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Force-detected electron-spin resonance:Adiabatic inversion, nutation, and spin echo
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(Received 29 July 1997

Electron-spin resonance &' centers in vitreous silica was studied using force-detection techniques at
temperatures down to 5 K. Cyclic adiabatic inversion of electron spins was performed by frequency modula-
tion of the applied microwave magnetic field. This produced an oscillatory magnetic force between the electron
spins and a nearby permanent magnet, resulting in the vibration of a cantilever on which the sample was
mounted. By pulsing the microwave field prior to the force-detection sequence, nutation of the spins could be
observed. Spin echoes were observed mechanically using a modified echo-pulse sequence. The decay of
magnetization during cyclic adiabatic inversion was also studied and is discussed in terms of utility for future
single-spin detection experimen{§0163-182@8)03702-3

[. INTRODUCTION silicon orbitals!’ For spin densities on the order of
10" cm™3, E’ centers are known to havig relaxation times
Recent experimental wotk!® has demonstrated sensitive on the order of seconds at temperatures as high as 5280 K.
detection of both electron-spin resonarfESR and nuclear Such long relaxation times are well suited for cyclic adia-
magnetic resonand@&MR) using magnetic resonance force batic inversion experiments.
microscopy(MRFM).12=4In typical MRFM experiments, a The present work serves several purposes. First, we dem-
kilohertz-frequency magnetic force is generated by usingnstrate that cyclic adiabatic inversion can indeed be used
magnetic resonance to periodically modulate the samplwith an electron-spin system to generate a detectable oscil-
magnetization in the presence of a strong magnetic-field grdating force. After describing basic MRFM signals frai
dient. The oscillatory force is then sensed via angstrom-scaleenters, we show measurements of nonequilibrium magneti-
vibration of a cantilever on which the sample is mounted. zation states due to nutation and spin echoes. Finally, we
In previous ESR-MRFM experiments, modulation of the study the relaxation behavior &’ centers during cyclic
sample magnetization has been accomplished by cyclic sat@diabatic inversion and measure the rate of magnetization
ration using modulation of the microwave magnetic fiBld  decay as a function of the appli& field. While the experi-
and/or modulation of the polarizing fieBl,.>'° Cyclic satu- ments presented here were performed using a micron-size
ration implicitly depends on having an ensemble of spinssample containing millions of spins, we believe that the mag-
whose relaxation time is much shorter than the modulatiometization decay results, in particular, will be useful for plan-
period, allowing the magnetization to saturate and recovefing future single-spin experiments. Related experiments on
nearly instantaneously as the sample is driven in and out diulk samples have been carried out using a conventional
resonance. Since the concept of saturation relies on the bESR spectrometer modified to detect adiabatic rapid passage
havior of an ensemble, cyclic saturation is not a suitablesignals!®
technique for future MRFM experiments directed towards
the detection of individual electron spins. Il. FORCE DETECTED ESR
An alternative modulation method that should be extend-
able to the single-spin level is cyclic adiabatic inversion,
previously used for force-detected NMR in micron-size The experiments were performed using a low-temperature
sampled. In cyclic adiabatic inversion, the spin magnetiza- magnetic resonance force detection apparafuschemati-
tion is aligned either parallel or antiparallel to the effectivecally shown in Fig. 1. The sample material was synthetic
field in the rotating frame, while the direction of the effective vitreous silica(Spectrosil that was irradiated b§°Co y rays
field is periodically inverted by modulating the frequency of (4.4x 10° rad) to produceE’ centers?® The spin concentra-
the B, field. For cyclic adiabatic inversion to be effective, tion was measured to be %x30'%cm’® using a standard
the rotating frame relaxation tiffémust be long enough for spin-counting techniqu¥. The spin-lattice relaxation time
a large number of inversion cycles to be completed, allowindr';, was 1.5 s at 5 K. A sample piece with approximate di-
a measurable cantilever vibration to build up. mensions 5Q:mx50 umX5 um was glued onto a commer-
Achieving a sufficiently long relaxation time is problem- cial single-crystal-silicon cantilevErwith a spring constant
atic for electron spins at room temperature since relaxatiok=0.07 N/m and a mechanical-resonant frequenty
times are commonly in the microsecond or nanosecone=5.46 kHz (with the sample loaded Angstrom-scale mo-
range. At low temperature, however, relaxation times areion of the cantilever was monitored by a fiber-optic
much longer and a number of electron spin systems exhibinterferomete? and synchronously detected with a lock-in
sufficiently slow relaxation. We have chosen to investigate aamplifier. In order to speed up the cantilever response time,
particularly attractive systenE’ centers in vitreous silica. damping feedback was applied to the cantilever using a pi-
E’ centers are defect sites characterized by singly occupiegzoelectric elemerft?324

A. Experiment
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FIG. 1. Schematic setup of the experiment.
probe sequence start stop
The sample was positioned 2@@n above the center of a . ) o .
microstripline resonaté?2526 that produced a microwave FIG. 2. (a) Time dependence of the cantllever-wbratl_on_ampll-
field B, at w/2m=12.6 GHz. The input power to the reso- tude. The start and stop of the probe sequence are |nd|.cated by
nator ranged from 4 to 140 mW, corresponding tBa arrows. The probe sequence consists of frequency modulation to the

. ! microwave field such thak w(t) = —Q cos(2rft), inducing cyclic
strength of 0.23 to 1.35 G. The polarizing fielty was a adiabatic inversion of the electron-spin magnetization. The peak

?Ombination of the hqmogeneous field from a SUpeI’Condm:trrequency deviatior(2/27r was 10 MHz.(b) Inverted cantilever
ing magnet and the inhomogeneous field 2300 G) pro-  esponse obtained when sample magnetization was adiabatically in-

duced by a permanent magnet located 800 away from  yerted by a frequency ramp before the probe sequence.
the sample. The permanent magnet created a field gradient of

2 G/lum and served to generate a magnetic force on thguences, wih 4 s between successive sequences to allow the
sample. Due to the field gradient, only spins in a certairspins to repolarize. As shown in Fig(a, the cantilever
“resonant slice” satisfy the magnetic resonance conditionyibrated in response to the probe sequence and a peak vibra-
o=7yBy, where y is the electron gyromagnetic ratio. All tion amplitude of~1 A-rms was achieved approximately 25

experiments were performed at low temperat(e10 K). ms after the start of the sequence. After the initial peak, the
amplitude decayed exponentially with a decay time constant
B. Cyclic adiabatic inversion of approximately 55 ms. This indicates thet decayed in

) , .. magnitude while it was modulated by the probe sequence.
An oscillatory magnetic force fro,r'n the resonant spins istaking into account the cantilever response time and lock-in
generated by a “probe sequence,” which consists of freyime constant, we estimate the decay time constant of the
quency modulation of the microwave field such thalt)  magnetization to be 25 ms. This magnetization decay will be
=wo+Aw(t), where wo=1yBo. Starting with Aw(0)= giscussed further in Sec. IV.
—2mx10 MHz=—(), the microwave field is switched on |, order to verify that frequency modulation Bf, indeed
and the frequency is modulated such thaw(t)=  cayses adiabatic inversion d, we applied a single addi-

—{) cos(2rfd). After several thousand cycled<0.4s),  tonal frequency ramp prior to the probe sequence. The mi-
the microwave field is switched off. Provided that the adia-crowave field was switched on withw=Q and then

batic conditioR’ is satisfied during the probe sequence, thisramped toAw=— Q. This ramp should adiabatically invert

sequence induces cyclic inversion of the resonant magnetly; The same probe sequence as before was then applied:
zation M, which follows the direction of the rotating frame Aw(t)=—Q cos(2rfl). As shown in Fig. 2b), cantilever

effective field vibration was excited, but with opposite phase compared to
the case in which only the probe sequence was applied. This
Bor(t) = ByX— Aw(t) 5 1) indicates that the magnetization before the start of the probe
eff ! ' sequence was indeed adiabatically inverted by the prepara-
R R tory frequency ramp.
where x and z are the unit vectors in the rotating frame.  An ESR spectrum can be obtained by measuring the can-
Consequently, the longitudinal component\foscillates at  tilever response to the probe sequence while sweeping the
a frequencyf ., causing the cantilever to vibrate. field from the superconducting magnet. Figure 3 shows the
Figure Z2a) shows the cantilever-vibration amplitude dur- peak amplitude of the cantilever vibration as a function of
ing a typical probe sequence obtained at 5.2 K using a miB,. The line shape is symmetric with a width of 12 G. This
crowave input power of 4 mWR;=0.23 G). Damping width, considerably broader than the intrinsic linewidth for
feedback was set to give a cantilever response time of af=’ centers results from the use of the large gradient with a
proximately 25 ms and a lock-in time constant of 3 ms wassample of finite thickness and from the large FM deviation
used. The signal was averaged over roughly 30 probe s&€/27=20 MHz (Q/y=7.1 G).
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FIG. 3. Force-detected ESR spectrum. The peak amplitude of .
the cantilever vibration is plotted as a function of the polarizing Pulse width L, (ns)
field strength. The peak deviatidv27 was 20 MHz, the cantilever ] ) ]
response time was 10 ms, and the signal was averaged over 50 FIG. 5. Force-detected nutation signal. The peak amplitude of

scans. The peak appears wHag= w,/y at the sample position. the cantilever vibration is plotted as a function of the width of a
microwave pulse, applied prior to the probe sequence. A micro-

wave power of 130 mW was used for the pulse, and 4 mW was

C. Steady-state magnetization during cyclic adiabatic inversion  ysed for the probe sequence. The dotted line is a fit to a damped
While the peak amplitude of the cantilever vibration re- cosinusoidal oscillation with an offset.

flects the state of the magnetization just prior to the probe o o i i
sequence, it is also interesting to investigate the steady-stat81=0-82 G). After the initial excitation, the vibration am-
cantilever vibration achieved at the end of the probe sePlitude decays and reaches a steady-state value of approxi-
quence. In Fig. 2, the cantilever-vibration amplitude decaygnately 0.3 A rms.
almost to zero by the end of the probe sequence; however, The steady-state value of cantilever-vibration amplitude
we found that this is not always the case and that the steadghanges sign as the external field is swept, leading to the
state amplitude depends on the strengths of BgtandB,.  bipolar spectruff shown in Fig. 4b). The cantilever-
Figure 4a) shows the cantilever-vibration amplitude during vibration amplitude reaches a positive steady-state value
the probe sequence with a microwave input power of 52 m\wwhen By is slightly above resonancdd¢— /y>0), and a
negative value wherB, is below resonanceBo— w/vy
<0). These results can be understood in terms of spin dy-

(@) namics in the rotating frame. In the steady stMeis locked

< parallel to Boy if Bo—w/y>0 and antiparallel toBgy if
2 Bo— w/ y<0.X* When cyclically modulated by the FM se-
2 T guence, the magnetization antiparallel Bgs generates an
?El - oscillatory force that is 180° out of phase with respect to that
6 | ’ M sy generated wheM is parallel toBg.
So
E I | | | | | 11l. NONEQUILIBRIUM MAGNETIZATION
2 _ _ MEASUREMENTS

Time(0.2s/div) A Nutation

probe sequence start  stop The initial peak amplitude of the cantilever vibration re-

(b) flects the state of longitudinal magnetization at the start of
the probe sequence. This fact can be used to probe nonequi-
librium states of magnetizatichTo demonstrate this, we
performed nutation and spin echo experiments.

Nutations can be measured by applying a microwave
pulse of widtht, before the probe sequence. The pulse

causes resonant spins to precess aBgyit B,X in the rotat-
000' L ing frame with an angular frequencyB;. As a result, the
’ 4500 4600 longitudinal component of M is given by M,
B,(G) = I\/_Io c_os(yBltp), whereMj is the thermal equilibrium mag-
netization. The probe sequence following the pulse generates
FIG. 4. (a) Time dependence of the cantilever-vibration ampli- @ 0scillatory force proportional thl, that excites the can-
tude with a microwave input power of 52 mB(=0.82 G). The tilever vibration. Figure 5 shows the peak cantilever-
vibration amplitude reaches a steady-state value by the end of thédbration amplitude as a function of the microwave pulse
probe sequencéb) The steady-state cantilever-vibration amplitude Width t,. A microwave input power of 130 mW was used
as a function of theB, strength. Absolute vibration amplitude is for the pulse and 4 mW was used for the probe sequence.
smaller than in(@) because greater damping feedback was used. The signals show an oscillation with a 270 ns period and

005

Vibration amplitude (A)
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gradually decreasing amplitude. The oscillation is superim- (a) 2 m w2

posed on a positive offset. Since the oscillation period cor- l I probe sequence
responds to Z/(vyB,), the amplitude oB, for the 230 mw  _ | . |  —————————
microwave pulse is determined to be 1.3 G. This result cali- <T_J

brates theB, field at the location of the sample generated by Ts

the microstripline resonator. (b)

The positive offset is due to off-resonance spins in the
sample(i.e., due to the field gradient and the finite sample

thicknes$. With the frequency deviatiof)/27=10 MHz .'.o
used for the probe sequence, spins that are off-resonance by )
|AB|=Q/y=3.6 G still contribute to the force signal L ° o

significantly>®® Rather than precessing aboBgx, these T T e e e
off-resonance spins will precess in a cone abBpi=Bx 00 01 02 03 04 05 06 07 08 09 10

+ABzZ, which is tilted 70° from thex axis (for B;=1.3 G). Pulse interval 7, (us)
Spins precessing in this cone will always have a positive ©
component, leading to a positive offset in the nutation.

Vibration amplitude (A)

The decay of the nutation is also attributed to off- % I
resonance spins. For the off-resonance case, the precession 8 2[ T5=0-5us
frequencyy| By differs from yB;, causing spins in differ- £ B =TS -pus o cdus
ent regions of the sample to precess at different rates. The & ,[ oo %} A 'B_ a
interference caused by a range of precession frequencies 5 o 20, A XY
leads to a gradual decay of the oscillation amplitude in the = | M
total nutation signal. This effect dominates over the decay S ol L
due to spin-spin relaxation processds decay, which are = 00 1.0 2.0
related to the much smaller homogeneous broadening. Pulse interval t, (us)

B. Spin echoes FIG. 6. (a) Pulse sequence used for the spin-echo experiment. A

microwave power of 130 mW was used for the pulses, and 4 mW

Spin echoes play an importar)t role in mqny magnetiQNas used for the probe sequence. Widthsr# and# pulses were
resonance techniques. In conventional magnetic resonancey@ ns and 140 ns, respectively) The peak amplitude of the can-

w/2-7-7 pulse sequence is used to generate an echo. Aftefiever vibration as a function of, , with a fixed7g=1 us. A peak
the 7/2 pulse, the spread in precession rates of the magnetippears whenr,~ r5/2, corresponding to a spin ech() Spin
zation due to local fields and the inhomogeneityBgfcauses  echoes observed with varioug. The amplitude of the spin echoes
a reversible decay of transverse magnetization. When a gradually decreases ag increases.

pulse is applied after a time, spins are refocused at

=27, leading to an echo, the size of which is given by IV. MAGNETIZATION DECAY

Mg exp(—27T,). Since the MRFM technique described here DURING ADIABATIC INVERSION CYCLES

is sensitive to the longitudinal component bf, the spin One key issue for the force detection of electron spins is
echo is detected by applying &/2-7-m-7'-m/2 pulse se- the relaxation rate of the spins while they are subjected to
quence. The lastr/2 pulse rotates the refocused magnetizacyclic adiabatic inversion. As mentioned earlier, the magne-
tion to the longitudinal direction, which is mechanically de- tization decays during the force-detection sequeifig. 2).
tected by a subsequent probe sequence. For a successful MRFM experiment, the spin magnetization
The experiment was carried out with the pulse sequenceust last long enough to excite the cantilever vibration to a
shown in Fig. 6a). The peak amplitude of the cantilever detectable level. The decay of magnetization can be due to a
vibration was measured while changing the time intemgl variety of effects, including spin-lattice relaxation in the ro-
between the firstr/2 pulse and ther pulse and keeping a tating frame, violation of the adiabatic condition, and spin-
fixed time intervalrg between the twar/2 pulses. This has spin relaxation processes.
the effect of “walking” the echo through the last/2 pulse. As shown in Fig. 7, the spin-lattice relaxation time in the
The widths of therr/2 and 7 pulses were 70 ns and 140 ns, rotating frameT,, can be measured by staying spin-locked
respectively. Figure @) shows the result forg=1 us. A on resonance for a variable time, before the probe se-
peak is observed at,=500 ns=15/2, corresponding to the quence. The data in Fig. 7 shows the peak cantilever-
refocus condition for a spin echo. vibration amplitude as a function of the spin-locking time for
The results for variousg are shown in Fig. €). In each  B;=0.23 G. The signal decreases exponentially towards a
case, a peak appears whegf=75/2, representing spin ech- steady-state value ag increases. The decay time constant
oes at various time intervals. With increasing, the peak was estimated to b&,,=190 ms, in reasonable agreement
height gradually decreases, presumably due toTthdecay  with the value measured using conventional technidties.
as in conventional spin echo experimeiftsthe observed The observed magnetization decay time constant during
decay time indicates &, on the order of Sus. For compari- repeated adiabatic reversals was found to be significantly
son, T, of 2.1 us has been measured previously using conshorter tharT,,,. For example, the observed decay time con-
ventional techniques on a silica sample containing a slightlystant in Fig. 2 was only 25 ms. To further investigate this
higher concentration of spirs. effect, we used the trapezoidal FM wave form shown in Fig.
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function of the spin-lock timer,, before the probe sequence. The  F|G. 9. A typical cantilever response for the trapezoidal modu-
dotted line is a fit to an exponential decay with an offset. The signalation. The line is a fit using the function in E¢). The magneti-
decays with a time constafi,=190 ms. The inset shows the FM  zation decay timer,, is found to be 46 ms in this cas®,
wave form used for the measurement. =1.35 G.

8, instead of the usual sinusoidal frequency modulation. The _ t _
slope of the linear frequency ramp in the wave form was set A(t)=j h(t")F(t—t")dt’, 4
such thaf y~*dw/dt| = |dBeg/dt|=3.0x 1¢P GIs. 0
The frequency modulation d; causes an oscillation of \yhere
longitudinal magnetization such that

_ Qeff _ L
M) = (1) o) @ N p( TC) °
’ V(B2 +[Aw()]? is the impulse response function of the cantilever. H&xg;

_ and 7.= Qg /7f; are the effective factor and 1¢ response
where M(t) is the magnitude of the magnetization, which time of the cantilever, respectively, taking into account the
varies slowly compared to the 5.5 kHz modulation fre-damping feedback. Equatiori8) and(4) lead to the cantile-
guency. The first harmonic Fourier componéim rms) of  ver response
M,(t) is approximately given by (22/7)M(t) for a Aw(t)

. . ~ t t
with a trapezoidal wave form. IM(t) slowly decays such Alt)= — exp( - _) —exp( - _)
Tm Tc
]- (6)

that M (t) = Mo exp(—t/7y), the rms amplitude of the result-
ing oscillatory force is given by

Qe ( 2v2 MG

7 l—7.l1y

-
l-exp — —
Tc

A typical cantilever response for the trapezoidal modula-
tion sequence is shown in Fig. 9. The observed cantilever
whereG is the field gradient anEb is a small background response was fit to Eq6) using three adjustable parameters
oscillatory force that is included to account for spuriousMo. Tm. andFy,. The other parameters were determined

+Fp

—~ V2 t
F(t):7Moe ex _T_ +Fb! (3)

feedthrough of the microwave modulation. independently. For Fig. 9, we found thaM=2.4
The rms amplitude of the cantilever respor&gt) is <10~ emu=2.6xX10'ug, whereug is the Bohr magne-
given by the convolution ton, andr,,=46 ms. The uncertainty in these results is esti-

mated to be on the order of 10%.
Magnetization decay time constantg obtained for vari-

\ /_\ 3OMHz/_ ousB; strengths are plotted in Fig. 10. Values of adiabaticity
Ao ¢ parameter’ yB?/|dB./dt are also indicated in the figure. It
, was found thatr,, increases aB, increases, suggesting that

\_ the magnetization decay is due to the violation of the adia-

batic condition,|dBeg/dtj<yBZ2. At the maximumB,, where
1/ f. 364 yB§/|dBeﬁ/<_:it|:_10,_ =46 ms and it appears to be _rgaching
a plateau, indicating that loss due to nonadiabaticity is no
FIG. 8. Trapezoidal FM wave form used to study magnetizationlonger dominant. Neverthelessy,, is still significantly
decay. The slope of the trapezoid is set such that'dw/dt| shorter thanT,,=190 ms. An additional mechanism for
=|dBeg/dt|=3.0x 10° G/s. magnetization decay, such as rotating frame cross-relaxation
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processes among spins in inhomogeneously broadened lingadiug generates a field gradient on the order of 10 G/A at a

might be responsible for the relatively sheft.° position~150 A below the tip. For an electron spin located
at this position and undergoing cyclic adiabatic inversion, the
V. CONCLUSION resulting interaction force is>¥ 10 " N-rms. To detect such

a small force in a detection bandwidth of 1/0.0520 Hz, a
We have demonstrated force detection of ESR signals asprce sensitivity of 2<10~%” N/\/Hz or better is needed to
sociated with theE’ centers iny-irradiated vitreous silica  achieve unity signal-to-noise ratio. Such force sensitivity
using cyclic adiabatic inversion. Frequency modulation ofwas recently demonstrated using ultrathin single-crystal sili-
the microwave field cyclically inverted the electron-spin con cantilevers? Assuming that the spin-relaxation time is
magnetization, resulting in angstrom-scale vibration of thenot adversely affected by the close proximity of the magnetic
cantilever. Using this technique, it was possible to measur@p, the long spin lifetime oE’ centers make them a suitable

nonequilibrium states of the magnetization, including elec-candidate for future single-spin MRFM experiments.
tron spin nutations and spin echoes. The results presented

here demonstrate that force detection is capable of a wide
range of magnetic resonance experiments.
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