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ESR-STM of a single precessing spin: Detection of exchange-based spin noise
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Electron Spin resonance scanning tunneling microscopy~ESR-STM! is an emerging technique which is
capable of detecting the precession of a single spin. We discuss the mechanism of ESR-STM based on a direct
exchange coupling between the tunneling electrons and the local precessing spinS. We claim that since the
number of tunneling electrons in a single precessing period is small (;20), one may expect a net temporary
polarization within this period that will couple via exchange interaction to the localized spin. This coupling will
randomly modulate the tunneling barrier and create a dispersion in the tunneling current which is a product of
a Larmor frequency component due to the precession of the single spin and the dispersion of the spin of the
tunneling electrons. This noise component is spread over the whole frequency range for random white noise
spin polarization of electrons. In the opposite case where the power spectrum of the spins of the tunneling
electrons has a peak at zero frequency an elevated noise in the current atvL will appear. We discuss the
possible source of this spin polarization. We find that for relevant values of parameters the signal-to-noise ratio
in the spectral characteristic is 2–4 and is comparable to the reported signal to noise ratio.1,2 The magnitude of
the current fluctuation is a relatively weak increaing function of the dc current and magnetic field. The
linewidth produced by the back action effect of tunneling electrons on the precessing spin is also discussed.
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There is a growing realization that the technique of el
tron spin resonance scanning tunneling microscopy~ESR-
STM! is capable of detecting the precession of a single s
face spin by modulating the tunneling current at the Larm
frequency. This technique was successful in measuring
mor frequency modulations in defects in semiconduc
surfaces1 and in paramagnetic molecules.2 The increasing in-
terest in this technique is due to the possibility to detect
manipulate a single spin.3

The alternative technique that allows one to detect sin
spin is the optically detected magnetic resonance~ODMR!
spectroscopy in a single molecule.5 In comparison, ESR-
STM has the unique ability to correlate spectroscopic inf
mation with spatial information, detected at the atomic lev
It also allows one to manipulate the position of the sp
centers at the atomic level.4

There have been several proposals for the mechanism
detection. One is a polarization of the mobile carrie
through spin-orbit coupling and modulation of the LDOS
a result of the precession.6 Another one is the interferenc
between two resonant tunneling components through
magnetic-field-split Zeeman levels.7 Both of these mecha
nisms rely on a spin-orbit coupling to couple a local spinS to
the conduction electrons and have assumedno spin polariza-
tion of tunneling electrons. Recently, however, Durkan an
Welland2 observed a strong signal in a system with a s
stantially smaller spin-orbit coupling than what was assum
in the calculations.6,7 Motivated by these experiments w
addressed a question: what is the role of thedirect exchange
interaction between the localized spin and the tunneling e
trons. The exchange interaction has a tremendous influe
on the physics of conducting substances when magnetic
purities are present8 and it is natural to ask here: Does e
change interaction play a role in ESR-STM also?
0163-1829/2002/66~19!/195416~5!/$20.00 66 1954
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We find that a direct Heisenberg exchange interaction
tween the localized spin and conduction electrons is cap
of producing a modulation of the tunneling current. T
qualitative difference compared with the previous models
that we consider temporal fluctuations of the spin polari
tion of the electrons that are tunneling between the tip a
surface. The spin-orbit interaction is irrelevant for this co
sideration. We argue in this paper that although the spin
larization of the tunneling electrons is zero in the long tim
limit, it is not zero on the scale of the period of the prece
sion, typically 1/vL;2 ns. On this time scale there are ve
few electrons that pass nearby the localized spin. There
ists a temporary spin polarization of the tunneling electro
which may interact through an exchange interaction with
localized spin center.

It is important to point out that the ESR-STM techniqu
performs anoise spectroscopy. We do not drive the single
spin with an external coherent rf field, and we are basica
detecting an incoherent phenomenon~we avoid here the
question of the meaning of this concept on a single-part
level!. There have been several demonstrations in the pa
detecting magnetic resonance with noise spectroscopy.9 We
argue that it is possible to get a noise-related signal from
exchange interaction between the tunneling electrons and
localized surface spin center.

The overlap of the electron wave function in the tip a
surface, separated by a distanced, is exponentially small and
is given by aspin-dependenttunneling matrix element

Ĝ5G0expF2AF2JS~ t !ŝ

F0
G , ~1!

where we consider the spinS(t) in the magnetic fieldBuuz,
precessing with the Larmor frequencyvL5gmBB, Ĝ is un-
©2002 The American Physical Society16-1
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derstood as a matrix in spin indexes,F is the tunneling bar-
rier height, F is typically few eV, and we assumeF
54 eV, andF05\2/8md2 is the energy related to the dis
tance between tip and surfaced.11 The exchange term in th
exponent is small compared to the barrier height and we
expand the exponent inJS. Explicitly Ĝ can be written as

Ĝ5G0exp@2~F/F0!1/2#FcoshS JS

2F
AF

F0
D

1ŝn„t…sinhS JS

2F
AF

F0
D G , ~2!

where G0 describes spin-independent tunneling in the
sence ofJ. Note that the dynamics of the spin is now a
sorbed in the time dependence of the unit vectorn(t):S
5nS. Let us now give a simple qualitative description of t
effect we address here. Leaving aside the constants we
that the tunneling conductance has a part that depends o
localized spin,

dI ~ t !;n~ t !s~ t !, ~3!

and in a scalar productn(t)s(t)5nz(t)sz(t)1nx(t)sx(t)
1ny(t)sy(t) only a transverse part, which depends on
x,y components of the localized spin and the spin of
tunneling electrons, will describe precession in a magn
field (Buuz is assumed!. We will focus on the transvers
terms below. To make the argument as simple as possible
will assume at the moment that the spinS(t) is a simple
periodic function of time, nx(t)5n'cos(vLt),ny(t)
5n'sin(vLt), with periodT52p/vL . It is convenient to in-
troduce a time average of the current overT, DI
51/N( i 51

N dI (t i), where the sum overi 51 . . .N is over the
number of electrons that will tunnel between the tip a
surface in timeT, with an averageN̄5I 0T, which is depen-
dent on the dc current in the systemI 0:

DI 5
1

N (
i 51

N

sx~ t i !n
x~ t i !1~x→y!. ~4!

This term represents the fluctuations of tunneling current
to the interaction with the single precessing spin. Then
dispersion of the current, which depends on the preces
components, is given by the dispersion of the quan
( i , j 51

N nx(t i)nx(t j )@sx(t i)s
x(t j )#. If the spin-wave functions

of the tunneling electrons are not correlated between dif
ent tunneling events, we find

S (
i 51

N

sx~ t i !nx~ t i !D 2

1~x→y!;N̄. ~5!

Therefore the dispersion of the current due to the excha
interaction between the localized precessing spin and
spin of the tunneling electrons is

^DI 2&¯

I 0
2

;^~nx!2&
N̄

N̄2
1~x→y!;

1

N̄
, ~6!
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where the result is normalized to the dc current magnitu

We find that the magnitude of the fluctuations (^DI 2& )̄1/2 is
on the scale of a few percent of the dc current for expe
mentally relevant values of the parameters; see Eq.~11!. If
the spins of the tunneling electrons are totally uncorrelat
this noise component will be smeared over the whole f
quency range. However, as we show below, if some tunn
ing electron spin polarization exists, a strong noise peak
appear atvL .

We argue that this simple mechanism is in agreement w
several experimental observations, such as the intensit
the signal and the signal’s linewidth. From Eq.~6! we can
immediately conclude that the mean square fluctuation of
spin-dependent current is aweak increasing function of both
the magnetic field and dc currentwith power 1

2 :

~^DI 2& !̄1/2;~ I 0B!1/2. ~7!

We will now give a derivation of the results. Consider th
setup that is used in ESR-STM, Fig. 1. Since the tip is v
close to the magnetic site, we assume that the Heisen
exchange coupling between conduction electrons that tu
across the barrier and the localized spinS5nS is typically on
the order of a fraction of eV. Hence the effective barrier, se
by the tunneling electron, will depend on the spin of t
conduction electron.

Let us first discuss the relevant time scales of the pr
lem. For I 05e/te51 nA current the electron tunneling rat
is 1/te;1010 Hz. The electron precession frequency at fie
B;200 G is aboutvL/2p5500 MHz, T5231029 sec. Per
single precession cycle there are aboutN̄520 electrons that
tunnel between the tip and the surface. As we indica
above, the fluctuation of the electron spin is appreciab
;(N̄)1/2;4, for such a small number of electrons.

FIG. 1. ~Color! Schematics of the ESR-STM experiment. Th
fluctuations in the spin polarization of the tunneling electrons at
time scale of the precession,T, will be nonzero and will scale as

1/N̄. N̄51/eI0T is the average number of electrons tunneling b
tween the tip and surface during one precession cycle. Once th
is positioned close to the localized spin, the exchange interac
between the localized spin and the tunneling electrons will mo
late the tunneling current. The conditions in which this rando
modulation will create avL peak are discussed in the text.
6-2
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~a! Spin-dependent tunneling. We model the effect of the
Heisenberg interaction as a spin-dependent tunneling ba
For practical purposes we can assume that the preces
localized spinS(t) is slow compared with the typical tunne
ing time of electrons.

The Hamiltonian we consider describes a spin-depend
tunnneling matrix element between the tip (L electrode! and
the surface (R electrode!:

H5(
k,a

e~k!cLa
† ~k!cLa~k!1~L→R!

1(
k,k8

cLa
† ~k!Gab cRb~k8! . ~8!

We assume that the magnetic field is along thez axis: Buuz.
The tunneling current operator will contain a spi
independent part that we omit hereafter and a spin-depen
part

d Î ~ t !5G1n~ t !s, ~9!

where G15g0sinh@(JS/2F)(F/F0)1/2#. We introduced a
renormalizedg05G0exp@2(F/F0#)

1/2] that determines the
dc current at a given biasV: I 05g0V. The current-current
correlator, normalized to dc current, is then

^d Î ~ t !d Î ~ t8!&
¯

I 0
2

5FsinhS JS

2F
~F/F0!1/2D G2

3 (
i , j 5x,y,z

^ni~ t !nj~ t8!&s i~ t !s j~ t8 !̄.

~10!

We explicitly separate the averaging over the dynamics
the localized spin̂AB& and the averaging over the ensemb
of the tunneling electronsAB̄. For the spin dynamics we us
^nx(t)nx(t8)&;cos@vL(t2t8)#exp(2gut2t8u) and similarly for
y component. For the averaged-over-timeT current-current
correlator we will have a result similar to Eq.~10! with dI
→DI @see definition in Eq.~4! and above#. This brings an
additional factor of 1/N̄.

To estimate the magnitude of the current fluctuations
to the coupling to the localized spin we will takeJ
;0.1 eV. This is typical for an exchange interaction in sem
conductors and metals.13 The barrier heightF.4 eV, spin
S51/2. To estimateF05\2/8md2 we assume a typical tun
neling distanced54 Å. This yieldsF0.0.1 eV. For these
parameters we find

~^DI 2& !̄1/2

I 0
.

2

AN
¯

sinhS JS

2F
~F/F0!1/2D.0.01 ~11!

andG150.02g0. The magnitude of the fluctuation is in th
10 pA range for a tunneling current ofI 051 nA and is
within the observed range.1,2 This is a magnitude of the fluc
tuating current in the time domain due to the exchange in
action between the precessing single spin and the tunne
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electrons. This current fluctuation will give a peak at t
Larmor frequency once there exists some spin polarizatio
the tunneling current on a time scale of the relaxation time
the single spin. For finite spin polarization, the size of t
noise component will be larger also. Thus the value of 10
represents a minimal intensity. Actual signals will increa
with the degree of spin polarization of the tunneling ele
trons.

~b! Back action effect of the tunneling current on the sp.
One can use the tunneling Hamiltonian, Eq.~8!, to estimate
the decay rate of the localized spin state due to the inte
tion G1. To second order this calculation is equivalent to t
Fermi golden rule calculation and we have 1/ts

5pG1
2NLNR eV. Similarly, the dc tunneling currentI 0 is

given by the tunneling rate of conduction electrons, 1te

5pg0
2NLNR eV, whereNL,R is the density of states at th

Fermi level of the tip and surface, respectively.12 One finds,
by combining these two equations,

1

ts
5

1

te

G1
2

g0
2

.431024
1

te
. ~12!

This result has a simple interpretation: The electron tunn
ing rate 1/te;1010 Hz gives the attempt rate for the tunne
ing electrons. The probability to flip the localized spins
proportional toG1

2, which gives Eq.~12! for the linewidth.
We estimate 1/ts.43106 Hz. This estimate is within an
order of magnitude of the reported linewidth.1,2 Given the
uncertainty in the parameters used we believe this is a
sonable result; for example, if we takeJ50.05 eV, we will

find (^DI 2& )̄1/2/I 0;1022 and the linewidth will change by
factor of 4, 1/ts.106 Hz. The linewidth will increase with
the increased spin polarization of tunneling electrons. Fut
experiments will help to clarify the linewidth dependence
J,B, and other parameters.

In the above discussion, we have assumed that the dyn
ics of the local spin is controlled by the magnetic field on
and no decoherence mechanism, except back action, is
cluded. In practice there are other sources of dephasing
precessing spin that will add to the back action effect
tunneling electrons and details will depend on the spec
material. In this context we point out that the ESR linewidt
are quite narrow for magnetic centers in semiconductors
insulators even at room temperatures, typically few MHz14

In the case of a single spin the linewidth will be narrower
the inhomogeneous broadening is not an issue in this ca

For any source of decoherence, be it back action sca
ing or interaction with the environment, the localized sp
will be scattered from the ground state and produce mi
states with nonzerôSx&,^Sy&, required to have precessin
spin. No phase coherence between different precessing s
is required as we are looking at the single site.

~c! Spectral density of the current. The Fourier transform
of the current-current correlator will give a power spectru
of the current fluctuation, Eq.~10!:
6-3
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^I v
2 &¯

I 0
2

5FsinhS JS

2F
~F/F0!1/2D G2

3 (
i 5x,y,z

E dv1

2p
^~ni !v2v1

2 &~s i !v1

2̄ , ~13!

where^(ni)v
2 &.g/@v2vL)21g2] is the power spectrum o

n(t) fluctuations and (s i)v
2̄ .gs /@(v)21gs

2 # is the power
spectrum ofs i(t) which we approximate as a Lorenzian
zero frequency with the width given by the maximumgm
5max(g,gs). We get for a spectral power density

^I v
2 &.̄I 0

2FsinhS JS

2F
~F/F0!1/2D G2 gm

~v2vL!21gm
2

. ~14!

Hereafter we omit the subscriptm in gm for simplicity. We
assume thatgs<g and gm.g. It is useful to relate this
spectral density to the shot noise power spectr
^I shot

2 (v)&52eI0Dv. We have

^I v
2 &¯

^I shot
2 ~v!&

5FsinhS JS

2F
~F/F0!1/2D G2 1/teg

~v2vL!21g2
.

~15!

At the Larmor frequency we find that signal-to-noise ratio

^I v
2 &¯

^I shot
2 ~v!&

5FsinhS JS

2F
~F/F0!1/2D G2 1

teg
.2 – 4, ~16!

and we see that signal is large and certainly detectable a
close to what has been observed experimentally. We useg
;1/ts51 MHz for a linewidth and 1/te51010 Hz and
sinh@(JS/2F)(F/F0)1/2#50.02 for our values of the param
eters. We also point out that the above analysis could
equally applied to other configurations—say, the curren
nanostructures with no STM tunneling current.

In order to get a well-defined signal atvL a transverse
spin polarization must exist in the tunneling current~longi-
tudinal components cannot interact with the time-depend
components of the single spin!. There are several possibil
ties in which such a polarization might be created: The fi
obvious possibility is due to the absorption of a paramagn
atom or cluster on the tip. The magnetic moment at the e
of the tip will feel a strong magnetic anisotropy which w
tend to force it in the direction of the easy axis~not neces-
sarily in thez direction!. Such a paramagnetic tip can be
source of spin-polarized tunneling electrons in the transve
Re
th

v
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direction. One may think of such a polarization even in t
absence of a paramagnetic tip. The time-independent com
nent of the single spin~which is in the z direction! may
introduce a transverse polarization in points where the s
polarization changes from parallel to antiparallel. Such
phenomenon occurs, for example, with a dominant quad
polar exchange interactions whereJ goes through zero as
function of distance.15 Further work is required to understan
the mechanisms of polarizing the tunneling electrons.

As a direct outcome of this analysis we discuss the p
sible use of a paramagnetic tip. A tip of this sort can
prepared by evaporating a thin magnetic layer on it.10 Work-
ing with such tips may enable a more well-defined expe
ment where the spin polarization of the tunneling electro
will be dependent on the type of paramagnetic material
posited on the tips.

There are many possibilities to modify the tip materi
from working with a antiferromagnetic tip, to a superco
ducting~at low temperatures! tip ~for example made by Nb!
to take advantage of the Meissner effect, and to crea
signal with stronger intensities.

In this paper we have shown that the temporal spin po
ization of tunneling electrons can interact through t
Heisenberg exchange interaction with the precessing s
We have shown that such a mechanism can create an
evated noise level at the Larmor frequency with an intens
and linewidth which are comparable to what is detected
perimentally.

The potential scientific merit of this technique is ve
large. Several milestones have to be achieved on diffe
spin systems to bring this technique to maturity: Detection
the hyperfine couplings, observation of ESR-STM sign
from well-defined defects or atoms on the surface, and
servation of spin-spin interactions from neighboring spi
After all these results are shown it might be possible to pro
that the ultimate goal, a single spin, could be indeed
tected. It also would be very interesting to observe the eff
of an external excitation field on the signal~excitation and
saturation!. Successful achievement of these milestones w
result in a very powerful technique with a broad range
applications.
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