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ABSTRACT

Amplitude-modulated microwave radiation was applied to the junction of a scanning tunneling microscope (STM). Rectification in the tunneling
current was induced by the microwave because of the nonlinearity of the junction. It is shown that this rectification current is proportional to
the d2//d V2 signal and exhibits spin-sensitivity. The magnetic domain at the apex of an iron-coated tip was manipulated by applying an external
magnetic field. The moment of spin flip and the magnetic hysteresis were measured by changes in the spin-dependent current through the
Cr(001) surface.

Various extensions of scanning tunneling microscopy (STM)  The experiments were carried out at 18 K with a home-
have been advanced to measure new physical quantities antuilt STM with a base pressure of2 10 Torr.° A pair
interactions in addition to topography. The integration of of external Helmholtz coils is used for supplying the dc
microwave radiation and lasers with the STM has drawn magnetic field. The central axis of the coils is parallel to the
much attention, in part to tap into the versatility of sample surface plane. Nonmagnetic piezoelectric electrodes
electromagnetic waves for excitatidiRectification in tun- were used to suppress magnetostriction induced by the
neling current has been reported, arising from the nonlinear external magnetic field. The microwave radiation is supplied
characteristics of the tunneling junctiérf The possibility by two turns of the central conductor of a $B semirigid

of imaging insulators was proposed by laser irradiation of coaxial cable; the end of the cable is soldered to the ground
the tunneling junctiod,or applying a microwave signal to  shield of the cable. The Cr(001) surface was chosen to
the tip,” samplé or tip with sample mounted in a resonant investigate the spin sensitivity of the rectification current
cavity? Frequency mixing® and photon-driven STRf were induced by the microwave. This surface is known to exhibit
also demonstrated by laser irradiation. In this paper, the alternating magnetization between adjacent terréc®he
microwave radiation is applied via a two-turn coil inserted Cr single-crystal surface was prepared by repeated cycles
in the STM junction, enabling nanoscale spectroscopy andof Net sputtering and annealing to 1013 K. W wires were
microscopy. The induced rectification current could be electrochemically ac etched to form blunt tips compared to
measured by a novel approach of microwave modulation andthose obtained with ac followed by dc etchings. The flat apex
used for probing nanoscale magnetism. Despite the macro-of such blunt tips was found to be a better template for Fe
scopic extent of the microwave radiation, antiferromagnetic fjjm growth and the attainment of spin polarization electrons.
domains at the nanometer scale could be resolved by spin-The tips were flashed in vacuo by electron beam annealing
sensitive rectification current induced by a near-field mi- {5 remove oxide, prior to coating with 20 monolayers of Fe
crowave. The resolution of the magnetic domains led to the by e-beam evaporation. The Fe-coated tips were annealed,
investigation of the magnetic properties of the thin film on  qj0wed by cooling in the presence of a 608 Oe magnetic

the tip apex. The spin direction and the spin polarization of fie|q. The RE coil was positioned between the tip and the
the sample were determined by recording the hysteresissamp|e_

curves of the tunneling current) (versus the magnetic field
(H). The stable junction tolerates the ramping magnetic field
and enables novét-H measurement in the STM geometry.

The microwave circuitry is illustrated in Figure 1a. In the
present experiment, the circuit was tuned to 800 MHz, and
the microwave was chopped at 200 Hz. A square wave

*To whom correspondence should be addressed. E-mail: wilsonho@ modulation in tunneling current was observed, as shown in
uct.edu. Figure 1b for 0.2 V rms microwave across the gap, arising
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Figure 1. (a) Microwave circuit diagram. The amplified microwave

is fed to a directional coupler; reflected power is monitored by the
oscilloscope and minimized by adjusting the impedance matching
with the stub stretcher. Transmitted radiation is amplitude-
modulated by a TTL-driven RF switch at 200 Hz for rectification
spectroscopy, and 3 kHz for microscopy. A two-turn RF coil is
inserted between the tip and sample. (b) Modulated tunneling
current vs time, showing different dc current enhancement during
the presence of the microwave radiation. The TTL (top waveform)
controls the RF switch; microwave radiation is transmitted to the
coil when TTL is high (5 V) and is otherwise blocked. The bottom
curves show the modulated tunneling current recorded over two
adjacent terraces (labeled 1 and 2) on the Cr(001) surface. A
relatively large rms amplitude of 0.2 V across the gap was used to
clearly show the spin-sensitivity of the rectification current.

the junction'? If the tunneling current is expressed as a
Taylor series expansion about the applied dc sample bias
Vg, then

V) = 1o(Ve) + S Iy, V2V;coset) +
d

Ve lv, V5 cos(w t) + (higher order terms iv;) (1)

where the total bia¥ = Vg + v2 V; cost), lo(Ve) is the
dc tunneling current avg, V; is the rms amplitude of the

1®° V/A), the components of the current at and higher
harmonics are averaged out by the preamplifier. Therefore,
we consider only dc terms from eq 1

lae(Ve: V) = 1o(Ve) + 1r(Ve, V) =

2
|0(VB)+1 2 dl

> VJW2 ly,  (higher order terms ivy) (2)

wherelg is the dc rectification current.

To extractlg from the largello, the microwave is chopped
at low frequencyw.. The rectification currentg, is similarly
modulated and its time dependence is represented by

<)

2 1 1
1(t) = 1(Vp) + I5 - Z r—]sm (o, t) +5 (3)
n=1,3,5...

where the expression in parentheses is the Fourier series of
a square wave switching between 0 and 1. In Figure 1b,
higher order derivatives in eq 2 are contained in the observed
Ir because a large microwave amplitude was applied in order
to visually display the rectification current signal. As
illustrated in Figure 1b, the tunneling current is increased
from —0.3 nA when the microwave irradiates the junction.
This is due to the positive rectification current contribution
at —32 mV bias on the Cr(001) surface. The difference in
the rectification current on the two adjacent terraces reveals
that it reflects the spin contrast because the Cr(001) surface
has alternating magnetization between adjacent terraces.
Because the rectification current excited by the microwave
shows spin sensitivity with the spin-polarized tip, the
antiferromagnetic character of Cr(001) can be spatially
resolved by rectification microscopy.

A direct comparison between conventional scanning tun-
neling spectroscopy (STS) and microwave rectification
spectroscopy (MRS) is shown in Figure 2. Tiii&g) curves
obtained in the presence (Figure 2a) and absence (Figure
2b) of the microwave show identical nonlinear characteristics
of the tunneling junction. The density of state (DOS)
spectrum, ddV, reveals the Cr surface state peak near the
Fermi level’®* The MRSIr spectrun* in Figure 2c shows
excellent agreement with the normal/dV? spectrum (Figure

2d). Even the small wiggles in the STSI/dV? spectrum

appear in the MR3g spectrum, demonstrating the depen-
dence of the rectification current ofIV?, according to
eq 2. This dl/dv? dependence was confirmed using the lock-
in detection with controlled microwave coupliny;,'?
whereas the analyses of previodt/dv? dependence of the
rectification current by laser irradiatiér? required numerical
fitting.

Laser irradiation of the junction also led to photothermal
modulation of the tunneling ga.To rule out gap modula-
tion from microwave-induced thermal expansion, we per-

induced voltage difference between the tip and the sampleformed|—Z spectroscopy. The tunneling gap was modulated

at the microwave frequencw/2zr. Because the tunnel
junction has nonlinear characteristics, multiple harmonics of

by 0.01 A at 200 Hz, and the first harmonic signaldd,
from the lock-in amplifier showed the same shape of curve

microwave frequency are generated. However, because ofas|(V). This agreement is expected because the tunneling

the limited bandwidth of the current preamplifier (4 kHz at
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current, and, hence,l/dZ, depend exponentially on gap
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Figure 2. Comparison between microwave rectification spectros-
copy (MRS) and conventional scanning tunneling spectroscopy
(STS). Spectra were obtained from spatial average of eight
individual spectra taken from terraces 1 and 3 of Figure Wa\Vd
d4/dV?, Ir spectra were acquired by lock-in technique. The
tunneling gap was set at 0.3 nA;0.3 V prior to opening the
feedback loop. The sample bias was ramped in 2.5 mV step with
300 ms integration for each point. Each spectrum was averaged _
over six passes. The ac modulation of 10 mV rms was added to

l(e) T L ]

the sample bias for STS, and 10 mV rms microwave radiation (800
MHz) across the junction was modulated at 200 Hz for MRS (220 _ 12
uV rms from signal generator). (a) Tunneling current vs bias voltage

(I=V curve) in the presence of modulated microwave radiation. £10
(b) 1=V curve from STS, and the simultaneously recordéd\d =
curve shows a prominent surface state peak. (c) Rectification current= sl
(Ir) spectrum, extracted from the tunneling current by recording
the first harmonic signal in MRS. (dyddV? spectrum by recording
the second harmonic signal in STS.
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distance. Therefore, we could exclude thermal effects in MRS Figure 3. Comparison between IV and &l/dv2 scanning
becausér differs clearly from an exponential function. This  tunneling microscopy (STM) and microwave rectification micros-
observation demonstrates the ability to extract a minute ¢°PY (MRM). Images a, c, and d were obtained simultaneously,
. . and b was acquired for the same area. A sample bias modulation
amount of C_u”ent 1 PA) induced by chopping the_ of 10 mV rms amplitude and 1.5 kHz was used in STM with
microwave without causing thermal effects; the current is feedback on during microscopy. For MRM, 10 mV rms and 800
doubly modulated at the RF and 200 Hz. MHz microwave radiation across the gap was modulated at 3 kHz.
The spatial dependence of the rectification current leads The set point was 0.3 nA-32 mV. (a) 2164 Ax 2164 A
to microwave rectification microscopy (MRM) that is toPography image. () image. (c) &/dvimage. (d) di/dv2 image.

. . (e) The (1, 3) terrace pair has a high&fdy signal than the (2, 4)
complementary to IddV and di/dv? scanning tunneling pair at—32 mV, in agreement withlddV microscopy in c. (f) The

microscopy (STM). In Figure 3, four kinds of spatial images (2, 4) terrace pair has a higheliiV2 signal than the (1, 3) pair at
are shown: (a) constant current topography; (b) rectification —32 mV, consistent with the contrast inversion betwekd\dand

current Ig; (c) di/dv; and (d) dl/dv2 Each image was  @/dV? signals.

obtained at—32 mV sample bias. The antiferromagnetic

order of the Cr(001) surface persists at 18 K, although spin  The contrast reversal between different derivatives raises
density wave transition at 123 K was reported in the Btilk. the necessity to determine the spin alignment configuration
The contrast in thé image matches that in thélfiv? image between the tip and sample. Tunneling current is monitored
and shows opposite contrast from thédy image. These  while maintaining a constant tunneling gap, with the feedback
results further confirm thdk depends on4l/dVv? and is spin turned off, and ramping the dc magnetic field generated by
sensitive. Theg difference of 4+ 6 pA between bright and  a pair of external coils. This type of measurement is enabled
dark terraces is calculated by averaglagralues covering by the stable junction in the presence of the magnetic field.
the dark (1, 3) terrace pair and bright (2, 4) pair. The large A contrast reversal is observed to coincide with the flipping
uncertainty arises from the inhomogeneity in the images, of the tip magnetization direction as shown in Figure 4. The
revealed as bright and dark features that are attributed tospin-polarized tip was initially placed over the center of the
impurities and distribution of spin orientations inside each image that was bright in thig image. As the magnetic field
terrace. The spin contrast inversion betweéi\dand ¢/ was ramped from 0 te-250 Oe after opening the feedback
dV? images is observed at32 mV sample bias, and the loop, an abrupt transition at146 Oe was observed and none
same contrast is obtained at a larger sample bias1d&0 on the reverse ramping (Figure 4a). TlRémages recorded
mV. at the beginning and the end of the ramp revealed a contrast
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seven independemt-H curves. By adopting a thin Fe film
polarization P, of 44%2° the Cr(001) surface spin polariza-
tion, Pc,, is deduced as 2% 3%. This estimation agrees
well with the result of (18+ 2%) from electron-capture
spectroscopy! Measurement of the tunneling current at a
constant gap and in a varying magnetic field facilitates the
calculation of the spin polarization; otherwise, eq 4 is

! L invalidated?? This method of determination of spin polariza-
200 00 2 tion can be extended to other magnetic systems
Magnetic Field (Oe) : : ) : : )

The tip apex is expected to consist of multiple Fe domains,
and the avalanche of multiple magnetic domain movements
can generate strain and heat. Magnetic domain change is
known to be abrupt. Some spin-polarized tips resulted in
multiple steps during both ramping directions of the magnetic
field, and contrast reversal is rarely observed in these cases.
In addition, after many spin flips, the tip becomes magneti-
cally unstable, and the-H curve showed many steps and
kinks, which can be interpreted as Barkhausen noise genera-
tion.2> Even when the magnetic field resolution was increased
Figure 4. | (tunneling current) véi (magnetic field) graph. The ~ 10-fold to 16 mG, the width of abrupt transitions as those in
tunneling gap was set at 0.3 nA;32 mV before opening the  Figure 4 was not resolved. The abrupt transitions observed

feedback loop, and the tunneling current was monitored during in Figure 4 are attributed to single magnetic domain change
ramping of magnetic field from O te- 240 Oe, in 0.16 Oe step 5t the tip apex.

and 300 ms read delay time. An additional 2-s delay was included . :
when the magnetic field changes direction. The tip was placed over Th'? pap_er pr_ese_nts a n_ovel extension of the ST.M
the center of the image. The magnetic field was first ramped from t€chnique, involving its coupling to the RF electromagnetic

zero field to the maximum magnitude of 608 Oe and back to 0 Oe radiation. The @/dV? characteristics of the microwave-
to impose tip spin orientation in the field direction (to set initial induced rectification current implies more than a ftrivial
condition). Microwave rectification microscopy (MRM) was re-  reproduction of the second derivative signal because it is

corded before and after ramping of the magnetic field to check for . . : ‘L
spin flip of tip magnetization. The arrows show the direction of achieved with microwave radiation. MRS and MRM can be

magnetic field ramp. (a) A step decrease in the magnitude of the applied to other scientific problems. For instance, the electric
current at—146 Oe was observed, and MRM shows contrast field component of microwave can be coupled to the
inversion. (b) A step increase in current magnitudetaZ8 Oe molecular dipole and induce chemical transformation. The
was observed, and the original spin contrast was recovered. magnetic field component at microwave frequency can excite
the local spin. The single spin excitation leads to a change
reversal. The antiferromagnetic order of the Cr surface cannotin the rectification current associated with the microwave
be reversed by these small external magnetic fields; thus,absorption in resonance with the Zeeman splitting in an
the spin of the tip apex must have been flipped. The original external dc magnetic field. A sub-Kelvin temperature would
contrast could be recovered by reversing the direction of the be desirable for the measurement of such a small quantum
magnetic field; thel—H curve is plotted in Figure 4b.  of energy.
According to the spin valve effeét,the magnitude of the In summary, the application of a chopped microwave
current is increased (decreased) at the moment when the spimadiation into the STM tunneling junction gives rise to a dc
alignment of the tip relative to the sample changes from rectification current. This rectification current is shown to
antiparallel (parallel) to the parallel (antiparallel) configu- depend on #/dV2 and exhibit spin sensitivity. The Cr(001)
ration. We can conclude that the bright terrace inlienage  topological antiferromagnetism was observed with micro-
corresponds to parallel spin alignment configuration, and the wave rectification spectroscopy (MRS) and microscopy
dark terrace has the opposite configuration. To the best of (MRM). The atomic-scale spin valve effect in the STM
our knowledge, these results represent the first measuremenjunction was observed by ramping an external magnetic field
of the I—H hysteresis curve by continuously varying the applied to the junction. The novel approach of measuring
magnetic field in the STM geometry. the spin-flip of the tip enabled the determination of its spin
The Cr(001) surface polarization could be estimated from orientation.

an effective polarizatior®, given by eq 48'°at a constant _
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