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Peculiarities of galvanomagnetic effects
in nonhomogeneous magnetic field
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Effect of high-gradient nonhomogeneous magnetic fields on galvanomagnetic properties
of condensed bismuth films was studied. Strong high-gradient magnetic fields were created
using a system of two Nd—Fe—B permanent magnets. It was established that in Bi films, a
potential difference occurred through magnetic field gradient in addition to Hall emf. In
contrast to Hall odd effect, the sign of the "gradient” emf is independent on current and
field directions. The revealed phenomenon is defined as Hall gradient effect. It has been
experimentally established that the gradient electrical field E, occurs also without electri-
cal current in the conductor. The gradient voltage value attains about AU, = 20 uV. By the
sign of AU, it is possible to determine the predominant carrier type without current in
the conductor.

Keywords: gradient effect, constant magnet, field fields, bismuth film, galvanomag-
netic properties.

Wsydeno BIMAHNE HEOTHOPOAHLIX MATHUTHBIX IOJell ¢ GOJLIIMM rpafueHTOM Ha rajbBa-
HOMATHHUTHBIE CBOMCTBA KOHIEHCUPOBAHHLIX MIEHOK BUCMYTa. CHJILHLIE BLICOKO-TPATMEHT-
Hble MATHATHLIE TIOJS CO3JABAaJM € IIOMOINLI0 CHCTEMBI M3 2-X IMOCTOAHHBLIX MATHUTOB U3
Nd-Fe—-B. Vcramoeieno, uro B IIéHKax BucMyTa, Kpome OC Xosna, BOSHHKAET TaKiKe
PasHOCThL IIOTEHIMAJOB, OOYCIAOBJEHHAA I'PAJMEHTOM MArHATHOI'O IIOJdA. B oraudywme ot
HeuérHOro aderra Xoiaaa sHay ' rpaguedTHoi” OIC He 3aBUCHUT OT HAIPABJEHUS TOKA U
nouas. OOCHapy’XeHHOe dABJCeHNE MOMHO ONpPeIelnTh KakK rpagueHTHbIN asdhdexr Xoumaa.
Taxse sKCIIEPUMEHTANIBHO YCTAHOBJIGHO, UTO IPAJUEHTHOE JIEKTPHUYecKoe moje K, BOSHHKA-
eT U IPU OTCYTCTBUM TOKA B IIPOBOAHUKE. BeanmuuHa rpajueHTHON PasHOCTH IIOTEHIIMAJIOB
mocrurana oxoxo AU, = 20 mxB. Ilo smaxky AU, MoMHO ompegeinTs Npeobiafarouiuii THI
HocuTeell 0e3 MPOMYCKAHUSA TOKA Uepe3 IMPOBOTHUK.

Oco6auBoctri ranpBaHomarmiTHux edexTiB y HeogHOpiZHOMY MArmHiTHOMY mOJi.
B.M.Camogpanos, A.C.Aceea, A.I'.Pasaik.

Hocaig:KeHo BIJAUB HEOJHOPIZHMX MATrHITHHX IIOJIiB i3 BEeJIMKMM I'pPajJieHTOM Ha rajbBa-
HO-Mar"iTHi BiacTuBocTi KOHIeHCOBaHMX IIiBOK BicmyTy. CuapHi BuHCOKorpamieHTHI
MArHITHI IOJIA CTBOPIOBAJM 32 JOIIOMOI'OI0 CHCTEMM i3 ABOX mocriiinmx marmiris 3 Nd—Fe-B.
Bceranosaeno, mo y miiBkax sicmyty, okpimMm EPC Xoiana, BuHUKae TaKoMX PisHMUIE HOTEH-
miamsie, mo obymosieHa rpajgieErom MardiTaHoro moJasi. Ha Bigminy Bixg Hemapzoro edexry
Xonaa saak "rpazierrroi” EPC He sane:xuTs Bix Haupamy cTpyMy i mouad. Busasierne asume
MOKHA BHUSHAYUTU K rpamieHTHuil ederT Xosma. Takox eKcHeprMeHTaJbHO BCTAHOBJIEHO,
10 TPajieHTHe eleKTpu4He noJe E, BUHMKA¢ HABITH 32 BiICYTHOCTI CTPYyMy y HPOBiIHHUKY.
Benuuunna rpagienTHOI pisHmni noreHniaxis carana 6amspro AU, = 20 mxB. 3a sHakomMm AU,
MOJKHA BHU3HAUUTH II€PEBAMKHUUN THUII HOCIiB 3apany 06e3 IpPOOyCKAHHA CTPYMY Uepes3 IIPo-
BigHUEK.
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1. Introduction

It is known [1, 2] that Hall effect con-
sists in appearance of transversal voltage in
a conductor with direet current when it is
placed into homogeneous magnetic field; i.e.
under crossed fields, the electromotive force
(emf) occurs. Appearance of the voltage is
caused by Lorentz force shifting charges to
one of faces of a parallelepiped shape con-
ductor. Motion of charges in magnetic field
H in presence of electrical field E can be
represented as a sum of drift motion of
Larmor circle itself with velocity V= E/H
and motion of an electron by its orbit [3].
Vector Vp is directed along the normal to
the plane formed by E and H vectors. Also,
it is known that in magnetic field, an elec-
tron moving by Larmor orbit has a large
magnetic moment. In high gradient mag-
netic field, the force of interaction of the
field with the magnetic moment may be
comparable with Lorentz force. The direc-
tion of the force may be different. Presence
of such a large force is able to influence on
the character of galvanomagnetic phenom-
ena. The aim of the work is studying the
Hall effect and other galvanomagnetic phe-
nomena in high gradient magnetic field.

2. Experimental

2.1 Preparation of film specimens and
magneto-electrical measurements

Bismuth films were prepared by electron-
beam evaporation of a bulk perform and
condensation onto a glassceramic substrate
at a fixed temperature. Film thickness was
from 1 to 2 um. As contacts, prior con-
densed copper plates with thickness near
1.5 pym were used. Specimens have a shape
of a strip with lateral branches; stabilized
current passes through the strip, and trans-
versal voltage was measured at the lateral
contacts. A schematic circuit of the facility
for measurements of Hall emf is shown in
Fig. 1. The current through a specimen was
I =1 ma that corresponded to j =1 A/mm?2
current density.

2.2 Sources of nonhomogeneous magnetic
field

Magnetic fields with high strength and
large gradient were created using a system
of two Nd-Fe-B magnets connected by a
magnetic core, Fig. 2a. Specific features of
stray magnetic fields generated by the sys-
tem were described in details in [4-7]. In
Fig. 2b and Fig. 8, plots of calculated
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Fig. 1. Schematic circuit for measurement of
Hall emf.

H (x,z) and H,(x,z) components of the stray
fields are shown. Validity of high values of
H, = 2:10% Oe has been substantiated and
verified experimentally [4, 7]. The compo-
nent H, in the points T(x,0,0) is close to
zero because of symmetry. From dependences
of Fig. 3 it follows that the largest stray
fields are attained at the joint of magnets
(x = 0) and at their edges (x = ta). In these
singular points, the gradients for field hori-
zontal (0H,/dx) and vertical (0H,/dx) compo-
nents are also the largest: 105-10% Oe/cm.
Such fields can be created only using super-
conducting magnets at helium tempera-
tures. The noticed features of magnet sys-
tems based on rare-earth elements are re-
lated with extremely high fields of
anisotropy Hj > 105 Oe. With this anisot-
ropy, magnetization in magnets is practi-
cally frozen [6, 8].

3. Results and discussion

As it was noticed earlier, expected Hall
effect features in nonhomogeneous magnetic
field may appear due to interaction of gra-
dient field with magnetic moments of cur-
rent carriers. Analytical description of elec-
tron movement in nonhomogeneous mag-
netic field is a complex problem. Experience
shows [3], that the problem is substantially
simplified, if complex circular movement of
electrons is substituted by drift of Larmor
circle itself. So, magnetic moment of a free
electron with velocity projection V| on the
field direction is M = MVJ_2/2H. Existence
of magnetic moment for current carriers in
nonhomogeneous magnetic field results in
occurrence of gradient force Fg = grad(—M-H).
If the magnetic moment of an electron is
thought constant, the expression for the
force is Fg = (M-V)H. This force is directed
to the area of the lowest absolute field inde-
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Fig. 2. a) System of two magnets with a magnetic core. b) Plot of scattering field horizontal
component H  over surface of the system show Fig. 2a. For calculations, Mg = 1000 Gs was taken.

pendently on the charge direction of move-
ment and sign. As a result of action of the
force, charges are accumulated in the areas
of the conductor where the field is minimal.
The gradient force creates electrical field
with strength Eg= —-Fg/e, which we call
gradient field. Almost all the “"free elec-
trons” participating in thermal movement
are in the field of action of this force. De-
pending on orientation of magnetic field
and current through the sample, the gradi-
ent field Eg may coincide with Hall field
Eg, or these fields may have different di-
rections. Existence of the gradient field Eg
in the conductor with current in nonhomo-
geneous magnetic field results in occurring
the voltage dU; between conductor points
being in magnetic field areas with different
strength. From abovementioned it follows
that the effect of dU, variation would be
even, i.e. it would not depend on current
and magnetic field directions.

In order to verify these conclusions we
use a system of two magnets shown in Fig. 2a.
Measurements were carried out in magnets’
surface points with coordinates 71(0,0,0),
T2(£a,0,0) and 7T3(xa/2,0,0) where stray
field components and their gradients had
different values. The choice of these points
is caused by the fact that only one of the
components H, (or H,) in these points is
high but another is close to zeroc. In the
beginning, measurements were carried out
in points T2(+-a,0,0) according to the
scheme shown in Fig. 4a.

The plane of a film sample in the shape
of a rectangular strip of 1x12 mm size and
2 um thickness was parallel to XOY plane
and placed at the edge of the magnet, Fig.
4a. The long side of the strip along which
the current flowed was parallel to OY axis.
Voltage contacts were placed in the middle
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Fig. 3. Plots of scattering field vertical com-
ponent H,(x) with different distances (2)
from XOY plane. For calculations, Mg =
1000 Gs was taken.

of the strip, Fig. 1, Fig. 4a,b. With such
geometry, the stray field component H, and
field gradient tensor component 0H,/dx
have got high values. Because of sample
symmetry: Hy = 0.

Three types of differently directed elec-
trical fields act on current carriers in the
conductor: the field from the current source
(along OY); Hall field Ey (parallel to 0Z);
and gradient field Eg. Peculiarities of Eg
field are not considered here in detail. Hall
voltage dUp occurs between upper and bot-
tom film surfaces. However, because of ab-
sence of necessary contacts at the film sam-
ple, this voltage was not measured. Also, it
was established, that the sign of potential at
the external (to the magnet) contact (Fig. 4a)
indicated the predominant type of carriers
in the conductor.

Measurements by the scheme Fig. 4a
have shown that under current through the
sample, voltage E; = 30—35 uV appears be-
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Fig. 4. Scheme of sample location over the
magnet system for measurements of Hall
emf.

tween the contacts. With changing the di-
rection of current (or field) by opposite, the
voltage changes a little, and 8U, sign is the
same. As it is seen, in nonhomogeneous
field, occurrence of emf in the conductor is
the even effect. We consider that the re-
vealed even effect of emf occurrence in non-
homogeneous field is a type of Hall effect,
so, it can be defined as gradient Hall effect.

In the case where the sample is posi-
tioned as shown in Fig. 4b, both Hall field
and the gradient field are parallel to OZ
axis. In this case, the gradient field E, is
created by 0H,/dz component of the field
gradient tensor. Then, these fields are par-
allel for one current direction, while these
are anti-parallel for another direction. Con-
sequently, the measured emf, dU, would be
equal to the sum of Hall emf, +8Uy, and the
emf of the gradient field, dUg; i.e. OU =
dUqg + 8Up. Our measurements have given
the following emf values: 8U; = +120 uv,

Also, emf were measured in the point
T(a/2,0,0) where the vertical component H,
of stray field has high values (Fig. 2). In
this point, the field component H, = 0, and
gradient tensor components: 0H,/dx = 0 and
0H,/dz = 0, i.e. the gradient field is absent,
E; = 0. The plane of the film sample was
parallel to the magnet XOY plane. Measure-
ments of voltage with anti-parallel direc-
tions of current have given the following
emf values: AUg; = 50 uV, AUy = —55 uv.
These are purely Hall’s emf values.

It should be noted, that obtained experi-
mental results require more detailed calcu-
lations taking into account electrical fields
of different nature. In the present work, on
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purpose of qualitative understanding of the
revealed features of Hall effect, we confined
ourselves by the classical conception on gas
of "free electrons” in the conduction band.
It follows from abovementioned that when
the conductor is placed into magnetic field,
the gas of free electrons gets magnetic mo-
ment directed towards the field. Such
"diamagnetism” is related with the fact that
each electron has some velocity which may
attain 108 cm/s at Fermi level. Under mag-
netic field, H, electrons begin precession
around the axis parallel to the external field
direction. Magnetic moment of each electron
is determined by velocity component, V|, nor-
mal to field H direction, i.e. M = MVJ_Z/2H,
and it may attain 10715 erg/Oe. Because
electron velocity in the conduction band
V1#0, practically all the electrons possess
some magnetic moment. This magnetic mo-
ment is directed towards the field H for all
the electrons. Energy of an electron moving
by Larmor orbit is positive: W = —(-M, H)
> 0, so, in nonhomogeneous field H, elec-
trons would shift to the minimum field
area. The shift would take place until oc-
curred electrical fields compensate the gra-
dient forces. The pattern of charge distribu-
tion would be complex. Possibly, besides
charges on external surfaces of the sample,
in nonhomogeneous field also volume elec-
trical charges appear in points where div E
z0.

From above arguments it follows that in
a conductor being in nonhomogeneous mag-
netic field, a voltage would occur between
points which are in field areas of different
strength even without current i through the
sample. Our measurements has established that
this voltage exists really even at i = 0. Mul-
tiple measurements carried out on various
film samples of 1 mm width in nonhomo-
geneous fields with gradient 10%-106 Oe/cm
showed voltages AU, = 20 uV. Measurement
error was about 2—-5 uV. As it is seen, elec-
trical field in a conductor can be created
using nonhomogeneous magnetic field, i.e. a
conductor in magnetic field may transform
thermal energy into electrical. Also, a prin-
cipal possibility exists for application of
this property in refrigeration units.

4. Conclusions

The revealed phenomenon is not Hall ef-
fect and requires more detailed investiga-
tion for its classification. Because in the
absence of external electrical field (E = 0),
velocity of electrons is determined by tem-
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perature of the conductor, one should ex-
pect increasing AU, under heating. Also,
notice that using magnet systems with high
gradient field, one can determine the type
of carriers by the sign of AUy in the conduc-
tor without current. In order to find out
the possibility for determination of carrier
concentration, n, by AU,, simulating calcu-
lations are necessary.
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