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We report an experimental inelastic x-ray scattering study of the collective electron excitations in MgB
Single-crystal and polycrystalline samples were used to study the free-electrgr-EReeV) plasmon and the
recently theoretically predicted low ener@y 3 eV) plasmon mode. We present the energy-loss spectra for
several momentum transfer values and find that the excitations exhibit a strong directional dependence. We
discuss the dispersion of collective excitations and find a good agreement between the experimental results and
the published theoretical calculations. Some discrepancies between the experimental data and the calculations
were observed, namely slightly differing excitation energies and momentum-transfer dependence. However,
these discrepancies are the same order of magnitude as the uncertainties within the various computational

methods.
DOI: 10.1103/PhysRevB.71.060504 PACS nuniber74.25.Jb, 78.70.Ck
Following the discovery of superconductivity in MgRt Recently, two theoretical stud@s® on the dielectric re-

T.=39 K,! numerous studies have been published concernsponse of MgB as a function of momentum transfer were
ing the origin of its superconductiviyl® Isotope substitu- published. To address the results of these studies, we have
tion experiments'! suggest that the electron-phonon interac-performed inelastic x-ray scattering experiments using both
tion plays a major part in the superconduction electronsingle-crystal and sintered polycrystalline samples of MgB
pairing of MgB,. Due to the surprisingly high superconduc- The measured dispersion of the theoretically predicted plas-
tion transition temperature, alternative mechanisms causingion modes are presented and compared with the theoretical
electron pairing has been proposed. Acoustic plasniaR$  calculation$®2°in detail.
have been suggested as a possible source of supercon-The experiments were carried out at the beamline ID16 at
ductivity’® in layered structures, but the issue remains conthe European Synchrotron Radiation Facility. The x rays pro-
troversial as there seems to be no consensus in more recentiyced by three consecutive undulators were monochroma-
published theoretical studié:'®Also the theory of hole su- tized using a double-crystal monochromator employing the
perconductivity used to describe the high cuprate super- Si(111) reflection. The energy of the scattered photons was
conductors was proposed to explain the superconductivity imnalyzed using a spherically bent silicon crystal positioned
MgB,.*® Nevertheless, as MgBis built up from light ele- on the Rowland circléR=0.5 m), utilizing the S{444) re-
ments only and having a relatively simple crystal structureflection. The energy-loss spectra were measured via the so-
the electronic structure of MgBhas been given substantial called inverse scan technigéfe.The momentum-transfer
attention both theoreticafly'” and experimentally$-2° resolution dominated by the finite size of the analyzer crystal
The macroscopic physical quantity that can be used fowas 0.21 a.u(atomic unit$ and could lead to smearing as a
characterizing the electronic structure of MgB the dielec-  function ofg. The total energy resolution of 1 eV was deter-
tric function, e(q, w). It describes the response of an electronmined from the width of the quasielastic line. The energy of
system to an electromagnetic perturbation that transfers mdahe elastic line was 7.9 keV and was stable within 0.1 eV
mentumq and energyw to the system. The dielectric func- during the measurements.
tion is a macroscopic manifestation of the electron dynamics MgB, crystallizes in a hexagonal-layered structure
at the microscopic level, and provides means for studyingormed by alternating graphitelike honeycomb boron layers
phenomena such as screening, single- and many-particle eand hexagonal Mg planésin this paper, the axis perpen-
citations. dicular to the boron layers will be addressed as ¢hexis
Plasmons are excitations associated with the collective oswvhile the a axis lies in the hexagonal plane. The single-
cillations of the electrons. Comparison with the experimentatrystal sample of MgBwas a platelet with an area of ap-
data offers means to evaluate the accuracy of the theoreticptoximately 0.5< 0.3 mn? and thickness of about 1Q@m,
model$! for this fundamentally interesting many-body phe- thus both transmission and reflection geometries could be
nomenon. Experimental methods for probing the dielectriautilized in the measurements. The sample Witl+38.7 K
response of the system rely on introducing a suitably weakvas manufactured using a high-pressure anvil techritjue.
probe into the system. In this paper, inelastic x-ray scattering@he sintered polycrystalline MgBsample had dimensions of
(IXS) has been used, being a well-established tool for study? x 2x 4 mme. A more detailed description of the polycrys-
ing the electronic excitations in matt@r26The cross section talline sample preparation can be found in Ref. 32. The
of the scattered photons is proportional to the energy-lossingle-crystal sample was oriented using the Laue technique,
function In{-1/e(q, )], from where the dielectric function after which the sample was glued onto the tip of a copper pin
can be extracted via the Kramers-Kronig transformatfon. sample holder. All experiments were carried out at room
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FIG. 1. The experimental energy loss functions for single-crystal and polycrystalline BagBples using several momentum transfer
values. Error bars due to counting statistics are the order of the linewidth. The dotted lines indicate the position of various peaks and are
intended as guides for the eye. The peak values of the energy-loss spectra measured at the largest momentum transfer values correspond t
about 16 counts/5 s. The spectra are displaced along the vertical axis for clarity.

temperature under a He atmosphere and in vacuum for thdifferent directions ofq is displayed. The position of the
single-crystal sample and the polycrystalline sample, respe@eak maxima in the experimental energy-loss spectra were
tively. No visible degradation of the samples were foundfound by inspecting the zero crossings of the derivatives. The
upon visual inspection using a microscope before and aftetheoretical result was taken from Figain Ref. 28. Both in
the experiments. our experiment and in the calculation the dispersion of peak
In Fig. 1 we present the experimental energy-loss spectrB (With qlI[001]) is small, but the energy of pedk depends
along two directions for the single-crystal sample togethen @, and in the hexagonal plane the dispersion is almost
with the results using the polycrystalline sample. We observéinear. However, the plasmon energy seems to be consistently
a strong directional dependence of the loss function. For thenderestimated by about 0.3 eV in the theoretical
low momentum-transfer values witi[100] [Fig. 1(@)], the ~ calculations® The plasmon energy of the polycrystalline
plasmon has a Lorentzian shape resembling the plasmon inS&mple resides between the values of the single-crystal mea-
free-electron-like system. As the momentum transfées in- ~ Surements. The expenmental plas_mpn dispersion obtained
creased, the plasmon disperses to higher energies and at higg@m the polycrystalline sample is similar to that of the plas-
momentum-transfers the plasmon severely distorts. On th&on in the hexagonal plane. The only difference is that the
other hand, whem is parallel to thec axis [Fig. 1(b)], the plasmon energy in the polycrystalllne sample is about Q.S eV
plasmon exhibits a double-peaked shape, even at lowOWer. In the other theoretical stuftythe plasmon with
momentum transfer values. The peak-at9 eV (peakB)  dl[001] is found to disperse almost linearly from
shows almost negligible dispersion as a functiorgpwhile ~ 18.510 19.7 eV as the momentum transfer is increased from
the high-energy shoulder at25 eV (peak C) moves to 010 0.25a.u. This is in a clear contrast with our experimen-
slightly higher energies ag is increased. The small peak at tal result where we find practically no dispersion for the high
around 3 eV in Fig. (b) will be addressed later in this paper. 26

In Fig. 1(c), the energy-loss spectra measured using the ¢ e qHng’} ]
polycrystalline sample are shown. At lagwalues, the plas- % o qllgogl
mon has an almost symmetric Lorentzian lineshape, but a 24} & alfomkPeaks X * v
slight high-energy shoulder develops at largetAssuming = V_polycrystal vy
no texture, the orientations of the crystallites in a polycrys- Ezs- v P
talline sample are random and the measurement effectively & 22f gy L
averages over the directions qf The contribution of the o al - 5307670 ]
hexagonal plane is emphasized due to its high symmetry, " S vov°v °
thus causing a close resemblance between the polycrystalline  20f - ‘v‘v v 1
spectra and the spectra in Figal 19_\ 5 7 5

Recent theoretical calculations of Zhukeval28 and Ku AU
et al?% both predict the free-electron-like plasmon just below B— 57 b2 o5 038 05 08 07 08
20 eV at lowq. Forqll[001], the calculated plasmon in Ref. Momentum transfer (a.u.)

29 exhibits a smooth Lorentzian shape, while the first stidy  FiG. 2. (Color onling Experimental and theoretical dispersion

predicts a double-peaked structure corresponding to g8aks of the free-electron-like plasmon in MgHor various momentum

and C. Also in Ref. 28 the energy-loss spectra 8i{100]  transfer values and directions. Pedksand C are defined in Fig.

are presented, showing a single peaked plasmon, again reh). The theoretical data was taken from Ref. 28. Dashed lines

producing the experimental spectra well. represent the linear fit to the experimental data. Error bars are
In Fig. 2 the dispersion of the plasmon-peak position forsmaller or equal to the size of the markers.
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FIG. 3. Experimental energy-loss spectra of Mgising small-  of the low-energy collective modes in MgBPeaksD and E are
energy transfer values with both perpendicular to and in the hex- gefined in Fig. &). The theoretical results were taken from Ref. 28.

agonal boron plane. Dotted lines showing the position of various:iror pars are shown, where the uncertainty due to counting statis-
peak maxima are intended as guides for the eye. The peak valuess s |arger than the size of the marker.

g=0.48 a.u. correspond to abo(#) 3x 10° counts and(b) 1C°
counts in 15 s. Error bars due to counting statistics for selected daaerimental data. However, due to the low experimental reso-
points are shown. The spectra are displaced vertically for clarity. lution, the plasmon partly overlaps with the tail of the elastic
_ S _ peak. In order to estimate the accuracy of the determined

energy plasmon witly along this direction. Linear extrapo- plasmon energy, the spectra in FigaBwere fitted using
lations of the experimental dispersion data points give plasgayssian functions. From this we estimate that the plasmon
mon energies at zero momentum transfe(®&5+0.2 €V energies could be determined from the experimental data
for qli[100] and (18.8+0.3 eV for qli[001]. The error esti-  within 0.2 eV. The resulting dispersion of these low-energy
mates were obtained by observing the sensitivity of the exmodes are depicted in Fig. 4 along with the results of the
trapolation to the datapoints included in the linear fitting.theoretical calculation in Ref. 28. The results fpt[001]
These values are in an excellent accord with the theorefresented in Ref. 29 are identical to the results of Ref. 28
ical results of 19.4 eMRef. 28 for qli[100] and 18.8 €V within visual accuracy. There is a very good agreement be-
(Ref. 28 and 18.5 eMRef. 29 for qlI[001]. tween the experiment and the theory along [id@1] direc-

Now we turn our attention to the small featypeakA in  tion up to the boundary of the first Brillouin zone at around
Fig. 1(b)] residing around 3 eV from the elastic line. For low 0.48 a.u. By further increasing the momentum transfer the
momentum-transfer values withll[001], both theoretical plasmon starts dispersing negatively. Along [t80] direc-
calculations predict a very sharp plasmon mode, which igion, the correspondence is not as good. While the dispersion
interpreted as a coherent charge fluctuation between the bof peakE in Fig 3(b) is similar to that of the calculated one,
ron and the magnesium sheé&tg€?We present an experimen- the calculation underestimates the energy of this peak by
tal verification of this mode in Fig.(®), where the energy- about 0.5 eV.
loss spectra closer to the elastic line are shown for several Generally speaking the agreement between the current ex-
momentum transfer values. The experimental energy resolyperimental results and the theoretical calculafi®?i’ is
tion is high enough to clearly separate this feature from thejood. The calculation presented in Ref. 28 reproduces the
elastic line. For smalf values the plasmon exhibits a posi- features in the experimental spectra well and gives an accu-
tive dispersion, which turns negative for large valuegjof rate prediction about the related dispersion. The biggest dif-
There have been indications that this plasmon mode waference is in the absolute position of these features and this
observed in an earlier repdftHowever, in that study, fitting  difference is only few tenths of an eV. Such a small discrep-
procedures had to be used in order to separate this featuagcy can be attributed to uncertainties in both the calculation
from an overlap of several peaks. or the determination of the peak positions in the experiment.

The energy-loss spectra witfil[100] is depicted in Fig. Zhukov et al?® use random phase approximatitRPA) for
3(b). For low q there is a clear peak in the spectra also forthe response function. On using either the tight-binding ver-
this direction ofq. Upon comparison with Fig. () it is  sion of the linear muffin-tin orbitalLMTO) method or
evident that this feature resides at a higher energy, is consigane-wave pseudopotential method in the solution of the
erably wider note the different energy scale in FiggaBand  single-particle states they obtain a 0.4 eV difference in the
3(b)], and has lower intensity, which is visible as a higherextrapolatedy=0 energy position of thgll[001] low-energy
statistical noise in the spectra. At highevalues, the feature collective mode® They estimate the numerical accuracy of
transforms into a double-peaked structure. In Ref. 28 thehese results to be better than 0.2 eV, i.e., smaller than the
corresponding energy-loss spectra shows a small featureported difference. Also in Ref. 29 the loss function was
roughly at the correct energy. calculated within RPA but with the single-particle states

The dispersion of the low-energy modes were found agaisolved using a full-potential linearized augmented plane-
by inspecting the zero crossing of the derivative of the exwave methodRef. 17 in Ref. 29 Theq=0, qll[001] plas-
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mon energy presented in Ref. 29 is about 0.3 eV lower thation. In fact, the excitation remains well defined and gains
that of Ref. 28. Overall, this seems to indicate that the dif<intensity all the way toq=0.77 a.u., the largest momentum
ferences between experiment and theory for the absolute p@ansfer used in probing this collective mode.
sition of the spectral features is of the same magnitude as the |n, this paper, the experimental verification of the theoreti-
differences due to different choices for calculating the smgleta"y predicted low-energy collective mode is presented.
particle states. Differences between t%eory and experimeRfhile the correspondence between the theory and the experi-
Co‘il‘d a'SdQ be d“ﬁ to effects beyond R IA in i Homent is good, we feel that further studies should be carried

_According to the current experimental result in Fig. 4, the ;¢ 1 address the above-mentioned discrepancies. Precise
Q|sper3|o_n Qf the low-energy collective excitation turms Negasy o retical calculations are needed to cast light on the nega-
fg’jnajgn'z ;C;ffffg (? %02% tgeha?euvnsl%y i?/feﬂ;i ];'r:fsér_Br'l' tive dispersion of the low-energy plasmon in the second Bril-

X - 9 louin zone and experiments with a considerably better energy

mation on the low-energy excitation in this momentum ; !
transfer region. On the other hand, according to Ref. 29, thi%?stﬂ:t\'/agtihgfu lﬂebtlaosva}glneedr;yugtlgsen:ilrzj?Tt](zgr;iependence

excitation decays into electron-hole pairs at momentum
transfersq=0.6 A™1, corresponding toq=0.32 a.u. This We would like to thank N. Hari Babu, M. Kambara, and
should result in an increase in the width of this mode. WithinD. A. Cardwell for providing us with the polycrystalline
the experimental energy resolution we do not observe anigB, sample. This work has been supported by the Acad-
increment in the width of the low-energy collective excita- emy of Finland(Contracts No. 201291/407382
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