Noise Spectroscopy of a Single Spin with Spin Polarized STM
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ABSTRACT

We propose a novel way for detecting the dynamics
of a single spin center on a non-magnetic substrate. In
the detection scheme, the STM tunnel current is corre-
lated with the spin orientation. As a consequence, the
notse in a spin polarized STM tunneling current gives
valuable spectroscopic information on the spin dynamics
of a single magnetic atom. This is an example of “noise
spectroscopy” in which by probing the noise of a small
quantum system we may directly monitor its dynamics.
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1 INTRODUCTION

No fundamental principle precludes the measurement
of a single spin, and therefore the capability to make
such a measurement simply depends on our ability to
develop a detection method of sufficient spatial and tem-
poral resolution. The standard electron spin detection
technique- electron spin resonance- is limited to a macro-
scopic number (> 10'%) of electron spins [1]. Recent
experiments on a spin polarized STM [2] opened new
possibilities of investigation of magnetic systems at spa-
tial resolutions of the Angstrom scale. The bulk of the
experiments performed to date were on magnetically or-
dered states, such as antiferromagnets.

Here we propose to use a spin polarized STM tun-
neling current to gain spectroscopic information on a
single magnetic atom on a non-magnetic surface. The
set up 1is similar to the one used in a recent ESR-STM
experiments. A scheme is depicted in Fig.(1). We will
consider a magnetic atom of spin S placed on an oth-
erwise non-magnetic substrate. As we will explain in
the text, the noise in the current flowing from the STM
tip will allow us, in certain instances, to immediately
measure the single spin time dependent susceptibility.
This is yet another case where the spectroscopy of the
noise in the current easily allows us (where other meth-
ods often fail) to directly probe the highly disordered
quantum states of a microscopic system (in this case a
single spin).

The outline of this article is as follows: In section(2),
we derive the general relation between the noise (|§/(w)|?)
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Figure 1: The experimental setup. The surface tip sep-
aration distance is d. The single magnetic atom on the
surface is marked by a solid circle. The spin polarized
current emanating from the STM tip is schematically

shown by the open spin up polarized ovals.

in the current and the single spin susceptibility y(w).
Under quite general circumstances, the noise in the cur-
rent is directly proportional to the single spin suscepti-
bility, so that measuring the noise in the current imme-
diately gives us valuable information about the single
spin susceptibility. In Section(3), we will elaborate on
the origin of the spin dependent tunneling matrix ele-
ments that form much of the backbone of our proposal.
In Section(4), we will discuss the decoherence resulting
from backaction effects. Here, we will also relate the
spin scattering relaxation rate and DC charge transport
and estimate how large the various quantities might be
in realistic setups. We will conclude, in Section(5), by
evaluating the typical signal to noise ratios for our ex-
perimental proposal.

2 HOW TO PROBE THE SPIN
SUSCEPTIBILITY VIA A
MEASUREMENT OF THE NOISE

There is a major difference between probing a sin-
gle spin (as discussed here) and probing a macroscopic
magnetic system. In the case of a single atomic spin
S(t), we perform a measurement on a microscopic state
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of the that is quantum and highly fluctuating due to in-
teractions with its environment. The experiments that
we envision are done at high enough temperatures and
sufficiently low magnetic fields. In such instances, the
spin state is disordered. The tunneling experiment dis-
cussed here 1s a specific example of noise spectroscopy,
wherein we extract spectroscopic information, such as
the single spin relaxation time 7™ from the measure-
ment of the noise in the current. The main idea of noise
spectroscopy 1n STM is that the time dependence of
the tunneling current will have a characteristic relax-
ation time that is directly related to spin relaxation time
T™. The time varying tunneling current /(t) will have a
fluctuating component, apart from its average DC value
Iy. Current noise is given by the Fourier transform of
the time-dependent fluctuations of the electrical current
leading to the power spectra (|I(w)|?) within the fre-
quency domain. Here, we will focus on the power spec-
trum of the tunneling current and argue that it will be
proportional to the local spin susceptibility,

17

X(w):<sw's—w>:m, (l)

of the single atom on the substrate. 7™ denotes the
relaxation time to the polarization axis of the single local
spin (for a macroscopic collection of spins, this would
become the familiar 7' of NMR gauging the relaxation
time of the average magnetization to the polarization
axis). A long time exponential relaxation for y(t) =
(S(t)S(0)) ~ exp[=t/T~], has as its Fourier transform
the Lorentzian of Eqn.(1).

Examples of noise spectroscopy include the noise NQR
measurements [3], noise in Faraday rotation [4] and, re-
cently, noise spectroscopy of a local spin dynamics in
STM [5]. The central feature present in all of these
examples is that the quantum system is not driven by
external fields. Rather, the noise in the signal itself
(e.g. thermal, shot, ...) sans any applied polarizing
field allows us to extract spectroscopic information! We
will consider the excess noise produced by a single spin
whose time dependent quantum state we wish to probe
and suggest that over a certain parameter range, the ex-
cess noise generated by the single spin may overwhelm
the noise in the current in its absence.

To make matters concrete, consider the tunneling be-
tween two contacts in a presence of a localized spin S.
The Hamiltonian of this system assumes the form

H = {__>_ €L72»0C271(,CL710

+ Z (‘217.a[t0 + tlg ’ daﬂ]CRn’ﬁ
nn’«f
+ Z CEHQ[{’LS ’ &a@]CLn’ﬁ} + (L —r R) (2)

nn'af

In the above, ¢,5 is the Pauli matrix vector with ma-

trix indices a and 3, the fermionic C’/\nmc];na are the
annihilation and creation operators of electrons in the
n-th eigenstate of the lead A = L, R with ¢ = %1 the
(up/down) spin polarization label. The left lead (L) is
the STM tip, and the right lead (R) refers to the sur-
face. The wavefunctions of our system are superposi-
tions of the direct product states |¥p) @ [¥s) @ |[¥r) -
the direct product of the state of the left contact, the
impurity spin, and the right contact. The tunneling ma-
trix ¢ present in the second term of Eqn.(2) couples all
of these different states. It has two contributions: the
term proportional to ¢y describes the spin independent
tunneling while the term proportional to t; (and to ty g
in the third term) depicts the spin dependent contribu-
tions arising from the exchange interaction for electrons
tunneling to the magnetic atom. The third term cou-
ples the each lead (L or R) to the impurity spin. Only
the second term in Eqn.(2) will give rise to net current
flow from the left to the right contact. In section(3), we
will explain the origin and elaborate on the magnitude
of the spin independent and dependent terms.

Henceforth, we will assume that the tunneling elec-
trons are partially spin polarized. There are several sit-
uations where such interactions may materialize. One
is a ferromagnetically coated tip. The tip then has an
excess chemical potential difference 2(dp,) between the
two different spin polarizations: €rno = €rn + 0dp,.
Yet another possible realization is that the tip is anti-
ferromagnetic. As the tunneling occurs out of the last
atom on the tip, even an antiferromagnetically ordered
tip lead to spin polarized tunneling. As may be seen
by perusing the spin dependent contribution to ¢, the
tunneling electrons generate a magnetic field and exert
torques on the localized spin S on the surface [7]. In the
aftermath this leads to corrections to the spin dynamics.
To lowest order in ¢y and ¢y g, however, such effects are
not present.

To make our expressions slightly more concise, we
will employ the Heisenberg representation and absorb
the time dependence in all operators {O} le. O(t) =
exp[iHt]Og exp[—iHt], with O = O(t = 0) the oper-
ator in the Schroedinger representation which we now
forsake. All expectation values (O(t)) that appear will
represent (¢(0)|O(t)[)(0)) with ¢ (¢t = 0) the zero time
wave function of the Schroedinger representation which
does not evolve within the Heisenberg formulation.

By directly computing d Ny, /dt we find that the elec-
tronic current

[ = —ie Z Czna[iodag +t1S(T,) ~0'&L@]CR”/[5 + h.c., (3)
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with e the electronic charge.
We see that the tunneling current has a part that
depends on the localized spin,

§I(t) = et S(t) - Topin(t), (4)
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where
Lyin(t) = —ich Gupers + hec. (5)

i1s the spin polarization dependent contribution to the

electronic current. We assume that there is a non-vanishing

steady spin polarized current component tunneling from
the tip to the surface, aligned along (or defining) the z
axis: ([;Pm(z‘)> =J; . A% + time dependent fluctuations,
with a finite A # 0. To lowest order in ¢, the electronic
current-current correlation function originating from the
spin dependent part that we wish to probe,
{o1(1),61(t")}) = 1 (S" () () (Lpin () i (1))

+(t e 1), (6)

where {} denotes a symmetrized correlator, i, j = z,y, z
denote the spin components. To lowest non-trivial or-
der in ¢, we need to treat the two temporal correla-
tion functions x(t — ') = (S’Z(t)sz (") and C(t =1') =
<]spin (t)[ipin(t/» - <[;pin(t>><[§pin (t/» = 6iyldj)z‘4 (fOI’
|t —t'| = o) independently [6]. To make connection
with the main proposal in this paper, we note that,
when Fourier transformed, the symmetrized correlator
({81(t),61(t")}) in Eqn.(6) is none other than the cur-
rent noise spectrum at various frequencies originating
from the local spin. For small (1 /ty) < 1 (the experi-
mental situation), O(({81(t),d1(t')}) = (11 /to)*12 (with
Iy the magnitude of the electronic current).

In evaluating the spin current correlator C'(¢), we
ignore the fluctuating contributions present for short
times (large [requencies). The spin current correlator
C'(1) has a finite, asymptotic, long time value, A, that
reflects the spin polarized DC current out emanating
from the STM tip [6]. In Fourier space, the current
power spectrum is given by a convolution of the two
power spectra associated with S (i.e. y(w)) and o (the
spin current correlator C(w)):

dwr

(st = [ 5

X(wi)C(w —wi) + (w = —w).
(7)

At low frequencies, C'(w) =~ 27 Ad(w), and, consequently,

m

(87(@)]*) = 24> (w) + . (8)

The ellipsis in Eqn.(8) refer to the contribution to the
convolution of Eqn.(7) from the finite frequency (short
time) contributions to C'(t).

Eqn.(8) is our central result. It vividly illustrates
how the spectroscopy of the noise in the tunneling cur-
rent (|61(w)|*) allows us to directly probe the spectrum
of spin fluctuations encapsulated in y(w). The spin po-
larized tunneling current provides a reference frame with
respect to which we may measure the fluctuations of the
localized spin S(t).

3 THE ORIGIN OF THE SPIN
DEPENDENT TUNNELING

We now elaborate on the origin and magnitude of
the spin dependent tunneling matrix elements of Eq.(2).
The spin dependence of the tunneling originates from
the direct exchange dependence of the tunneling barrier
[5]. The overlap of the electronic wave functions of the
tip and surface, separated by a distance d is exponen-
tially small and is given by a spin dependent tunneling
matrix element,

®— JS(t) - &

| ()

=~ exp[—

where we explicitly include the direct exchange between
tunneling electron spin o and the local spin S. Here, J
is the exchange interaction between the tunneling elec-
trons and the local precessing spin S. In the above, { is
to be understood as a matrix in the internal spin indices,
and @ is the tunneling barrier height. Typically, ® is a
few eV. As a canonical value we may assume ® = 4eV,

by = ngdg is related to the distance d between the tip
and the surface [8]. As the exchange term in the ex-
ponent is small compared to the barrier height, we may
expand the exponent in .JS. Explicitly, t may be written

as

t =ty +tio-S(t), (10)

where,

P . 6]
to :*,fexp(»(@/tljo)l/z)cosh[%\/a], (11)
0

describes spin independent tunneling. The spin depen-
dent amplitude,

o . IS [® )
t :’yexp(—((b/@))l/“)Slnh[ﬁ\/(}TO]. (12)

For estimates we may employ the typical rule of thumb
fl/t() ~ % << 1.

4 BACKACTION EFFECT OF THE
TUNNELING CURRENT ON THE
SPIN

We may use the tunneling Hamiltonian of Eq.(2) to
estimate the decay rate of the localized spin state re-
sulting from the spin scattering interaction associated
with ¢;. To second order this calculation is equiva-
lent to a simple application Fermi’s golden rule for the
up-down spin flip rate leading to Tl = mtiNLNgeV,
with V' is the voltage applied between the left and right
electrodes. Similarly, the DC tunneling current [ is
given by the tunneling rate of conduction electrons % =
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Wt;“;z\’LAK*’Relr’, where Ny g denotes the density of states
at the Fermi level of the tip and surface respectively [9].
Comparing these simple results, we find

1 ty 51 JS 51
— = ()=~ 22

Ts to! T ﬁ) Te

(13)

The important outcome of this analysis is that the
current induced broadening predicts a spin relaxation
rate ;l: o Iy which may be experimentally tested. This
result has a very simple interpretation: the impinging
foreign electron tunneling rate for a DC current of mag-
nitude /p = InA is given by % ~ 10'°H z. By contrast,
the probability to produce a spin flip, sparked by the
tunneling electrons, is proportional to ¢, which leads to
Eq.(13) for the linewidth. The full intrinsic line width is
further enhanced by the coupling of the spin to the envi-
ronment (e.g. the interaction between the spin and the
substrate phonons) which may indeed further increase
the spin flip rate. The net observed linewidth,

(1)~ 4] (14)

enuv?

includes both backaction contributions (77!) and afore-
mentioned linewidth broadening due to coupling to the
environment (77,1 ). The backaction relaxation time scales
set a trivial upper bound on the net relaxational linewidth
of the single impurity spin.

Given the typical values of the parameters in Eqn.(13),
we estimate ;1: ~ 4 x 10°H z. Future experiments will
help to clarify the linewidth dependence on the various
parameters.

5 A SIZABLE SIGNAL TO NOISE
RATIO

The anticipated signal (the excess noise induced by
the impurity spin) to noise (the noise already present in
the absence of the impurity spin- the shot noise) ratio
can be quite significant.

To obtain estimates of orders of magnitude we may
employ Egs.(2,3, 5,8). In the final analysis, we obtain

BIw =R J T
B oo~ ) =

~1-100,  (15)

where the DC current [p = =. To quote typical num-

bers, J ~ 0.1 — 1 eV, and ‘as noted earlier, & ~ 4
eV. Typical relaxation times employed in the above are
T ~ 107% — 107° seconds and 7. ~ 107!% seconds
(InA). This sizable ratio offers promise to such a sin-
gle spin detection experiment and related small system
applications.
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