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de Haas-van Alphen measurements of the electronic structure of LaSp
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We report the results of de Haas—van Alphen measurements in high magnetic fields on the anisotropic
compound LaSp. Our measurements reveal three extremal orbits of the Fermi surface. One is very small and
ellipsoidal, while the remaining two are larger and have a nearly cylindrical shape indicating a quasi-two-
dimensional Fermi surface. We compare these measurements with the results of energy band calculations and
find reasonable agreement with the measured Fermi surface areas, though the calculations show other multi-
connected regions of the Fermi surface not observed in the de Haas—van Alphen spectra. The implications of
our calculated and measured Fermi surfaces on the mechanisms proposed for the extraordinary large linear
magnetoresistance in LaShre discussed.
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INTRODUCTION mechanism for MR. On the other hand, LaSkand the other
rare earth diantimonides, have anisotropic two-dimensional-
Materials that exhibit a large magnetoresistaritdR) like crystal structures similar to the classic CDW compounds

have received a great deal of attention in the past decadebSe and TaSe, both of which display large linear MRs.
because of their potential use as magnetic field sensors iHowever, no CDW ground state has been established for
read-write headS Magnetic materials often are employed in LaSh,.
MR devices by exploiting the field sensitivity of interface  In this paper we report the results of de Haas—van Alphen
scattering between layers of magnetic-nonmagnetic films(dHvA) measurements on Laghnd compare them with our
Also, suppressing magnetic fluctuations in a magnetic conenergy band calculations and calculated FS areas for the
ductor can decrease carrier scattering and results in a larg@own structure of LaSh*® We find agreement between the
MR.2"®There also are several notable examples of materialtiree measured FS areas and three of the areas from the
in which large MRs result from the Coulomb interactions calculation. Our measurements indicate that, if a CDW or-
between carrier$:® Most intriguing are materials in which dering occurs in this material, it affects neither the pieces of
no suitable mechanism is known for the large MR. The lasthe Fermi surface near the zone center nor those parts near
group includes AgSe(Refs. 9 and 1pand the rare earth the zone boundaries at tiSpoint of the orthorhombic Bril-
diantimonides in which large linear field dependent resistivioiun zone. CDW phases are generally thought to occur in
ities have been measured over wide ranges of magnetic fielthighly nested Fermi surfaces. The simplest nesting evident in
The nonmagnetic member of this latter group is the metabur band structure calculations involves pieces of the Fermi
LaShy, which exhibits a large linear magnetoresistance withsurface that are not observed in our measurements. Although
no sign of saturation up to fields of 45'TBoth the size of there is no evidence of a CDW instability, our data are con-
the positive MR(10000% (Ref. 11) and its linear form are sistent with such a conjecture and do not rule out the exis-
surprisingly at odds with the standard semi-classical tHéory tence of a CDW ground state in LaSh
of MR. This theory of band structure effects on the transport
properties of metals predicts a resistance that increases qua- EXPERIMENTAL PROCEDURE
dratically with magnetic field. The exception is for materials
with open Fermi surfacéFS) orbits, in which case the MR LaSh, is a member of th&kSh, (R=La-Nd, Sm family
eventually saturates. of compounds that all form in the orthorhombic SmSh
Because of the obvious failure of the semiclassical modstructure'® It is comprised of alternating La/Sb layers and
els, several mechanisms have been suggested that are stwo-dimensional rectangular sheets of Sb atoms stacked
cessful in producing a linearlike MR over small ranges ofalong thec axis. Similar structural characteristics give rise to
magnetic field. These rely on either magnetic breakdown efthe anisotropic physical properties observed in all the com-
fects in charge density wau€DW) materialst® local fluc-  pounds in theRSh, seriest” We have chosen to investigate
tuations in carrier densit} high field quantization effects,  LaSh, since it is nonmagnetic and, thus, its low-temperature
or macroscopic disorder and strong inhomogeneities iproperties are not complicated by magnetic phase transitions
semiconductors® The quantization and carrier density fluc- that occur in the other rare earth diantimonid&ingle crys-
tuation effects are predicted to be measurable only in théals of LaSh were grown from high purity La and Sb by the
restricted case of very low carrier concentrations in ex-metallic flux method® The structure and quality of these
tremely high mobility samples. Neither of these restrictionscrystals has been reported previously.
appear to be met in our Laglerystals. We will show that Measurements of the de Haas—van Alphen effect were
LaSh, displays quantum oscillations in its magnetization, made between 1.5 and 15 K in magnetic fidblbetween 20
ruling out most sources of inhomogeneity and disorder as and 45 T at the National High Magnetic Field Laboratory,
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FIG. 1. Magnetization as a function of fiefgolid line) of LaSk, FIG. 2. Angular dependence of three dHVA frequencies for ro-

at 6 K. The dotted line is a fit to the data for the three frequenciegations from 0° aB|[001] toward B|[100] at 90°.
shown in the Fourier transform of the data in the inset.

o the applied field to fully exploit the de Haas—van Alphen

Tallahass_ee, FL. The sample_ torque magnetization was Mefschnique. The orientation of the crysf@D1] axis was var-
sured using a rotatable_ cantilever system t_hat al_lows _data tQd from a position parallel t® to one in which it is per-
be recorded as a function of'theT cry;tal g)rlentatlon with re- endicular toB along the[100] axis. The changes in the
spect to the applied magnetic field in 5° steps over a 90%equency of the magnetization oscillations with rotation
angular range in tha-c plane. In addition, effective mass iyes a sense of the Fermi surface shape, which we expect to
measurements were made n&f001] from the tempera- e highly anisotropic due to the planar crystal structure of
ture dependence of the dHvA signals between 1.5 and 10 Kpis compound. We were able to identify oscillations of the
magnetization at measurement anglesBofvith respect to
the axis direction between 10° and 100°, except near 90°.
For several orientations of tj801] axis with respect to the

In Fig. 1 a typical dHVA data set is displayed, taken at 6 Kmagnetic field direction we found agreement between the
with the crystak axis 2.5° from the magnetic field direction. frequencies determined from the Fourier analysis and the fits
Clear oscillations of the magnetization are visible in the rawof LK theory for the two higher of the three frequencies. This
data. The Fourier transform of those data, shown in the insegives us confidence in our analysis over the entire angular
reveal that these oscillations result from three independeninge of rotation.
frequencies in B, indicating three extremal Fermi surface  In Fig. 2 the angular dependences of the three frequencies
areas. The observed low frequencies limit the number of osare displayed, showing that our expectations of anisotropy
cillations falling within our field range. Therefore, to deter- were met by two of the three Fermi surface extremal areas.
mine the frequencies more accurately we performed a fit oAt angles having the applied field between 85° and 95° from
the Lifshitz—Kosevitch(LK) equatiort® to our data. The re- the [001] axis neither of the higher frequency signals were
sult of the fit using three independent frequencies is showwbserved, but they reappeared for angles greater than 100°
by a dotted line in Fig. 1. As can be seen from the quality ofwith decreasing frequency as the angle was increased. In
the overall fit, constant frequencies are observed up to 45 &ddition, the data are symmetrical arowif001]. For com-
with no changes in the various Fermi surface sizes or shapepgarison we have plotted a 1/cép(dependence, wheré is
The two highest frequencies obtained from the fit are inthe angle between the applied field and fa81] axis. The
agreementd 2%) with those determined from the Fourier dashed lines in the figure represent this 1/6psfigular de-
analysis. However, the lowest frequency from the fit differspendence that would occur for a perfectly cylindrical Fermi
considerably from that determined using the Fourier transsurface. The similar angular dependent form of our data in-
form. By inspection of the data, it can be seen that there ardicates that these Fermi surface pieces are indeed open in the
at most 1.5 oscillations of this low frequency in the field [001] direction, as would be the case for a two-dimensional
range of 20—45 T, and therefore the Fourier transform is nosurface. We conclude that these two Fermi surface pieces
reliable. In the analysis that follows we have used the freboth are connected along thel™ direction in the Brillouin
guencies obtained from the LK fits for the low frequency zone(BZ) and are roughly cylindrical in shape. In contrast,
since they are a more reliable measure of this oscillatiothe smallest frequency signal is shown by both analysis
frequency than the peak in the Fourier transform spectrum.methods to be only slightly angular independent, indicating a

We have measured the variation in these three frequenciesnall nearly spherical pocket of Fermi surface.
as a function of angle between the crystallographic axes and The de Haas—van Alphen technique also allows one to

RESULTS
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measure carrier masses via the temperature dependence
the magnetization oscillation amplitud&We have measured
the temperature dependence of the oscillation amplitudes
from 1.5 to 10 K using the Fourier transform of the dHVA
signals. A crystalline orientation with th801] axis 15° from

the magnetic field direction was chosen to maximize the am-
plitude of the oscillations evident in the cantilever signal.
The reduction in these amplitudes with temperature defines
the effective masses of the two higher frequencies to be
m* =0.22 for the 393-T oscillation ancth* =0.17 for the
729-T oscillation. All three of the signals were clearly ob-
servable up to 10 K, indicative of the light masses. The mass
of the lowest frequencyy, was not obtained.

The picture of the LaShelectronic structure that emerges
has at least three Fermi surface pieces, two of which have
two-dimensional characteristics, and the third, smaller piece,
being three dimensional. All of these Fermi surface areas are
relatively small, which indicates that there are few itinerant
carriers in this compound. This conclusion is consistent with
Hall effect measurements of the carrier density that indicated £ 3. Fermi surface contours in the extended zone scheme
a hole density of 3.810°°cm ® and a mobility of it each of the closed orbits fdB|[001] highlighted and two
500 cnf/Vs', different open orbits in thd&'Y,Y, plane highlighted. Also shown
are the boundaries of the first BZ with symmetry poifBslbao
Crystallographic Server at http://www.cryst.ehy.eglicated.

ENERGY BAND CALCULATIONS

In order to understand the electronic structure of this com¥ather two dimensional, having open orbits along [f6e1]
pound more fully, we have performed energy band calculaaxis, and show a rather sméll0%) variation in cross section
tions of LaSh.?° These band calculations employed thealong the[001] direction, which is consistent with the ex-
WIEN2K software packag®, which implements a full poten- perimental angular dependence seen for the two higher fre-
tial all-electron linear augmented plane wat\PW) den-  quency components. The orbit markedis a small three-
sity functional calculation using the correlation potentials ofdimensional electron pocket centered at Bepoint. The
Perdewet al?? The spin-orbit interaction for the valence and frequency (64 T) is similar to the lowest component ob-
semi-core states was included perturbatively. The La and Served(102 T), whose variation with angle is consistent with
muffin tin radii were set at 2.85 and 2.65 a.u. respectively. Ahe experimental behavior. There are two other large pieces
plane-wave cutoff of 5 a.u! was employed, resulting in a of the FS in theY,Y, plane arising out of the energy band
total of 649 plane waves. Semicore states foislamdp and  calculations that result in open orbits in the plane perpen-
Shs andd states were included with 216 local orbitals, anddicular to the[001] axis. These open orbits also are high-
a total of 144k points were kept in the irreducible Brillouin lighted in Fig. 3, and because they are open orbits at all
zone while iterating to self-consistency. After the calculationmeasured angles they cannot be observed.
had converged, a much finer grid of’*881X 11 points in the
irreducible wedge was employed to calculate the FS. Cross DISCUSSION AND CONCLUSIONS
sections of the overall FS obtained from these calculations in

the I'Y,Y, plane (zone centérare shown in Fig. 3 in the If a CDW exists at low temperatures, the nesting of the
repeated zone scheme. wave vector should be most prominent along the sheets of

We have listed the theoretical and experimental frequenth® Fermi surface that produce the experimentally unob-
cies in Table | and associate the three observed frequenci€§ved open orbits in Fig. 3. We would expect those parts of
for B|[001] with the three FS orbits marked, 4, andy in the FS to be removed by the formation of the CDW gap. On
Fig. 3. For the smallest orbits in Fig. 3,and 8’ the band the other hand, the parts of the FS located near the high

calculation is the least accurate because the grid would hay MMetry points in the zone giving rise to thendp orbits,

to be much finer to obtain accurate results. It may be possible
that in a more accurate calculation the Fermi level would
shift enough to remove thg’ feature entirely. As can be
seen, the agreement far (16%) and B8 (7%) is reasonable Orbit

TABLE |. Calculated and measured dHvA frequencies for the
magnetic field applied along tHe01] axis in LaSh.

while the agreement foy is not as accurate, but as noted CalculatedT) Experiment(T)
above the experimental frequency was difficult to determine, a 457 393
and the calculation the least accurate for this orbit. B 780 729

The angular dependence seen experimentally is also con- g’ 22 Not Observed
sistent with the topology of the calculated Fermi surfaces. y 64 102

The orbits marked and 8 are associated with sheets that are
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would be unaffected by the presence of a CDW that formeckffectively rules out the usual routes to macroscopic disorder
due to nesting between the open orbit sheets. In Ref. 20 theecessary for to explain large MRs in disordered
nesting between branches of these parts of the FS that woulmiconductor$® Although no direct evidence for a CDW
lead to CDW formation is discussed in detail. In addition, theinstability has been reported, our band structure calculations
calculated FS volumes and effective masses are given in Redre consistent with such a hypothesis. If such a CDW state

20. forms the pinning of CDW modes at impurity sites may pro-

_In summary, we have measured de Haas—van Alphen 0Ogjide the inhomogeneity required by one of the theories for
cillations in LaSh as a function of magnetic field, tempera- |arge linear MRs?

ture, and crystal orientation. From these measurements we
have observed three small Fermi surface sheets, two of
which are nearly cylindrical about tHe01] direction of the
Brillouin zone, and a smaller third sheet, which is nearly
spherical. The areas of the cylindrical Fermi surfaces are The following support is acknowledged: R.G.G. from
small, leading to the conclusion, consistent with our transDOE Grant No. DE-FG02-01ER45860, J.F.D. and P.W.A.
port data, that LaSbhas a small number of itinerant carriers. from NSF Grant Nos. DMR 01-03892 and DMR-020487,
Our band structure calculations reveal five Fermi surfacend D.Y. from the Louisiana Board of Regents Grant No.
sheets, three having areas that are in quantitative agreemdrfEQSH2001-04-RD—A-11. A portion of this work was
with our measurements, while the two remaining give rise tgperformed at the National High Magnetic Field Laboratory,
open orbits not observable in this experiment. Our measurewhich is supported by NSF Cooperative Agreement No.
ments of the carrier masses, combined with our earlier estbMR-9527035 and by the State of Florida. The band struc-
mate of the carrier density effectively rule out any quantiza-ture calculations were supported in part through an allocation
tion effects as the cause of the linear MR. Such theories relpf time on the high-performance computing facilities within
on extremely small carrier densities and very large Hall moLSU’s Center for Applied Information Technology and
bilities, neither of which are supported by our data. FurtherdLearning, which is funded through Louisiana legislative ap-
more, the observation of de Haas-van Alphen oscillationgpropriations.
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