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Fermi surface of the ferromagnetic semimetal, EuB
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We report the results of magnetoresistance and magnetization measurements on single crystar EuB
temperatures above and below the ferromagnetic ordering tempera@igire$5.3 K andTc=12.5 K, in
magnetic fields as large as 30 T. Shubnikov—de Haas and de Haas—van Alphen oscillations were observed with
four fundamental frequencies. By comparison to band-structure calculations, we ascribe the orbits to small
pockets of electrons and holes, centered adtpeints. The effective masses and extremal areas of the pockets
are in good agreement with the predictions of band-structure calculations. We conclude thatsEarB
intrinsic semimetal and not a doped insulator. The intrinsic carrier concentration¥d@®2 cm™3, although
our sample is somewhat uncompensated, with a 65% surplus of holes. There is no appreciable modification to
the Fermi-surface dimensions or carrier masses with the onset of ferromagri&isi63-1829)01907-4

Hexaboride compounds have long been studied experposed that slight dilation of the boron octahedra render the
mentally and theoreticallyand their promise as model com- divalent hexaborides semimetallic, with electron and hole
pounds lends them a special place in metal physics. Theoncentrations of approximately ¥01?* cm™3, compa-
crystal structure is a simple cubic lattice of rare-earth orrable to the lowest carrier concentrations inferred from trans-
alkaline-earth ions, with a Boctahedron at the cube center. port measurements. So far, experimental support for either
Early tight-binding band-structure calculatiéngsroposed a €Xxplanation has been undermined by the crucial role played
particularly simple view of the electronic structure in which by sample purity.
the B; octahedra are regarded as anions with charg2)( EuB; is the most extensively studied of the divalent
In this view, electron transfer from the divalent or trivalent hexaborides, due to its interesting ferromagnetic properties.
rare-earth or alkaline-earth cations determines whether theigure 1 demonstrates the range of residual resistivities and
compound is a metal or a semiconductdrhis picture has carrier concentrations measured over the past few decades
lingered, due primarily to its qualitative success in describingor @ number of nominally stoichiometric samples, as well as
the trivalent hexaborides. It has been well established thateveral single crystals that have been intentionally doped
the trivalent rare-earth hexaborides are simple metals, primavith La and C. Carrier concentration is determined by Hall
rily through the comparison of Fermi surfaces establisheffect measurements in the paramagnetic state. We limit our
experimentally from de Haas—van Alphen anddiscussion here to EyBsamples displaying metallic behav-
Shubnikov—de Haas studfed to the Fermi surfaces pre-
dicted by increasingly sophisticated electronic structure 1000
calculation®~! The trivalent hexaborides are rare examples
of simple cubic, one electron per unit-cell metals, some or- d ¢
dering antiferromagnetically. The availability of large, high-
quality single crystals, the intrinsic stability of the crystal 100 ¢ d 9 h
structure, and the broad compositional range of pseudobin-
ary, rare-earth alloys make these materials unparalled as
hosts for studies of moment screening and ordering
mechanismé$? as well as model metallic magnéfs®

This depth of experimental and theoretical understanding
does not yet extend to the divalent hexaborides, which have
a much more troubled and ambiguous history. Electrical re- -
sistivity measurements on EYBSrB;, and CaR provide 10
evidence for small semiconducting gaps, of order a few
tenths of an eV%:*"**Nonetheless, finite resistivity is gener- g, 1. Residual resistivity, as a function of carrier concen-
ally observed at low temperatutas well as clear evidence tration n for different EuB samples.n is determined from Hall
for gap states from tunneling experimefitghis behavior is  effect measurements, except fa¥, in which de Haas—van Alphen
consistent both with conducting impurity states in a smallmeasurements were uséé) This work. (b) Reference 23(c) Ref-
gap semiconductor, and with the small but intrinsic Fermierence 24(d) Reference 25, La-doped samplés). Reference 26.
surface of a semimetal. The latter view is supported by thef) Reference 22(g) Reference 27(h) Reference 28, C-doped
most recent electronic structure calculatidh& which pro-  sample.
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ior with the electrical resistivity decreasing as the tempera- 110 102

ture is lowered. The observation from Fig. 1 that increases in gg 1.00 ] s 100

carrier concentration are generally accompanied by increases it LY 0.13 0.8 < %05 0 015 020
in residual resistivity, and presumably sample disorder, is a o l
strong indication that the carriers in most of the samples of 150 15

Fig. 1 are primarily extrinsic. An alternate explanation, that

EuBs is an intrinsic semimetal, was suggested on the basis of 100 | g 10|

the large residual resistivity rati@sqo «/p42 k,» and the Hall < 2

effect observed in the most highly conducting but lowest < 50 | S 05+
carrier-concentration samplé&sin an intrinsic semimetal, it =

is possible to lower the residual resistivity by improving the 0 ‘ ‘ ‘ 0.0 ‘
sample perfection without affecting the carrier concentration. 0 10H ( T2)0 30 0 H1(9|_) 20

However, it is not clear from Fig. 1 whether any of these

samples actually approach the limit of predominantly intrin- £ 2. (a) Magnetoresistance of EyBat 0.4 K. The field is
sic carriers. along the 001 axis, while the current flows in the perpendicular
The primary motivation of the work presented here is toplane, approximately along the 100 axis. Top panel: The oscillatory
provide an experimental test of the band-structure calculapart of the magnetoresistanég,s. as a function of inverse field.
tions that propose that pure, stoichiometric Gug8a semi- (b) The magnetic torque, proportional ddH of EuBs at 4.3 K,
metal, and not a small gap semiconductor. We present hetith the field parallel to the 001 axis. Top panel: The oscillatory
direct evidence for the existence of an intrinsic Fermi sufacart of the magnetizatioAM s as a function of inverse field.
in divalent Eulg. We have observed both Shubnikov—de 0 tour fundamental frequencies are found in the

Haas and de Haas—van Alphen oscillations in a high-qualit-,jer transform of both the 4.3-K magnetization and the
single crystal of Eug, whose magnetic and structural prop- o 4.k magnetoresistance, as well as a number of harmonics
erties have been described previouSliThe Fermi surface and sum and difference frequencies. In all cases, we have
consists of both an electron and hole pocket centered at the restricted our analysis to fields larger than 5 T, for which
point, whose dimensions and carrier masses are in googemagnetization corrections are both reliable and small.
agreement with the predictions of electronic structureElectronic structure calculatiofispropose that the Fermi
calculations’! The success of this comparison proves defini-surface of EuR consists of two elliptical pockets, one elec-
tively that the Fermi surface is an intrinsic feature of sto-tronlike and one holelike, both centered at ¥points. Fol-
ichiometric EuR. lowing the electronic structure calculations, we assgro

We have measured both the magnetoresistance and mage largest Fermi-surface dimension, whke=k,. Since
netization of a high-quality single crystal of EgBver a  both pockets contain so few carriers, we assume that they are
wide range of temperatures and fields. The magnetoresigsolated and that no extended orbits are possible. This model
tance measurements were performed irfHe single-shot of the Fermi surface predicts two oscillation frequencies per
refrigerator capable of achieving temperatures as low as 0.dllipsoid for a magnetic field at an arbitrary orientation with
K in dc fields as large as 30 T, whose angle with respect teespect to the sample principal axes.
the sample principal axes was variable. The sample magne- The angular dependence of the oscillation frequencies
tization was derived from torque measurements for temperashows that the shape of the Fermi surface for both pockets is
tures between 4 and 25 K and fields up to 20 T, performedlose to the ellipsoids predicted by band-structure
using a cantilever magnetomef@rOur single crystal was calculation€>* Figure 3 represents the angular dependences
grown from an aluminum flux, and its magnetic and struc-of the fundamental Shubnikov—de Haas frequencies as the
tural properties near the upper and lower ferromagnetic trarsample is rotated through an angl@bout a fixed010) axis.
sitions TE =15.3 K andTo=12.5 K have been described We note that four distinct frequencies are observed at almost
in Ref. 29. every angle. The angular dependences of the fundamental

The magnetoresistance of our single crystal at 0.4 K idrequencies allow us to group the four fundamental frequen-
depicted in Fig. £a). Here, the field is parallel to the 001 cies into two pairs. As demonstrated by the solid lines in Fig.
crystalline axis, while the current is transverse, approxi-3, the complementary angle dependences of the individual
mately parallel to the sample 100 axis. The magnetoresidrequencies of the pairs agree well with the extremal areas
tance Ap/py increases by a factor of almost 150 at 30 T,expected for two ellipsoidal Fermi surfaces. The first pocket,
which is larger than that reported in earlier low-field described by the frequenciég=273 T andf;=420 T, has
measurement®:3! rivaling in magnitude the negative mag- an asymmetry between the semimajor and semiminor axes of
netoresistance observed near the Curie temperatités. 1.6+0.03, while the second pocket, havifig=353 T and
Several oscillatory components are evident in the magnetoré4 =597 T, has an asymmetry of 1:8.03. Pocket one cor-
sistance of this high-quality single crystal. The magneticresponds to a carrier density of X20°° cm™3, while the
torque at 4.3 K foH parallel to 001 is displayed in Fig(l, = second pocket contains a slightly larger carrier density,
displaying similar oscillations. As shown in the upper panels2.03< 10?°° cm™3. Both the approximate scale for the Fermi-
of Fig. 2, the oscillatory parts of the magnetoresistance andurface dimensions as well as the asymmetry of the electron
magnetization are periodic functions of inverse field, indicat-and hole ellipsoids are in at least qualitative agreement with
ing that they are, respectively, the Shubnikov—de Haas anthe electronic structure calculatiofis®® However, the elec-
de Haas—van Alphen oscillations. tron and hole pockets of a stoichiometric semimetal must
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FIG. 4. Fundamental frequencies fé+=0 display a continuous
6 (degrees)

and modest increase with decreasing temperature. The ferromag-
FIG. 3. Variations in the fundamental Shubnikov—de Haas fre-N€tic ordering temperatures, indicated by the vertical dashed lines at
quencies at 0.4 K with the angle between the field and the 100 Tc=15.3 K andTc=12.5 K are taken from resistance measure-
axis, for rotations about a fixed 010 axis. Solid lines are angldMents on the same sampifgef. 29.
dependences calculated for an ellipsoidal Fermi surface with asym-
metry ratio of 1.6, while the dashed lines correspond to an asym- Our measurements show that the Fermi surface of;Es1B
metry ratio of 1.8. essentially unaffected by the onset of ferromagnetism. Nei-
ther the size of the electron and hole pockets, or the carrier
contain identical numbers of carriers, although the shapes ¢iffective masses change appreciably in the temperature range
the pockets may differ. We conclude that our sample igh Which the plasma frequency increases dramatically. We
somewhat uncompensated, with a 65% difference in th&an offer two possible resolutions to this paradox.
number of electrons and holes. It is most likely that our Since the intrinsic Fermi surface in Egyis so small, the
sample is slightly Eu deficieﬁﬁ suggesting a surplus of conductivity of this material is exquisitely sensitive to small
holes. For this reason, we assifjn and f to the electron ~amounts of accidental impurities or variations in stoichiom-
pocket andf, andf, to the hole pocket. etry, as depicted in Fig. 1. It is possible that the comparison
One of the central issues we wish to address with thi®f the Fermi surface and the optical reflectivity results re-
work is whether the Fermi surface of Egfs strongly af- veals that the extrinsic carriers have much more different
fected by the onset of ferromagnetic order, a possible explaProperties than the intrinsic carriers. In order to assess the
nation for the giant shift recent]y observed in the p|asmava|idity of this scenario, it is important that the carrier con-
frequency below the Curie temperatufe .*® This result ~centration of the optical reflectivity sample itself be estab-
could be explained by an approximately threefold increase ifished from its resistivity and Hall effect and compared to
carrier concentration or a similar decrease in effective mas#at of the sample studied here.
as the temperature is reduced from 15 K to 4 K. Neither A more exotic possibility is that the Fermi surface of
possibility is consistent with our measurements. EuBs in the ferromagnetic phase is qualitatively modified by
The temperature dependences of the fundamental frequeftagnetic fields. In this view, the high-field de Haas—van
cies for6=0 are plotted for temperatures from 0.4 K to 25 K Alphen and Shubnikov—de Haas measurements describe a
in Fig. 4. Each displays a modest and continuous decrease B§rmi surface with different properties than that probed by
the temperature is increased, ranging from 8% to 13% Ovetrhe zero-field reﬂeCtiVity measurements. To test this idea, we
this temperature range. In particular, the temperature depen-
dences of each of the fundamental frequencies are virtually 10°
identical above and below the ferromagnetic transitidgs °
=15.3 KandT;=12.3 K. This result is in agreement with

H Il 100

recent angle-resolved photoemission measurements per- @
formed in the paramagnetic state, which find very nearly the £ 10
same Fermi-surface dimensions as our de Haas—van Alphen £
and Shubnikov—de Haas oscillation studi®s. -
Similarly, the temperature dependences of the de Haas— 5 107
van Alphen amplitudes are consistent with effective masses =

that are temperature independent between 4 and 25 K. The
amplitudes of the strongest frequencies from each Fermi-

surface pocketf; andf,, are plotted in Fig. 5. The Lifshitz- 10°
Kosevich equatiori’ indicated by the solid lines in Fig. 5,

indicates an effective mass of 0.228.011 for the electron

pocket and 0.3130.016 for the hole pocket. These low ef-  F|G. 5. Temperature dependences of #he0 oscillation ampli-
fective masses are consistent with the semimetallic charact@ides of frequencie$, (solid circle3 and f, (open circles The
of EuBg and with minimal electronic correlations. solid lines are fits to the Lifshitz-Kosevich equation.
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in resistivity at low fields suggests that the percentage of
total carriers involved in such a reconstruction is likely to be
very small, certainly much less than the factor of 3 required
to reconcile the temperature dependences of the Fermi sur-
face and reflectivity measurements. Further, the low-field
magnetoresistance is remarkalimgensitiveto temperature,
unlike the carrier concentration required to explain the opti-
cal measurements. Preliminary measurements of the reflec-
tivity in a small magnetic field also indicate that the results
are very similar to the zero-field measuremefitseemingly
ruling out this possibility. What is more, the good agreement
between the Fermi-surface dimensions found in our measure-
, ‘ , ments and in the zero-field angle-resolved photemission
0.0 0.5 1.0 15 20 measurements also argue against this second interpretation.
() ' In summary, we have presented here direct measurements
FIG. 6. Magnetoresistandkp/p, of EuBs for various tempera- of the Fe_rmi-surface dimension and carrier mass in_ a divalent
tures. In each case, the field is parallel to the 001 axis, and thgexabo”de’ Eu&'_ We find that ther? a!’e MO Fermi-surface
current is in the transverse plane, approximately along the 100 axi$OCkets, containing 1:210°° cm? intrinsic electrons and
Inset: expanded view of low-field region. holes, although a small departure from stoichiometry affords
our sample a hole excess 2:030°° cm™3. The qualitative
have carried out low-field magnetoresistance measuremen reement with the calculate_d electronic structure demon-
on the same crystal of EyRused for the de Haas—van Al- strates _that EuBmust be considered a semlme_tal, and not a
phen and Shubnikov—de Haas measurements. The results %?peq insulator, although the very small carrier C(_)nc_entra-
this study are summarized in Fig. 6. We focus here on thdons imply that a very high degree of sample purity is re-

lowest temperatures, away from the region n'éérandTg quired to ascertain that the carriers are primarily intrinsic in

. ; - rigin. We find that the Fermi-surface dimensions and carrier
where the largest negative magnetoresistance is observed. At

) . . asses are essentially unaffected by the onset of ferromag-
these low temperatures, the magnetoresistance is negative In:
\ ) - . - “netism.

very low fields, before becoming positive and increasingly
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