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Current *
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Detection and manipulation of a single spin is essential for spin-based quantum information and computation. We
propose an experimental method to detect the Larmor precession of a single spin with a spin-polarized tunneling
current. The calculation demonstrates that the modulation of the tunneling current is significantly increased as
compared with the non-spin-polarized current. The signal-to-noise ratio in the current power spectrum will be
dramatically improved by this method. The longitudinal relaxation time can be measured by temporal control
of spin orientation with pulses of magnetic field or radio frequency electromagnetic wave, while the transverse
relaxation time can be derived by analyzing the resonant peak profile with a spectrum analyzer. Such ability in
characterizing spin relaxation is of particular interest in providing insights into the coherence/decoherence of a

single spin.

PACS: 76.30.—v, 07.79.Cz, 76.30.Da DOI

As a potential building block for quantum infor-
mation and computation,'?! single spin has attracted
significant interest in the past decade. Various experi-
mental techniques have been developed for single spin
detection and control, such as nano-devices based on
a single electron quantum dot,[’l magnetic resonance
force microscopy,!!! spin-flip spectroscopy,”! spin po-
larized scanning tunneling microscope (SP-STM),"!
and electron spin resonance scanning tunneling mi-
croscopy (ESR-STM).["*] Among these techniques,
ESR-STM is unique for its potential ability in access-
ing spin coherence with the highest spatial resolution.
In an ESR-STM, a paramagnetic spin undergoes Lar-
mor precession in a magnetic field and induces a mod-
ulation in the tunneling current at a radio frequency,
which can be detected with a preamplifier and a spec-
trum analyzer. Such a modulated signal has been ob-
served in a few systems including defects on the semi-
conductor surface,”>'"! radicals of an adsorbed organic
molecule,l'") and transition metal atoms.!'?] However,
the reported signal-to-noise (S/N) ratio up to date is
mostly poor, and the underlying mechanism is still
controversial.['>'* Further investigations, especially
the design of a novel experimental method for achiev-
ing a higher S/N ratio, is deeply deserved for the ad-
vancement of ESR-STM and the exploration of single
spin dynamics.

In this Letter, we propose for the first time an
experimental method to detect the Larmor preces-
sion of a single spin with a spin-polarized tunneling
current. The modulation of tunneling current due
to the spin precession is calculated by employing the
Tersoff-Hamann model. Experimental methods to de-
rive the longitudinal relaxation time 77 and trans-
verse relaxation time T, of a single spin are further
illustrated. The influence of various experimental pa-
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rameters, such as temperature and tunneling current
magnitude, on the spin precession signal are also dis-
cussed. By using a spin-polarized tunneling current,
the S/N ratio is significantly increased and the theo-
retical derivation is also simplified.

Figure 1 shows our proposed schematic diagram of
the experimental setup. Compared to the non-spin-
polarized STM tip used in previously reported ESR-
STM experiments, a spin-polarized STM tip with po-
larization rate P is implemented here. The spin po-
larization direction of the tip is parallel to the sample
surface, which can be achieved by depositing a mag-
netic film with specific thickness on a tungsten tip.!"”!
A relatively small magnetic field (several hundreds of
Gauss) perpendicular to the sample surface is gener-
ated by an electromagnet. A passive filter separates
the direct-current part and the oscillating rf part of
the tunneling current. The dc part is fed into normal
STM electronics for feedback control and topographic
data acquisition. An rf preamplifier and a spectrum
analyzer are employed to detect and analyze the pre-
cession signal.

The Hamilton of a single spin in magnetic field B
can be written as

geB
= %Sm (1)

H=— u-B
where p is the magnetic momentum of an electron,
g is the g-factor, e is the electron charge, m. is the
electron mass, and 5, is the spin operator. The direc-
tion of the magnetic field is defined along the Z axis.

The time-dependent wave function of the spin can be
described with the Bloch sphere modell*?! as

geB
2me,

la(t)) = cos §|0> +sin g exp [z ((p + t)] 1, (2)
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where |0) and |1) are eigenstates for spin-up and
spin-down states, respectively; 6 and ¢ are polar
and azimuth angles in the Bloch sphere, as shown
in Fig.2(a). The spin state undergoes a precession
around the Z axis at the Larmor frequency wg =
geB/(2m.). As mentioned above, the magnetization
of the tip is oriented parallel to the sample surface.
If we set the X axis along this direction and the tip
has a polarization rate P, then the mixed tip state is
a mixture of |z¥) and |z~) with probability £ and
%, respectively, where |2%) is the spin state along
the £X direction. By its definition, P is a real number
that varies from 0 to 1. In the case of a small magnetic
field (several hundreds of Gauss), the tip spin is fixed
and does not undergo Larmor procession, and the tip

spin density matrix

S _1/r1 P
ptlp—2 P 1

can be treated as a constant.
The total tunneling current is calculated by em-
ploying the Tersoff Hamann model.l'”]

2me s
I(V) = - Z | M, |*0(E}, — Ej — eV)
o,V

(B = F(EB)], 3)

where E/(E;) is the energy level of the tip (sample)
state, and f(F) is the Fermi distribution function.
The tunneling matrix is given by

M,u,l/ = <1/JZ|UT|’¢}S>’ (4>

where 9/,(5) is the electronic wave function of the
tip (sample), and Uy is the potential of the tip. The
electronic wave functions can be written as a direct
product of the spatial part and spin part,

)
s cos &
Yo = (sin gei(W+th) > @&(r),

: i 14P
ot = {|$+> ® x(r), with probability 4=,
“ - ; i 1-P

|z7) ® x(r), with probability 5=,

()

where x(r) and £(r) are the spatial wave functions
of the tip and the sample. For simplicity, the spin-flip
process during tunneling is ignored in the present con-
sideration, which results in diagonalization of the tip
potential Ur in spin space. The tunneling matrix can
thus be simplified to

|M[? = (a(®)lpepla(t)) * [{x|U[€)]%,

where the spin-related part («(t)|puip|(t)) has a form

of
1 Psinf

2
The total tunneling current can be written as

cos(wpt).

I = Iy[1 + Psin 6 cos(wot)], (6)

where I is defined as the spin-averaged part of the
tunneling current. From Eq. (6), it is clear that tun-
neling current has an oscillating component at the
Larmor frequency wp, as shown in Fig. 2(b). Under a
typical magnetic field of 100 Gauss and assuming a g-
factor of 2, the Larmor frequency is around 280 MHz.
Such a signal can be detected with an rf preamplifier
and further analyzed with an rf spectrum analyzer,
where the peak frequency and the resonance profile
can be derived to reveal the value of g-factor and the
spin lifetime, respectively. Equation (6) also shows
that the amplitude of the oscillating current is propor-
tional to the polarization rate P. In the conventional
ESR-STM experiment, it is assumed that the current
polarization is caused by current fluctuation, which is
estimated to be on the order of 0.01.'*] In contrast,
a spin polarized tip typically has a polarization rate
P of about 0.2-0.3,[ so our method can dramatically
enhance the S/N ratio.

Ground

STM feedback
and control

DC amplifier

Spectrum
analyzer

RF amplifier

Fig. 1. Schematic diagram of the proposed experimental
setup. The tip magnetization direction is parallel to the
sample surface, while the applied magnetic field is perpen-
dicular to the sample surface. A passive filter separates the
dc part and the rf part of the tunneling current. The rf
signal is detected and analyzed by an rf preamplifier and
a spectrum analyzer.
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Fig. 2. (a) Single spin precession under the Bloch sphere
model. (b) Total tunneling current as a function of time.
Ip is the dc part of the tunneling current. The oscillating
part is at the Larmor frequency wg, and its amplitude de-
pends on the tip polarization rate P and the polar angle
6 in the Bloch sphere.

When a single spin is perturbed by its surround-
ings, its effective g-factor will deviate from that of a
free electron spin. Since the Larmor frequency changes
linearly with the magnetic field, the effective g-factor
of a single spin can be detected by analyzing the reso-
nance frequency while modulating the magnetic field
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B (to eliminate the influence from a stray field),

2me Aw,
e AB’ (™)

g

As aresult of spin-environment interaction, such as
electron-orbital coupling, hyperfine coupling with sur-
rounding nuclear spins, or electron-phonon coupling,
the Larmor precession of a single spin has a finite life-
time. In general, there exist two spin relaxation paths,
named as longitudinal spin relaxation and transverse
spin relaxation. The longitudinal spin relaxation is
the process that the spin state evolves from its initial
state to a thermal equilibrium state with a time con-
stant T;. The transverse spin relaxation, also known
as the spin-spin relaxation, usually results in the expo-
nential decay of transverse magnetization with a time
constant T5. For a single spin, the transverse spin re-
laxation is characterized by a random phase jump of
its spin state. By detecting relaxation time 77 and 75,
we can obtain the information about spin-substrate
interaction, spin-spin interaction, spin-current inter-
action, and spin coherence/decoherence.

Microwave or magnetic field
0
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Fig.3. Method to measure the longitudinal relaxation

time 77 by monitoring the spin precession signal. A mi-
crowave pulse or magnetic field pulse is applied to pump
spin into excited state in which the precession signal is sup-
pressed. After the pulse is switched off, the spin relaxes to
the thermal equilibrium by longitudinal relaxation and the
precession signal recovers to its normal value. The char-
acteristic time of this recovery process is the longitudinal
spin relaxation time 77.

Typically, the longitudinal spin relaxation time 77
is much longer than the transverse spin relaxation
time T5. It is hard to derive 77 from resonance peak
broadening as it is dominated by 75. In STM config-
uration, T can be measured by applying a microwave
pulse or a magnetic field pulse, as shown in Fig. 3.
The microwave pulse can be generated by an elec-
tromagnetic coil or a thin metal wire (about 10 um
in diameter) near the tunneling junction. The pulse
width is set to 7/2, which drives a spin state from the
zy-plane to the z-axis!'®! as presented in the Bloch
sphere. After the pulse is switched off, the spin state
and thus the precession amplitude evolve to the equi-
librium with time constant 77, as shown in Fig. 3

In the Bloch sphere, the spin state evolution can
be characterized with the polar angle 6 that can be
derived from the amplitude of the Larmor precession.

At the thermally equilibrium state, the polar angle 0
in the Bloch sphere is determined by the Boltzmann
distribution 9
2V _AEjkT

tan 5 =€ ) (8)
where AE = geBh/(2m,) is the Zeeman energy, k
is the Boltzmann constant, and T is sample temper-
ature. The temperature dependence of sinf, which
is linear to the amplitude of the precession signal, is
shown in Fig.4 with a different magnetic field B. In
an STM operated at a temperature of about 50 mK
and under a magnetic field of 200 Gauss, the polar an-
gle 6 is about 89.2°. By turning on a strong magnetic
field pulse, say 5 Tesla, the spin can be polarized with
0 decreasing to 8°. After the pulse is switched off, the
spin decays with a time constant 77 to the equilibrium
state where the angle 6 returns to 89.2°.
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Fig.4. Temperature dependence of the Larmor preces-
sion signal under different magnetic fields of 200 Gauss,
1T, and 5T.

In contrast to the longitudinal relaxation, the
transverse spin relaxation is represented by the ran-
dom phase jump of the spin precession. Such random
phase jump will result in a perturbation in the oscil-
lating tunneling current as follows:

I = Ih[1 + Psinf cos(wot + ¢(t))], (9)

where ¢(t) undergoes random jumps. Figure 5(a)
shows the tunneling current as a function of time un-
der transverse spin relaxation. For weak interactions,
we can assume that these phase jumps are indepen-
dent to each other, as in a Poisson process. Therefore,
the possibility that two adjacent phase jumps occur-
ring with a time interval 7 is

o(r)=e /T, (10)

where T5 is the average phase jump interval. The cur-
rent autocorrelation function can be calculated by

T

Gr)= lm . /0 I (01(t + 7)de
2p2 2 .

= %sm@e,% cos(woT). (11)

According to the Wiener—Khinchin theorem, the
Fourier transformation of the correlation function
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gives the power spectrum of the tunneling current at
the proximity of wp,

S(w) A 515 P?sin® 0, (12)

- A2 + (w — wp)

with A= 1/T5. Such a power spectrum can be directly
measured with the rf spectrum analyzer. The res-
onance peak position in Eq.(12) is the Larmor fre-
quency, hence this can be used to calculate the effec-
tive g-factor as mentioned above. The resonance peak
has a Lorentz shape broadening with a full width at
half maximum (FWHM) of 2, as shown in Fig. 5(b).
The intensity of the resonance depends on the mag-
nitude of the current, the spin polarization of the tip,
and the polar angle of the single spin as determined
by the magnetic field and the temperature (Eq. (8)).

(a)

T1 T2 T3

Current (arb. units)

Time (arb. units)

(b)

Spectra intensity
(arb. units)

wo

Frequency (arb. units)

Fig. 5. (a) Tunneling current as a function of time under
random phase jumps. (b) Power spectrum resulted from
transverse spin relaxation. The peak central is at the Lar-
mor frequency, the resonance has a Lorentz line profile
with FWHM of 2A.

Normally, the longitudinal spin relaxation will also
contribute to the peak broadening as measured with a
spectrum analyzer. The longitudinal relaxation time
T1, however, is much longer than 75 in most practical
systems. Thus, the spectra broadening and the mea-
sured FWHM are mainly determined by the trans-
verse spin relaxation. The influence of longitudinal
spin relaxation on the measured spectra profile can be
treated as a perturbation and can be subtracted.

One of the sources of transverse spin relaxation in
our measurement setup is the spin-polarized tunneling
current. The interaction between the spin-polarized
tunneling electron and the spin will cause extra phase
jumps in spin precession. The mean time interval be-
tween two phase jumps is inversely proportional to the
tunneling current magnitude 7 o< e/I. The induced
peak broadening then is proportional to the current,
A = agzl /e, where ay is the coupling coefficient that

characterizes the strength of the spin-current interac-
tion. To understand the spin-current interaction and
to elucidate its contribution to the total spectra broad-
ening, it is necessary to obtain an accurate value of
as. This can be achieved by measuring the differen-
tial change in spectra broadening while modulating
the current magnitude. We have

Qg = e%. (13)
For a typical experimental setup, I~1nA,
FWHM~300 kHz, we estimate that ag is in the order
of 1075.

Besides electron spins, the dynamic behavior of a
nuclear spin can also be investigated in this proposed
setup. Because of its relatively long spin lifetime,!'"!
nuclear spin has long been proposed as a quantum bit.
The hyperfine nuclear-spin interaction makes it possi-
ble to detect the behavior of a nuclear spin through an
electron. It has been demonstrated that in some ma-
terials, such as tellurium donors in silicon,!*”! the hy-
perfine interaction is strong enough to generate an ob-
servable change in electron spin resonance. We expect
that such modulation in electron precession frequency
due to the nuclear spin state can also be detected with
our proposed experimental method.

In summary, an experimental method has been
proposed to detect the Larmor precession of a sin-
gle spin with a spin-polarized tunneling current. The
signal of precession can be significantly increased by
employing a highly spin-polarized current. The spin
coherence/decoherence of a single spin center, due to
both longitudinal and transverse relaxations, can be
revealed with temporal pulse control and spectra anal-
ysis. Such an experimental method may in the near
future play a significant role in exploring quantum in-
formation and computation based on individual elec-
tron spin or nuclear spin.
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