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Attention is drawn to the effect of the self-field Hur of bias current Iyr through a Hall transducer (HT) on
the objects of study and the measurement accuracy of the Hall magnetometer. The field Hur of n-InSb—i-GaAs
heteroepitaxial HT is considered. It is found that the force lines of the induction of Hur undergo a stepwise change
in their direction at the edges of a thin epitaxial n-InSb film. In the case of nonuniform distribution of IHT over the
cross section of the film, these jumps create a voltage across the Hall contacts due to the anisotropy, growth-induced
defects, and noneqipotentiality of the Hall contacts, thus leading to measurement error. Exact compensation of Hyr
by the field of a current in antiphase to Iyt makes it possible not only to eliminate the effect of the self-field on the
objects of study but also to lower the detection threshold of the magnetometer from ~ 2.5- 1077 to ~ 5.75- 10~° T
in the range of fields from 2.5-107% to 5- 1077 T and temperatures from 77.4 to 150 K.
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It is known [1,2] that the Hall voltage Viy occurs in
the ideal Hall transducer (HT) (symmetric design, homoge-
neous material, absence of side effects, etc.) when the bias
current Iyt is passed through a thin high-resistance semi-
conductor plate with the width a, length / and thickness d
in a magnetic field with induction of B, perpendicular to
the plate surface, on transverse Hall contacts placed in the
center on each side:

Vav = a/Env = a/JurRurB 1 = RurB 1 Iur/d, (1)
where Ryt is the Hall coefficient, which doesn’t depend
on B, in weak magnetic fields and is only defined by
semiconductor properties, Epy is the Hall field strength,
and Jyr = Iyr/ad is the density of bias current through HT.
In the semiconductor plate with predominant concentration
of electrons Ryt = (en)~!, where n and e are electron
concentration and charge, respectively. Magnetic sensitivity
of HT is calculated as

V= ’VHV’(BJ-)_l = ‘RHT’IHTd_l = IHT(end)_1

1/2
= [Pa,ue(dlen)_l} , (2)
where P is the power dissipated at HT, and u, is the
electron mobility. As can be seen from equation (2),
for wide, short and thin HT plates, the higher mobility
and the smaller the electron concentration are, the higher
the magnetic sensitivity p is. According to a large body
of literature, indium antimonide has a higher u, and the
lowest n among all known semiconductors, and indium
antimonide HTs demonstrate more stable characteristics in
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a wide range of temperature and magnetic fields. The
effect of self-field Hyr of Iyt through HT on the objects
of interest was also reported in some studies. However, a
detailed analysis of this problem hasn’t been carried out,
therefore evaluation of the effect of Hyr on magnetic-spatial
resolution, linearity and accuracy of HT is still a challenging
problem. To increase the magnetometer’s spatial resolution,
HT generally are placed near the surface of the test object
and reduce the effective surface area of HT, and Iyt is
reduced to decrease Hyr. This leads to loss of sensitivity
and performance, poor heat removal, high temperature drift
of HT readings over time, low operation stability of such
HT, and Hyr/Iur remains on the same order of magnitude
as that for HT with high Igr and Hyr. Consequently, to
increase the magnetic-spatial resolution of any type of HT,
Hyr of the used HT shall be initially compensated and HT
shall be brought as close as possible to the surface of the
test object, thus, simultaneously preventing the effect of HT
on distribution of local fields around the test object and on
its surface. Iyt of an ideal HT on wide and thin film can be
visualized as a total current through parallel current threads
with diameters equal to the film thickness: Iyt = > I
Currents Iyt; create solenoid fields Byy; around them, while
fields between threads compensate each other. Finally, for
rectangular current threads, the fields Byr = Y Bur on
both sides of HT are homogeneous, parallel to the film
surface and equal to each other.

Power lines Byr form a loop around the HT current
band. Differently directed power lines Byr are perpen-
dicular to the current through HT and parallel to the HT
surface on both sides: Burs = Bur(—a/2,0, —d/2) and
Buts = Bur(a/2,0,d/2). Moreover, since the film thick-
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ness is considerably smaller than the film width, differently
directed power lines on edges quickly change their direction
on the film thickness scale: Bur; = Bur(—a/2,0,0) and
But2 = Bur(a/2, 0, 0), because Byrs/Burz = U3/ on the
film edges according to the boundary conditions. Here,
u3 and u, are permeabilities inside and on the edge of
the film, respectively [3,4]. A picture is formed that is
identical to a picture of power line concentration within
the solenoid bore and power line divergence at the solenoid
ends. In addition, the compensating field not only ,,presses™
the power lines of Hyr against the HT surface, but also
moves the field away to the middle of the current band
because Hyr creates the Lorentz force that presses power
lines against the surface and the middle of the film in
case of unidirectional currents and, vice versa, moves them
away in case of oppositely directed currents. Since [4]
the force of interaction between two current bands is
caused by components Byy; and perpendicular components
Eqr;, distribution of power lines Byr; can be controlled
by varying Enr;. Since the field within cylindrical wire
grows linearly from the center to the surface proportionally
to the cylinder radius R, and decreases proportionally to
1/R [3-5] outside the cylinder, voltages on the Hall contacts
Vur can be set to zero and the influence of Hyr on the test
objects can be avoided simultaneously by controlling the
compensating field amplitude and phase. Thus, the obtained
result is very important to increase simultaneously both the
spatial and magnetic resolutions of the Hall probe. Due
to possible asymmetric arrangement of the Hall contacts,
film material inhomogeneities and anisotropy, film growth
defects, nonuniform distribution of the current density Jur
near the Hall contacts, etc., equation (1) is violated in real
HTs as a result of variation of Iyt = dJut on the film edges.
Consequently, jumps of Byr; and Byrp are different. This
induces different shift of the current and equipotential lines
near the Hall contacts, consequently the concentration of
induction power lines Byt near the contacts will be different
and Byr, which is integral over the film area, becomes
non-zero. Thus, in a zero external magnetic field, the
average induction Byt over the film area of the nonuniform
asymmetric self-field Hyt induces additional voltage on the
Hall contacts

Vit ~ RurBurlur/d ~ Rurliy/d. (3)
In case of alternating current through HT, I'yr = I cos(wt),
Vur ~ (RHT/d)I(z) COS2 (a)t). (4)

As can be seen from equations (3) and (4), the value of
Vit does not depend on the direction of Iyr. The value of
Byt can be determined using the vector

Var ~ RurBurlnr/d ~ Rurlir/d. (3)
circulation theorem:

2Bl :‘l,loil. (5)
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Here, [ is the length of the loop side parallel to the
current carrying plane [4], and i is the linear current density
consisting of current per unit length of the film cross-section.
For points near the film surface and away from the film
edges

B = i /2 = (uol)/2a. (6)

According to (6), for standard PHE603118B indium anti-
monide HT (NPF Sensor, Saint Petersburg) with a nominal
current of Iy = 100 mA and 50 x 100 um effective area [5]
used for the purpose of this work, we have

Byt = moiur/2 = (‘u()IH]')/za ~1074T. (7)
Iyt on the Hall contacts induces the voltage
V = Viy + Vies + Viar + 2V, (8)

In this expression, V,., is the residual nonequipotentionality
voltage that occurs on the HT’s Hall contacts in the
zero external magnetic field; XV; is the total bias voltage
(thermomagnetic voltage induced by temperature effects
and temperature dependence of the Hall coefficient) [1].
According to the datasheet [5], conversion factor p of
the PHE603118B HT is > 50uV/1073T, V. < 50uV,
temperature coefficient of residual voltage is < 0.01 uV/°C,
temperature coefficient of sensitivity is < 2 %/°C. According
to equation (4)

Var ~ (Rur/d)I3(1 + cos 2wt) /2, 9)

voltage on the Hall contacts induced by the self field
Hyr contains a constant components and a variable with
the second harmonic frequency. Therefore, according
to (7), the magnetometer output signal at Byr ~ 1074 T
in the zero external field induces Vyr ~ 104V on the Hall
contacts, therefore, as shown in [6], magnetic sensitivity
of the magnetometer without HT compensation is max.
2.5-1077T. Thermal noise XV; can be significantly reduced
due to operation in isothermal conditions: HT was kept
in liquid nitrogen or in a gas-flow microcryostat at a
temperature set with an accuracy of 0.01 K. Thus, in the
zero external magnetic field, V,.; and Vyr make the main
contribution to equation (8).

To reduce the measurement error caused by the effect
of Hyr on HT readings and physical parameters of the test
object, Hyr was thoroughly compensated. Two identical
HTs with similar specifications were used for this. A
secondary HT used for compensation of Hyr was placed
on the back side of the primary HT substrate. Both HTs
were placed strictly parallel to each other into a recess in a
fixed copper disc mounted on the lower load-bearing part
of the magnetic field sensor. Then, current was passed
through the secondary HT opposite in phase to Iyt of the
primary HT. Magnetometer sensitivity was increased from
~25-1077 to ~5.75-107°T at 19 Hz by adjusting the
amplitude and phase using a phase shifter and synchronous
detection. At higher frequencies, phase difference between
Iyt and Vyy(B) increases, the shape of Viyy(B) changes



28

Kh.R. Rostami, I.P. Nikitin

~ Micrometer
© head

- Handle
Microbearing

Ohmic contact Rotational-to-

translational
Transmission motion
mechanism converter
of rotational -~.._ ] Ohmic contact
motion
Flange .. | Holder
Brass - - -
guide” =
sliders | o o & 5
/ f J Connecting
r wires
Contact £
box 3 m .. Coaxial
"~ stainless
tubes
f
%
Insert
position .
regulator = = . Stainless
\E g steel rod
==
= ’7
—lil

b
Connecting
" wires
" Coaxial
- Stainless
" tubes
Flange .
(=
vy
Ebonit
cup e d Brass
-2 guide
qug;s sliders
guide
frame -- Heater
Copper" . Stainless
rod o . 1l steel rod
Platform =| | | - Worm
screw
Lead - —| Worm gear
nut wheel
Copper | -}FH - HT2
frame
-~ HT1
Contact .|
- .. Copper
screw kL = . disk

242

Figure 1. Mecasurement setup.

and preliminary compensation of both the first and second
harmonics of Vyv(B) gets more complicated. All these
factors have high effect in case of weak magnetic fields
and reduce the accuracy of field measurement. In addition,
exclusion of the second harmonic is very important for
spectroscopy of the measured signal by harmonics.

To study the spatial distribution of Hyr on the surface
and around HT, a system has been developed to move test
HT?2 along the Z axis at a distance up to 25mm with an
accuracy of ~ 1um, rotate HT2 on its axis at ¢ = 360°
with an accuracy of 2°, and to move it along the X axis at
a distance up to 5mm with respect to measurement HT1
with an accuracy of ~ 1 um.

Figure 1 shows the top (a) and bottom (b) of the
experimental system. Topology of Bur (¢, X, Z) was probed
by moving test HT2 noncompensated for Hyr relative to
the surface of measurement HT1 compensated for Hyy. For
this, Byt was first measured on one of the Hall contacts and
then its variation was measured along the line connecting
this Hall contact with the Hall contact on the opposite side

of HT2 along the X axis using a translational table. In this
case, the line connecting the HT2 Hall contacts coincided
with the line connecting the HT1 Hall contacts, i.e. the
angles at ends of these lines were ¢; = 0° and ¢, = 180°.
By alternately changing the X and Z coordinates and by
rotating HT2 at the angle ¢ on its axis that coincides with
the axis passing through the geometrical center of HTI,
distribution of Byr on the HT2 surface was mapped by
means of HT1.

Investigations were performed in FC (field cooling) and
ZFC (zero field cooling) modes [6,7] on high-temperature
superconducting (HTSC) samples with different sizes, struc-
tures, critical superconducting transition temperature 7, su-
perconducting transition width AT, critical current densities
J., first critical magnetic fields H.;, maximum densities
B™*(0) of the trapped magnetic flux (TMF) in the center
of sample surfaces. The samples included YBa,Cu3O7_,
(YBCO)single crystals (sample No. 1); Bi;Sr;CaCuyOg;,
single crystals (sample No 2), bulk textured (the c¢ axis
is perpendicular to the sample plane) YBCO quasi-single-
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Properties of samples and measurements

B?,“”‘(O), 1075 T Vopura ‘le
: I, AT, Je, Her, Z=0.01-1 mm Z=0.01-1 mm
Sample No. Size, mm K K Alera? 10-4T ( ) ( )
ZFC FC ZFC FC
1 ~1x1x0.05 ~ 91 ~06|~53-10°|~50 |~0;12| ~0;22 ~1;32 ~1;22
2 ~4x4x0.1 ~90.2|~06|~79-10*| ~52 |~1;32| ~1;35 ~ 2,26 | ~3.551
3 ~ (6—8) x 0.7 ~ 92 ~1 [ ~24-10°| ~33 | ~0;0 ~2,46 |~3.531| ~6.511
4 ~ (6—8) x 2.1 ~ 92 ~1 [~13:-10°| ~08 [~0;05| ~3.5;6.1 | ~3.9,46| ~9.4; 15
5 ~ (6—8) x 4.3 ~ 92 ~1 |[~14:-10°| ~0.1 |~1;08|~59;128|~5.6;63|~12.7; 18
6 ~ 10 x 10 x (0.0004—0.001) ~92 |~0.6|~68-10°|~35 ~0,0 | ~3.5 51 |~38;42| ~2.5;81

crystal samples (No. 3), polycrystalline samples textured
along the ¢ axis (No 4), non-textured ceramic HTSC YBCO
samples (No. 5) and epitaxial YBCO films with the ¢ axis
perpendicular to the NdGaOs (110) substrate plane (No. 6).
The following experiments were performed to estimate
the degree of compensation of Vyr induced in Hyr.
Initially without compensation of Hyr, the YBCO sample
was brought to HT1 along the Z axis in the ZFC mode.
It has been found that, due to diamagnetic shielding, an
increase in J. and H.; caused a decrease in the out-of-
balance signal at the magnetometer output. When the
sample was taken away from HTI, the out-of-balance
signal returned to its initial value, and the sample was
again brought to the HT1 surface, the out-of-balance signal
increased. Then, the HTSC YBCO sample near HT1 was
heated to a temperature above 7, and cooled down again
to the liquid nitrogen temperature 7 = 77.4K in the FC
mode. This experiment detected an even greater increase
in the out-of-balance signal at the magnetometer output
compared with the ZFC mode where the sample in the
superconducting state was brought to the HT1 surface.
When the YBCO sample was removed from the HTI1
surface, as in the first experiment, the out-of-balance signal
decreased and took on its initial value. In the ZFC mode,
variation of the magnetometer output signal was caused
by demagnetization fields of the YBCO sample, which
were induced by Hyr [6]. In the FC mode where the
YBCO sample near the HT1 surface was cooled down
from a temperature above 7. to 774K, Hyr penetrated
the sample through weak Josephson couplings. When
the sample was removed from the HT1 surface, magnetic
flux was trapped in the sample by the field Hyr, and
this caused an increase in the out-of-balance signal at
the magnetometer output when the sample was brought
again to the transducer surface. Properties of samples and
measurements are given in the table. Similar results were
also obtained when sample No. 1 was replaced with samples
No 2—6. However, for sample No. 2, the out-of-balance
signal at the magnetometer output increased due to a weak
first critical magnetic field H.; and a higher TMF density
B™(0) compared with those of sample No. 1. For samples
No 3-5 , the out-of-balance signal at the magnetometer
output increased even more due to a lower H.; and much
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higher B[}**(0) than those of samples No 1, 2, 6. As shown
in the table, the results are highly distorted due to small
dimensions of sample No 1, and this shall be kept in mind

when testing small objects.

When a ferromagnetic film was brought to the HTI1
surface, Hyr was significantly strengthened (due to high
film permeability), causing an increase in the out-of-balance
signal by more than an order of magnitude. Therefore, it
shall be kept in mind that, when magnetic concentrators
with high permeability are used for strengthening and
focusing the power lines of magnetic field induction on the
HT surface [8], strengthening of HT’s magnetic sensitivity
as well as degradation of HT’s spatial resolution are caused.

For the FC and ZFC modes, repeated experiment with
compensated Hyr has detected that the magnetometer out-
put voltage was not changed, when both superconducting
and magnetic film was brought to the HT1 surface.

Figures 2 and 3 show 3D dependences Bur(@, X, Z) in
cases when ¢ and X vary with pre-defined Z (Figure 2)
and ¢ and Z vary with pre-defined X (Figure 3). It can
be seen that the measured tangential and perpendicular
components of Byr on the Hall contacts are equal to
~1.34-107* and —1-10~*T, which adequately agrees in
absolute magnitude with the estimated value of~ 10T,
calculated using equation (7). Thus, as seen from Figures 2
and 3, the topology of yr distribution over the HT surface
and around HT is very nonuniform. Therefore, it shall be
kept in mind that interaction between gt and local fields on
the surface of the samples will result in significant distortion
of three-dimensional distribution of such quantities as MFC
density [8] on the surface of the HTSC samples and
magnetization of magnetic materials [9,10].

It also follows from the findings that in order to achieve
higher accuracy and to simplify the gt compensation proce-
dure, identical (with similar a, I, d and input resistance)
epitaxial n-InSb thin films shall be grown during HT
fabrication on both sides of the single-crystal semi-insulating
i-GaAs substrate in a single process cycle. In addition,
for investigating local fields of small objects, a balance of
HT and object sizes shall be kept due to increasing impact
of HHT~
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Figure 2. 3D dependences of Bur(@, X, Z) in case when ¢ and X vary with the pre-defined Z.
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Figure 3. 3D dependences of Bur(@, X, Z) in case when ¢ and Z vary with pre-defined X.
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