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Orbital magnetic susceptibility of a quasi-one-dimensional electron gas system
in tilted magnetic fields
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We study the magnetic susceptibility of a quasi-one-dimensional electronic system in tilted magnetic fields.
Physical features of the susceptibility at finite temperature, according to the relative strength of the electrostatic
potential parameters, are investigated for a specific strength of applied magnetic field. Our results show that the
magnetic susceptibility of quantum wire for the specific strength of applied magnetic field is changing from
paramagnetic to diamagnetic, depending on the relative strength of the confining potential parameters. In
addition, the dependence of magnetic susceptibility on the tilt angle and the strength of applied magnetic field,
the temperature, the electron concentration, and the anisotropy of the effective mass of electrons is explicitly
shown.

[. INTRODUCTION cillations and abrupt, small-period oscillations characterized
by two hybrid eigenfunctions. Maksym and Chakrabdity

Since Landau indicatédhat the orbital motion of degen- vestigated the effect of electron-electron interactions on the
erate free electrons in the magnetic field gives rise to diamagnetization of quantum dots and suggested that the study
magnetic susceptibility, many investigations have been madef magnetization provides a sensitive probe of interaction
in the corrections to the Landau susceptibility due to finite-effects. These results are valuable since, in many cases, the
size effec All attempts reached the similar conclusion that far-infrared spectroscopy can only probe the center of mass
the boundaries, regardless of their actual shapes, have smaibtion of all electrons but is inadequate for finding any ef-
effects in finite systems with a large number of electrons. Orfects due to the electron-electron interactiBnit
the other hand, with recent advances in nanostructure semi- Almost no experimental studies on this subject exist. The
conductor technology, interest has grown in the orbital magmost up-to-date magnetization measurements comparable to
netism of low-dimensional electron systems whose charamur subject, to the best of our knowledge, were done by
teristic dimensions are comparable to or less than th&isensteinet all? in 1985. They observed the oscillatory
cyclotron radius, especially for the case where a magnetimagnetization of two dimensional electron systems in high-
field is applied to the quasi-two-dimensiond@2D) elec- mobility GaAs/AlGaAs single-layer and multilayer hetero-
tronic plane at an arbitrary angle. As is well known, in this structures. However, the geometry used in their experiments,
case, combined effects of electric and magnetic confinements., with the magnetic field perpendicular to the interface,
can not be separated in general and lead to the hybriddid not allow observation of the hybrid quantization effects.
magnetoelectric quantization of electron ener§ies. The lack of experimental data on the magnetization reflects

Theoretical work related to this geometry was first donedifficulties in the measurements, which are associated with
by Marx and Kimmel® They calculated the magnetization of the requirements of high-quality samples, sufficient sensitiv-
a rectangular well and found as a function of chemical po-ty, and sufficient signal.
tential that the in-plane magnetization oscillates with sharp Our motivation is that the detailed study of the magnetic
jumps. This finding opened up the possibility as a dis-susceptibility of quasi-one-dimension&1D) electronic gas
sipation-free switching device. Similar results were reportedsystem in tilted magnetic fields has not been made, as func-
by Leeet al’ for a triangular well of Si-MOSFETmetal- tions of various parameters characterizing the system, such
oxide semiconductor field-effect transistothm et al® ex-  as the tilt angle and the strength of applied magnetic field,
tended these studies to the parabolic quantum well and wirelectrostatic confining parameters, the temperature, and the
and found through an analytic expression that the magnetelectron concentration at finite temperature, within the
zation exhibits the superposition of smooth, large-period osframework of the canonical ensemble statistics. For this pur-
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pose, we consider a simple model of the quasi-one-dimen- p2 p2
) g ; x! z 1 2.2, 1 212
sional electron gas systems, where the confinements induced he= om T om T Emtﬂlx’ + §m|(222’
by parabolic potentials will be adopted for simplicity. The My m
advantage of such kind of treatment is that the eigenvalue p2
problem can be solved exactly in the presence of a tilted —mw? sin @ cosox'z’ + . )
magnetic field. In addition, we consider an independent elec- 2m*

tron model and the case where the boundary roughness and
residual disorder of the system are neglected. Within thevhich represents two coupled harmonic oscillators, where
simplified model, we will obtain the magnetic susceptibility w.=eB/m; is the cyclotron frequencyy= w,/w, is a mea-
based on the canonical ensemble statistics and investigate teere of the anisotropy of the parabolic potentiaf3:
phys_ical_ properties of orbital magnetism for vario_us ratios of: wg(cosz 0+ a29P), ng wﬁ(sinz oM, +79), and m*
longitudinal mass to transversg mass, as a f_unctlon of the t[I; m,(1+ sir? 6/(M,2) + cog dla?+?). Here y=w,/w, and
angle and the strength of applied magnetic field, electrostatig,

confining parameters, the temperature, and the electron cogactrons. The corresponding eigenfunction of E@)
centration at finite temperature. has the form of e)@kyy’](P(X_XQ,Z_ZQ) with Xo=

The rest of the paper is organized as follows: In Sec. II, ~ . ~

we present a simglepparabol?c model of quasi-one-dimen. 7 ®¢ COSEK, /(M awyw;) and zo=h g sin 6k, /(M My ).
sional electron gas systems in tilted magnetic fields and o The _Ham|lton|an _Of Eq(2)_ can be d|agonallzed_ by a proper
tain the magnetic susceptibilities for such a system at finitdotation Of. coordinate with respect to the-axis and the
temperature. In Sec. Ill, we present the numerical results giSUlting eigenenergy spectrum is given by

magnetic susceptibilities for various ratios of longitudinal _

mass to transverse mass, as a function of the tilt angle and E, (k,)=(n+1/2)fiw +(l +1/2)hw,+ﬁ2k§/(2m*)

the strength of applied magnetic field, electrostatic confining

it =m, /my is the anisotropic factor of the effective mass of

parameters, the temperature, and the electron concentration =E, +h2k/(2m*), (©)
at finite temperature. Conclusions will be given in the last
section. where the frequencies.. indicate the hybrid effect between

magnetic and electric confinements, i.e., the hybrid-
magnetoelectric effect, which are respectively given by
02 =[Q2+ M Q5+ (QF— M, Q%)+ w:sirf 26)/2. The

We consider a quantum wire, such as AlGaAs/GaAs hetquantum numbenrs andl denote Landau level indices akgl
erostructures with a split gate, in which the quasi-two-is the quasicontinuous wave vector in $helirection, where
dimensional(Q2D) electron gas in the heterointerface is as-the maximum value ok, is determined by the requirement
sumed to be confined in the direction parallel to the that the center of the cyclotron orbik{ andzy) in Eq. (2)
principal axis of an ellipsoidal energy surface by an idealfalls within the specimen having a rectangular parallelepiped
parabolic potentiafm w?z?, whereas the quasi-one-dimen- of sides L,, L,, and L,, ie., —LZ+L2/2<\x3+2}
sional electron gas is assumed to be further confined ilxthe<\/|_xz+ |_22/2_ Note that we can see the dimensional cross-
direction by an additional parabolic potentifinwix? in  over between Q2D and Q1D systemsif or w, in Eq. (3) is
terms of the split gate. In the presence of a magnetic fieldtaken as 0 and Eq3) is reduced to Ihmet al’s resulf if
one-particle HamiltonianH) for such Q1D electrons is ex- M =1, where they considered the isotropic effective mass

Il. MODEL OF THE SYSTEM

pressed in a unified manner by of electrons. In addition, if a triangular well in thzedirection
is taken in Eq.(1), instead of the ideal parabolic well, the
1/m, 0 0 model of the system is more realistic. However, we believe

that the parabolic well enables us to understand various in-

1
he=5[p+eA] 0 Lm0 [p+eA] teresting physical properties of the system, such as magneti-

0 0 1, zation or magnetic susceptibility, because the electrostatic
confining potential parametes, are closely related to the
n Emtw2x2+ lmlwzzz, (1)  bias field given in the triangular weff.
2 X 2 z For the case where a magnetic field is applied to the

quasi-two-dimensiondlQ2D) electronic plane at an arbitrary
where A is the vector potential accounting for a constantangle, most theoretical works proposed so far deal with
magnetic fieldB=V XA, p is the momentum operator, and the grand canonical ensemble statistics having the chemical
m; and m; represent the transverse and longitudinal maspotential fixed to explain the thermodynamic properties, such
components of the ellipsoidal energy surface of the conducas magnetic susceptibility, in low-dimensional electronic
tion band, respectively. We shall consider the case where theystems, because the chemical potential is adjusted to have
magnetic fieldB is applied in the transverse tilt direction to an average number of electrons equaNtdn typical experi-
the wire of the systemB=B(sin §,0,cost)=(B,,0,B,), with ments, however, thermodynamic properties should corre-
the Landau gaugéd=(0xB,—zB,,0). Here, the angl®@ is  spond to the canonical ensemble statistics since the number
measured from the axis in thex—z plane. Then, the one- of electrons in each specimen is fixed due to the charge neu-
particle Hamiltonian(1) for those confinedQ1D) electrons trality. To compare with actual experiment, therefore, it is
subject to the transverse tilted magnetic field can be writtemlesirable to describe the thermodynamic properties in the
in the new Cartesian coordinates’ (y’,z’) as canonical ensemble statistics. For this purpose, the number
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of electrons of the system is calculated introducing the 2
Fermi-Dirac distribution functiorf(E), to give
N—F f(E)g(E)dE=¢>, - (4) =
B e B ey G | E
where 3=1/kgT with kg being the Boltzmann constant and T:
T temperatureu is the chemical potential, angl E) is the R
density of state given By =
9(E)=2 >, S(E-E,)=(> SE-E,) (5 Y
n,lky n,l 0 30 60 90
0 (DEGREE)

with the degeneracy factor

~ FIG. 1. The angular dependence of the negative magnetic sus-
{=m* waly L§+ Lg/ ceptibility for various values o= w,/w, and several anisotropic
factors of the effective mass of electrons ptw,/w.,=1, T
=100 K,B=10 T, andn,=10%/m.
Here, the twofold spin degeneracy of the electrons has been

included explicitly and the fact thd, | is degenerate ik, a specific strength of applied magnetic fiel=10 T, is

has been taken into account. The condition of constant eleéIIUStrated by Fig. 1, where we plot the susceptibility in Eg.

tron concentration per lengthng=N/L,), of Eq. (4) leads to 7) as a function of the tilt angle of applied magnetic field at
a basic equation for the chemical potential. The chemicaf;: “’IX/“’ZZOA'LLG’7.:“’2/“’0:}(' andexlfgglK. I—||e.re
potential is generally determined by Ed8) and (4) and it the electron concentration was takenngs- m. It is
depends on the temperature, the electron concentration, tﬁéearly seen from this figure that the system has two different
strength of the confining potential parametersand w, in

magnetic susceptibilities for a specific strength of applied
thex andz directions, the strength and/or the tilt angle of themagnetlc f.'EId and a specific relative strength of the anf'n'
' ing potential parametersy, and w,, according to the tilt

applied magnetic field, and the anisotropic factor of the ef- . X ;
fective mass of electrons. angle of applied magnetic f|elq. Far=1, i.e., 0> w,, 'ghe
The magnetic susceptibility at finite temperatirean be ~ SYStem becomes paramagnetic, independent of the tilt angle,
calculated from the Helmholtz free energy, a}nd the paramagnetism degreases slightly with increasing the
tilt angle, whereas foe<<1, i.e.,0,<w,, the magnetic sus-
ceptibility of the system is changing from diamagnetic to
F=Nu—kgT > Infl+exd(u—E,)/kgTl}, (6)  paramagnetic, depending on the tilt angle. Moreover, there is
1Ky a tendency to larger paramagnetism for largeit is under-
where the chemical potential for a quantum wire in tiltedstood that the occurrence of paramagnetism arises from in-
magnetic fields can be generally given by E4). Differen-  complete circular motion due to the changes of the value of
tiating the free energy twice with respect to the magnetice and the tilt angle of applied magnetic field. This appear-
field, we can obtain the susceptibility at finite temperaflire ance of paramagnetism is also obseffédin small metal

(mhwe\coS 0] wia®+sir? 0l wsM7).

given by particles whose linear dimension is comparable to or less
than the cyclotron radius. For givem, the critical angles

P°F whose magnetism disappears during transition from diamag-

X=~ E () netism to paramagnetism are slightly influenced by the an-

TN isotropic factor of the effective mass of electrons. Thus, the

It is noted that the susceptibility depends on the temperaturéusceptibilities are very sensitive to the confining potential
the electron concentration, the strength of the confining poParametersw, and w,, the tilt angle of applied magnetic

tential parameters’x and w, in the x andz directionsy the f|e|d, and the anISOtI’OpIC factor of the effective mass of elec-
strength and/or the tilt angle of the applied magnetic fieldrons. The interesting thing is that by changing the tilt angle

and the anisotropic factor of the effective mass of electronsfor & specific relative strength of the confining potential pa-
rametersw, andw,, and a specific strength of applied mag-

netic field, the system can be paramagnetic or diamagnetic.
Figure 2 shows the dependence of the magnetic suscepti-
In this section we present the numerical results of thebility on the value ofa for several tilt angles and a specific
magnetic susceptibility depending on the tilt angle and the strength of applied magnetic field gt=1, ng=1x10%/m,
strength of the applied magnetic field, the valuesraind vy, and T=100 K. From the figure, one can find the difference
the temperature, and the electron concentration, using E@petween the magnetic susceptibility of the quasi-one-
(7), where we consider the anisotropic factors of the effectivadimensional electron gas system and that of the quasi-two-
mass of electrons to b ;=0.8, 1.0, and 1.2, respectively, dimensional electron gas system for a specific strength of
in order to see their characteristics depending on the relativepplied magnetic field. Forw=0 corresponding to the
effective mass. For numerical calculation, some parameterguantum-well case with no split gafén the x direction, the
have been taken as followk;=L,=100 A, L,=5,000 A. system becomes diamagnetic, exceptéer87°. This means
The angular dependence of the magnetic susceptibility fothat the magnetic susceptibility of the two-dimensional elec-

Ill. NUMERICAL RESULTS
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FIG. 2. The dependence of the negative susceptibility on the FIG. 4. The magnetic-field dependence of the negative suscep-
value of a=w,/w, for various tilt angles and several anisotropic tibility for various tilt angles, various values af=w,/w,, and
factors of the effective mass of electrons ptw,/w.,=1, T several anisotropic factors of the effective mass of electrong at
=100 K,B=10 T, andn,=10%/m. =w,/lw,=1, T=100 K, andn,=10%/m.

tron gas system for a specific strength of applied magneti€orresponding to the quantum-well case with a splitﬁ&te_ _
field can change from diamagnetic to paramagnetic, dependbe x direction, the system shows diamagnetic for a specific
ing on the tilt angle of applied magnetic field. Same phenomstrength of applied magnetic field and a specific tilt angle,
ena take place in the quasi-one-dimensional electron gas sy8xcept for6=0°. However, the quantum wires for a specific
tem, as can be seen from Fig. 1 and for snealin Fig. 2. strength of applied magnetic field and a specific tilt angle are
However, when the value of for a specific angle and a changing from diamagnetic to paramagnetic as the valye of
specific strength of applied magnetic field increases, i.e., thiicreases, i.e., the electrostatic confinement irzttigection
electrostatic confinement in thxedirection becomes stronger, Pecomes strong. The critical value gfin which the transi-
the quantum wires are changing from diamagnetic to paration of magnetic susceptibility takes place is closely related
magnetic, which is unlike to the quantum-well case for 10 the tilt angle. It is seen from the figure that the critical
=0. The critical value ofx in which the transition of mag- yalue increases with _increasing the tilt angle and_it is slightly
netic susceptibility takes place is closely related to the tilinfluenced by the anisotropic factor of the effective mass of
angle. It is shown in the figure that the critical valuensohas ~ €lectrons. Moreover, when the value gfis large, i.e., the
maximum value at zero angle. In addition, as the value of electrostatlc.confmeme_n'; in thedirection becomes strong,
increases, i.e., the electrostatic confinement inttizection ~ the magnetic susceptibility fo=87° approaches zero.
becomes strong, we can see that the magnetic susceptibilifjowever, it seems that the reason why all magnetic suscep-
approaches zero, except fée=87°. This is valid fory=1.  tibilities in Figs. 2 and 3 do not approach zero for strong
The y dependence of the magnetic susceptibility for aconfinements is due to the fact that our numerical results of
specific strength of applied magnetic field a,=1  Magnetic susceptibility are restricted to the case where the
X 10B/m, andT=100 K is shown in Fig. 3, where we con- confining potential parameters are comparable to the mag-
sider thew,= w, case for various tilt angles. From this fig- N€tic confinements is small or large. In the truly quasi-one-
ure, one can see the difference between the susceptibility fmensional limit, the orbital effects of the magnetic field

the quasi-two-dimensional electron gas system and that citould vanish. The validity of our model for the quasi-one-
the quasi-one-dimensional electron gas system. o0 dimensional electron gas system can be checked from Egs.
(3)=(7). If the confining potential parameters, andw,, in

4 Eqg. (3) are very larger than the cyclotron frequency, the
ne=10%m™ magnetic-field dependent term can be negligible and hence
T=100 K the eigenvalues in Eq3) and the Helmholtz free energy in
= 2110? T Eq. (6) are independent of magnetic field. As a result, the
= . Ifnl/;]tﬂ_z magnetic susceptibilityor the magnetization given in the
R A\ =1.0 first derivative of the Helmholtz free enengpecomes zero.
‘?o =08 The remarkable thing here is that the quantum wires are
z g , changing from diamagnetic to paramagnetic for a specific
= < = strength of applied magnetic field, according to the changes

of the electrostatic potential parameters. This is unlike to the
quantum-well case fow=0 or y=0.
-2 Y . . Figure 4 shows the dependence of the magnetic suscepti-
0.5 1.0 1.5 2.0 bility on the strength of applied magnetic field for various tilt
angles and several relative strengths of the confining poten-
FIG. 3. The dependence of the negative susceptibility on thdial parameters ay=1, n,=1x10%/m, andT=100 K. The
value of y=w,/w, for various tilt angles and several anisotropic dependence of Figs. 1, 2, and 3 on the strength of applied
factors of the effective mass of electronsat=w., T=100 K,  magnetic field can be understood from Fig. 4. When the
B=10 T, andn,=10%/m. applied magnetic field is increased, paramagnetism or dia-
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FIG. 5. The dependence of the negative susceptibility on the FIG. 6. The dependence of the negative susceptibility on the

temperature for various tilt angles, various valuesasf w,/w,, electron concentration for various tilt angles, various valueg of
and several anisotropic factors of the effective mass of electrons at w,/w,, and several anisotropic factors of the effective mass of
y=w,lw.=1, B=10 T, andn,=10/m. electrons aty=w,/w.,=1 andB=10 T.

magnetism shown in Fig.2 decreases, in the case of two difism to paramagnetism takes place are closely related to the
ferent tilt anglesf=0° and 45°. Forf=90°, the system tilt angle and the anisotropic factor of the effective mass of
shows diamagnetic with the increase of the magnetic fieldelectrons. It is interesting to note that the parabolic well
The temperature dependence of the magnetic susceptibilitnodeled in this study can be replaced by the triangularvell
for various tilt angles and several relative strengths of thén an actual system such as AlGaAs/GaAs heterostructures
confining potential parameters at=1, n,=1x10%/m, and  with a split gate’ In that case, the confining potential pa-
B=10 T is presented in Fig. 5. From this figure, we canrameterw, corresponds to the bias field which is controlled
understand the temperature dependence of Figs. 1, 2, and 8/ the gate voltagt® This means that the quantum wire for
The increase of the temperature leads to the increase of para-specific strength of applied magnetic field can be diamag-
magnetism or diamagnetism shown in Fig. 2 for a specifimetic or paramagnetic, by changing the gate voltage in real
strength of applied magnetic field. Figure 6 shows the depersystem. From a technological point of view, the present sys-
dence of the magnetic susceptibility on the electron concentem can be a candidate for control devices using the mag-
tration for various tilt angles and several relative strengths ohetic susceptibility as a function of the relative strength of
the confining potential parameters a1, n,=1x10%/m,  confining potential parameters or the gate voltage, in addi-
andB=10 T. We can see from the figure that paramagnetisntion to the application of the known dissipation free-
or diamagnetism shown in Fig. 2 increases with the increasswitching devic® utilizing the sharp jumps of the magneti-

of the electron concentration. zation as a function of the chemical potential in tilted fields.
In addition to the confining potential parameters discussed
IV. CONCLUSIONS above, the factors such as the temperature, the tilt angle and

the strength of applied magnetic field, the anisotropic factor

So far, we have investigated the magnetic susceptibility obf the effective mass of electrons, and the electron concen-
quasi-one-dimensional electronic system whose confiningration also play an important role in the susceptibility.
potential energies in two directions are comparabledq in Throughout this work, the single-particle picture has been
strong tilted magnetic fields, as a function of the tilt angleused. Therefore, it is worth pointing out that if one wishes to
and the strength of the applied magnetic field, the temperacompare quantitatively theoretical results with experimental
ture, the confining potential parametess andw,, and the  measurements, further theoretical calculations including dis-
electron concentration for various anisotropic factors of theorder and electron-electron interactions are needed. This is
effective mass of electrons. Our results show that the maghe subject of ongoing research, which will be presented in a
netic susceptibility of the quantum wire for a specific separate paper later.
strength of applied magnetic field is quite different from that
of the quantum well. As shown in Figs. 2 and 3, the quantum ACKNOWLEDGMENTS
well for a specific strength of applied magnetic field shows
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