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Magnetostriction and magnetotransport in bismuth

J.-P. Michenaud
Unite de Physico-Chimie et de Physique des Matex, UniversifeCatholique de Louvain, Place Croix du Sud, 1,
B-1348 Louvain-la-Neuve, Belgium

B. Lenoir*
Laboratoire de Physique des Maiwux, UMR 7556, Ecole des Mines, Parc de Saurupt, F-54042 Nancy, France

C. Bellouard
Laboratoire de Physique des Maiwux, UMR 7556, Universitélenri Poincare-Nancy |, BP239,
F-54506 Vandoeuvre les Nancy Cedex, France
(Received 3 February 2004; published 26 May 2004

It is shown that magnetotransport properties of bismuth cannot be interpreted without taking into account the
concomitant diamagnetic magnetostriction which implies a change of carrier density as well as a change of
symmetry. Here, we emphasize the lack of consistency of the usual phenomenological theory of magnetotrans-
port effects based on space—time symmetry restrictions, which implicitly assumes the conservation of crystal-
lographic symmetry under magnetic field. This is demonstrated by Hall voltage measurements exhibiting an
unexpected asymmetry when the magnetic field lies in the bisectrix direction.
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Transport properties of bismuth, which crystallizes in theUmkehr effect in grains randomly distributed. Oddly enough,

3m space group, have been intensively studied in thelpasp_arly experimental results never published and recently re-

because of its unique properties which belong to metals adéwed by one of the authors, clearly show the existence of

well as to semiconductors; it is a semimetal. At all tempera2n Umkehr effect for the magnetic field in the bisectrix di-

tures it contains a small equal number of electrdhand rection. This is, in principle, in contradiction with the theory.

holesP (N=P~3x10" cm 2 at 0 K). Under a magnetic In order to clarify this puzzling situation, it was essential to

field B, the commonly accepted structure of the magr1et0_(:arefully measure the Hall voltage on well orientated single

resistivity tensorp;;(B) is determined by the phenomeno- crystals. Moreover, still_now, no systematic measurements of

. " _ the Umkehr effect on single crystals have been performed.
I(_)glcal transport theqry based on the spatial symmetry Opera- g voltages have been measured on two high purity Bi
tions (Neuman principlg and the Onsager relations;(B)
=pji(—B), or briefly “space—time symmetry restrictions’.”
The components;;(B) can be expressed as the sum of an
even and odd function oB. Figure 1 describes the tensor
structure for Bi where indices 1, 2, 3 refer, respectively, to
the binary, bisectrix, and trigonal direction. It appears that p;(B)= o o+ - e
the off-diagonal componenis,3(B;) as well asp;,(B1) are .
composed of an even and an odd part. This means that an
asymmetry in the Hall field occurs under sign reversal of the
magnetic field only when it lies in the binary direction; this is
the so-called Umkehr effeétThe Umkehr is not specific to p;(B)=| * ef+
R3m point group but to all conductive anisotropic crystals. .
Moreover, it can happen for different field directions for
lower symmetry point groups. * . . . e

From the microscopic point of view of the Boltzmann
transport equation, this Umkehr effect, for Bi, is explained py(By)= S
by the particular shape of the Fermi surface depicted in Fig. .
2, which consists of a set of ellipsoids located atlthend T
points of the Brillouin zone: six half electron ellipsoids FIG. 1. Space—time symmetry-restricted form of the magnetore-
pointg and two half hole ellipsoids of revolution around the g;gtiyity tensorp;;(B) for the trigonal class @ (from Akgdz and
trigonal axis(T point). One can show that the tilt angleof  saunders—Ref.)2Key to notation:(-) zero component®) non-
the electron ellipsoids in the plaii2,3) is responsible for the  zero component(*) equal component. The co-existence of even
Umkehr effect and odd terms irp,3(B;) and ps(B;) gives rise to the Umkehr

In a previous papétthe asymmetry of the Hall voltage effect (the indices 1, 2, and 3 refer to the binary, bisectrix, and
observed on polycrystalline Bi has been explained by therigonal axis, respectively

even odd
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4 3 component of the resistivity was an even function of the field
a— : , whatever the tempgrature in agreement with the structure of
> ] - /2( pij(B) reported in Fig. 1. o
// \ . The main point to emphasize is the occurrence of an
el T /\/~~~ )q) Umkehr effect forB lying in the bisectrix direction, confirm-
) SN T / Ly - ing early unpublished data. This anomalous behavior can be
Y T r— { 2 explained, quite simply, by the phenomenon of diamagnetic
_ - AN - magnetostriction, which modifies the crystallographic sym-
1‘_, 0 | metry as well as the distribution of carriers in the Fermi
| pockets. While this magnetostriction is known for a long
X ‘T‘O“"* - time, it is never taken into account in the interpretation of

magnetotransport measurements.

Kapitza discovered the magnetostriction of Bi in 1932
for temperatures ranging from 77 to 300 K. Oscillatory mag-
Inetostriction, at low temperature, has been observed®zter,
proving the essential role of free carriers in this diamagnetic
magnetostriction. From thermodynamic arguments, it fol-
lows that magnetostriction is directly related to the stress
dependence of the magnetic susceptibility and that it is en-
(6N) samples coming from an original lori@0 mm) parall-  hanced if many valleys or bands are present, like in Bi or in
epipedic single crystal whose length is in the trigonal direc-degenerate semiconductors like Si or G@wing to their
tion and edges parallel to the binary and bisectrix directionsdifferent magnetic susceptibilities, some bands or valleys
The parallelism was not ideal, but the deviation never exwill have higher magnetization energies and a strain is in-
ceeds 5°. Current and potential probes were attached to tlticed, in a magnetic field, in order to shift the valley ex-
crystals with a low melting soldegi60 °C). trema and redistribute the carriers until the minimization of

As Bi is known to have a high thermoelectric figure of the free energy is reached. This thermodynamic theory of
merit, special care has been taken to realize electrical me#&dagnetostriction leads to the conclusion that the induced
surements under strict isothermal conditions. The use of aftrain is proportional to the change of carrier dendity and
alternating current, instead of a direct current, eliminates thd P.*° It is valid in the whole range of fields. The detailed
problem of an undesirable thermomagnetic contribution tgensorial expression of 8the. magnetostrictive strain can be
the voltage. An ac current of 40 Hz excitation frequency andeund in Michenaucet al” It is worth emphasizing that the
10 mA amplitude was used. The Hall voltag&are-wire total chgnge_ of th_e e_Iectron density is sh_ared bet_wee_n the
configuration and the diagonal component of the resistivity three _eII|p50|dé\_wh|ch is equivalent to the six half ellipsoids
were measured by an ac transport measurement system che_scrlbed previous)y
tion of the PPMS(Quantum Designover the temperature
range of 5-300 K and with magnetic field ranging up to 7 T. 3
The potentiometer was balanced with accuracy at room tem- AN= El AN;, @
perature(where the resistance of the samples is the highest

2nd the- Hall voltage at null magnetic feld was better thargd (e condiionN=AP must be respected. Due (0 the
mall carrier density in BIAN/N (or AP/P) is far from

10°. The experiment was carried out with the cell mmersedf)eing negligible. Then, the magnetostrictive strain induces a

in helium gas to guarantee thermal stability. drastic effect on magnetotransport properties.

_Figure 3 displays the behavior of the Hall voltages Bor Owing to the 120° layout of the electron Fermi ellipsoids
lying in the binary and bisectrix direction at selected tem-j; js clear that the magnetic field applied in the binary direc-
peratureg5, 80, 300 K versus magnetic fields. Note that in {jon (B,) does not produce the same magnetization as when
the representation of the graphs the opposite of the Hall V°|tapplied in the bisectrix oneB,). ForB;, we can distinguish

age was used for positive magnetic fields. While the shape q{yo effective cyclotron masses called “light binatyBN)”
the three curves looks quite different, it varies continuouslyand “heavy binary(HBN)” and for B,, “light bisectrix

versus temperature. An Umkehr effect is well observedfor (LBX)” and “heavy bisectrix(HBX)” following the desig-
lying in the binary directior{Fig. 3@] in accordance with nation of Vecchiet al!! as illustrated in Fig. 4. It obviously
the phenomenological theory but an unexpected Umkehr eimplies a loss of symmetry of the electron Fermi surface
fect is evidenced wheB lies in the bisectrix directiofFig.  because the magnetic energy is not equivalent in the three
3(b)]. In both cases, the Umkehr is more and more pro-<llipsoids. With increasing field, in the range of high fields
nounced as temperature decreases because the even comfoB>1 whereu is the carrier mobility, the electron density
nent of the total Hall voltage becomes dominant in such as more and more unequally shared between the Fermi
way that the sign of the Hall voltage does not change undepockets When the magnetic field is along the trigonal axis,
reversal ofB. Of course, at low temperatures quantum oscil-the symmetry is not broken and the change in electron den-
lations are superimposed. It was verified that the diagonadity is equally shared.

FIG. 2. Fermi surfaces of bismuth in the Brillouin zone from
Issi (Ref. 1. Electrons are located &tpoints and holes ak points.
Axes 1, 2, and 3 are parallel to the binary, bisectrix, and trigona
axes, respectivelyp is the tilt angle of the electron ellipsoids.
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Az A2 In fact, this broken symmetry is already implicitly con-
ﬁ tained in Vecchiet al! without reference to magnetostric-
HBN L 1BX tion. In this paper, the authors show, from magnetoreflection
g experiments, that the carrier density varies versus field. The
B 1 1 similarity between these results and the behavior of the mag-
A > AT > netostriction was first pointed out by Michenaetial.”
L 5 Coming back to magnetotransport properties of Bi, as the
s L symmetry is not conserved, we can assert that the structure
of pi;(B) (Fig. 1) is not suitable because space-time sym-
(a) (b) metry restrictions implicitly assume that the symmetry does

FIG. 4. 120° layout of the electron Fermi surfaces in the trigonallOt change under field. The unexpected Umkehr effecBfor
plane showing the different effective cyclotron massesBdying  1Ying in the bisectrix direction is thus to be attributed to this
(a) in the binary andb) in the bisectrix direction. The others sym- l0ss of symmetry.
bols are explained in the text. In summary, the Hall voltage data of Bi single crystals
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clearly show an Umkehr effect forbidden by the space—timdor positive and negativB, in order to eliminate undesirable
symmetry restriction theory. It is due to the broken symmetryeffects, is not always suitable and can lead to wrong values
induced by the field itself while the usual phenomenologicalof the Hall constants.
theory implies the conservation of the symmetry. ,

A last comment concerns the measurement of the Hall Financial support from ide through the “Tournesol”
effect. The usual method of averaging the Hall voltage dat#roject is gratefully acknowledged.
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