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The magnetization below and far above the quantum limit for small Fermi surface orbits has been
measured in the metallic compound LaRhIn5. The magnetization due to a pocket of Fermi surface that
comprises less than 1 part in 104 of the total Brillouin zone volume, and for which the quantum limit
is approximately 7 T, leads to the appearance of an overall sample magnetic moment at fields between
7 and 32 T. This moment arises from diamagnetic currents produced by electrons in the ultraquantum
limit. A model calculation of the origin and magnitude of the effect is in excellent agreement with the
measured field dependence of the induced magnetization.
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The prediction of magnetic field induced diamagnetism
in metals, with a quantized oscillatory behavior, was first
made by Landau in 1930 [1], and within the same year the
discovery of magnetic quantum oscillations in bismuth by
de Haas and van Alphen [2] was made. Since that time
there have been numerous searches for the magnetic be-
havior of materials above the n � 1 Landau level (quan-
tum limit) [3]. Many of these searches have been made
on semimetallic Bi because it is known to have one of the
smallest volume Fermi surfaces (FS), and therefore small
quantum limit values of magnetic field, of any known pure
material. However, these searches and their interpretations
have been hindered because the low carrier concentration
is magnetic field dependent making the analysis of the ex-
perimental results difficult. In this Letter we report mea-
surements on LaRhIn5 [4], a high electrical conductivity
normal metal, in which we are able to observe quantum
oscillations below the quantum limit from a piece of FS
that occupies an extremely small part of the overall FS vol-
ume. The contribution to the overall sample magnetization
due to the electrons in this FS pocket at fields far above the
quantum limit (ultraquantum limit) has been measured and
the results compared to a theoretical model that describes
the measured data extremely well.

In the presence of a magnetic field, Onsager [5] showed
that the orbital motion of electrons in metals is restricted to
lie on tubes in k (wave vector) space, Landau tubes, deter-
mined by the condition of area quantization: A�E, kB� �
�n 1

1
2 �2peB

h̄c , where A is the area of the tube with its axis
along B, n is an integer, and B is the magnetic field. As
the applied field increases, the free energy of the metal
oscillates as each Landau level is filled upon crossing the
Fermi energy, giving rise to an oscillatory effect periodic
in the reciprocal of the applied field, in all of the magnetic
and thermodynamic properties of the metal. The resulting
quantum oscillations in the magnetic moment of the sample
are called the de Haas–van Alphen effect (dHvA). Only in
a few systems has it been possible to measure dHvA oscil-
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lations up to the quantum limit where all of the electrons
on a part of the FS reside in a single Landau level [3]. In
LaRhIn5 we have observed strong oscillating signals ob-
servable from near zero applied fields up to the quantum
limit of 7 T for one small part of the FS. An induced net
diamagnetic moment in the sample occurs at fields between
7 and 32 T above the quantum limit for these carriers in
addition to quantum oscillations from the much higher fre-
quency dHvA oscillations due to electrons occupying states
in the overall large volume FS. Thus we have been able to
examine the magnetic properties of a metal in which some
of the electronic states are in the ultraquantum limit while
the majority of the carriers are not. This unique situation
means that the large majority of the electronic states holds
the Fermi energy constant while the magnetization due to
the 7 T quantum limit carriers is measured.

The magnetization measurements were made with a ca-
pacitance cantilever, a method that is now a textbook tech-
nique [6]. In the presence of a uniform applied dc magnetic
field, H, the interaction of the magnetic moment of the
sample results in a torque on the cantilever given by �t �
V � �M 3 �H�, where V is the sample volume, so that the
measured magnetization is always perpendicular to H,
M�. When there is a magnetic field gradient present an
additional signal due to the force appears: F � m0Mk

dH
dz ,

where z is in the direction of the applied field. In the mag-
nets used for these measurements the magnitude of field
gradient is directly proportional to the applied field, so that
the measured force is F � cMkH, where c is a constant,
and the measured signal is proportional to the component
of the magnetization parallel to H, Mk.

For the results reported here measurements were made
on a single crystal sample with the field applied nearly
parallel to the �001� direction of the tetragonal structure.
Measurements were carried out at temperatures from 1.5 K
to greater than 20 K and in magnetic fields from zero to
32 T with the result at 1.5 K shown in Fig. 1. The large os-
cillations below 7 T are due to a small piece of FS showing
© 2002 The American Physical Society 026401-1
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FIG. 1 (color online). The dHvA effect in LaRhIn5 is shown
as a function of field from zero to 30 T for measurements in the
force position and for the torque position in the inset. The low
frequency, 7 T FS orbit along with the high frequency oscilla-
tions seen clearly at low fields.

two dHvA frequencies of approximately 7 T and effective
mass m�m0 � 0.067 6 0.001. As can be seen in Fig. 1,
the overall nonoscillatory magnetization parallel to the ap-
plied field of LaRhIn5 at fields greater than 7 T is quite
different from that observed below 7 T. In the inset to
Fig. 1 it is seen that when the sample is in a uniform field
so that only the torque proportional to M� is measured,
the high frequency oscillations are of far greater amplitude
(because there is no field inhomogeneity) and the back-
ground magnetization does not change above 7 T. The
reason the field gradient decreases the amplitude of the
high frequency oscillations is similar to the Dingle reduc-
tion factor due to impurity scattering in that it introduces
an extra phase smearing in the detected signal. The DB
across the sample causes the signals of a given frequency
from different parts of the sample to be of different phases
in an oscillation period, and adding signals of the same
frequency, but varying phases reduces the amplitude. For
low frequencies with large field periods this same DB cor-
responds to only a small phase shift and has less effect on
the amplitude. This result was checked at several differ-
ent values of the field gradient with the same result. The
low frequency oscillations and a Fourier transform (FT) of
them between 0.1 and 6 T are shown in Fig. 2. The FT
shows two frequencies that we interpret as arising from
a pocket of FS with two extremal area orbits. The second
inset in Fig. 2 shows the reciprocal fields of the zero cross-
ings plotted as a function of Landau level integer. Unlike
Bi and other materials where oscillations near the n � 1
Landau level have been studied, deviations from periodic-
ity in 1

B due to the field dependent Fermi energy do not
occur. In the present case one can see that the oscillations
remain perfectly periodic in 1

B up to n � 1.
Many high frequency dHvA oscillations are clearly ob-

served at all fields, but, in addition, the sample acquires
an overall field dependent magnetization parallel to H.
The majority of the FS of LaRhIn5 is quite complex with
026401-2
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FIG. 2. The FT of the dHvA effect in LaRhIn5 with the data
at low fields is shown as a function of field in the top inset.
The two peaks arise from two orbits on the FS. In the bottom
inset the reciprocal fields of the zero crossings for the last nine
�n � 1 9� oscillations in Fig. 1 are plotted as a function of
integer Landau level n.

dHvA frequencies ranging from this 7 T frequency to near
12 000 T [7]. Here, we focus on a single sheet of FS: the
7 T pocket. Because the remainder of the FS comprises
over 99.9% of the total FS volume, the electron concentra-
tion remains essentially constant in fields above the quan-
tum limit for this single sheet of FS. We find that the
shape of the overall curve above 7 T is due to a magneti-
zation originating in the diamagnetic currents generated by
the electrons on the 7 T orbits being in the ultraquantum
limit.

The data in Fig. 1 cannot be explained by simple classi-
cal arguments. Above the quantum limit, the radius of an
electron orbit is inversely proportional to the applied field,
and the magnetic length is defined to be �B � � h̄c

eB �1�2.
As the electrons orbit they produce a diamagnetic cur-
rent proportional to the electric charge times the cyclotron
frequency vc � eB

mc . The resulting magnetic moment,
e�2

Bvc

2c � e h̄
2mc , would be independent of field. Hence, we

would expect the magnetic moment per carrier in the ultra-
quantum limit to be universal and independent of applied
field.

A more realistic calculation of the field dependence
of the magnetization above the quantum limit explicitly
including quantization effects can be made to better differ-
entiate the semiclassical answer from the “semi-quantum-
mechanical” one. First we calculate the energy per unit
volume of a metal in a magnetic field. The energy is di-
vided into two components: E� and Ek, where � and k
refer to the transverse and longitudinal directions with re-
spect to the direction of the applied magnetic field. The
transverse component is given by

E� �
N h̄vc

2 ,

where vc is the cyclotron frequency and N is the number
026401-2
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of electrons per unit volume. The longitudinal component
is given by

Ek �
gs

2p�2
B

Z kF

2kF

dkz

2p

k2
z

2mk
�

1
3N

h̄2k2
F

2mk
,

where gs is the spin degeneracy factor, mk is the longi-
tudinal effective mass of the electrons contributing to the
signal, and kF is the Fermi momentum along the field. The
total energy, therefore, can be expressed by

E � E� 1 Ek �
N h̄vc

2 1
1
3 N

h̄2k2
F

2mk
.

We now define the quantum limit field, Bq, to be the
field that depopulates all but one Landau level. That is,
it is a field at which the Fermi energy just touches the
bottom of the n � 1 level where the last minimum in the
magnetization oscillations occurs. Thus,

h̄vc�Bq� �
h̄2k2

F �Bq�
2mk

.

The Pauli principle requires that the number of electrons
is equal to the number of occupied quantum states. In the
ultraquantum limit fields, the latter is given by the product
of the Landau degeneracy factor (Ags�2p�2

B, where A is
the sample area) and the number of quantum states for the
motion along the field �L2kF�2p�. As a result

N � gs
1

2p�2
B

2kF

2p ,

and kF � 2p2�2
BN�gs ~ B21 for fixed N . Upon substitu-

tion of kF and vc � eB�mc into the equation for the total
energy, the total energy in terms of Bq becomes

E � n
2 h̄vc�Bq� � B

Bq
1

2
3 � B

Bq
�2� .

Assuming an ellipsoidal FS and since the Fermi energy
is not field dependent for this piece of FS over all of the
measurement fields, the prefactor can be written in terms
of the zero field EF for an ellipsoid to be

h̄vc�Bq�
2 � �2

9 �1�3EF ,

and the final expression for the total energy in this situ-
ation is

E � n�2
9 �1�3EF� B

Bq
1

2
3 � B

Bq
�2� .

The magnetization in the quantum limit is given by M �
≠E
≠B , with the final form for the magnetization being

M � �2
9 �1�3 nEF

Bq
�1 2

4
3 � Bq

B �3� .

Note that the field-independent term in this last equation
coincides with the estimate obtained from the qualitative
picture of diamagnetic currents due to quantized electrons.

The overall magnetization data above 7 T were first fit
to an expression that includes a term from the linear mag-
netization due to the cantilever material (BeCu), and this
contribution was subtracted from the data. We find that
026401-3
this linear term exists with the same slope in fits to the data
at fields far below 7 T, so it does not arise from the dia-
magnetic currents above the 7 T quantum limit. In Fig. 3
we show the resulting corrected data along with the fit to
the magnetization given by M � a 1 bB23, where a is
a constant. From the fit we determine b � 0.2363 and
a � 2122.9.

From the final equation for M the reduced magneti-
zation is

m �
M

� 2

9
�1�3 nEF

Bq

� 2�1 2
4
3 �Bq

B �3� ,

and the coefficient in front of the B23 term is equal to 4
3 B3

q.
Taking the value of Bq to be the field of the last minimum
of the oscillations, 7 T, this gives a value of the coefficient
of the B23 term to be 2457. Dividing a by b from the
fit to the experimental data to obtain the reduced magneti-
zation, the experimental value is 2520, giving agreement
between experiment and theory to 10%.

The results of these measurements and calculations raise
a rather important theoretical question [8]. According to
current theories of Landau quantization at fields above the
quantum limit the electrons in this small piece of FS should
be transferred to other FS pieces below the Fermi energy.
That is, if the n � 1 Landau level is raised above the Fermi
energy by the application of fields greater than the quantum
limit, electrons in this energy level should be depopulated
into other Landau levels at the Fermi energy. As can be
seen from the fit to the data, this clearly is not the case
here. This is, in fact, a major point of these measurements
and needs to be addressed by further theoretical arguments.
We again point out that if depopulation of the last Landau
level were the case, the field dependence of the magnetiza-
tion above the quantum limit would be quite different from
what is observed. The resolution of this apparent contra-
diction is the subject of current investigations.
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FIG. 3. The magnetization as a function of field in LaRhIn5
above the quantum limit for the 7 T orbit. In this figure a linear
in the B term has been subtracted from all of the data. The
high frequency FS orbits in this material are seen clearly. The
fit demonstrates good agreement with the interpretation that this
moment arises from diamagnetic currents.
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In summary, we have measured for the first time the in-
duced magnetization due to diamagnetic currents of elec-
trons in the ultraquantum limit, first predicted by Landau
in 1930. Furthermore, a simple theory has been presented
that predicts the field dependence of this contribution to
within 10%. The reason this simple argument works in this
case is that only a small portion of the FS is in the quantum
limit while the vast majority of the electrons determining
the overall Fermi energy and chemical potential remains
constant. Therefore, no corrections need to be made for a
field dependent Fermi energy or number of electrons con-
tributing to the chemical potential. Thus, in looking for
further examples of this effect, it would appear that what
is needed is not a small Fermi surface due to a low carrier
concentration material like bismuth but rather a material
like LaRhIn5 that presents a minority FS that can be studied
in the limit in which the majority of the FS pins the chemi-
cal potential to its zero-field value. We point out that this
new effect of a magnetic field on a 3D material in the quan-
tum limit is similar to that of an electric field on a 2D gas,
for example, a Si metal-oxide-semiconductor field-effect-
transistor (MOSFET). In both cases one has a Fermi liquid
or a non-Fermi liquid, whose parameters can be changed
continuously with magnetic field or gate voltage. What
the magnetic field does can be called “magnetic-field gat-
ing,” and this Letter presents the simplest example of how
a free-electron property is tuned by the field giving a way
to tune correlation effects in one and the same sample
analogous to the FET changing the number of carriers.
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