Real-time scanning Hall probe microscopy
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We describe a low-noise scanning Hall probe microscope having unprecedented magnetic field
sensitivity (~2.9x 108 T/\/Hz at 77 K), high spatial resolution(~0.85 um), and operating in
real-time(~1 frame/3 for studying flux profiles at surfaces. A submicron Hall probe manufactured

in a GaAs/AlGaAs two-dimensional electron da@®EG) is scanned over the sample to measure the
surface magnetic fields using conventional scanning tunneling microscopy positioning techniques.
Flux penetration into a high, YBa,CuzO;_ 5 thin film has been observed in real time at 85 K with
single vortex resolution. Flux is seen to enter the film in the form of vortex bundles as well as single
flux quanta®,. © 1996 American Institute of Physid$S0003-695(96)03835-1

Various techniques have been developed to investigatdark). Hall bars with wire widths of lum are microfabri-
the surface magnetic structure of materials, including Hallcated with optical lithography, yielding an effective electri-
probest scanning SQUID, and magnetic forcdMFM)3#  cal width ~0.85 um after sidewall depletion.
microscopies, Bitter decoratiGrzaraday rotatioimagneto- A scanning electron micrograph of a Hall probe is
optic Kerr effect and electron holograptyRecently, the shown in Fig. 2. The active Hall sensor is aboutdrd away
scanning Hall probe microscopySHPM®! has been from the corner of a deep mesa etch, which is coated with
shown to be a very sensitive, noninvasive instrument withgold. The corner of the mesa, not the corner of the chip,
which to obtain quantitative measurements of surface magserves as a tunnel tip. We have deliberately separated the tip
netic field profiles with high spatial resolutigrcl wm) un- ~ Metal coating and Hall bar in contrast to previous SHPM
der variable temperature and magnetic field operation. Théesign$ where the tip metal was evaporated over the entire
earliest implementatiof<° of this instrument had, however, Hall probe. This eliminates the gating effect of the tip metal
rather limited sensitivity and bandwidth. In this letter, we ©N the Hall probe and dramatically reduces the noise and
describe a fast low noise scanning Hall probe microscop&0UPling between tunnel current and Hall signal. We can
which has at least two orders of magnitude better field sent€refore, simultaneously operate the microscope in STM
sitivity than previous versiofi2° and can operate in real 2nd SHPM modes. Moreover, the measurement bandwidth is
time, ~1 frame/s. Our microscope has a field resolution ofincreased dramatically in this configuration. _
~29x10°8 T/JHz and wide measurement bandwidth, A PZT-5H piezotube is u_sed for the scanner with- 20
~10 kHz at 77 K and has even been successfully operated 4m scan range at 4.2 K. Bias currents o160 uA are

room temperaturt Here we show that real-time SHPM can ?Suﬁqp;'aegu\:ggh v%it%re;rzsflg g;Srr?onvt/Sr?;;Zeiﬁgtorlutmaerizltli(\)/r?l?rge
be used to image flux penetration into a %Ba;O;_ s thin

. plifier. The microscope is placed in a cryostat containing a
film. . .
: . ., ..1.5-300 K variable temperature insertdaa 7 T supercon-
The microscope incorporates a Hall probe which is . .
. . ! . —ducting magnet. The cryostat is mounted on a double stage
brought into close proximity with the sample surface using

scanning tunneling microscopySTM) positioning tech vibration isolation system to eliminate external disturbances.
) . . j The Hall probes typically have-0.3 )/G Hall coeffi-
nigues. The Hall probe is mounted on the piezotube of a P ypicaly

custom manufactured low-temperature STM with a stick—
slip coarse approach mechanism and is tiltet°—2° with

respect to the sample. The active Hall sensor is patterned Bxy) Z (%)
about 13um away from the chip corner which has been

coated with a thin layer of gold to serve as a tunneling tip. Scan Signat ; Elmmnm]c:o o
The sample is first approached until tunneling is established L

and then the Hall probe is scanned across the surface to

measure the magnetic field and the surface topography si- Vo Ig Ry BOOY)

multaneously as sketched in Fig.(3TM tracking SHPM. gi::;

Alternatively the sample can be retracted abetd.5 um

and Hall probe scanned much more rapidly to measure the

magnetic field profile with a slightly lower spatial resolution  B,x¥)

(normal SHPM. =t 12
The Hall probe is manufactured in a GaAs{AGa, ;As

heterostructure two-dimensional electron gabEG) (n,p

=2.7x10" cm2 and =300 000 cr/V s at 4.2 K in the FIG. 1. Schematic diagram of scanning Hall probe microscope.
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FIG. 2. Scanning electron micrograph of a Hall probe.

cient and the main noise component up to a certain bia
current levell .y, is found to be the Johnson noisé,

= J4kgTR,f, of the Hall bar whereRg andf are the series
resistance of Hall probe and measurement bandwidth respe
tively. Above this current level, the noise is found to increase
with current. Therefore, foty <l mnax the signal to noise
ratio (SNR) of the Hall probe is

_ lHaiRHB
Vakg TR’

wherel41,B,Ry are the bias current, magnetic field, and
Hall coefficient, respectively. Our Hall probes can sustain
currents up to 4uA at 300 K and up to 6QuA below 77 K,
without increasing the noise and typical series resistances a
60, 3, and 1.5 K are 300, 77, and 4.2 K, respectively. The
magnetic field resolution of the Hall probe is measured to be
~3.8x10°% T/Hz at 300 K and~2.9x10"8 T/\/Hz at

77 K (including the amplifier noige The flux resolution of
the microscopex-1x10~° ®&,/\Hz at 77 K, is comparable
with the best scanning SQUID systehwperating at 4.2 K.
There is a small 1f/ noise component witli,~10 Hz. The
field resolution is expected to be3.1x 10 ° T/\Hz at 4.2

K, but the voltage noise of our amplifier which is
4 nV/\JHz (=2.2x10"8 T/\Hz) becomes the dominant
noise source below 77 K at the moment. The frequency re
sponse of the Hall probe is flat up t610 kHz at 77 K and
then rolls off with 10 dB/decade. The bandwidth is reducec
to 1 kHz if high magnetic field resolution is required. Images
usually take a couple of minutes to scan in the normal SHPN
mode depending on the image size and scanning speed.

oY)

FIG. 3. SHPM images of vortices in a YBau0,_ thin film at different
temperatures and the cross sections of the same vortex along the lines.
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FIG. 4. (@ Samples of SHPM images of flux penetration into a
YBa,Cu;0,_ ;5 film with the Hall probe positioned 0.6Zm above the film at

85 K, blue represents the positive, green zero, and red negative fields as
shown with the color batb) a typical hysteresis curve obtained with the
Hall probe~4.2 um above the surface.

The high quality YBaCuO,_ s thin film used in this
study was grown by electron beam evaporation of the metals
in the presence of atomic oxygen on a MgO substrate at
690 °G? and had a thickness of 0.3&m and J.=1.4
X 10° Alcm? at 77 K. The critical temperature of the film
was found to be~90.4 K by magnetization measurements
performed with the Hall probe itself which agrees well with
the 90.8 K measured by dc magnetization measurements on
the whole sample. These properties suggest that the sample
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was close to optimal doping or perhaps slightly underdopedand might have been attracted into the scan area by vortex—

Figure 3 shows SHPM images of vortices trapped in theantivortex interactions. Alternatively it might have been gen-

YBa,Cuw0O5_ 4 thin film at various temperatures with the Hall erated at the edge of the sample as the field was reduced

probe positioned 0.67um above the film. The scanning from +16.5 G down to zero as predicted by recent theories

range drops at low temperatures due to a reduction in thef the field distribution in a thin type Il superconducting

piezoelectric coefficient of the tube and was calibrated priostrip}* The bundles are typically 4—&m in diameter and

to the experiments by scanning a grating in STM mode. Theontain between 3 and 10 vortices. Upon field reversal,

sample was field cooled at1l G. As the temperature is bundles of antivortices are seen to enter along the same

reduced, the penetration depth is seen to decrease and tlmute, leading eventually to vortex-antivortex annihilation

vortices start to sharpen up. The cross sections along thend the formation of antivortex bundldémages(v) and

same vortex at different temperatures are also displayed ifvi)].

the figure to demonstrate the performance. The London pen- In conclusion, we have constructed a scanning Hall

etration depth\, of the superconductor, its temperature de-probe microscope with unprecedented figures of merit. Flux

pendence and itecal variations across the surface can all bepenetration into a YB#Z U0, s thin film has been success-

measured microscopically from these profités. fully imaged in real time with single vortex resolution. The
The noise figures and the wide frequency response of thitux is seen to penetrate mainly in the form of bundles con-

Hall probe allows the possibility of real-time operation with taining 3—10 vortices at 85 K. However, the penetration of

reasonably high scan rates ofl frame/s, even ai=85 K.  single flux quantag, is not uncommon.
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