective local magnetic
field hy,. = %(AdS + As0), where Ay and A, are the hyperfine coupling with the
localized spin and conduction electrons respectively and ~, is nuclear gyromagnetic
ratio. Nuclear relaxation rate is given by the transverse fluctuation of the local
effective field.

In the vicinity of localized spins, the relaxation through interaction with local
moments is dominant [20] and the relaxation rate can be written in terms of localized

moments susceptibility (x;) as

rot o AT (6@ 2)
b R (gepB)? 20 )0

We calculated the susceptibility y; for different possible physical scenarios of the
system, i.e., few impurities case, a lattice of impurities in Kondo dominated and
RKKY dominated regimes and showed that it has unambiguously distinguishable

temperature dependences for these scenarios [9].

In the Kondo interaction dominated regime we fermionize the localized spins,
S;, in terms of a spin-less fermion f; and a Majorana fermion y; [22] as S;r =
f;rxi/\/i, S” = xifi/V?2, and S7 = f;fi —1/2, where {x;, x;} = 20;;. We factorize
the quartic terms in Hamiltonian by using Hubbard-Stratonovich factorization and
do a mean field analysis. For a single localized spin coupled to the 2DEG, we
calculate the Kondo energy scale (wx) and the spin susceptibility at low frequencies
using imaginary time Green’s functions. The mean field analysis gives wx ==

D exp(—4/3pJ) and at low temperatures T’ < wp,

Xi (wm) 1 1
(gspB)? 7 (lwm| + wki)

(3)

where w,, = 2rmkpT are bosonic Matsubara frequencies. This gives the localized
A2kpT
wag(

spin contribution to nuclear relaxation rate 7'; - at low temperatures from

the screened impurity while at high temperatures, the unscreened local moment
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gives a constant T1_@'1 as y ~ 1/T

Thus, a few non-interacting local spins give a linear-T relaxation rate. If the lo-
calized spins are nearby, RKKY interactions compete with the Kondo screening. To
get the effect of this competition, we considered two nearby localized spins. RKKY
interaction between nearby spins is much larger than the hyperfine coupling and the
nuclear spins couple to an RKKY pair instead of individual spins at low tempera-
tures. Therefore, spin-spin correlations also affect the relaxation rate. Taking these

into account, at low temperatures 7' < wg, the relaxation rate is given by

2 A%kpT 1
2 A%ks <1 B _JRKKY(R12)> . ()

Tt =
1 s w%(h s WK

Although, in this case too, the relaxation rate is linear in 7', it decreases as Jrxky (R12)
increases for antiferromagnetic couplings. Thus, in the RKKY dominated regime
with disordered local spin arrangement, nuclear relaxation rate becomes very small
as nearest spins form spin- singlets for Jrxxy(R12) > 7™ wk and do not exchange
spin with nucleus. In contrast, for a lattice of spins, the nuclear relaxation rate
is finite even in the RKKY dominated regime. The main physical difference from
the two-impurity case is the existence of low energy magnetic excitations (magnons)
in the lattice for any value of the ratio Jrxky/wi. As a result, significant nuclear
relaxation still occurs for large anti-ferromagnetic inter-impurity couplings unlike

the two-impurity case where it vanishes.

For the Kondo lattice, in weak RKKY interaction limit ( Jrxxy < wg ), we
treat the RKKY interaction as a perturbation in Random phase approximation

(RPA) scheme for calculating the dynamical susceptibility:

_ Xi (@, T)
1= X7 (@, T) (nimpJrrry (0)/(9s18)?)

(5)

Here, nimp is the density of localized spins. If Jrkiy(q) (or more generally, exchange
interaction Jex which includes RKKY interactions) has maximum value at wave-
vector Q, we can write Jrxkky(Q + @) = Jrrky(Q) — (Ds/nimp)a’q? and with
x; (0,T) ~ %(1 — Ck4T?/w2), (C is a constant of order 1), we get

(X/Z)W)>M N sza—jfm (6)
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Figure 1: Plots showing the qualitative differences in the temperature and (AFM)
inter-impurity exchange interaction Jox dependencies of the nuclear relaxation rates
T, ! for a two impurity system and Kondo lattice. Main plot: T, *(T') for (a) a two
impurity system; (b) a Kondo interaction dominated lattice (Jex/wr < 1); (c,d)
a Kondo lattice where Jox/wg > 1 and T' < (>)T2f, where T3 is the mean-field
transition temperature. Dotted curve interpolates between these two temperature
regimes (there is no phase transition). Inset: 77 ' as a function of Je /wx for (i)
Kondo lattice (i) two impurities - the 7,! vanishes for Jo, /wg > 7.

where a is the lattice constant and D, is spin stiffness of the Kondo lattice and

cT?
wer(T) ~wsr(0) | 1+ ——= ) . 7
(1) = s00) (14 250 ) )
wsf(0) = wr — Jex(Q)Nimp /7 is the energy scale that represents the competition of
Kondo and inter-impurity exchange interactions. Although the temperature depen-
dence that follows from this for the Kondo lattice is linear in temperature, similar to
the two impurity case; there is the crucial difference that even when Jrxxy ~ 7™ wg,

there is a finite relaxation rate which vanishes for the two impurities case.

In the RKKY-dominated regime, we neglect the Kondo effect in the lowest order
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and the conduction electrons provide magnon decay. Within RPA approach, we can
write the dynamical susceptibility near mean field transition point Tglf in terms of

magnetic correlation length £ as

(gsﬂB)Q
IkETE {02 /E + a2¢2 — inqrq(@))

Xqiqw) = (8)
Here, v(Q + q) ~ 7(Jp)?hw/4Jex (Q)krq is the imaginary part of exchange inter-
action and Q is the ordering wave vector. For a ferromagnet (FM), Q = 0 and
for anti-ferromagnet(AFM), Q = (7/a,m/a). The temperature dependence of the

nuclear relaxation rate is then given by

AP ex( @iy, T €(T)? (9)
T 64hD%kpQ  TET @

T

for AFM and similarly for FM, T; H(T) ~ T&(T)?

In a two dimensional isotropic Heisenberg model, their is no phase transition
but magnetic correlation length increases exponentially fast at low temperatures
(&(T) ~ exp(Ty/T)). Thus the temperature dependence of nuclear relaxation rate
T ! is exponential at low temperatures in RKKY dominated regime for a Kondo
lattice. This gives a clear distinguishable feature for a lattice as T} 1 is linear for a
disordered set of localized spins. Also, the behaviour is very different from Kondo
interaction dominated regime and is thus able to distinguish between them. These

results are shown in Fig. 1.

Magnetic impurities in the honeycomb Kitaev model

We studied the behavior of spin-S impurities in the gapless spin liquid regime of
the Kitaev model on the honeycomb lattice [12]. The S = 1/2 Kitaev model [13]
is a honeycomb lattice of spins with direction-dependent nearest neighbor exchange

interactions,

Hy = —sz ojog — Jyz O’?O'z —J, Z o5 0%s (10)

z-links y-links z-links
where the three bonds at each site (Fig.2) are labeled as x, y and z.

This is an exactly solvable interacting quantum two-dimensional model which
makes it very interesting to explore its various properties. The ground state is a

quantum spin liquid with both gapless and gapped excitations in different regimes
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g2 Q

Figure 2: (a) Schematic of the Kitaev lattice showing the A and B sublattice sites
and the z, y and z types of bonds. (b) Brillouin zone. The Dirac point for the
massless Majorana fermions is denoted by kr and momentum summations are over

the (shaded) half Brillouin zone.

of parameter space. Impurities provide a very useful way to probe correlations
in the quantum spin liquid states where a simple observable order parameter is
usually not available. Non-magnetic impurities in quantum spin liquids have been
extensively studied theoretically [23, 24] and experimentally [25, 26] to build an
understanding of different types of ground states and excitations in these systems.
The model has non-abelian anyonic excitations in its gapless phase which makes
it possibly useful for quantum computing. Topological nature of states defined by
the plaquette fluxes and gapless Majorana fermionic excitations in the ground state
are other interesting features of the model. We studied spin-S impurities in the
Kitaev model to probe the nature of the spin liquid ground state and to study the
possibility of novel impurity effects due to fractionalization of spin into dispersing

and localized Majorana fermions.

The model can be solved [13] by writing the spins in terms of Majorana fermions
¢, b, bY,b% as of = ib{'c; and using the conservation of plaquette operators (fluxes)
W, = ofojoiofosos = £1. Also, on each a—type bond, uf; = ibfb$ is conserved
which converts the Hamiltonian to a hopping Hamiltonian for c—Majorana fermions
with gauge fixing condition D; = ib¥b!b7c; = 1 to take care of the extra degrees of
freedom introduced by this representation. The ground state corresponds to a flux
free state with all W, = 1 for which we choose all u;; = 1. The ground state is a
spin liquid with very short ranged spin-spin correlations and has gapless excitation
in large area of parameter space where the coupling constants J,, Jy, J, satisfy the

triangle inequality. The excitations have a massless linear Dirac cone dispersion
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which can give rise to a Kondo-like screening of the impurity spins. We studied the
nature of this Kondo effect and the RKKY-like long range interaction between two

distant impurities mediated by the gapless excitations.

We couple an external spin-S to the Kitaev model at one site (at origin) through
the Kondo coupling term Vi = > K*S%¢*(0). To understand the behaviour of
system at low energies (low temperatures), we did a Poor man’s scaling analysis of
the impurity coupling K by integrating out the high energy modes of the dispers-
ing Majorana fermions. To obtain corrections to K, we considered the Lippmann-
Schwinger expansion for the T'—matrix element, scattering of a c—Majorana fermion
to a b—Majorana, T =V + VGV + VGoVGyV + - - - | in increasing powers of K.

The first correction to the bare T'—matrix comes from third order terms s.t.,
TG) ~ —Kﬁsﬁp(?# ZB(KB)Q(SB)Q. Here p(e) = (1/27v%)|e| = Cle] is the density
of states and D is the band edge energy. If the Kondo interaction is rotationally
symmetric or if the impurity is a S = % spin, this contribution renormalizes the

Kondo coupling constant.

Just as for the Kondo effect in graphene [27], there is a correction to the Kondo
coupling due to the change in the density of states with decrease in bandwidth
as the density of states vanishes at Fermi energy. This gives a contribution K —
K(D'/D)", (D'"= D —6D|) and the total contribution is

§K = —K%) (2K?a*CDS(S+1)/J —1). (11)

Interesting features of the scaling equation are that there is an unstable fixed point at
K. =/J/[2a*p(D)S(S + 1)] ~ J/S and that the direction of coupling constant flow

is independent of its nature (ferromagnetic or anti-ferromagnetic). For K > K., the

coupling scales to infinity while for K < K, the coupling flows to zero and impurity
spin is not screened. Also, we found that the strong coupling fixed point K — oo is

stable for anti-ferromagnetic coupling.

Another remarkable property of the Kondo effect in Kitaev model is that the
unstable fixed point is associated with a topological transition from the zero flux
state to a finite flux state. The strong coupling (antiferromagnetic) limit amounts
to studying the Kitaev model with a missing site or cutting the three bonds linking
this site to its neighbors. Kitaev has shown [13] that such states with an odd number
of cuts are associated with a finite flux, and also that these vortices are associated
with unpaired Majorana fermions and have non-abelian statistics under exchange.

It has also been shown numerically [28] that the ground state of Kitaev model with
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one spin missing has a finite flux pinned to the defect site. We argued the existence
of a localized zero energy Majorana mode from degeneracy of the ground state in

presence of impurity spin and elucidated on the nature of this zero mode.

Figure 3: Schematic of the three unpaired bMajorana fermions formed as a result
of cutting the links to the Kitaev spin at the origin. Any two of the three can be
given an expectation value (dotted bond).

We define new operators involving the impurity spin and Kitaev spins, 7% =
WoW3 ST 7Y = W3W1.SY and 7% = W1 W5 S#, which are conserved and form an SU(2)
algebra [7%,77] = 2ie,p,77. This SU(2) symmetry is exact for all couplings and is
realized in the spin-1/2 representation <(7’0‘)2 = 1) and all eigenstates, including
the ground state are doubly degenerate. In the strong (antiferromagnetic) coupling
limit Jg — oo, low energy states are the ones in which the spin at origin forms a
singlet |0) with the impurity spin. The double degeneracy in this case comes from
rest of the Kitaev system with spin at origin removed. This implies that there is
a zero-energy mode in the single particle spectrum and the two degenerate states
correspond to the zero mode being occupied or unoccupied. There are three free
b—Majorana fermions on the neighboring sites on the cut bonds (Fig 3). Any two
of them can be given an expectation value by using the gauge freedom and one
localized, zero energy, b—fermion remains at the defect site. Since a full zero energy
mode is made of two Majorana fermions, there has to be a zero energy Majorana
mode in the dispersing c—sector. This has also been shown explicitly by considering
the Kitaev’s model with one site missing [29]. Thus, in strong coupling limit, we can
create localized fluxes in the Kitaev model with zero energy Majorana mode at their

core, similar to the half vortices in p-wave superconductors which have non-abelian
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statistics [30].

The gapless c—Majorana excitations can also mediate long range RKKY-type
interactions between far away impurities. An impurity in Kitaev model couples
to one localized Majorana fermion and one massless dispersing fermion. For long
range interaction, we need to contract the localized b—Majorana fermion locally by
considering a second order term in Kondo coupling. This generates a term involving
only dispersing c—Majorana fermions only if the impurity spin locally couples to
a bond (two nearest neighbour spins) of Kitaev model. Therefore no long range
interaction is mediated between two distant spins if each one couples to only one
Kitaev spin. When the external spin is coupled to an «;;—bond, the second order
term is of the form (K“S%)?c;c;/.J. The interaction with an impurity spin coupled to
Birj7—bond is then given by terms of the type %<(K“)2(Sf‘)2(Kﬁ)Q(Sg)Qcicjci/cj/>.
The fermionic averaging gives the long range interaction between the impurity spins
to be

1 1+ cos(2a(kp)) — 2cos(2kp - Rio)

T~ (KPS (95) o =
12

(12)
a(kp) is a constant related to the position of Fermi point kr and is 7/2 for symmet-
ric Kitaev coupling. Note that for spin-1/2 impurities, (S*)? = 1/4, no long-ranged
interaction is generated. Similarly if the impurities couple to all the bonds of a
hexagon symmetrically where >, . pairs(Sf & )2(55 ""Y2 = const., again the inter-
action term is not generated. The interaction is non-dipolar ( non S; - S;) unlike
the usual RKKY interaction in metals and has 1/R3, decay in 2-dimensions due to
vanishing density of states at Fermi energy which is also the case for graphene. The
RKKY interaction also reflects the bond-bond correlations in the Kitaev model’s

ground state.

Charge inhomogeneities and transport in magnetic semiconductor
heterostructures

We studied the effects of disorder and magnetism on transport in J—doped mag-
netic semiconductor heterostructures [14]. In these heterostructures, a d—layer of
Mn atoms is deposited slightly away from the quantum well (where charge trans-
port takes place) separated by a spacer layer of GaAs. The Mn atoms get partially
ionized acting as acceptors and provide holes in the quantum well. A schematic

of the heterostructure is shown in figure 4a. The Carbon d—layer is introduced to
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Figure 4: (a) Schematic layout of the heterostructure d-doped by Mn. (b) Schematic
of the quantum well potential (shown inverted). Dashed (blue) line represents the
quantum well potential in the absence of fluctuations and the solid (red) line shows
the potential well with an attractive fluctuation potential.

provide further carriers. The Mn atoms have finite magnetic moment in the semi-
conductor host and the system shows ferromagnetism [31]. Semiconductors with
bulk doping of Mn atoms also show ferromagnetism at fairly high temperatures and
the mechanism of the ferromagnetism has not been understood fully [32]. Research
interest for studying these magnetic semiconductor heterostructures mainly arises
from their possible use in spintronic devices [33] to generate and manipulate spin
polarized currents. Studying the nature of magnetism and its effect on transport
is therefore important. Also these systems could provide opportunities to explore
the physics of ferromagnetism in doped semiconductors. Both the bulk magnetic
semiconductors and heterostructures show a resistance anomaly (a peak/shoulder
like feature in temperature dependence of resistance) which arises due to onset of
ferromagnetic order of Mn atoms (Fig. 5a). For bulk systems this anomaly appears
near the ferromagnetic transition temperature and is often used to get an estimate of
the Curie temperature [32]. We studied the resistance anomaly in heterostructures
where both the magnetic layer and the transport channel are two dimensional. We
found that the resistance anomaly can appear at temperatures much lower than the
Curie temperature of the Mn layer and there are significant magnetic correlations

in the d—layer well above the peak temperature. Also a phase transition is not
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necessary for the peak to appear (as is the case for 2-dimensional magnetic system).
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Figure 5: (a) Resistance data for the Mn d-doped heterostructures (1, 2, 3, and 4)
for different carrier and doping densities and a carbon d-doped heterostructure (5).
Resistance anomaly is absent in the carbon d-doped sample, while the Mn §-doped
samples exhibit an anomaly (hump or shoulder), which is likely due to the magnetic
ordering. (b) Anomalous Hall effect data for these samples. The Anomalous Hall
effect saturates at temperatures well above the peak in the resistivity for insulating
samples 1 and 4 while closer to the peak temperature for more metallic sample 2

As discussed for Si doping of semiconductor heterostructures above, the ionized
Mn atoms produce a fluctuating potential for charge carriers in the quantum well
(Fig 4b). We estimated the size of these potential fluctuations and typical radius
of the potential wells where the holes accumulate to form charge droplets. These
estimates give us the nature of the samples (insulating/metallic) as the samples with
spatially distant droplets are insulating while closely placed droplets with significant
tunneling give a more metallic sample. The disorder in Mn layer is assumed to be
Gaussian white noise with d—function spatial correlations. Holes in the quantum
well screen the potential fluctuations. The screening length R, = m /p is the
radius beyond which the potential fluctuations get screened i.e. the holes in this
area balance the total charge fluctuation in region of radius R, in Mn d—layer. n,
is the density of ionized dopants and p is the hole density in quantum well. The
r.m.s. value of this potential fluctuation for the case when 2d >> R, \ is ([34]),

1+ (Afcz())z])lﬂ, (13)

2
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| Sample| R.(nm] zp(nm)| 202(nm)| Ry1(nm) Rpo(nm) Dy(nm) Dy(nm) &(nm)]

1 24.28 1.79 3.62 8.96 0 11.58 - 1.82
2 15.45 1.57 0.78 8.79 0 5.72 - 3.50
3 15.67 1.71 2.30 8.90 0 5.82 - 3.70
4 18.02 1.71 1.34 8.90 0 7.53 - 3.46

Table 1: Calculated values for the screening length R., droplet sizes R, ,, droplet
separations D,, corresponding to 2, ,,, hole localization position zg ,, and the local-
ization length & at 77K. The calculations are for an effective n], = 0.1n4 (total Mn
density). In the last three samples, the separation of the droplets is comparable
with the localization length, implying proximity to the “metallic” phase. At 77K,
only one sub-band is occupied and thus R, > and Dy are nor defined.

Here X is the spacing between hole gas and Mn layer, (zg) is the position of local-
ization of hole gas in quantum well and d is the distance of metallic gate from Mn

layer. We estimate zg by solving the Schroedinger equation along z—direction

K2 d?
C2m* d2?

+ V(Z) Un = Enpthy, (14)

where V(z) includes both the quantum well and fluctuation potentials. The holes
form puddles filling the potential wells. One or more sub-bands (bands arising from
confinement in z-direction) can be occupied. Sizes of the puddles depend on the
hole density and dopant density. Using various parameters of the structures (e.g.
for Sample 1, Mn density ng = 6.0 x 10"cm ™2, hole density p = 0.3 x 10'?cm—2,
quantum well depth V) ~ —85meV at 5K), we estimated puddle sizes, distance
between puddles, localization length of holes and mean level separation in these
droplets, etc. These estimates are shown in Table 1. The measured resistivities
of these heterostructures are shown in Fig 5. The comparison of hole localization
lengths and droplets separations qualitatively matches the experimental observation
that sample one is insulating while 2, 3 and 4 are more metallic at 77K as localization
lengths are comparable to droplet separations. Similar estimates at 5K give all the

samples to be insulating.

We analyze the resistivity behavior for insulating samples. The transport in these
samples takes place by hopping between puddles. The temperature dependence of
resistivity is expected to be of variable-range hopping type [exp(Ty/T)'/3] at very
low temperatures and of Arrhenius type at higher temperatures. In the Arrhenius
regime, resistivity would behave as p(7") ~ eP4/T where E 4 is an activation energy

of the order of the mean level spacing A in a droplet or the classical thermal exci-
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tation over the barrier separating neighboring droplets. In the ferromagnetic phase,
we incorporate the effects of ferromagnetic correlations in hopping probability am-
plitude. When the Mn layer becomes magnetic, the droplets also get polarized in the
direction of local magnetization in Mn layer. If magnetic polarization of neighbour-
ing droplets is not aligned, the hopping is suppressed. Extra energy cost to hopping
is ~ J(1 — cosf;;) if 0;; is the angle between magnetization of two neighbouring
droplets. J can be related to both the magnetic exchange interaction in Mn d—layer
and exchange interaction in the droplets. Since the droplet magnetization is approx-
imately aligned with the local magnetization in Mn layer, (cos 6;;) = e D1/&m(T) for
a two dimensional ferromagnet, where D7 is the droplet separation and &;; is the
magnetic correlation length in Mn layer. With, ferromagnetism taken into account

the resistivity behaves as
p(T) o~ AeE'A/TJrJ(lf(cos@ij))/T’ (15)

7coso9¢j/T> —(cos 0;5)

where we have approximated (e /T For two-dimensional ferro-

magnet [35, 36, 37|

01 (T) = { a/\/1-Tc/T, T>Tc 16)

aexp[nTc/2T), T <Tc

e

Here a ~ 1/,/nq is a length scale of the order of inter-atomic separation of the Mn
dopants and T¢ is the Curie temperature, below which the ferromagnetic correlations

increase rapidly.

We fit the model to measured resistivity data of sample 1 and 4 by adjusting
the parameters. The fits and the corresponding values of parameters are shown in
Fig. 6. An important point to be observed is that the peak/shoulder in resistivity
appears at much lower temperature than the mean field T, This can be explained
in our hopping transport picture. T corresponds to the temperature below which
magnetic correlation length (£y/) start increasing rapidly in Mn layer. But since
the droplet separation is much larger than the Mn separation, the onset of ferro-
magnetism in Mn layer does not affect transport significantly at temperatures near
Tc. At lower temperature, when &), becomes comparable to droplet separation Dy,
inter-droplet tunneling probability increases rapidly which gives a decrease in the re-
sistivity. This gives rise to a dip in the resistivity which results in the peak/shoulder
feature. As the temperature further decreases, the magnetic part saturates and the

activated behaviour starts dominating which at further lower temperatures becomes
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Figure 6: Observed temperature dependence of resistance for (a) Sample 4, in units
of the resistance at 70 K, and (b) Sample 1, in units of the resistance at 90 K
(points), and theoretical fits (solid lines). Sample 4 is near the percolation thresh-
old and Sample 1 is well-insulating. Parameters such as the activation energy E4
and the droplet separation D7 were chosen close to the values obtained from the
droplet model and the magnetic parameters J and T were varied to obtain the
above fits. In both cases, the best fit value of Tz was significantly larger than the
temperature, at which the resistance anomaly (hump or shoulder) was observed. At
lower temperatures, the resistivity becomes variable-range hopping type (not taken
into account in our model). For Sample 4 in panel (a), the values used for the fit
are D1 =2 nm, F4 =9 K, J =39 K, and T = 30 K; for Sample 1 in panel (b),
the parameters are D1 = 9.4 nm, F4 =51 K, J =56 K, and T = 49 K.
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variable range hopping. In metallic samples, as the droplet separation is lower, the
peak lies closer to T¢. These results clearly show that, unlike the bulk magnetic
semiconductors, the peak position should not be used as as estimate for T of the
Mn layer in these heterostructures, specially for non-metallic samples. Our analysis
is also supported by the anomalous Hall effect measurements in these samples (Fig
5) which show saturation at temperatures much above the peak temperature [38].
This shows that there is significant ferromagnetism in Mn layer much before the
peak appearance in resistivity. The values of fitted parameters are shown in figure
6. Another important observation is that a phase transition is not needed to have
an anomaly in the resistivity and presence of significant magnetic correlations is

sufficient.
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Chapter 1

Introduction

Disorder plays a very important role in condensed matter systems as it changes their
properties non-trivially and is generally unavoidable. Disorder in condensed matter
systems can be in the form of missing atoms, external impurities or disordered dis-
tribution of dopants giving rise to a random scattering potential. Disorder effects
are studied in various areas of solid state/condensed matter physics, for example,
semiconductors, spin systems, superconductors and other quantum correlated sys-
tems, both theoretically and experimentally. Defects are also an important part
of material research as these affect various properties like material strength, their

electrical properties, behaviour of the material under extreme conditions etc.

Impurities and doping effects are a major area of work in semiconductor re-
search. Doping of semiconductor materials is often used to change their properties
and making them technologically more useful. Er doping of Si makes it an optical
amplifier, N doped GaP is useful for light emitting diodes, Mn/Gd doped GaAs is
a magnetic semiconductor and can be used for spintronic applications. These are
a few examples of the vast number of such possibilities. How a particular impurity
behaves in a material depends on both the host and the impurity properties and
the way these impurities sit in the host material. Density and nature of dopants
affects their transport properties also significantly. Thus, understanding the effects
of doping disorder and other defects in semiconductors is an important question in

this field.

Disorder studies form an important part in quantum condensed matter research
as these can be often used as tools to probe the nature of their state in different
regimes of parameter space. These can be used to study the properties of quantum

critical points [8] and deconfined criticality [9], to study the strongly correlated state
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in high temperature superconductors [10] etc. We studied effects of disorder in a
few two-dimensional quantum systems in this thesis. Below we describe the main

ideas that are studied in the thesis briefly.

In a part of our work, we analyzed effects of impurities in spin-1/2 Kitaev model
on honeycomb lattice in its gapless quantum spin liquid phase. Quantum spin liquid
(QSL) systems are interacting spin systems which do not show ordering to lowest
temperatures. The absence of ordering could be due to geometric frustration [1],
resonating ground states [2] etc. There can be both gapped and gapless quantum
spin liquids. In gapped spin liquids, the spin-spin correlations are exponentially
decaying while in gapless QQSLs, spins/their higher order correlators have power law
correlations. These systems can have non-trivial collective excitations and long range
correlations. In these systems, a simple measurable order parameter is generally not
available. Studying the effects of vacancies or external impurities is one main method
that is used to explore the nature of their ground states, quasi-particle excitations
and transitions between different phases [3, 4, 5]. In the gapped phase, the vacancies
are found to bind a magnetic moment showing a 1/7 impurity susceptibility. In
gapless phase, the gapless excitations of the spin liquid can screen the vacancy
moment partially [5] or completely [6] depending upon the nature of the excitations
in the spin liquid. In this context we studied effects of external magnetic impurities
in the Kitaev model (an exactly solvable quantum spin-1/2 model). We studied
the nature of Kondo screening of the impurity spin due to the coupling to gapless
fermionic excitations of the model. We found that the Kondo coupling flows to
infinity for couplings above a critical value which shows that there is a non-trivial
screening of the impurity spin. This is also hinted from the vacancy susceptibility
calculations (which is similar to our strong antiferromagnetic Kondo coupling case)
in Ref. [6], where a vacancy in gapless phase shows screened In(1/7") behaviour.
The inter-impurity spin interactions can also shed light on the nature of the quasi-
particle excitations. In presence of a finite Fermi wave-vector in the host system,
the inter-impurity interactions show oscillations at 2k R length scale (as is the case
for our study of impurities in Kitaev model also) while, if the Fermi point lies at
zero momentum, the long range interactions do not show these oscillations, e.g. for
impurities on the surface of Topological insulators, the interaction does not oscillate

in sign when the Fermi surface lies at k = 0 [7].

A major area of research that emerged out of disorder effects is the Kondo
systems and heavy fermion physics. Study of Kondo effect and related physics

forms a large part of the thesis work. Kondo effect was first observed in metals



with magnetic impurities. The signatures of the Kondo effect were seen in the
low temperature resistivity measurements where the resistivity showed a minimum
feature rather than the saturation behaviour expected for metals. It has been studied
extensively since then in dilute as well as dense Kondo systems and various novel
phenomena have been discovered. The idea has also been extended to screening of
magnetic moments by gapless quasi-particle excitations of different kinds [11, 3, 4].

The first question in this puzzle was to understand the existence of a magnetic
moment inside a metal. This was understood using Anderson’s model with large

onsite Coulomb repulsion (U) on the localized atom:

H = ka ekc;rwck(, +e€1)., d];da + Ungyngy + Zk’a (chirwdo + h.c.>

Here c;rm are conduction electron creation operators, and d:r, for the creation operator

for an electron in d-level of the impurity. The large coulomb potential suppresses
double occupancy and helps in formation of the local moment on the impurity. In
this regime, where charge fluctuations are suppressed (|eq + U — €p|, ler — €q| > A,
where A is the d—level broadening), the effective spin Hamiltonian can be obtained

by Schrieffer Wolf transformation to be
Hi =3y, ekc;rwcka + JS.0(0)

where ¢(0) is the local spin density of conduction electrons at the impurity site.
This is called the Kondo Hamiltonian which has been studied to understand the
behaviour of dilute Kondo systems. The resistivity increase at low temperatures
(below the minimum feature) was shown to be arising from singular spin flip scat-
tering of conduction electrons at low temperatures by J. Kondo [12, 13]. This was
not immediately clear as the lowest order scattering term doesn’t give this singular
behaviour and next order terms were needed to explain the resistivity behaviour.
To see this, one can calculate the electron scattering rate (') from T—matrix
(T = (I — GoV)™!) considerations such that

Toaw ~ [ 0lerc — ex)| Tiae (1 = cos 0')dK,

where 0’ is the angle between k and k. In the lowest order in J, Ty, is constant and
1/7(kr) ~ J2S(S+1)/er again predicting a constant resistivity at low temperatures.
To get the singular corrections, we need to calculate the second order terms in J
also.

Tlii)/ — (VG(] V)kk'
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Total of these terms then gives

1 J25(S +1)
7(k) €r

J(ex)

Ek—e—ZS

(1= 27(9(6) +.4"(@9): where ) ~ 3 =2

Here f(ex) is the Fermi distribution. It is the g(e) sum that gives the singular
corrections to the resistivity at low temperatures such that the spin part of resistance

s [13]:
J2S(S +1)

- (1 — 4Jpo(ep) In (le)T» .

where D is the conduction band width.

Rspln

imp

Another way to analyze the Kondo problem is to do a scaling analysis for the
Kondo coupling and see if it flows to the strong coupling fixed point and becomes
relevant at low temperatures. For magnetic impurities in metals, a Poor man’s
scaling analysis can be performed [14]. To study the system properties at low
temperatures, we find out the effective Hamiltonian in a reduced bandwidth for the
fermionic excitations (—D + dD to D — §D) by integrating out the excitations in
the band edges ((—=D to — D+ 6D) and (D to D — dD)). This process is repeated
successively to get a scaling law for the coupling constant. For the Kondo problem,

the scaling equation comes out to be

dJ
din D

= _2POJ2’

which shows that the coupling flows to larger values for antiferromagnetic coupling
while to zero for ferromagnetic case and gives the Kondo scale kgTx ~ e 1/2/ro
for antiferromagnetic case. The impurity spin is screened at low temperatures and
impurity susceptibility does not show 1/7" divergence, rather saturates to a constant
value. The screening can be understood qualitatively by imagining the conduction
electrons forming singlet with the impurity spin at low temperatures.

The above perturbation theory for resistivity breaks down at T < Tk and the
resistivity actually saturates at low temperatures in the unitarity limit for scattering.
These properties hold for dilute Kondo systems and have been understood well.

In dense Kondo systems, where the localized spins are close by, magnetic RKKY
(Ruderman Kittel Kasuya Yosida) interactions mediated by conduction electrons
[15] are large and compete with the Kondo screening. The RKKY interaction in

metals is given by

Hriry = —J°x(r —r')S(r) - S(r') = Jriky(r —r')S(r) - S(r'),
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Figure 1.1: Typical behaviour of resistivity at low temperatures for a heavy fermion
system [16].

where x(r) is the conduction electron spin correlation function and can be evaluated
to be

NOEES fex) = flexrq)
k

€ktq — €k
which gives

JrKKY (1) ~ —JQ,O(J%-
The RKKY interaction competes with Kondo effect and for large J, Kondo screening

wins while in relatively small J systems, RKKY interaction is larger.

Main examples of dense Kondo systems are rare earth metallic compounds (e.g.
CeCug, CeAls, CePdsSis etc.) which are Kondo lattice systems. These systems
show an even richer set of interesting properties. For Kondo lattice systems also,
the resistivity shows a minimum similar to dilute systems but at even lower temper-
atures, a new coherent regime is formed [16] (Fig. 1.1). Ground state of the system
then becomes a Fermi liquid but with very large effective mass (m* ~ 10?2 — 103m)
and the resistivity again shows p(T') ~ AT? with a large A. These systems can be
tuned from Kondo regime to RKKY regime by applying pressure, magnetic field etc
and signatures of quantum critical behaviour can be found at the transition [17].
Some of these systems also develop superconductivity in the proximity of this point
[18, 17]. We studied nuclear magnetic resonance methods as probes to study two-

dimensional Kondo lattice systems in semiconductor heterostructures in both the
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Kondo dominated and RKKY dominated regimes.

In a part of our work, we also studied transport properties of magnetic semi-
conductor heterostructures. Semiconductor heterostructures, where quantum well
structures can be formed by sandwiching a layer of a semiconductor material be-
tween layers of different band gap material, play a very important role in current
research as a variety of low dimensional systems can be created and studied in these
systems. Their reduced dimensionality, high mobilities and enhanced quantum ef-
fects make them interesting systems to explore. Discovery of quantum Hall effect
[19], Anderson localization in two dimensions [20, 21], various aspects of Kondo effect
in quantum dot systems [22], spintronics applications [23] etc. are some examples of
these. The density of the two dimensional electron/hole gas in the quantum well can
be tuned by various gate voltages and metallic, insulating and transition transport
regimes can be studied. An important class of these structures is d—doped mag-
netic heterostructures which have a é—doping of magnetic atoms (Mn) separated
from the quantum well (to keep their carrier mobilities high). The ferromagnetism
in the d—layer can produce magnetic polarization of the charge carriers and are
thus interesting for spintronic applications. The magnetism and disorder of mag-
netic layer also affects the resistivity of these systems and is an important question
to be understood. The studies of magnetic semiconductor heterostructures could
also give information about the mechanism of ferromagnetism in bulk magnetic

semiconductors.

Below, we give an outline with brief description of our work discussed in this

thesis.
Outline

In chapter 2, we discuss the study of Kondo lattice scenarios in semiconductor het-
erostructures. We studied nuclear magnetic resonance (NMR) to probe the nature of
the electronic state in two dimensional electron gas (2DEG) in the heterostructures
[24]. In these Kondo systems, the free electron gas interacts with localized spins
and the system can show a transition to a Kondo screened state at low tempera-
tures where the localized spins are screened by the conduction electrons. Magnetic
RKKY interactions between the localized impurities compete with the Kondo cou-
pling. Semiconductor heterostructures could be used to explore the phase diagram
arising out of this competition if the formation of a Kondo lattice in these struc-

tures is confirmed. We showed that nuclear relaxation rate shows distinguishable



features for a Kondo lattice and a disordered arrangement of localized spins and thus
can be used to confirm the formation of Kondo lattice in these structures. NMR
can also distinguish a Kondo interaction dominated regime from RKKY interaction
dominated regime.

In chapter 3, we discuss the properties of external magnetic impurities coupled
to spin-1/2 Kitaev model [25]. It is a quantum spin-1/2 model on honeycomb
lattice with very anisotropic interactions [26]. The model can be exactly solved
and has a spin liquid ground state with very short ranged spin correlations. We
studied the effects of spin-S impurities coupled to the Kitaev model in its gapless
spin liquid phase. We found that there is an interesting Kondo effect in the Kitaev
model which is independent of the sign of the Kondo coupling (ferromagnetic or
antiferromagnetic) and it is accompanied by a change of topology of the ground state.
The ground state has finite fluxes at the impurity sites in strong antiferromagnetic
coupling regime. These fluxes are associated with localized zero energy Majorana
fermionic modes and are likely to have non-abelian statistics as is the case for the
vortices with Majorana fermion at its core described in Refs. [26, 27]. We also
calculated the inter-impurity interactions mediated by the gapless excitations of

Kitaev model and found interesting non-dipolar interactions.

In chapter 4, we describe the effects of disorder and magnetism on transport
properties of magnetic semiconductor heterostructures [28]. These heterostructures
have a d—layer of Mn atoms separated from the transport channel and show ferro-
magnetism at low temperatures. The ferromagnetism also affects transport proper-
ties of these heterostructures. The mechanism of ferromagnetism in bulk magnetic
semiconductors and semiconductor heterostructures is not very well understood and
studying these systems could provide useful information about these. Due to the
potential fluctuation caused by the disorder in Mn layer, charge carriers in the
quantum well accumulate in potential wells forming charge droplets at low carrier
densities. We incorporated the effects of ferromagnetism in hopping probabilities
which could explain the observed anomaly (peak/shoulder) in the resistivity of these
structures. In bulk magnetic systems, the position of this anomaly is generally used
to estimate the Curie temperature, but we showed that in two dimensional systems,
the anomaly can appear much below the Curie temperature.

In Chapter 5, we present a concluding summary of the thesis.
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Chapter 2

Kondo Lattice Scenario in

Semiconductor Heterostructures

2.1 Introduction

Kondo systems have been studied extensively for last few decades. These systems
show various interesting features like enlarged Fermi surface, heavy fermions, super-
conductivity, magnetic ordering and signatures of quantum critical behaviour. A
Kondo system generally consists of localized magnetic moments interacting with a
continuum of excitations via spin exchange processes.

Kondo effect was originally observed and studied in metallic systems with mag-
netic impurities. In dilute Kondo systems, at low temperatures, resonant spin flip
scattering processes give a large contribution to the resistivity leading to minima like
feature in resistivities of these systems (Fig. 2.1). Other properties of the Kondo
transition/crossover include an enhanced density of states at Fermi energy due to
resonant states formed at Fermi level. The impurity spins are screened and the sus-
ceptibility saturates at low temperatures. These dilute Kondo systems show Fermi
liquid properties at low temperatures well below the Kondo temperature (7% ) and
have been well understood via both numerical and analytical tools including exact
Bethe ansatz solution [1].

Dense Kondo systems are the systems where the magnetic moments are closely
spaced (inter-impurity separation rimp, < {x ~ 1/Tk ) and the spin-spin interactions
mediated by conduction electrons (RKKY interactions) are large. Magnetic ordering
tendencies due to large magnetic interactions compete with the Kondo screening.

These systems show even richer variety of phases with heavy fermionic excitations,

11
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Figure 2.1: Resistivity measurements for Cu with Iron impurities showing the min-
ima [2].

superconductivity and quantum critical behaviour arising out of this competition
[3, 4]. These Kondo lattice systems are usually formed in rare earth compounds
(e.g. CeCug, YbRh2Sis, LaRusSis) where the strongly localized f-electrons give
rise to magnetic moments. These systems can be tuned by application of pres-
sure and magnetic fields or by doping to study the competition of magnetic and
Kondo interactions. Recent experimental studies have shown that these systems
are strong candidates for finding quantum critical points [5, 6, 7]. The quantum
criticality appears at the transition between Kondo and magnetic regimes. The
magnetic fluctuations try to decrease the effective Kondo coupling in Kondo regime
and vice-versa such that at the transition, both scales vanish and the system prop-
erties are dominated by quantum fluctuations. There is a large area of phase space
where the system has non Fermi liquid behavior and the resistivity is quasi-linear
in temperature (Fig. 2.2) unlike the quadratic behaviour of Fermi-liquids. These
systems also show superconductivity around the critical point (Fig. 2.3) [8]. The
phase diagram has similarities to the high-T superconductors and the Iron based
superconductors as several of these systems also show co-existence of magnetism

and superconductivity. These systems provide opportunities to study the physics
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Figure 2.2: Suppression of magnetic ordering in YbRhoSis by application of mag-
netic field and the evolution of the resistivity exponent (Ap = p(T") — p(0) o T'%)
from 2 in the Fermi liquid (FL) phase to 1 in the non-Fermi liquid (NFL) phase [7].

of quantum critical points as well as could provide insights into an understanding
of high-T¢ superconductivity. These have given a new direction to the research
work in this field. To explore and understand the complex phase diagram of Kondo
lattice systems and drive it across the quantum critical point, one need to tune the

parameters of the system which is usually a difficult task in solid state systems.

Tunability is a key feature of semiconductor heterostructures where the charge
carrier density and other parameters can be varied easily. There have been experi-
mental proposals of creating a Kondo lattice systems in these heterostructures [9].
Semiconductor heterostructures are layered structures of two or more semiconduc-
tors of different band gaps that can give rise to quantum well structures and the
density of charge carriers in the quantum well can be controlled by gate voltages
(Fig. 2.4). These structures can be j—doped with an atomic layer of dopants spa-
tially separated from the quantum well, to further control the carrier densities in

the quantum well with minimal effect on their mobility. The electron gas is formed

at the junction of GaAs and AlGaAs due to band bending and mismatch of band
gaps. The Si d—layer is partially ionized and provides carriers in the quantum well

region. These ionized Si atoms would like to arrange in a triangular lattice to min-
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Figure 2.3: Temperature-pressure phase diagram of CePdsSio, showing the emer-
gence of a superconducting phase around the quantum critical point. Open circles
show the superconducting ordering temperature [8, 3].

imize the Coulomb energy. Generally disorder in the arrangement of Si atoms is
known to be significant. The possibility of spatial ordering of charged donors, or
Wigner crystallization, in §— doped heterostructures, when the degree of ionization
is around 1/3 or lower has been theoretically predicted [10, 11]. These ions cause
a spatially varying Coulomb potential at the junction of GaAs and AlGaAs where
two dimensional electron gas (2DEG) is formed. The potential profile depends on
the arrangement of ions in the delta layer and could be disordered or ordered. The
potential wells can bind electrons and give rise to local moments in the 2DEG. This
forms a Kondo system with these local moments interacting with rest of the free
electrons in the quantum well. If the ions form a crystalline structure, there is an
interesting possibility of formation of a Kondo lattice. Such a realization, if con-
firmed, can be very useful to study properties of Kondo lattice systems in various
regimes of parameters.

In transport measurements, which are generally used to study these systems, the
enhanced density of states at the Fermi energy due to the Kondo resonance gives
rise to a peak in zero bias tunneling conductance in the Kondo-coupling dominated
regime which splits in the RKKY dominated regime. These were observed in the

experiments ([9]) done in these heterostructures. In Ref. [9] it was observed that
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Figure 2.4: A schematic of the §—doped semiconductor heterostructure and the band
bending at the AlGaAs-GaAs junction. The position of Fermi level and density of
2DEG can be varied by changing the gate voltage and Si doping etc.

the 2DEG conductance showed an alternating splitting and merging of a zero bias
anomaly (ZBA) upon varying the gate voltage V, which happens because varying
the gate voltage affects the 2DEG density, which, in turn, controls the sign of the
RKKY exchange interaction, Jrr xy (Rij) ~ (J2p/Ri2j) cos(2kp R;;), of the localized
spins. Here J is the Kondo coupling of the localized spins with the conduction
electrons, and p is the density of states at the Fermi energy. However, the transport
measurements are unable to give information about the spatial order of localized
spins and can not be used to confirm the formation of an artificial Kondo lattice in
semiconductor heterostructures. A zero bias conductance anomaly can appear as
long as each impurity is Kondo screened and it can split when pairwise magnetic
interactions become strong. This is also evident from similar observation of zero bias
conductance peak in coupled double quantum dot systems and its splitting when
inter-dot coupling is large [12]. We studied nuclear relaxation rate as a probe to

distinguish a disordered system from a Kondo lattice.

NMR for semiconductor devices

Nuclear magnetic resonance (NMR) methods usually measure the relaxation rates
of the nuclear polarization or the Zeeman splitting of the nuclear levels. Both

of these reflect the nature of the electronic state of the systems as the nuclear
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dipolar couplings are much smaller than the nuclear couplings to electronic degrees
of freedom. The relaxation rates (T, ', T, ') for the nuclear polarization M(t) are

defined as

dM,  M(t) = M0 dM,y, My (t) — M7, 1)
dt T, oodt Ty ’ '

NMR methods have been widely used to study strongly correlated electron phe-
nomena in bulk systems as local probes for the magnetic state of the system, for
example, to study the magnetization patterns created by magnetic/non-magnetic
impurities in Cuprate superconductors [13] and quantum spin liquids, to explore
bulk Kondo systems for magnetism [14] etc. The utility of NMR probes for probing
strongly correlated electron phenomena in meso and nano scale devices has been
hampered, in comparison with bulk systems, by the small size of the active regions
in the devices. Recently, suitably adapted NMR methods have been proposed by
which nuclear polarization may be generated locally in such devices and its relax-
ation can be feasibly detected through two-terminal conductance measurements [15].
One such detection proposal is based on the idea that electron transport through
the device is sensitive to the Overhauser shift; and, by measuring the relaxation
rate of the conductance at different values of temperature and other parameters, it
is possible to extract the dependence of nuclear relaxation rate 77 ! on those pa-
rameters. The behavior of the nuclear relaxation rate conveys useful information

about the electronic state in the device.

The magnetic coupling of a nuclear moment with its external environment can

be expressed as
Hnuc = _hVnI : (H + Hloc)7 (22)

where H is the external magnetic field and Hj,.. is the local field due to the electrons,

and -, is the nuclear gyromagnetic ratio. The nuclear relaxation rate then depends
+

on H.

ioes the (transverse) local field fluctuations at the site of a nucleus[16]:

2 00

- g i _

= / dt et ({HE (1), Hig, (0)}). (2.3)
—o0

where w,, is the nuclear Zeeman frequency which is very small and in fast electronic

relaxation limit, we take w, = 0 . Nuclear relaxation takes place through coupling

to localized spins S as well as conduction electrons o :
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Mioe = Agl-S + A1 0. (2.4)

Here Ay and Ay are the hyperfine coupling with the localized spin and conduction
electrons respectively. T s thus related to the local transverse spin susceptibility
of the electrons. The relaxation contribution from localized (electron) spins is usu-
ally much larger in devices similar to those considered here [17]. Therefore, taking

only localized spin part,

71 = A | atstw.sm o).

—0o0

2.2 +—
Ak T (WY (2.5)
h2 Vg w w—0

We calculated the susceptibility x; in different possible scenarios of the system,
i.e., few impurities case, lattice of impurities in Kondo dominated and RKKY dom-
inated regimes and showed that it has unambiguously distinguishable temperature
dependences for these scenarios [18]. The difference is more significant when the
RKKY interaction dominates the Kondo effect.

2.2 Two dimensional Kondo model

We consider the Kondo model Hamiltonian for S = 1/2 magnetic impurities in a

2-dimensional electron gas:

H= kaczocko + szi - S;. (2.6)
3 i

Here S; denotes the localized spin and o; the conduction electron spin density
at r;. J is the antiferromagnetic Kondo coupling between localized spins and free
electron density. We need to calculate the susceptibility x; in different possible
scenarios of the system.

We use the “drone-fermion” representation for the localized spins [19, 20]:

1 1 . L

\/ixz‘fu
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Figure 2.5: Plots showing the qualitative differences in the temperature and (AFM)
inter-impurity exchange interaction Jex dependencies of the nuclear relaxation rates
T, for a two impurity system and Kondo lattice. Main plot: T, *(T') for (a) a two
impurity system; (b) a Kondo interaction dominated lattice (Jox/wr < 1); (c,d)
a Kondo lattice where Jox/wx > 1 and T < (>)T2f, where T2 is the mean-field
transition temperature. Dotted curve interpolates between these two temperature
regimes (there is no phase transition). Inset: T ' as a function of Ju/wg for (i)
Kondo lattice (i) two impurities - the T} " vanishes for Joy /wx > .
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where f; and f;r are Fermionic operators and y; are real Majorana fermions de-
fined by {xi,x;} = 20;;. The commutation relations for the impurity spins are
automatically satisfied in this representation, obviating the need to impose local
constraints on the fermion number as would have been the case, for example, with
the Abrikosov pseudo-fermion representation. The increased number of degrees
of freedom also does not need a projection procedure because it just generates two
independent copies of the spin system. For a single impurity, there is no natural rep-
resentation of the Majorana fermion but it can be seen if we write y as g+ g, where
g is a complex fermion. Now the impurity Hilbert space is 4-dimensional. It can
be seen that it separates into two independent subsets |0), fTg'|0) and gT|0), fT]0).
The spin operators do not connect these two sets. Thus all spin averages can be
computed without needing a projection. For even number of impurity spins, it can
be alternatively seen by forming fermionic operators h = x1 + ix2 (x1, X2 are the
Majorana fermions of two neighbouring impurities). Now the 8-dimensional Hilbert
space again forms two independent copies |0), f1TRT[0), ATfof]0), fiTf27]0) and
110y, £1710), f2710), fiTRTfo70).

Introducing the Bosonic operators,

i
1 Cs 1 XiC;
T XiCi| T it .
= —— Tean + , bi=—|flc,——F=; 2.8
@ \/5 <fZCT \/5 ) \/5 (f Cu \/5 ) ( )

the interaction part of the Hamiltonian (up to constants) can be written as

Hip = —JZ <agai + bjbi) — %fjfz + % <c;.rTc,~T — chcu) . (2.9)

The a; and b; operators resemble pairings in the exciton and Cooper channels re-
spectively. The last term in Eq. 2.9 gives different but small shifts J < ep to up
and down spin electrons while the second term is a constant shift of the impurity
energy; we neglect these terms in further analysis (Ref. [20]) and use the interaction

Hamiltonian

Hy = =73 (ala; +lb;) (2.10)

The quartic part H;,; can be factorized using Hubbard Stratonovich transformation.
Introducing fields A} and A%, the partition function can be written in path integral
form as

Q:/D@ﬁ%Amm<i/%ﬂ%m+&Mﬁ>, (2.11)

0
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where

1 1 . A
S0= D ho (Or +&0) cho + ) (szani + xidxi + 5 (1A + !A’QP)) [(212)
ko 7

St = Y (Ala} + ALY + hec. (2.13)
7
{2 = ALl
For a single impurity in the 2D electron gas, upon making the following global

transformations (under which Sy is invariant),
f = fel@2m9) (1) = e ()€, ey (r) = e (r)ei; (2.14)

Sint takes the form
Sint =AY (a4 al ) + |25] (b + ] ) + %* > chocho
k,o

+ - {Z %(CZTCM — o) + fffz} : (2.15)

k

Here ¢4+ = ¢1 = ¢9. The q3+ term couples to total electron density n and ¢_ couples
to z—component of the total spin (o, + S, + 1/2) which are both constants. Thus

the ¢ terms become zero (on doing integration by parts) and S, is given by
Simt =IA4] (i + af) + 23] (b + 8] (2.16)

We do a mean field analysis neglecting the fluctuations of |A|’s. The saddle point

solution for A’s is |Aj o|* = rg, where
J
rg = ERG (ai + bl> . (2.17)

For multiple impurities or a lattice of impurities in the 2D electron gas, the above
transformations can be made with ¢!, ¢J, the average values of ¢}, ¢} respectively,
if there is a U(1) symmetry breaking. Sj,; will then have extra terms containing
fluctuations of qS’l /o These fluctuations are gapless and their effects on nuclear
relaxation rate need to be studied in more detail. In our work, we have used the

single impurity approach and have not studied the effects of ¢ fluctuations.
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2.2.1 One impurity spin

We first consider a single impurity at r; interacting with the conduction electrons.

This scenario will also be valid for a very dilute Kondo system where the inter-

impurity interactions are negligible. Up to leading order in J,
Lo
(a;) = (b;) and (xiciy) = Em Cit)-
The mean field solution for rg in Eq. 2.17 is,

_ 3
NG V2

. T
fZ'TCz'T> with <f;rCiT> = ——OkBTZFynGyn.
Vn,

(2.18)

(2.19)

Here F,, and G,, are Matsubara Green’s functions defined for f fermions and

electrons as:
Fyn == <TTfoZJr> = (Zyn + in Sgn(yn))_l ’

1%

Gy, = Z Gl(/?l)k ~ —imp sgn(vy).
k

Here p is the density of states at the Fermi energy and wyx = 7Tp7‘8.

G(V?L)k is the free electron Green function,

Gz(/i)k = — <TTcic;-r>Vn = (iv, — fk)_l .

)

From Eq. 2.19 we have

3
1 TOJkBTZFynGVn =70,;

Un

and thus

4

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

wg differs parametrically from the correct Kondo temperature, kgTx ~ De=/(P7),

where there is no factor of 4/3 in the exponent. This is a shortcoming of the mean

field approach.
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The frequency dependent local susceptibility is given by

i \Wm z z
Ml 0 S50 F () = T Y B Funb
_ Wi 1 wig + |wnml 1 WK
= rloml (wm] £ 208) {7’” <2 T okt ) Y\ T Skt
1
~ . T <uwk (2.25)

7 (|wm| + wi)

Here 1 is the Digamma function and w,, are bosonic Matsubara frequencies. At

wm = 0, the static spin susceptibility is

w0 = el (0, e )

27T2kBT 2 27TkBT

SO R (2.26)
(4kgT)™t T > wg

The susceptibility obtained by this mean field analysis correctly shows a saturat-
ing behaviour at low temperatures as expected for the unitarity limit of the Kondo
model. The high temperature result is also in agreement with the Curie suscep-
tibility of an isolated impurity spin. However at finite temperatures near wg, a
1/(T +wg) dependence is predicted instead of the correct (1 — (T /wi)?)/wi. While
this does have an effect on the temperature dependence of the nuclear relaxation

rate, we will use an appropriate modification to correct the discrepancy.

Nuclear relaxation rate
The nuclear relaxation rate follows from Eq. 2.5 for which we need the transverse

local susceptibility x; ~ (w). At low temperatures T < wp,

X;__ (win)

oy = (T ST () 87 ()

1 1

= —kgT F, X N ——
B Z Un A Un+wm 7T(|Wm|+WKi)

Un,

(2.27)

Here
Xy, = = (Txi(7)xi(0)),, = (ivn + iwici sgn(vn)) !

is the Green function for the Majorana fermions. The transverse susceptibility and

the longitudinal susceptibility we defined in Eq. 2.25 are equal: this is correct as
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long as there is no external magnetic field. An analytic continuation, Xj_(wm) —

X; (W) = (gspp)?/m(—ihw + wk;), to real frequencies leads to

A’kpT  mwA%kgT
Tl =4 =4 xi(0)2. 2.28
1z th%( h(gsMB)4 ( ) ( )

Thus, a few non-interacting local spins give a linear-1" relaxation rate. If the localized
spins are nearby, RKKY interactions compete with the Kondo screening. To analyze

the effects of this competition, we will consider below two interacting nearby spins.

2.2.2 Two impurity spins

To understand the effects of the competition between Kondo screening and inter-
impurity interactions, we considered two nearby localized spins S1,S2 at R = R, R

which interact via an exchange interaction

Hex = Jex(R12)S1 - Sa. (2.29)

If the wave-functions of the localized electrons have a significant overlap, then
direct exchange would be dominant. Indirect (or RKKY) exchange is more im-
portant at larger separations. Here it also becomes important to compare the
relative strengths of the RKKY interaction between the impurity spins with the
hyperfine interaction of either of the impurities with neighbouring nuclei. The

RKKY interaction Jrkky falls off with distance Ris as Jrxky ~ %. This should
12

As
llocRI% ’

calized electrons) in the plane of the heterostructure. We use the following pa-

be compared with Ay = where R, is the size of the electron puddle (lo-
rameters for a GaAs/AlGaAs heterostructure, Jp ~ 1, ljoc ~ lnm, R, ~ 10nm,
Ay = 3.8 x 107°*Jm3, and m = 0.063m,. Then Jrxry > Aq/Npu is satisfied if
R < \/m ~ lmm. For the experimental system, the sample sizes are usu-
ally a few microns; thus the RKKY interaction is large compared to the interaction
of the nuclei with the individual localized spins. The nuclei couple to the RKKY
bound pair S; 4+ So rather than the spins separately. The impurity susceptibility

now involves both on-site (x; ~ (w)) and intersite (C’Z‘]L “(w)) correlations:

({0,587 O =cot (27 Yy @) (230
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Therefore, using eq. 2.3, the nuclear relaxation rate can be written as

+- +— +—
Tl A2 (mw + Imw> + 242 Im <M> . (231)
w—0 w—0

w w w

+- 2
We have already shown that Im <x,r_w(w)> = M. The inter-site correlation
w=0 TWE;

CH(wm)  Jex(Ra2) ’
] m ex 4112

= — —kpT F, X0, +0,
(gsMB)z 2 P Z *

 Jex(Ra2) 1 1

2 (lwml +wk)  T(|wm| +wh)’

Un

(2.32)

is similarly analytically continued to real frequencies w yielding

L (Ci{(w)) __ Jex(Bio) (i1 +wrea)
(9skB)? ho ) o 2% (wk1wk2)’

In the last step in Eq. 2.32 we have considered the low temperature limit, kpT <

wr. Thus for two impurities we have, to leading order in inter-impurity interaction,

A2kpT [ 1 1 ox
1= A B ( ! L. Jex(R12) (Wit +WK§)>. (2.33)
mh Wil Wko ™ (Wr1wK?2)

The above expression reflects the fact that as Jey increases (antiferromagnetic cou-
pling), the uniform susceptibility of the two-impurity system decreases, thus de-

creasing the nuclear relaxation rate. For identical impurities (wx1 = wi?2),

2T () Ldall)) (230

Tl =
1 T w%(h T WK

It is also evident from Eq. 2.33 that when the two Kondo temperatures are very
dissimilar, the competition of the Kondo and antiferromagnetic inter-impurity in-
teraction is determined by the relative strengths of J. and the larger of the two

Kondo temperatures.

When Jox/wrx > m, the nuclear relaxation rate is suppressed to zero: this is
the maximum value of Jex/wg for which the behaviour is governed by the Kondo
screening of the impurity spins. At antiferromagnetic couplings Jox > mwg, the
ground state is an RKKY singlet which is unable to exchange spins with the nuclei.
While our analysis is only to leading order in Jy, more accurate calculations [22]

based on numerical renormalization group methods have shown that this critical
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point occurs at Jox/kpTk ~ 2.2. On the other hand, even for a large ferromagnetic
coupling of the spins, the ground state is a Kondo singlet [22].

The main difference we have shown from the single impurity case is that nu-
clei in the vicinity of a double Kondo impurity system would not relax through
their coupling to the impurities if the antiferromagnetic coupling of the impurities
were sufficiently large to form an RKKY singlet. With a larger number of spatially
disordered impurity spins, one can show that for weak interimpurity interactions,
the nuclear relaxation rates have linear-T behavior with logarithmic factors arising
from the random distribution of Kondo temperatures of individual impurities [23]
ignore the Kondo effect to leading order. In that case, it is known that the magnetic
susceptibility at low temperatures is dominated by pairs with the weakest exchange
interactions [24]. This leads to a weakly increasing susceptibility C'n'/*(To/T) (in-
stead of zero for the double impurity case). Nevertheless, the nuclear relaxation rate
is dominated by the linear-T pre factor as the exponential term is weaker than any

power law.

2.2.3 Lattice of impurity spins

Nuclear relaxation in a Kondo lattice is also affected by the competition of the
exchange interaction and the impurity spin screening tendency of the conduction
electrons. However, as we show below, the results are qualitatively different from
the two-impurity case. The main physical difference from the two-impurity case
is the existence of low energy magnetic excitations in the lattice for any value of
the ratio Jox/wg. As a result, significant nuclear relaxation still occurs for large
antiferromagnetic inter-impurity couplings unlike the two-impurity case where it

vanishes.

Kondo interaction dominated behaviour: wg > Jox

We consider first the scenario where we have a lattice of Kondo impurities with
a weak exchange interaction among the neighbouring spins. At low temperatures,
the ground state of such a system consists of “heavy-fermions”: a narrow band of
fermions with a large density of states.

Interestingly, in the absence of RKKY interactions, the formation of the heavy
fermion band has no qualitative effect on the nuclear relaxation rate [20]. This
is because the enhancement 1/7; in the density of states is canceled by the quasi

particle weight Zj.
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We consider weak exchange interaction among the spins and treat it as a per-
turbation:
HRKKY = Z Jex(Rij)Si . Sj = Z Jex(q)Sq . S_q. (2.35)
(i) a

In the random phase approximation, the ¢ dependent spin susceptibility is given by

X; ~(w,T)

o im Jex — ’
1 e @, T)

(2.36)

The local nature of the Kondo effect implies the impurity susceptibility y; has no
wave-vector dependence. We assume that Jex(q) has maximum value at q = Q,
and the wave-vector dependence in the vicinity of the maximum is Jx(Q 4+ q) =
Jox (Q) — (Ds/nimp)a2q2, where «a is the lattice constant of the Kondo array and Dy
the spin wave stiffness. The susceptibility in this momentum region has the form

2
Xajrq(uh T) = (954 ,  where (2.37)

T <w5f (T) — ihw + D%Q(IQ)
(93#3)2 JeX(Q)nimp

s T = -

(2.38)

wsf(0) = wir — Jex(Q)Nimp/7 is a new energy scale that represents the competition
of Kondo and inter-impurity exchange interactions. As Jox(Q)nimp — 7wk, the
uniform, static transverse susceptibility tends to diverge signaling a magnetic phase
transition. The condition Jex(Q)nimp/wix = 7 for transition from the Kondo phase
to a (antiferro)magnetic phase is the same as the one we found for the double

impurity problem.

From Eq (2.26), expanding ¢’ for kgT < wg, we can get the temperature
dependence for the single impurity susceptibility,

W 3rkgT  4m2k%T?
Xf(O,T):%(l—i— LAt b )
(9siB) WK w

The linear dependence of x;(T) on T is an artifact of our mean-field treatment, for it
is well known from phenomenological and Bethe ansatz studies of the Kondo model
that at low temperatures, x(7) has a T? correction and not a linear-T correction.

Therefore, we use the correct temperature dependence of y in further calculations.

2 2
CkpT ) : (2.39)

W 0.1) = 6(0.1) = (0 (1- 2
K
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(C is a constant). Together with the frequency dependence of Im x per impurity
from Eq. 2.36 and Eq. 2.37, we have

- (M) _ (gspB)* 1
w—0

hw TNimp < (ws(T) + Dsa®q?)?
2
_ (o) (2.40)
4712D5w3f (T)
and the nuclear relaxation rate for kg1 < wg comes out to be
1 A’2kpT
d"B (2.41)

Ty~ 4m2hDywes(T)

The temperature dependence of wyr(7T') is obtained from Eq. 2.38. For kpT < wg,

2 T2
Ok > . (2.42)

Wsf (T) ~ wsf(O) <1 + m

This shows the crucial differences between the nuclear relaxation results for the
Kondo lattice in Eq. 2.41 and the two-impurity case in Eq. 2.34. First, at the tran-
sition Jex(Q)nimp/wrx = w, 1/T7 for the Kondo lattice is large and finite, while it
vanishes for the two-impurity case. Second, as wsf(0) — 0, the temperature depen-
dence of the nuclear relaxation rate for the two-impurity system remains linear—7T,
while for the (two-dimensional) Kondo lattice it becomes 1/T. These differences
arise from the existence of long wavelength, low energy magnetic excitations in the
lattice even for large Jox(Q). Further differences between the lattice and a double

impurity can be seen in the strong RKKY regime, Jox(Q)nimp/wi > 7.

RKKY interaction dominated behaviour: Jox > wg

We consider the case when localised spin-spin interactions are dominant and neglect
the Kondo interaction in the zeroth order. We are particularly interested in the
regime close to a magnetic phase transition. The Hamiltonian describing the system

would be

H= ngczacka + Z Jex(Q)Sq : S—q + JZO'Z - S,
k,o q 7

where J is to be treated now as a perturbation. Jex(q) represents all exchange

processes except indirect exchange (RKKY),
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Nk—q/2 = Mk+q/2

JRKKY(qa w) = J2 /(dzk)w + ex /2~ €k+ /2 + i
—q q

Thus we may write the effective inter-impurity exchange interaction as Jex(q,w) =
Jex(q) + Jrrky(q,w). The spin susceptibility within RPA approximation near the

ordering point is

B Xi(w, T)
T (gw) = S , (2.43)
1- (9spB)? i(w’ T)
(9skp)?
iw,T) = ————.
Xi(w,T) WepT

We re-express Eq.2.43 introducing the mean-field transition temperature Tglf (where

the denominator of Eq. 2.43 vanishes):

2
_ dsiB
XJF (Q +q7w) = ( s‘f] )(q w) Tmf
kT (1 5078
2
_ (fS‘(‘QBj ) . (2.44)
1hpTy A - (1- 250 — iy Q+qw)
_ pmf
where @ is the wave vector of ordering, A = ¢ and v(q,w) is the imaginary

mf
TC

Jex(q7w)
part of Tn(Q)

mJ?
T @ / (d°K) (Mic-q/2 = Micrq/2) 0 (A + €c_q/2 = €kray2)

N m(Jp)hw
= e Qkrg Y(q)w. (2.45)

Y(a,w) = —

We now Taylor expand the exchange interaction near its extremum, Jox (Q+q) =
Jex(Q)(1 — a?¢?). We have introduced the new parameter « for simplicity; it is
related to the Kondo lattice constant a and stiffness Dj introduced in Sec. 2.2.3
through Jex(Q)a? = (Ds/nimp)a®. The expression for the transverse susceptibility

then becomes
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YT (Q+quw) = (95115)" (2.46)
7 AkpTEHA + a2¢? — iv(Q + q)w} '

Strictly speaking, a magnetic continuous phase transition is not possible in an
infinite 2D system at finite temperatures. This needs to be reconciled with the fact
that the susceptibility in Eq. 2.46 has a Stoner instability at a finite temperature
Tglf. Sufficiently above the mean field transition temperature T2, a Curie-Weiss law
would be approximately correct. However, close to the Stoner instability (7" = T(I}lf),
there are beyond-RPA corrections to A. For example, in the context of a 2D itinerant
electron ferromagnet, it is known [21] that for T' < T(rjnf, A decreases exponentially

fC/T)

with temperature (A ~ e , vanishing only at 7" = 0. For a correct treatment,

one should identify A with o?/£2, where € is the correlation length:

(gs:uB)Q
TQraw) = e e — Qe O

It follows from Eq. 2.44 and Eq. 2.45 that

- <X+(Q +a, w)) __(gsr8)(Q+a)
w w0 AkpTEa2 (672 4+ ¢2)"

We can now estimate the nuclear relaxation rate. For an antiferromagnetic
square lattice, the ordering happens at Q = (7/a,m/a). Then the relaxation rate at

the site of any given impurity is
Z Ja(Q)
4Nlmph2Tmf /nlmp a4 (5 + q )

o Az(‘]p) JeX(Q)nizmp T 5( )
N 64hD2kpQ Tt a?

T Y(T) =

(2.48)

The correlation length £ has the following temperature dependence,
. Tmf £
min | oy [ =2~ a |, T>TW
&(T) ~ < V TR ) N , (2.49)
max (2%, ex p(QI:DT) L>, T<T}Vnf

where the low temperature behaviour was obtained in Ref. [25]. v is the spin wave
speed, and D), ~ 0.2Jex(Q)nimp is the exact spin wave stiffness at 7' = 0 for a
2D Heisenberg antiferromagnet. Eq. 2.48 differs from estimates [25] of 1/7} for
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Heisenberg antiferromagnets because in our case, the magnon decay is due to the
scattering from conduction electrons and not due to magnon-magnon scattering.

Likewise for the ferromagnetic case,

(@)v(a)
4]\flmthTmf Z s/nlmp a4 (5 +4q ) .
Aiﬂ'(g]p) JeX(Q)nimp T 5( )

= : 2.50
128hkpaD?  TEE o (2:50)

T, N(T)

The temperature dependences of the correlation lengths are similar to the antifer-

romagnetic case,

mf
min <a1/%,a , T>Ténf
§(T) ~ ¢ (2.51)

- )
D! 27D
max ( 70 exp( kgT ),L) , T <18t

o <

where the low temperature behavior for the antiferromagnet was obtained in Refs.
[25, 26], and for the ferromagnet from Refs. [26, 27]. D, ~ 0.18Jex(Q)nimp is
the exact spin wave stiffness at 7' = 0 for a 2D (square lattice) Heisenberg magnet.
These results also differ from the usually-encountered 3D Kondo lattice systems [28],

because of the qualitative difference in the behavior of £(7") at low temperatures.

In presence of inter-impurity exchange interactions, the singular Kondo correc-
tions (~ (Jp)In(D/kpT)) to the gyromagnetic ratio of the impurity spins are mod-
ified to (Jp)In(D/y/J2 + k%T?) [29]. Consequently, the primary effect of Kondo
corrections is to decrease the Stoner critical temperature Tglf as well as the pre-factor
in the expressions for the nuclear relaxation rates but the temperature dependence

of T ! does not change significantly.

2.3 Summary

We calculated the nuclear relaxation rates 77 ! for the Kondo lattice and the few
disordered magnetic impurities cases and showed that they have qualitatively dif-
ferent low temperature behaviors: when inter-spin exchange interactions are strong
compared to the Kondo energy wg, the temperature dependence of Tfl for the few-
impurity system will follow an approximate linear—7 law, while for the Kondo lattice

AJT

T ! will show an exponential behaviour e at low temperatures. In contrast, we

argued that transport measurements [9] in this case may not provide a convincing
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evidence for the formation of crystalline order (Kondo lattice). The exponential
temperature dependence is special to two dimensions and indicates stronger spin
fluctuations: a power-law behavior is expected in three dimensions on either side
of the transition temperature [28]. These results also differ from a 2D Heisenberg
magnet because in our case, magnon decay is mediated by conduction electrons. We
hope our study will work towards encouraging the use of NMR measurements as an
additional handle for studying magnetism and long-range order in low-dimensional

conductors.
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Chapter 3

Magnetic impurities in the

honeycomb Kitaev model

3.1 Introduction

Impurity effects are an essential part of our understanding of strongly correlated
electron systems, both as probes for the underlying electronic state as well as due
to the numerous nontrivial effects they have on the properties of the system [1].
Recently many studies have explored impurity effects as probes for the putative
quantum spin liquid state in underdoped cuprate superconductors [2] and geomet-
rically frustrated magnets [3]. The S = 1/2 honeycomb lattice Kitaev model [4]
provides a very appealing system to study in this context as the model is integrable
via several schemes of spin-fractionalization into fermions [4, 5, 6] and exhibits both
gapless and gapped quantum spin liquid phases. The Kitaev model has been studied
in various contexts ranging from the possibility of quantum computation with the
anyons [4, 7] that the model predicts, understanding dynamics of quantum quenches
in a critical region [8] to fractional charge excitations in topological insulators [9].
We study the behavior of spin-S impurities in the gapless spin liquid regime
of the Kitaev model on the honeycomb lattice. The impurity coupling K scales
away from an unstable fixed point K. ~ J/S irrespective of the sign of impurity
coupling, similar to impurity problems in pseudogapped bosonic spin liquids [17].
The Kitaev model magnetic impurity problem is nevertheless qualitatively different
for two important reasons. First, the unstable fixed point separates topologically
distinct sectors in the Kitaev model, with the strong coupling sector associated with

non-abelian anyons. Second, the gapless spinons in the Kitaev spin liquid mediate a

35



36 3. MAGNETIC IMPURITIES IN THE HONEYCOMB KITAEV MODEL

Figure 3.1: (a) Schematic of the Kitaev lattice showing the A and B sites and the
x, y and z types of bonds. (b) Figure showing the reciprocal lattice vectors for the
A sublattice. The Dirac point for the massless Majorana fermions is denoted by kg
and momentum summations are over the (shaded) half Brillouin zone.

non-dipolar RKKY interaction proportional to SZ-QQS]% / R?j between distant magnetic
impurities provided that (a) each impurity couples to more than one lattice site on
the host and (b) the impurity spin S # 1/2. The absence of long-range interaction

for S = 1/2 impurities could give a way for local manipulation of the Kitaev system.

3.1.1 Kitaev model

The S = 1/2 Kitaev model [4] is a honeycomb lattice of spins with nearest neighbour
interactions with a strong direction dependence. The Hamiltonian for the Kitaev
model is,

Hy=—-J, Z ojog — Jy Z ool —J. Z 050, (3.1)

2-links y-links 2-links
where the three bonds at each site are labeled as x, y and z links. The model can be
solved [4] by representing the spins in terms of Majorana fermions ¢, b*, bY, b* as 08 =
1b$*c; and using the fact that there are macroscopic number of conserved quantities
for the model. As was shown in ref. [4], the flux operators W, = o{ojoioiolo
defined for each elementary plaquette p are conserved (see Fig.3.1), with eigenvalues
+1, and form a set of commuting observables which divides the Hilbert space into
distinct sectors. Along with the flux operators, on each a—type bond, ug; = 1b7'b7
is also conserved and these u;;’s commute with each other. The representation in
terms of Majorana fermions b7, b7, b7, ¢; spans a larger Fock space, and we restrict
to the physical Hilbert space of the spins by choosing the gauge condition D; =

ib?b/bZc; = 1 such that o%0¥0* = i.
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Using these conserved quantities, the Hamiltonian becomes a problem of free

hopping Majorana fermions on honeycomb lattice.
i
H() == Z Z AjijCk, (32)
I

where

4 2Jajk uj if j, k are neighbouring sites on an a-bond,
jk =

0 otherwise.

Also, the flux operators can be expressed as product of u;; over the bonds of the
plaquette. Ground state of the Kitaev model lies in the vortex free sector with
all W, = 1. The gauge invariant (D = 1) state of the system only depends on
the configuration of W),’s and we can therefore fix all u;; = 1 for studying the
ground state properties. The physical state corresponding to the u;; = 1 state is

the appropriately gauge projected state |1,) such that D;|y,) = |1,) :

) =1 (152 Husa) (33

The model has two types of quasi-particle excitations: free dispersing fermions
and Zs vortices. The excited state manifolds with finite vorticity are separated from

the ground state manifolds by a gap of order J,.

Defining the Bravais lattice with two point basis (Fig.3.1), the Hamiltonian is

translationally invariant and can be diagonalized in momentum space,

Hy =~ Z Ea(q)ag,aaq,m (3'4)
q>0,a

with €,(q) = £|f(q)], f(q) = 2(J,€9™ + J @92 + J.) and the eigen-basis,

~ ~ —i
aq70 = cqvA + cque ?

aq1 = g — Cqpe Y. (3.5)

Here A/B is the site label for the two types of sites in Kitaev model, &(q) is the
phase of f(q) and éq represents the Fourier transform of ¢;. The lattice constant is
a. As we see in Eq. 3.4, the sum over momenta is only over half of first Brillouin

zone as ¢;’s are real fermions. The above Hamiltonian has gapless excitation for a
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region of parameter space where J’s satisfy the triangle inequalities |J,|+|.J,| > |J.]
etc. and a gapped spectrum outside this parameter regime. The gapless phase has
point Fermi surface where e(krp) = 0 and e(q) has linear dispersion around kp
(Fig.3.1). The position of the Fermi point in the Brillouin zone depends on the
relative values of J,, J, and J,. For simplicity, and without loss of generality, we
will assume J, = J, = J, = J for further analysis.

The Kitaev model ground state is a quantum spin liquid with only nearest neigh-
bor spin-spin correlations. On an a—bond, only <af‘a§‘> is non zero and other two
spin correlations are zero. Four spin bond-bond correlations are long ranged with
power law decay in the gapless phase of the Kitaev model.

In the gapless phase, the vortex excitations have non-abelian statistics if the gap-
less fermionic excitations are gapped by applying magnetic field. In the non-abelian
phase, the states are topologically protected and thus could be useful for quantum
computation. Although such anisotropic interactions are difficult to form in solid
state systems, there have been proposals of possible formation of Kitaev model in
systems with strong spin-orbit interactions [10] which could lead to anisotropic in-
teractions. Sodium/Lithium Irridate (A2IrOs) in which Ir atoms form hexagonal
lattice and have strong spin orbit coupling were proposed to have Kitaev like spin
interactions but there is a significant Heisenberg coupling also in these materials
along with Kitaev interactions. Various other methods of creating a Kitaev model

in optical lattices [11], Josephson junction circuits [12] etc. have also been proposed.

3.2 Kondo effect in Kitaev model

Now we couple a spin S Kondo impurity to a Kitaev spin at an A site (r = 0) by

an exchange interaction:

KCV
Vi =i 3 KOS, =i > Sb (Gqua + L 4)
« qeHBZ, o0 Y 2N 7

1 o Qoo
=7 > QSN (aqs +al 4). (3.6)
qeHBZ,o,8

The index HBZ is to remind us that the momenta q are summed over half of
the first Brillouin zone (see Fig. 3.1).
We now do a poor man’s scaling analysis for the Kondo coupling K. The idea of

the Poor Man scaling [13, 14] process is as following. To study the system properties
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at low temperatures, we compute the effective Hamiltonian in a reduced bandwidth
for the fermionic excitations (—D+d0D to D—4dD) by integrating out the excitations
in the band edges ((—D to —D+¢D) and (D to D—§D)). We perform this process
successively to get a scaling law for the coupling constants in the Hamiltonian. To
do the analysis for our problem, we consider the Lippmann-Schwinger expansion
for the T—matrix element (Q,b°|K?SPb%c, 4|Q + (q,)). We make a perturbation
expansion 7 = T + 7 4 ... in increasing powers of K and follow its variation
as a function of the decrease of the bandwidth (—D, D). The first correction to the
bare T'—matrix comes from two third order terms (see Fig. 3.2). The contribution

from on-site scattering (Fig.3.2a) is
TG = (Q V[V G (E)Vik Gy (E)Vi | + (g, a))

Qﬁgﬁ - -
= ST (@SP2P| bl (aqrar + aly 5) G (€) b
(D—8D)< ey, | <D,&, B,

x (aga + aly 5) GF (€) bleqal(a, )

QISP B2rafye /1 L t 1 1
= N 2 B(Q ) (S ) aq,71aq/71E — (HO — 6q’,1) + aq@oaq/,OE — (HO i eq/70) F_ e
p(D)a?|6D 1 5 5
e L U (3.7

Here p(D) is the density of states at the band edge, a is the lattice constant and
GO(E) = (E — Hy+ 2‘5)71.
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@ q,x Bo q, & oy

- ~
4 \
/ \ /
/ Vi

Figure 3.2: Diagrams contributing to the scaling of Kondo coupling K when the
impurity couples to a single Kitaev spin.

Similarly, the contribution from Fig. 3.2(b) is

BsB 3 5
r@s _ @757 ST (@S Q ] bycqablcl,

N :
(D_éD)S‘eq/‘7‘€q”‘§D=&7676/
1 1
bl(agr 2 +al, - Caw s —ab 0
) E — (Ho + e, + €4,0) B(aq & g )E — (Ho + €y, + €4,0) (—aq.a g a)| )

=T N Z(Qﬂ)Q(Sﬂ)Q T 2

a8
X <a,T a 1 +a aT 1 >
’ /71 /70 ’
R — (_eq’,l + € + €4,0) TR — (Eq’,O + € + €4,0)

~ —agre? MDDl LS @Ry (35)

70 ~ 20857p(D) 2L S QP57 (5+smrr) 69

€b
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Here we have taken F,¢;, < D, J and neglected them.

If either the impurity is a S = % spin, or the Kondo interaction is rotationally
symmetric, the above contribution renormalizes the Kondo coupling constant. How-
ever for S # % with anisotropic coupling, new terms are generated and one needs to
go to higher order diagrams to obtain the scaling of these new coupling terms. For

S =1/2 or for symmetric impurity coupling we thus have

0K ~ —2K35(S + 1)p(D)a257D {% - m} : (3.10)
Just as for the Kondo effect in graphene[15], owing to the change in the density of
states with bandwidth (here p(e) = (1/27v%)|e| = Cle|), we also need to consider
the change in K due to the rescaling done in order to keep the total number of states
fixed. This gives a contribution K — K(D'/D)", (D' = D — |§D]). In addition,
as we shall scale the bandwidth D to smaller values, the second term in braces in
Eq. 3.10 may be dropped. Thus

6K ~ —2K38(S +1)p(D)a*—= + K—-
6D
=K (2K?a*CDS(S+1)/J —1). (3.11)

Thus, as we decrease the bandwidth by integrating out the high energy excitations,
the effective coupling K has an unstable fixed point at K. = /J/[2a2p(D)S(S + 1)];
or in other words, K, ~ /J/S2a2CD ~ J/S. Here we used D < J and C ~ 1/(Ja)?.
Clearly for K > K., the coupling flows to infinity independent of the nature of

coupling (ferromagnetic or antiferromagnetic), while for K < K, the coupling flows

to zero. For anisotropic Kondo coupling we can show

0D K?4+ K. K_
OKs ~ — Ko | 202p(D)S(S + 1)% —1. (3.12)
The two-parameter Kondo flow is therefore given by
Ky Ky Ky cons (3.13)

A comparison of Kondo effect and RKKY interaction in graphene [15, 16], a
bosonic spin bath [17] and the Kitaev model are shown in Table 3.1.

Similarly we can analyze the flow of the Kondo coupling constant when the

impurity spin is at the centre of a Kitaev lattice hexagon. The spin couples to the
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Graphene Z5 bosonic spin bath with Kitaev, honeycomb
pseudogap density of states lattice
ple) = Cle|.
Kondo | Unstable intermediate Flow direction is independent | Scaling same as Zs
scaling | coupling fixed pt. only of the sign of magnetic bosonic spin bath case.
for AFM coupling. Only | impurity coupling. Unstable However a topological
AFM flows to strong intermediate coupling fixed transition is associated
coupling above unstable pt. for both FM and AFM. with the unstable fixed
fixed pt. point.
RKKY SiaSja/Rfj SiaSja/R?j SfaS?B/Rfj

Table 3.1: Comparison of Kondo effect and RKKY interaction in graphene, a Zs
bosonic spin bath with a pseudogap density of states and the Kitaev model on the
honeycomb lattice.

Kitaev spins at the vertices of hexagon as

; (63 [e3Ne]

V=i > K{SWe= Y. BT (arigy 4 eamial )

K= J A V2N QA QA
j€hexagon,a qceHBZ j,«a

= > Qs {eM D (ag 0 + (—1)Vag,)
a,j,a€HBZ

+ e—i)\j&(q)e—iqrj (a;l':bo + (_1)>\j a;l-:l,l)} . (314)

Aj = 0 or 1 specifies the sublattice A or B to which j belongs.

We look at the scaling of scattering term of the type Q?S“bf‘cq@eiq'ri. Two of the
terms contributing to this matrix element are same as the terms calculated above

for the case of an impurity at the site of Kitaev lattice. These give

0D
a®——

T = 200879 32 (QDAS p(D)a’TE

B

The new terms contributing to the matrix element are those coming from Fig. 3.3.

The contribution from the top diagram in Fig. 3.3 is
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Figure 3.3: Third order contributions to the T'—matrix arising from site off-diagonal
scattering.
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Figure 3.4: New vertices generated from site off-diagonal scattering.

Thus,

T —9i@f§hiar L1 QPQP (7 2sin(q - (xi — 1) — G(d)).

Similarly calculating the contribution from the bottom diagram in Fig. 3.3,

r; 1 1 ~
TQ(S —21QBSB ari 57 E_J-D Z QBQB ) sin(q' - (r; — r;) — a(q’)).
q GHBZﬁ i

Adding all the contributions,

T'(3) _ _QQfsﬂeiq r; o2 ’st’ Z Sﬁ

2

< @) =i Y QIQsin(d - (ri — ;) — ald)) | - (3.15)

a'=D/vp,j€i

There are also new terms of second order in K that are generated. These
terms are as shown in figures (3.4). The term corresponding to figure (3.4a) is
~ KPK BSBSBbf bjﬁ» . When projected to the vortex free ground state, it becomes
~ (K5)%(SP)? generating anisotropic potential for the impurity spin. The second
term (3.4b) is ~ (K#)% (S”)2¢;c;j/J which contributes to the long range interaction
between impurity spins.
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3.2.1 Stability of strong coupling point

Our poor Man’s scaling analysis is only valid for small Kondo couplings as the
perturbation theory breaks down much before the critical value of the coupling.
Our analysis shows that the coupling flows to larger values for coupling above the
critical coupling K.. we can not predict whether it flows to oo or whether there is
some other fixed point beyond K.. To have an idea of the stability of the strong
coupling fixed point, we study the model close to this point and see if it is a stable
fixed point.

In the strong coupling limit, K is the largest energy scale and the impurity
spins forms a singlet/triplet with the Kitaev spin at origin. We analyze whether
this composite decouples from the rest of the Kitaev model and we are left with
a Kitaev model with one spin missing or does it couple strongly to the rest of the
Kitaev model.

We consider the Hamiltonian such that the Kondo term and the Kitaev model
with one spin missing (Hp ) form the unperturbed Hamiltonian and Kitaev cou-

pling to the site at origin is the perturbation.

Hy=KS 09+ Hg_ (316)
V = J(ofot + ofol + oio3) (3.17)

For antiferromagnetic Kondo coupling (K > 0), the ground state consists of a Kondo
singlet of S and oy and the Kitaev model with one spin missing. The perturbation
term causes transitions from singlet to triplet states of the Kondo singlet. We use
effective Hamiltonian scheme [18] to include the effects of the perturbation terms

within the projected ground state subspace.
H.g = ¢'YHe @, (3.18)

where @ is chosen such that the terms which take us out of the reduced Hilbert

space are canceled order by order. This gives the reduced Hamiltonian as

Heg = Ho + Hy + Hy + O(V?), (3.19)

(a|H1[B) = (a|V]B), (3.20)
1 1 1

@l = 5 3 (alV VIS (=5 +5=%) o

where «, 8 belong to the ground state manifold and ~ belongs to excited state man-
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ifold. The eigenstates of the Kondo term are singlet |s) and triplet states |¢, (0, £1))

1

|s) = 7 (I8 =14.1) (3.22)

[t,1) =11 (3.23)
1

t,0) = 7 (1,8 +14m) (3.24)

t,=1) =[] 4) (3.25)

Here 1 refers to the Kitaev spin and {} refers to the impurity spin state.

Anti-ferromagnetic coupling

For the antiferromagnetic Kondo coupling case, ground state is the singlet state.

s (s|[V|s) =0, H; =0 and

Lo,
Eo—E,  E,—FE)’

1
(s K Hals, K7 = 1 S (s K VIt K e Vs,
W

(3.26)

Here, K_ denotes the eigenstates of the Kitaev model with the spin at origin missing.
Since change in energy of the Kitaev state is ~ J < K, we ignore their contribution

in the energy denominators of the perturbation term. Then Hy becomes
(5. K[ Hals, K = = S (slofle)tlofs) (K—log 1K) o)

tK//7 76

J2 « B !
=~ D _(slog (1~ [5)(s])og |s) (K -|og ol | KL)

Hy~ ——— Jgag (3.27)

Here, in 0§, the subscript « refers to a neighour site of origin in a—bond direction
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Thus, in the anti-ferromagnetic coupling case, the Kondo singlet decouples from the
rest of the Kitaev model and a small interaction (J2/K < .J) is generated between
the three neighbor sites of origin in the second order perturbation. The strong cou-
pling fixed point is thus a stable fixed point and is equivalent to Kitaev model with

one spin missing.

Ferromagnetic case
In the ferromagnetic Kondo coupling case, the triplet states form the ground state
manifold. We can do degenerate perturbation theory to get the effective Hamilto-

nian.

' K'|H|t, K_) =J{', K" |V|t,K_) (3.28)
=> (o [t)(K |oq|K_) (3.29)

«

If we calculate the matrix elements of (t'|o§|t), these matrices are just the spin—1

matrices:
1
0 7 0
_ 1 1
gy = \/i 0 \/i s
1
0 7 0
d=l& 0 % |
0 ﬁ 0
1 0
05 = 0 0 O
00 -1

and the Hamiltonian in the reduced subspace becomes
= JS§og. (3.30)

where Sg represents the spin-1 at the origin.

Thus for the ferromagnetic impurity coupling, the new terms which couple the

triplet and the rest of the Kitaev model are similar to the original Kitaev coupling
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and of the same strength. The model becomes a Kitaev like model with the spin
at origin being a spin—1. Thus the Kondo triplet does not decouple from the rest
of the Kitaev model in strong coupling limit. The new model need to be studied
in further detail to understand the behaviour of ferromagnetic strong coupling fixed

point.

3.2.2 Topological transition

A remarkable property of the Kondo effect in Kitaev model is that the unstable
fixed point is associated with a topological transition from the zero flux state to a
finite flux state. The strong antiferromagnetic coupling limit amounts to studying
the Kitaev model with a missing site or cutting the three bonds linking this site to
the neighbors. Kitaev has shown [4] that such states with an odd number of cuts
are associated with a finite flux, and also that these vortices are associated with
unpaired Majorana fermions and have non-abelian statistics under exchange. It has
also been shown numerically for the gapless phase [19] that the ground state of the
Kitaev model with one spin missing has a finite flux pinned to the defect site. We
argued the existence of a localized zero energy Majorana mode from degeneracy of
the ground state in presence of impurity spin and elucidated on the nature of this
zero mode.

For the Hamiltonian H = Hy + Vi, the three plaquettes Wy, Wy and W3 (Fig.
3.5) that touch the impurity site are no longer associated with conserved flux op-
erators, while the flux operators that do not include the origin remain conserved.
The three plaquette operator Wy = W1Ws Wy is still conserved and Wy = 1 in the
ground state of the unperturbed Kitaev model. We define the composite operators
T8 = WoW3S*, ¥ = W3W1S8Y and 7% = W W S* (S are the Pauli spin matrices
corresponding to the impurity) which are also conserved in presence of the impurity
coupling. The 7*’s do not commute with each other and instead obey the SU(2) al-
gebra, [7%, 78] = 2ieqpy77. This SU(2) symmetry, which is exact for all couplings is
realized in the spin-1/2 representation <(7'°‘)2 = 1>. Thus all eigenstates, including
the ground state are doubly degenerate (corresponding to 7% = +1).

In strong (antiferromagnetic) coupling limit Jx — oo, the low energy states will
be the ones in which the spin at the origin forms a singlet |0) with the impurity spin,
[) = | K7)®]0). [ K ) stands for the low energy states of the Kitaev model with
the spin at the origin removed. To see the action of the SU(2) symmetry generators
on these states, we note that they can be written as 7 = W @ 0§ ® S* and W

do not involve the components of the spin at the origin, of. We then have 7%|¢) =
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Figure 3.5: Schematic of the three unpaired b-Majorana fermions formed as a result
of cutting the links to the Kitaev spin at the origin. Any two of the three can be
given an expectation value (dotted bond).

—(W*[¢K~)) ® |0). Thus, in the strong coupling limit, the symmetry generators
act non-trivially only in the Kitaev model sector. This implies that the low energy
states of the Kitaev model with one spin removed are all doubly degenerate, with
the double degeneracy emerging from the Kitaev sector. This implies there is a zero-
energy mode in the single particle spectrum. The two degenerate states correspond

to the zero mode being occupied or unoccupied.

Let us examine the structure of the zero mode. Removing a Kitaev spin creates
three unpaired b—Majorana fermions at the neighboring sites, say, b3, b7 and b3 (Fig.
3.5). Now ib7b§ is conserved and commutes with all the conserved flux operators
W, but not with the two other combinations ibyb3 and ib3b7. So, we can choose a
gauge where the expectation value of ibjb) is equal to +1 such that these two b
modes drop out of the problem and we equivalently have one unpaired b—Majorana
fermion. The unpaired b3 Majorana has dimension /2 and therefore, there must
be an unpaired Majorana mode in the ¢ sector (again of dimension v/2) so that
together these two give the full (doubly degenerate) zero energy mode. Also, while
the b3 mode is sharply localized, the wave function of the ¢ mode can be spread out
in the lattice. Existence of a zero energy c—Majorana mode has also been shown

explicitly by considering the Kitaev model with one site missing [20].
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3.3 RKKY interactions

In the absence of impurities, in the ground state manifold (vortex free state), we
have only nearest neighbour two-spin correlations in the Kitaev model [5]. This is
because each Kitaev spin is a bilinear of a massless ¢ Majorana fermion and a massive
b Majorana fermion, and the b Majorana fermions have only short range correlations.
For instance, for an a—type bond between neighbours ¢ and 7, 2<bf‘bf ) = 0ap. We now
add impurities with each one locally coupled to Kitaev spins. Distant impurities can
interact only if they are coupled via the massless Majorana fermions. By contracting
b Majorana fermions locally by second order perturbation in the Kondo coupling,
and using the identities (b%)? = 1, and 2<bf‘bf ) = dap, We generate vertices of the
type (K“S%)2c;c;/.J, where i and j are not farther than nearest neighbour (are on
a bond). Since ¢ = 1, these vertices will contain massless Majorana fermions only
when ¢ and j belong to different sites. This effectively means that two distant
impurities coupled to a single Kitaev site each cannot interact. However when the
impurities interact with more than one neighbouring Kitaev spins, we see that a long
range interaction of the spins is possible. As an example, we analyze the interaction
when the two impurities are at the centers of distant hexagons. The interaction

term is

V=i Y  K°S{bei+i Y K*S§bc;. (3.31)
j€hex]l,« j€hex2,«

The effective interaction generated involving c—type Majorana fermions at two
neighbouring sites (i € A, j € B) is given by (see Fig. 3.4)
Ve = 3 (Vo) (V1)
Ey— E,

14

2 (e 771 (27
%j Z (K ”)Q(SQJ)QCZ‘CJ'.

a,<ij>q

Here ; refers to the z—component when neighbouring sites ¢ and j are along
a z—bond, etc. Now the interaction between the two impurity spins is given by the
second order term in Vig (or, equivalently, fourth order in K). These terms are of

the type
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' 1
Z,A k’ _w/ )

Figure 3.6: A typical long-distance impurity interaction mediated by a pair of prop-
agating ¢ Majorana fermions emanating from the ends of a Kitaev bond.
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)

Writing ¢i’s in terms of ay’s and considering the i <+ 7/, j +> 5/ (Fig. 3.6) case,
and denoting T*# = %(KQU)Q(S?“)Q(K@’W)2(S§i/j')2, (from now we use o = «;

and 8 = ;) the contribution from above term is

P o Fin(k-(r@-—ri,))+sm<k-<ri—ri/>>]

~
12(a) NZ —iw — €40 —iw — €1
{k X' }eHBZw' ’ ’

L [sin(e - (r; = 1y)) | sin( - (x; —1;)
| : |

iw, — Ek./70 Z'w/ _ Gk'71
s . . /
I N2 Z Sln(k . (ri — I‘Z-/)) snl(k . (rj _ rj’))
{kk'}eHBZ
tanh(%) + tanh(‘;kTﬁ) . tanh(%) — tanh('é’%‘)
lex| + lew| lex] — Jen] ,

where w’ are fermionic Matsubara frequencies. In the 7' — 0 limit, the second term
becomes zero. Near the Fermi point, we have |ek, 4| =~ vrg. Converting the k and

k' sums to integrals over ¢ and ¢’, we have
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Figure 3.7: Another contribution to long range impurity interaction from the same
pair of bonds as Fig. 3.6.

tanh (ke )

o orB
q+q

12(0) ~ T N2 > sin((kr +q) - Riz) sin((kr + q') - Raz)

q,q9’

SFQ’B“A‘/CJ dq'qq' Jo(qR12)Jo(q Ri2) sin? ¢
== — sin
v (2m)] q aq qq Jo\gfvi2)Jolg L1112 a+q
8 That 7 9 [ T m, 1
~o 2o di | di\/qq cos(§ — ~ i —— .
o @t 1, ¢/O q/o G/ qq' cos(q — ) cos(q 4)(”@,

Here ¢ = kr - Ri2 and we used the asymptotic limit of the Bessel functions. Thus

the contribution of above term to the long range interaction goes as

4
G5 (pean2iqon2( wBy2aBy2 @ [1 —cos(2kr - Ry2)]
Jl?(a) (K ) (Sl ) (K ) (SZ ) 4’UFJ27T3R£1))2 .

Similarly the term corresponding to i <> j', j <+ ¢’ ( Fig.3.7 ) makes the following
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contribution to the long range interaction:

B
J1a2(b) ~
e Z {—21 sin(k - (r; — 1) — a(k)) N —2isin(k - (r; — r}) — a(k))
2{k K}eHBZw —iw' = exp —iw' = e
—2isin(k’.(r; —r}) +a(k’)) —2isin(k’.(r; —r}) + a(k’))
iw — €k’,0 w — €L 1
> sin((kr + ). s — d(ke) sin((kr + o) Fra + G(kr)) —
e e S1n . — S11 . «
opNZ F T q).1112 F FT4q 12 F +q

a,q’
o srefgt / , sin(qRizcos + ¢ + a(kr)) sin(¢'Rizcos @ + ¢ — a(kr))
BT A q+q

which gives

a*  (cos(2a(kp)) — cos(2kr - R12))

gt ~ = (K2(ST (KPP (5)?

where a(kp) is the phase of f(kr). Adding the two terms, we get the contribution

to the long range interaction coming from the pair of bonds 77 and 7’5’ :

a* 1+ cos(2a(kr)) — 2cos(2ky - Ry2)

T5 e (K2 (S0 (K52 (55)?
(3.32)

This is the long range interaction between impurity spins each coupled to a
bond. The power law correlation reflects the bond-bond (four spin) correlations in
the Kitaev model ground state which are long ranged while two-spin correlations
are only nearest neighbour. We find that if for spin-1/2 impurities, (S%)? = 1/4 and
no long-ranged interaction is generated. If the impurities couple to the full hexagon,
we can sum these bond contributions to get full answer. If the Kondo coupling is
isotropic and all types of Kitaev bonds (z, y, z) are involved, the resulting sums
> bond pairS(Sfl”)2(5'52',3'/)2 will yield a constant S7(S7 + 1)S2(S2 + 1), which will
make the long range interaction vanish in this this approximation. One may then
need to obtain any long range interaction taking care of the small differences in the

separation between the different pairs of bonds.

The inter impurity interactions have an interesting non-dipolar nature ((S¢ )2(525 )?)
unlike the usual dipolar (S; - S2) RKKY interaction in metals. The 1/R? behaviour
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in two-dimensions is characteristic of the linearly vanishing density of states at Fermi
energy, as is the case for graphene also.

This study of impurity effects shows that the Kitaev model is quite robust to
external magnetic disorder. If Kondo coupling is small, the impurity coupling flows
to zero and does not affect the system significantly. Also if the impurity spins are
spin-half or they are coupled to only one Kitaev spin each, there are no significant
interactions generated between the spins and thus collective behaviour of impurity

spins is less likely to affect the Kitaev model state.

3.4 Summary

To summarize, we studied the effect of impurity quantum spins coupled to the
ground state manifold of Kitaev model in its gapless spin-liquid state. We found an
unusual Kondo effect with an unstable fixed point demarcating a topological tran-
sition between zero flux and finite flux sectors. When more than one impurity is
present, we showed that under certain circumstances, massless spinons in the Kitaev
model mediate a higher order (non-dipolar) RKKY interaction between distant im-
purity spins. Topological transition and non-dipolar impurity interactions make the
Kitaev Kondo effect qualitatively different from the Kondo effect in some bosonic
spin liquids that also have an unstable fixed point.

In the strong Kondo coupling limit we showed that a non-zero flux is created
with an unpaired b—Majorana fermion localized in its vicinity and a delocalized
c—counterpart. Localized b—Majorana fermion at the finite flux defect is reminis-
cent of the localized Majorana fermions at the cores of half vortices in p—wave
superconductors [21]. One difference, as pointed out by Kitaev, is that in p—wave
superconductors, the currents associated with the fluxes are charged (and thus in-
teract with impurity potentials). Besides, the individual charges acquire abelian
phases of their own. Another difference is that in the Kitaev model, the full (doubly
degenerate) zero mode is made of a b and a ¢ Majorana fermion while in the super-
conductor, two vortex core Majorana fermions make a zero mode. p—wave paired
ground states in the Kitaev model and its vortex excitations have also been studied
in Ref. [22]. There are already numerous proposals in the literature how a Kitaev
model could be realized [11, 10, 12], and we are hopeful that eventually these novel

impurity effects may also be experimentally studied.
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Chapter 4

Charge transport in magnetic

semiconductor heterostructures

4.1 Introduction

Magnetic semiconductors usually consist of a semiconductor host doped with mag-
netic atoms (about 0.1 — 1%). (IILMn)V (e.g. (Ga/In,Mn)As, (Ga,Mn)P/N) is a
common class of these materials which have been studied extensively [1]. In such
materials, if the Mn concentration is not too high, Mn substitutes Ga acting as an
acceptor, so doping GaAs with Mn yields both local magnetic moments and free
holes. Semiconductor materials have the great advantage that their properties can
be controlled via various means like gate voltages, light, doping etc which make
them useful for various electronic technological processes. Combining magnetism
with semiconducting properties thus has potential usability for spintronic applica-
tions which exploit the spin of the charge carriers to manipulate the charge transport
[2]. For these purposes, it is desirable to get magnetism in these systems at room
temperatures. Magnetic transitions of the order of 150K have been achieved in these
materials. Higher transition temperatures have been difficult to achieve due to lim-
ited solubility of Mn/other magnetic atoms in these semiconductor compounds and it
is an active area of research. The mechanism of ferromagnetism in these dilute mag-
netic semiconductors (DMS) has not been understood very well [3]. The microscopic
interaction governing the ferromagnetism (FM) could be of Zener/Ruderman-Kittel-
Kasuya-Yosida (RKKY) type or double-exchange type. The Zener/RKKY model
is applicable when the effective coupling between local magnetic moments and the

spins of charge carriers is smaller than the carrier bandwidth [5, 1]. This model is

o7
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Figure 4.1: Schematic layout of the heterostructure d-doped by Mn.

more likely at higher concentration of Mn atoms such that the impurity band states
are extended on the length scale of inter-Mn distances. Other picture of ferromag-
netism is based on interacting bound polaron scenario [1, 4] which is dominant when
number of holes (charge carriers) is small. Here, the localized hole polarizes the Mn
atoms in its vicinity and these magnetic polarons interact via the hopping of holes
giving rise to ferromagnetism at low temperatures and this is regarded as a double
exchange mechanism. The current opinion is that both mechanisms of FM can take
place in bulk DMSs. Conditions for realization of either mechanism strongly depend
not only on the concentration of magnetic metal ions, but also on the character of

their distribution in the Semiconductor host.

In bulk DMS materials, carrier mobilities are usually small due to large scattering
from the dopants and these systems are usually close to metal-insulator transition.
Another major direction of work in this field has been magnetic semiconductor het-
erostructures, (fig. 4.1). These structures have planar two dimensional geometries
and can thus be easily incorporated in to existing microelectronic devices. In these
systems, the Mn atoms are doped in the form of a d—layer spatially away from the
quantum well where charge transport takes place. This gives higher charge mobili-
ties to these systems as well as incorporates the effects of the ferromagnetism. Also,
exploring these systems could provide insights into understanding the microscopic

mechanism of ferromagnetism in these semiconductors.

Two mechanisms for the FM ordering in these two-dimensional (2D) GaAs/InGaAs/GaAs
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R, (kOhm)

T (K)

Figure 4.2: Resistance data for Mn d-doped heterostructures (1, 2, 3, and 4) for
different carrier and doping densities (see Table 4.1) and a carbon d-doped het-
erostructure (5). Note the absence of any resistance anomaly in the carbon §-doped
sample, while the Mn d-doped samples exhibit an anomaly (hump or shoulder),
which is likely due to magnetic ordering.

heterostructures 0-doped by Mn have been proposed in the current literature [8, 9].
The first model [8] attributes FM ordering to indirect interaction of Mn atoms by
means of holes in a 2D conducting channel. The efficiency of this mechanism is
based on the large mean free path of 2D carriers due to their remoteness from the
Mn layer. In the second model, FM ordering arises within the Mn layer, possibly
mediated by the holes in the layer, like in usual DMS structures [9].

One of the most relevant questions is the effect of FM ordering on the tempera-
ture dependence of resistivity, in particular, the relation of the FM ordering to the
resistance anomaly (a peak or shoulder) near T [5]. Several theories have been pro-
posed [10, 11, 12, 13, 14, 15] for explaining the resistivity in bulk DMSs but there are
not many works on these effects in 2D semiconductor heterostructures. In addition
to magnetism, disorder plays a significant role in DMS transport properties [16].

We studied the effects of spatial disorder of dopant concentration in the Mn §-
layer on the electronic properties of the 2D hole gas and showed that at low carrier

densities, competition of disorder and nonlinear screening results in formation of
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Figure 4.3: (a) Effective mass dependence on magnetic field for Sample 2 (red
circles) measured by ShdH oscillations and for Sample 4 (blue diamonds) measured
by cyclotron resonance. Solid black line corresponds to m*/m,. = 0.14. (b) Magnetic
field dependence of the resistance of Sample 3 at different temperatures. The inset
shows Shubnikov-de Haas (ShdH) oscillations indicating metallicity.

“metallic” droplets separated by insulating regions in hole gas in quantum well. We
make estimates for droplet sizes and inter-droplet distance, energy level spacing in
these droplet structures and the potential barrier separating neighboring droplets.
Using these as parameters in a simple model for resistivity which incorporates the
effect of ferromagnetism on inter-droplet tunneling, we obtained a quantitative ex-
planation of the temperature dependence of resistivity in the DMS ferromagnetic
heterostructures.

A schematic layout of the studied structures is shown in Fig. 4.1. The structures
consist of an In,Ga;_,As quantum well (QW) inside a GaAs matrix with a Mn
0-layer separated from the QW by a GaAs spacer of width 3 nm. The QW thickness
W is about 10 nm and the In fraction is z &~ 0.2. A carbon d-layer (= 2 x 10!2cm—2)
is introduced at a distance 10-15 nm below the QW just at the top of the buffer layer
to compensate the hole depletion of the QW by the (undoped) buffer layer. The
mobility and other electrical and structural parameters of the studied structures are
shown in Table 4.1.

Existence of well pronounced Shubnikov—de Haas (ShdH) oscillations in Samples
2 and 3 tells us that these two samples are on the metallic side of the percolation
transition. In Fig. 4.3(b), we show magnetic field dependence of the resistance at two
temperatures. The inset shows ShdH oscillations previously discussed in Ref. [6]. In
contrast to Samples 2 and 3, Sample 1 is quite insulating, with R(5K)/R(70K) ~ 30.

The resistance R(T") exhibits an Arrhenius behavior (activation energy ~ 110 K for



Sample Mn In Quantum | Vyuc(z Overlap Hole Hole Overlap Hole Hole
content, | content well =0, R.) | probability | mobility | density p | probability | mobility density
monolay- x depth | at 77 K, | of the hole Lp (77 K), of the hole | p, (5 K), | p (5 K),

ers Vb, meV wavefunc- (77 K), cm ™2 x wavefunc- em?/Vs | em™2 x
(em=2 x meV tion with | em?/V's 1012 tion with 1012
10'4) Mn layer Mn layer
(77 K) (5 K)

1 1.2 (6.0) 0.18 85 260 0.15x1072 1350 1.8 0.15x1073 180 0.3
2 0.5 (3.0) 0.21 100 170 0.51x102 1860 2.0 0.52x1073 2950 0.71
3 0.4 (2.5) 0.23 115 160 0.39x1072 1930 1.8 0.63x1073 3240 0.79
4 0.35 (2.0) 0.17 70 145 0.72x1072 2370 1.4 0.9x1073 3400 0.46
5 0 0.18 85 - - 1600 0.5 - - -

Table 4.1: Parameters characterizing the samples under study. Samples 1-4 are d-doped by Mn. Sample 5 is d-doped by
carbon instead of Mn. All the samples have a carbon layer too as shown in Fig. 4.1. We also show the model estimates
for the fluctuation potential Vi, at the quantum well edge facing the Mn dopant layer, and overlap probability of the hole
wavefunction with a 1 nm thick region centered at the d-layer of Mn situated 3 nm away from the quantum well. Here, R,
is the screening length. At each In content, the quantum well depth was estimated using the known experimental results,
according to which the valence band discontinuity is about 1/3 of the band gap discontinuity [18].
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Figure 4.4: Plot of log R(T') vs T for Sample 1 demonstrating an Arrhenius be-
havior for temperatures higher than about 30 K and a hopping behavior at low
temperatures.

T 2 30 K) with crossover to variable hopping regime at temperatures less than 30 K
(see Fig. 4.4). Sample 4 with a smaller carrier density compared to Samples 2 and
3 is closer to the percolation transition having high enough values of R(5K) = 19.7
kOhm and R(5K)/R(70K) ~ 1.5. We found that the temperature dependence of the
resistivity can be fitted to the Arrhenius law (activation energy ~ 20 K for 7" 2 30
K). Charge transport is two-dimensional in these systems which is confirmed by
ShdH oscillations for Samples 2 and 3, which are observed only when the magnetic
field is perpendicular to the sample plane (inset of Fig. 4.3(b)). Manifestations of
the quantum Hall effect (QHE) were observed even in the most insulating Sample
1 (Ref. [6]), which establishes its 2D nature.

Evidence of ferromagnetic (FM) correlations playing a crucial role comes from
observation of a hump or shoulder in the temperature dependence of resistivity as
shown in Fig. 4.2. The fact that this feature is observed for all samples doped
by Mn but is absent for Sample 5 doped by C instead of Mn shows that it has a
magnetic origin. Direct evidence of FM ordering for Samples 1 and 4 was through the
observation of hysteresis loop in the magnetization curve [7, 19, 20]. The observation
of anomalous Hall effect (AHE) in all mentioned samples [6, 7, 17] is yet another
evidence. Results of the AHE measurements are presented in Fig. 4.5 for samples
1, 2 and 4. It is commonly accepted that the “anomalous” hump or shoulder of this

temperature dependent resistance can be used as a measure of the Curie temperature
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Figure 4.5: Magnetic field dependence of the AHE for Samples 1, 2 and 4. Tem-
perature of the measurements and sample numbers are shown near the curve. For
insulating samples (1 and 4) the temperature of measurement is greater than the
peak temperature, while for the metallic Sample 2, they are close. For insulating
samples, AHE curves can be seen to saturate, while for metallic samples, saturation
is not reached or will be reached at higher fields.

[1, 5, 12]. There are differing opinions on whether the anomaly in R(T") or dR/dT
should be accepted as T [21]. While it is justified for the case of bulk metals to
associate the temperature at which the anomaly occurs with Tz, we find below that

in the 2D case, the situation is quite different.

4.2 Model of nanoscale inhomogeneities

We consider the effects of the Coulomb potential due to charged Mn atoms on
the state of the charge carriers in the quantum well. For the purpose of analy-
sis, we can consider the following system, which captures the main physics. The
two-dimensional hole gas (2DHG) is formed within the InGaAs quantum well and
additional holes for the 2DHG are provided by Mn acceptors distributed in the §-
layer with density ng, which is spatially separated from the quantum well by a GaAs
spacer of thickness A\. We thus have two interacting subsystems - the d-layer, where
the Mn atoms are a source of holes as well as of magnetism owing to their spins,

and the quantum well, where the behavior of the holes is affected by the charge
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and spin of Mn atoms. In addition, the holes in the 2DHG are known to affect the
distribution of magnetization in the d-layer. This will be particularly true for the

more metallic samples [8].

The parameters characterizing the samples under study are listed in Table 4.1.
The table shows the total Mn content in the d-layer, the quantum well depth Vj
in the absence of fluctuations, the hole densities p, and mobilities 1), in the 2DHG

layer at two different temperatures on either side of the resistance anomaly.

At low carrier density, it has been shown [22, 23, 24, 25, 26] that the interplay of
disorder (due to random potentials of the charged Mn atoms) and nonlinear screen-
ing by the holes can lead to inhomogeneities in the carrier density. The physical
picture of droplet formation and metal-insulator transition is as follows. Charge
fluctuations of the ionized Mn acceptors create a fluctuating potential for the hole
gas in the quantum well. Holes begin filling the deepest energy levels in the poten-
tial profile. Introduction of holes also affects the size of the potential fluctuation
because of screening. We assume a Gaussian white noise distribution for the charge
density p(r,z) = en(r)d(z + A) of the Mn atoms in the d-layer (z axis is directed
perpendicular to the d-layer, z = 0 corresponds to the GaAs/InGaAs interface). For

points r, r’ lying in the d-layer we have,

(n(r)n(r")) — (n?) = nlé(r —r'), (4.1)

where n/, is the total density of ionized Mn atoms in the §-layer: nl, = n; +nl. n,

is the density of negatively charged Mn atoms (acceptors) and n; is the density of
positively charged (donor) Mn atoms which could happen if the Mn atom goes into
an interstitial position. In the further calculations, for simplicity and consistency,
we take a typical value of n), and assume that n/, = 0.1ng (ng is the total Mn
density), which is in agreement with the effective ionization of about 0.1 observed

in Ga;_,Mn,As samples [1, 3].

From Eq. (4.1), it is easy to see that the variance of the fluctuation charge density
in a circular region of size R is (6n?(R)) = nl/(7R?). The random distribution of
charges creates a fluctuating potential ¢ at the interface. In the presence of holes
in 2DHG, potential fluctuations are screened beyond a length scale R, where the
fluctuation charge density \/(6n2(R.)) = \/n,/m/R. becomes less than the hole

density p. The variance of the potential fluctuations at the interface is then given
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by [25]

o e’ 4d?
(007 = 8mr2el {ln [)\(Qd —-A)
1 1
A\ + R? 1 (2d — \)? + R2\ 1
—2In [<m> + (W) . (4.2)

Here, k = 12.9 is the permittivity of GaAs and R. = \/n/,/7/p is the characteristic

screening length described above. Parameter d is a length scale, beyond which the

potential fluctuations get screened even in the absence of holes in the quantum well.
Often there is a metallic gate on the sample, in which case d is equal to the distance

from the quantum well to the gate.

In cases where the inequality 2d > R., A is met, potential fluctuations can be

R.\?
1 _=
(%)

Holes in the quantum well are centered at a distance zg (measured from the

expressed in a much simpler form,

/2
(6¢2) ~ a1

4.3
1671'/{26% (4.3)

interface closest to the Mn layer) in the direction perpendicular to the interface.
To obtain zj, we solve the Schrédinger equation in the quantum well taking into

account the (z-dependent) fluctuating potential,

h?  d?
—5 =775 T V(2)| ¥ = Butn. (4.4)

Here V(z) is the quantum well potential together with the fluctuations (see
Fig. 4.6). n = 1,2,3... refers to the subband index. For holes, we use the ap-
proximation of the parabolic dispersion with the effective mass m* = 0.14m, as
measured from cyclotron resonance for these structures (Fig. 4.3). We approximate
V(z) as follows. For z < 0, V(2) = a(]z + A\| = A), @ = ep/key. For z > W, we
have V(z) = 0, where W is the quantum well thickness. For 0 < z < W, we have
V(z) = Vow(z) — e\/(0¢?(Re, 2)), where Vow (z) = =V + az. For the present de-
vices, we have taken W = 10 nm, A = 3 nm and the values of Vjj are as shown in
Table 4.1. We also assume that the spatially varying fluctuation potential does not
affect the valence band position away from the quantum well. The condition for exis-
tence of a subband is E,, < 0. Table 4.1 shows the overlap probability [;, dz[¢1(2)[?,



66 4. CHARGE TRANSPORT IN MAGNETIC SEMICONDUCTOR HETEROSTRUCTURES

GaAs

<
S

-V, -e|/ 0P (2)

Figure 4.6: Schematic of the quantum well potential (shown inverted). Dashed
(blue) line represents the quantum well potential in the absence of fluctuations and
the solid (red) line shows the potential well with an attractive fluctuation potential.
The dotted line indicates the Mn dopants at a distance A from the left face of the
quantum well. The quantum well of thickness W is defined in the InGaAs layer
sandwiched between GaAs regions.

of the hole wavefunction with the Mn layer, where 0z is a 1 nm thick region centered

at the d-layer.

We also find that the hole wavefunction in the GaAs region decreases away from
the quantum well with a localization length £, having a value ranging from 1 nm to
2 nm. This is comparable to the localization length estimated in Ref. [8]. We will
henceforth use A+ zy as the distance of the hole gas from the -layer for the purpose
of calculating the potential fluctuations. For a given subband n, we determine 2,
as 20, = [ dz 2|1, (2)[%. Tables 4.2 and 4.3 show the values of E,, and zg,, for the
first two subbands. For simplicity, we will denote e+/(0¢?(d + zo,n, A + 20,0, R)) by
Vaue (20,0, R). The values of the fluctuation potential are also shown in Table 4.1.

Now, we describe how at low enough densities, holes in the 2DHG can get orga-
nized into charge droplets. Let R, be the size of a droplet. The potential fluctu-
ations associated with this length scale are given by Viuc(20.n, Rpn). Suppose that
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the holes fill this potential well up to a wavevector kp.x. From the virial theorem,

R2k2,. 1
2:;; = §VﬂuC(Z0,n, Rp,n)a (4.5)

where the factor of 1/2 is for a linear-in-R,, confining potential, which is ap-
proximately the case here. Number of occupied states in the droplet is approx-
imately (kmaxRp)?/2, which can be equated with the fluctuation charge N;, =
TR x \/n,/T/R, = \/mn,R,, if only the lowest subband is occupied. We will
discuss below the case where more than one subband is occupied. If only the lowest

subband is occupied and 2d > R., A , Eq. (4.5) yields a very simple solution for the

Ry1~1\/2ap(A+ 20,1). (4.6)

Eq. (4.6) is valid when A+ z is much greater than ap. The Bohr radius corresponding

droplet size

to these parameters is ap ~ 5.3 nm. In our case A+ zp ~ ap, and this approximation
does not give the correct values. We solve for R, numerically using Eqgs. (4.5) and
(4.7). Droplet size R, and the number of holes per droplet are only weakly dependent
on p.

Now, we consider the case where two subbands are occupied. Energy of the
highest occupied state measured from the bottom of the lowest subbands (n = 1) is
of the order of (we will obtain a better estimate below)

A2 kmax 1 h2\/mn!

JON— = a 4.7
max, 1 2m* m*R, 1 (4.7)

From this estimate of Ey,ac1 and the energies £y and Eo, we can see that the
second subband is also partially occupied for Sample 1. Filling of the two subbands
is not independent and following two conditions need to be satisfied in addition to
the relations in Eq. (4.5). First, the chemical potential of the droplets corresponding
to the two subbands should be the same (see Fig. 4.7)

R, 2
Emax71 - Emax72 = ﬁ(kmax,l - kmax,2) = EQ — El- (48)

Second, the total number of bound holes is now distributed over the two bands.

This effectively results in the transfer of some of the higher energy holes in the lower

subband to lower energy empty states in the upper subband. This would lead to a

decrease of the droplet size corresponding to the lower subband, and a finite droplet
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Figure 4.7: A schematic picture of the dispersion curves E(k) (at small k) cor-
responding to the two lowest subbands n = 1 and n = 2. F; and E5 are the
fluctuation potentials corresponding to zp 1 and zg o respectively, and R = R.. The
shaded region represents filled states. The two subbands have a common chemical
potential.

size in the upper subband. The transfer of charge from the lower subband to the
upper subband naturally makes the concentration of charge in the droplet higher
since the charge carriers can occupy two bands in the same region.

We need to now satisfy the following condition

kmaX R 2 kmax R 2
vVl Ry :( ’; 8 +( ’; 2) . (4.9)

Egs. (4.8), (4.9), and (4.5) form a system of coupled nonlinear equations that may
be solved for Eyax, and R,,. Tables 4.2 and 4.3 show the calculated values of
Emax,la Rp,la and Rp,2-

Now we analyze the conditions for a metal-insulator crossover. Localization length,

which characterizes the spread of the hole wavefunction outside the droplets is

h

§= .
\/2m*(‘E1‘ - ’VQW(ZO)’ - ‘Emax,ll)

(4.10)

A percolation transition to a more conducting regime is expected when the droplets
begin to overlap. The droplets are said to “overlap” once the interdroplet tun-
neling becomes significant; in other words, the localization length £ of holes in the

droplets becomes comparable to the separation D between the surfaces of neighbor-



Sample R, zp1(nm) | Ej(meV) zpo(nm | Ey(meV) R, (nm) Rpo(nm) Epayx1(meV]) Di(nm) | De(nm) | £(nm)
(nm)

1 24.28 1.79 -203 3.62 -80 8.96 0 83 11.58 - 1.82

2 15.45 1.57 -142 0.78 -33 8.79 0 60 5.72 — 3.50

3 15.67 1.71 -147 2.30 -40 8.90 0 54 5.82 — 3.70

4 18.02 1.71 -106 1.34 -17 8.90 0 48 7.53 - 3.46

Table 4.2: Calculated values (at 77 K) of the screening length R., droplet sizes R, ,,, droplet separations D,, corresponding to
R, ,,, penetration depths zg ., energy levels F,, the maximum energy, Eyax 1, of occupied states measured from the bottom
of the potential well for the lowest subbands (n = 1) and the localization length £. The calculations are for an effective
n!, = 0.1n,. Note that in the last three samples, the separation of the droplets is comparable with the localization length,
implying proximity to the “metallic” phase.

Sample R, zp1(nm)| Ej(meV) zp2(nm)| Ez(meV) Ry, i(nm) Rpo(nm) Epax1(meV])) Di(nm) | Do(nm) | &(nm)
(um)
1 145.7 2.99 -275 5.37 -204 9.8 0.6 76 55.59 73.59 1.45
2 43.52 2.64 -206 5.16 -128 9.57 0 95 21.68 - 1.93
3 35.71 2.58 -198 5.10 -119 9.51 0 51 17.83 - 2.13
4 54.85 2.93 -155 5.36 -91 9.77 0 41 26.75 - 2.11
Table 4.3: Calculated values at 5K for the same quantities as described in Table 4.2 for an effective n/, = 0.1n,. Note that

all the samples are found to be well-insulating at this temperature. The interdroplet distance D; is very sensitive to the hole
density p, and since p increases rapidly with temperature, the ratio D;/& can become comparable to unity at relatively low
temperatures enabling a transition to the “metallic” phase.

S3ILIINIOONOHNI 3TVOSONVN 40 T13d0N ¢t
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ing droplets (D;/§ ~ 1). To obtain the separation of the droplets, we note that the
total number of holes in a droplet with both bands considered is Nj, = MRPJ'
These holes are “drained” from an area of size R such that N, = mR%*p. We thus
get the size of the catchment area of a droplet, R = \/m. The distance Dj
between the surfaces of neighboring droplets is then Dy = 2(y/R,1Rc — Rp1). As-
suming that the potential well corresponding to second subband is also centered at
the well corresponding to first subband, we find the distance between the droplets
corresponding specifically to holes in the second subband, Dy = Z(W —R,2).

From Tables 4.2 and 4.3, we see that the droplet size is fairly constant for different
temperatures and hole densities. Sample 1 is insulating at all temperatures. The
behavior of the remaining samples differs significantly for 7' = 77 K and T' = 5 K. For
these samples at 77 K, the interdroplet separation is comparable to the localization
length £ which means that they are more “metallic’. Note that the interdroplet
distance is larger for Sample 4, which gives rise to an Arrhenius-type behavior in
a wide enough temperature range. At T = 5 K, the interdroplet separation far
exceeds £ so that all the samples are in the insulating regime. That does not agree
with experimental results because Samples 2 and 3 exhibit a quasimetallic behavior
even at T = 5 K. This could result from the strong dependence of Dy on the sample
parameters (the carrier density, for example) at low temperatures. Thus, the droplet
picture following from our calculations being quite reasonable at T' = 77 K, may
give overestimated values of the interdroplet distances at T' = 5 K. Since Dy is
very sensitive to the carrier density p, and p changes rapidly with temperature, the
insulator to metal crossover will take place in Samples 2-4 as the temperature is
increased from 5 K. We also find that in contrast to the usual situation encountered
in GaAs heterostructures, where the contribution of all but the lowest subbands can

be neglected, in Sample 1, the second subband is also occupied.

The energy level spacing, A, of a droplet can be found by noting that addition
of a hole to a droplet increases R, by an amount 1/ M The difference of the
values of Epax 1 of the droplets of size R, 1 +1/ \/ﬂ—ng and R, 1 respectively gives us
the level spacing at the chemical potential. The level spacing is of the order of 30
K, which falls within the range of the measured activation energies for resistivity.
As one approaches the metal-insulator crossover, the potential barrier separating
neighboring droplets (see Eq. (4.10)) decreases. Holes near the Fermi level in the
potential wells can be thermally excited above the potential barrier to energies above
the percolation threshold; this is an alternate mechanism for transport as against

the usual inter-droplet tunneling followed by Coulomb blockade.
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Using the reduced dopant density n/, does not affect the droplet sizes significantly
but it does reduce R. by a factor \/m, thus bringing the system closer to the
metallic percolation transition. Sample 1, which has higher dopant density, thus is
more insulating as the potential fluctuations are large. Since we are looking at the
charge distribution at the moment, we have ignored magnetism. Magnetism, and

its effect on transport will be considered in the next section.

4.3 Resistivity

The droplet picture developed in the previous section can be used to understand the
experimentally observed temperature dependence of the resistivity of the insulating
samples. We will study the resistivity of Samples 1 and 4 where the holes are well-
localized in a droplet phase. In addition to localization effects, we will also need to
take into account the effect of ferromagnetic correlations.

In absence of magnetism, as in many disordered insulators, the temperature
dependence of resistivity is expected to be of variable-range hopping type at very
low temperatures and of Arrhenius type at higher temperatures. In the Arrhenius
regime, one could either have nearest-neighbor tunneling together with an activation
energy of the order of the mean droplet level spacing, A, or the classical thermal
excitation over the barrier separating neighboring droplets. Our resistivity measure-
ments will not distinguish the two mechanisms and we will denote the Arrhenius
energy fitting the data by EF4; and E4 = A for the tunneling mechanism, which
was estimated in the previous section. We analyze the behavior of resistivity across
the mean-field Curie temperature T, below which the ferromagnetic correlations
increase rapidly. There is no continuous transition to a ferromagnetic state in two
dimensions at a finite temperature and T is a characteristic energy scale of the
order of the exchange interaction associated with the ferromagnetism. Since the
resistivity peak is in the vicinity of 30 K, we are in the Arrhenius regime. This was
experimentally observed for Samples 1 and 4.

In absence of magnetism, the resistivity would behave as p(T) ~ ef4/T. When
the droplets are magnetically polarized, there is an additional energy cost associated
with introducing an extra charge into a given droplet if the spin orientation of
the electrons in the droplet differs from that of the extra charge. Suppose the
droplets are individually polarized (with different orientations) and let 6;; be the
angle between the magnetizations of droplets at sites ¢ and j. When a hole tunnels

between these two droplets, the extra energy cost A?}ag at the destination droplet
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depends on the relative orientations of the magnetizations
A?;-ag = J(1 — cos b;j). (4.11)

If magnetic order in the droplet is induced by the Mn layer, then J is related to
local magnetization in the Mn layer. If magnetic order is mainly determined by the
interaction of holes in the quantum well then J is related to the exchange interaction
in the droplets. Our analysis is not dependent on the mechanism of ferromagnetism
since J and T¢ are phenomenological parameters. The temperature dependence of
resistivity is governed by the total energy F4 + A?}ag associated with introducing

an extra charge carrier into the droplet j from a neighboring droplet ¢
p(T) ~ ABEA/TJrJ(lf(cos@ij))/T, (412)

where we have approximated (e~ 8%5/T) ~ ¢=(0s0:5)/T For a two-dimensional fer-
romagnet, (cos0;;) = e~ P1/&(T) where 27, 28, 29

e0s(T) = { a/\/1-Tc/T, T>Tc (413

aexp[rTc/2T), T<Te

Here a ~ 1/\/nq is a length scale of the order of inter-atomic separation of the Mn
dopants (ng id the total Mn density). T¢ is the Curie temperature, below which the
ferromagnetic correlations increase rapidly. If ferromagnetism is intrinsic to the Mn
layer, then due to disorder, we expect the local ferromagnetic interaction J to be
larger than the global transition temperature 7. For a homogeneous distribution of
Mn atoms, J ~ T¢ for the same mechanism of ferromagnetism. If ferromagnetism
is due to indirect exchange mediated by the holes, then T falls with interdroplet

tunneling probability and is smaller than J in general.

Fig. 4.8(a) shows the calculated resistivity as a function of temperature. While
we assumed a T of 30 K, the peak in the resistivity appears at a significantly lower
temperature. This is a characteristic feature of the 2D DMS heterostructures in con-
trast with bulk DMS where the peak appears near the critical temperature Ty which
for Heisenberg ferromagnets is not very different from the Curie temperature T¢.
In the bulk case, while the peak does not also coincide with Tp, it is nevertheless
possible to obtain the critical temperature based on resistivity measurements [1].
The key physical difference is that the magnetic correlation length for bulk DMS

diverges upon approaching T from higher temperatures, whereas in 2D, the mag-
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Figure 4.8: (a) Calculated resistivity (in arbitrary units) as a function of tempera-
ture. Parameters from Sample 1 were used for the plots. We assumed a degree of
ionization of 0.1, ferromagnetic transition temperature To = 30 K, exchange inte-
gral J = T0K. The peak in the resistivity occurs at a temperature lower than T.
(b) Plot of log(&xs/D1) showing the variation of magnetic correlation length &y, for
Sample 1 as a function of temperature (solid line). The dots show log[p(T)/p(77K)]
for the same sample. The anomaly in the resistivity p(7") occurs in the vicinity of
the temperature where &3/ D1 ~ 1.
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Figure 4.9: Observed temperature dependence of resistance for (a) Sample 4, in
units of the resistance at 70 K, and (b) Sample 1, in units of the resistance at 90 K
(points), and theoretical fits (solid lines). Sample 4 is near the percolation threshold
and Sample 1 is well-insulating. The fits were made using Eq. (4.12). Parameters
such as the activation energy E4 and the droplet separation D; were chosen close
to the values obtained from the droplet model. The magnetic parameters J and T
were then varied to obtain the above fits. In both cases, the best fit value of T¢ is
significantly larger than the temperature, at which the resistance anomaly (hump or
shoulder) is observed. At lower temperatures, the resistivity becomes variable-range
hopping type (not taken into account in our model). For Sample 4 in panel (a), the
values used for the fit are Dy =2 nm, F4 = 9 K, J = 39 K, and T = 30 K; for
Sample 1 in panel (b), the parameters are D1 = 9.4 nm, E4 = 51 K, J =56 K, and
Tc =49 K.
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netic correlation length remains finite except at 7' = 0 (see Eq. (4.13)) due to the
absence of true long-range ferromagnetic order at finite temperatures. The peak is
related to the temperature when the magnetic correlation length in the Mn layer
becomes comparable to the interdroplet separation. Temperature corresponding to
this peak is determined by the specific values of parameters of the sample and not
only by T¢. Fig. 4.8(b) shows that the shoulder in the resistivity of Sample 1 occurs

near the temperature where {3;/Dy ~ 1.

In Fig. 4.9, we show the observed resistance and a fit based on our model
(Eq. (4.12)) for Samples 1 and 4. Parameters such as activation energy E4 and
droplet separation Dy were chosen close to values obtained from the droplet model.
Magnetic parameters J and Ty were then varied to obtain the above fits. While
making the fits, we made following observations. Position of the peak or shoulder is
sensitive to T and D4, while J and F 4 determine the sharpness of the resistance
anomaly. If Dy is reduced, then (cos6;;) = e P1/m(T) changes from 0 to 1 at a
higher temperature, which shifts the resistance anomaly to a higher temperature.
Increasing T also shifts the anomaly to a higher temperature. We found that values

of D1 and E4 chosen near the calculated values generally gave good fits.

The resistivity anomaly can be understood qualitatively from our droplet pic-
ture in following way. We assume that the ferromagnetism is intrinsic to Mn-layer
and the droplet polarization follows the local Mn magnetization. T corresponds
to the temperature below which magnetic correlation length (£ys) start increasing
rapidly in Mn layer. But since the droplet separation is much larger than Mn sep-
aration, onset of ferromagnetism in Mn layer does not affect transport significantly
at temperatures near To. At lower temperature, when £y becomes comparable to
droplet separation Dj, inter-droplet tunneling probability increases rapidly which
gives a decrease in the resistivity. This gives a dip in the resistivity which results
in the peak/shoulder feature. As the temperature further decreases, the magnetic
part saturates and the activated behaviour starts dominating which at further lower
temperatures becomes variable range hopping. In metallic samples, as the droplet
separation is lower, the peak lies closer to T¢r. These results clearly show that, un-
like the bulk magnetic semiconductors, the peak position should not be used as an
estimate for T of the Mn layer in these heterostructures, specially for non-metallic
samples. Our analysis is also supported by the anomalous Hall effect measurements
in these samples (Fig 4.5) which show saturation at temperatures much above the
peak temperature [17]. This shows that there is significant ferromagnetism in Mn

layer much before the peak appearance in resistivity. The values of fitted parameters
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are shown in figure 4.9

4.4 Summary

We studied the effect of disorder, Coulomb interaction and ferromagnetism on
the transport properties of 2D heterostructures d-doped by Mn. Observation of
Shubnikov—de Haas oscillations for fields perpendicular to the 2D direction of the
quantum well confirmed the two-dimensionality of these samples. Resistivity mea-
surements as well as previously measured magnetic hysteresis [7, 19, 20] and anoma-
lous Hall effect [6, 17] established magnetic ordering at low temperatures. We stud-
ied the two most insulating samples using our droplet model.

We showed that at low carrier densities, interplay of disorder in the spatial dis-
tribution of dopant Mn atoms and screening effects by holes in the 2D quantum
well leads to electronic phase separation in the quantum well. For this phase, we
obtained typical sizes of the hole droplets, their mean separation, and their en-
ergy levels. Unlike conventional nonmagnetic GaAs/AlGaAs heterostructures, a
two-subband model was used here as the carrier density was much larger in these
heterostructures. We introduced a simple nearest-neighbor hopping model for the
resistivity of this droplet phase taking into account discreteness of energy levels in
the droplets and the effect of ferromagnetic correlations between spins of neighbor-
ing droplets. Values of the parameters in the resistivity model were obtained from
droplet model where possible. Ferromagnetic parameters such as Curie temperature
were varied to fit the observed data. A good agreement with the experiments was
obtained.

An important understanding that emerged from our study is that a resistance
anomaly is possible in 2D even if there is no magnetic transition. The second find-
ing concerns the relation between position of the peak or shoulder in the resistivity
data and the Curie temperature. Unlike 3D DMS systems where such resistance
features are found in the vicinity of the critical temperature Ty (which is not very
different from the Curie temperature T for Heisenberg ferromagnets), we showed
that in 2D DMS heterostructures, the peak or shoulder-like feature does not directly
give the Curie temperature, and furthermore, the Curie temperature can be sub-
stantially larger than the temperature at which such features are observed. This
statement is supported by the AHE results presented in Fig.4.5. It is seen that for
insulating Samples 1 and 4, the AHE saturates at temperatures well above the peak

temperature which means that T is higher than the peak temperature. Physically,
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this is because the resistivity changes once the magnetic correlation length becomes
comparable to the inter-droplet separation. Clearly, the difference between Curie
temperature and the position of the resistivity peak will be stronger for more insu-
lating samples. However if our approach is adapted to insulating 3D DMS systems,
we would expect, like other works, a resistivity anomaly in the vicinity of the critical

temperature as the correlation length diverges at T¢.
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Chapter 5

Conclusion

In this thesis, we studied disordered two dimensional quantum systems. In our study
of Kondo lattice scenarios in d—doped semiconductor heterostructures, we analyzed
nuclear magnetic resonance (NMR) method as a tool to probe the electronic state
of a two-dimensional electron gas (2DEG) in a quantum well. In these systems,
the Si d—layer produces a fluctuation potential profile for the 2DEG which can lead
to bound states for the electrons. These localized electrons act as local magnetic
moments (for odd number of bound electrons in a potential well), scattering the
conduction electrons in the quantum well which gives a prototype Kondo system.
Conduction electrons also mediate magnetic RKKY interaction between the local
moments which competes with the Kondo screening and can be tuned by changing
the carrier density in the quantum well. Depending on the arrangement of ionized
Si atoms, the local moments in 2DEG could either form an ordered lattice or be
in a disordered state. Distinguishing these two scenarios is not easy by standard
transport measurements. We showed that the temperature dependence of nuclear
relaxation rates (77 ') has distinguishable features for different possible electronic
states in the quantum well. In the spatially ordered state of local moments, 7" !
shows an exponential increase at low temperatures in RKKY dominated regime
which is clearly distinguishable from the disordered state which has small nuclear
relaxation rate. NMR, could thus be used to confirm the formation of an artificial
Kondo lattice in semiconductor heterostructures. NMR can also distinguish between

the Kondo coupling dominated regime and the RKKY regime.

Next, we studied effects of external magnetic impurities in Kitaev spin-1/2 hon-
eycomb lattice model. The model has very anisotropic spin interactions and is ex-

actly solvable with a spin liquid ground state with both gapped and gapless regimes.
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Exact solvability of the model make it relatively simpler to explore disorder effects.
We coupled a spin-S impurity to a Kitaev spin in the gapless phase of the model
and looked for a possible Kondo effect due to screening of impurity spin by the gap-
less excitations. We analyzed scaling behaviour of the coupling constant using Poor
Man’s scaling approach. The impurity coupling scaling has an unstable fixed point
K¢ irrespective of the sign of impurity coupling. Coupling constant flows to infinity
for K > K¢ while for K < K¢, it flows to zero. Another interesting feature of the
Kondo effect in Kitaev model is that the unstable fixed point separates topologically
distinct sectors of the Kitaev model and the strong coupling phase has finite flux
with a zero energy Majorana mode at its center. We also studied the nature of
interaction between two distant magnetic impurities mediated by the gapless Majo-
rana fermionic excitations. The inter-impurity interaction has an interesting feature
that it is a non-dipolar RKKY interaction proportional to SiS% /r3 provided that
(i) each impurity couples to more than one lattice site (bonds) on the host and (ii)
the impurity spin S is not a spin-1/2.

In our study of charge transport in §—doped magnetic semiconductor heterostruc-
tures, we analyzed the influence of magnetism and disorder in Mn d—layer on the
resistivity of two-dimensional hole gas (2DHG) in the quantum well. Disorder po-
tential from ionized Mn atoms and non-linear screening of the potential by the
holes in 2DHG leads to formation of charge droplets in the quantum well at low
carrier densities. Charge transport then takes place by carriers hopping between
the droplets and shows Arrhenius behaviour. Measured resistivity for these systems
shows a peak/shoulder anomaly in its temperature dependence. We estimated sizes
of the droplets, their separation and energy level separation in the droplets etc. We
then incorporated effects of ferromagnetic correlations in the hopping probability
and showed that resistivity anomaly can be qualitatively explained by our model.
The resistance anomaly appears when magnetic correlation length in Mn layer be-
comes comparable to droplet separation such that droplets spins also become aligned
which increases the hole tunneling probability and gives a dip in the resistivity. This
temperature can be significantly different from the mean field Curie temperature for
ferromagnetism in Mn layer (unlike bulk 3D systems) specially for systems in insu-
lating regime and the peak position should not be used as a measure of the Curie

temperature in these 2D ferromagnetic semiconductor structures.



