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Temperature dependence of MgB2 Compton profiles
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Changes in the momentum density of polycrystalline superconductor MgB2 have been studied while cooling
the sample below the critical temperature of 39 K. Compton-scattering experiments were performed using
synchrotron radiation with incident photon energy of 29 keV at temperatures of'15, 55, and 293 K. Small
changes in the ground-state electron momentum density were observed as a function of temperature. Above the
critical temperature these can be explained by thermally induced changes in the lattice constant. However, the
observed localization of the valence-electron momentum density when the sample is brought into the super-
conducting state cannot be interpreted via thermal lattice contraction but suggests changes in the electronic
structure.
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I. INTRODUCTION

The recent discovery of superconductivity below 39 K
MgB2 ~Ref. 1! has generated a considerable amount of in
est in the material and its electronic properties,2 especially
concerning the nature of the observed superconductivity.
unit cell of hexagonal MgB2 consists of one magnesium an
two boron atoms containing only 22 electrons. This is s
nificantly lower than in the structurally and chemically sim
plest high-Tc oxide superconductor, doped La2CuO4, which
contains more than 150 electrons in the unit cell.

The mechanism of superconductivity in MgB2 seems to
be consistent with the conventional phonon-media
theory.3–5 Computational6–8 and experimental9–12 analysis
on MgB2 further indicates anisotropic phonon-electron co
pling and multigap structure as well as the importance of
two-dimensional borons (spxpy) bands for superconductiv
ity in the material. There are also experimental observati
of electron transfer from the boronp (pz) bands to the boron
s bands, in the transition from the normal state at ro
temperature to the superconducting state at 15 K.13 However,
in order to understand the mechanism of superconducti
in MgB2, more experimental and computational informati
is needed about the electronic structure and the propertie
the material, both in the normal and the superconduc
state.

Compton scattering, i.e., inelastic x-ray scattering fro
electrons at large energy and momentum transfers,
unique tool for studying ground-state electron moment
densities.14,15Compton scattering is neither sensitive to cry
tal defects nor to surface effects. Modern third-generat
synchrotron-radiation facilities allow experiments with bo
good momentum resolution and high statistical accura
Hence the technique has been frequently used for stud
ground-state electronic properties of matter.

In a Compton-scattering experiment the doub
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differential cross section is measured. For a review
Compton-scattering theory, see, e.g., Ref. 16. Within the
pulse approximation the cross section can be written17

d2s

dVdv2
5C~v1 ,v2 ,f!J~pz!. ~1!

Hence the cross section is factorized into a part which
pends only on the experimental setup,C(v1 ,v2 ,f), and a
part which carries information on the ground-state proper
of the electronic system, known as the Compton pro
J(pz). The Compton profile is defined by the initial electro
momentum densityN(p) through a two-dimensional integra
in a plane perpendicular to the scattering vector

J~pz!5E E dpxdpyN~p!. ~2!

In other words, the Compton profile is a one-dimensio
projection of the integrated electron momentum dens
along the direction of the scattering vector. By using t
definition of the electron momentum density

N~p!5(
n

U E d3rcn~r !eip•rU2

, ~3!

wheren denotes the band index and the summation is o
the occupied states, it is clear that the Compton profile
normalized to the number of electrons in the unit cell of t
sample,

E
2`

`

dpzJ~pz!5N electrons. ~4!

Since the Compton profile is defined in the momentu
space, the technique is more sensitive to the valence tha
the core electrons. This is due to the fact that the vale
©2004 The American Physical Society01-1
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electrons, unlike the core electrons, are localized in mom
tum space, leading to a narrow contribution to the Comp
profile.

In the case of superconductivity the electrons of inter
are the valence electrons close to the Fermi surface. In M2
the ratio of the number of these electrons and the total n
ber of electrons in the unit cell is rather large, when co
pared to, e.g., high-Tc oxide superconductors. Hence one e
pects that any change in the electronic structure connecte
the transition from normal to superconducting state would
easier to detect in MgB2 than in the case of high-Tc super-
conductors. For the latter case no change in the Comp
profile has been observed in the superconducting ph
transition.18

This paper reports a temperature-dependent Comp
scattering study on polycrystalline MgB2. This is motivated
by the need of experimental work on the electronic struct
and properties in both normal and superconducting sta
Three sets of Compton-scattering measurements were ca
out at temperatures of'15, 55, and 293 K using an inciden
photon energy of 29 keV. In the experiments we used t
different spectrometers simultaneously, a high- and a lo
resolution spectrometer with momentum resolutions
'0.10 and 1.1 atomic units~a.u.!, respectively.

II. EXPERIMENT

The experiment was performed at beam line ID15B at
European Synchrotron Radiation Facility. The radiation w
produced by an asymmetric multipole wiggler and mon
chromatized using a horizontally bent Si crystal utilizing t
~111! reflection. The Compton profiles were measured
temperatures of 15, 55, and 293 K. The data were collec
simultaneously using a scanning Rowland circle spectro
eter with a cylindrically bent Si~400! analyzer crystal at a
scattering angle off'173° and an intrinsic Ge solid-stat
detector, which was positioned to measure the scattered
diation at an angle off'148°. Details about the spectrom
eter can be found in Ref. 19. The raw data acquired by
scanning-crystal spectrometer were normalized using
solid-state detector data and corrected for absorption in
sample and in the path of the scattered radiation as we
for the analyzer reflectivity. The energy spectra acquired
the Ge detector were corrected only for the absorption in
sample and in the path of the scattered radiation.

Cylindrical pellets~16 mm of diameter and 5 mm thick!
were prepared from a mixture of high-purity Mg and B po
ders ball milled under argon using an evacuated press di
to minimize the air trapped in the sample. The pellet w
sandwiched between Mo/Al2O3 plates and placed in an alu
mina crucible. Pure Mg powder was placed close to
sample to suppress the oxidation and evaporation of
from the sample during densification. The pellets were h
treated in a Mg-coated tube furnace under an applied loa
10 N at 850 °C under flowing 4% H21Ar gas for 10 h.
X-ray-diffraction analysis confirmed the sample to be sin
phase and MgO-free MgB2. Microstructural investigations
confirmed the sample to be polycrystalline with a grain s
of several tens of microns in diameter. Full details of sam
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preparation are given in Ref. 20. Finally such a pellet was
to a size of 123431.5 mm3.

The sample was cooled using a closed-cycle cryostat w
a temperature controller, utilizing pressurized He gas of
bars. A Cu sample holder was mounted on the cold fing
The cold finger, sample holder, and sample were in a vacu
chamber and all the experiments were performed in vacu
The temperature of the sample was monitored using
thermal monitors, a Cernox thermal sensor~control sensor!
at the base of the cold finger, and a PT-100 resistor~monitor
sensor! mounted directly on the tip of the sample. Howeve
since the PT-100 resistor levels off atT523.15 K, we had to
rely solely on the Cernox sensor below this temperatu
Concerning the measurements at the lowest tempera
where the control sensor reading was 12 K, we know nev
theless that we were well below 23.15 K. Furthermore,
cording to earlier calibration measurements the tempera
was expected to be'15 K. The thermal conductivity be
tween the sample and the temperature sensor as well a
sample holder and the sample was enhanced using con
tive grease~Lakeshore Cry-Con!. The consistency betwee
the two temperature monitors was good, the difference in
readings of the sensors above 23.15 K was measured t
less than 1 K. This difference was due to the radiative he
ing of the sample and finite thermal conductivity of th
sample holder and the sample.

The total momentum resolution of the scanning-crys
spectrometer wasDpz'0.10 a.u. At the Compton peak
total of 7.53105 counts were collected at each temperatu
and hence the statistical inaccuracy was about 0.1%.
total momentum resolution of the Ge solid-state detector w
Dpz'1.1 a.u. The momentum resolution of the Ge sp
trometer was dominated completely by the energy resolu
of the detector, which was close to 400 eV at the Comp
peak. With this detector, at the Compton peak a total of
3106 (T515 K), 1.63107 (T555 K), and 6.23106 (T
5293 K) counts were collected resulting in a statistical
accuracy of about 0.04%, 0.03%, and 0.04%, respectiv
The excellent statistical accuracy is naturally the motivat
for using the low-resolution spectrometer in the first plac

During the experiment, the spectra were measured rep
edly several times and added together using the assoc
statistical accuracy as a weight. This assured the monito
of the nonstatistical fluctuations as well, which can be s
nificant when the statistical accuracy is this high. The diff
ence between each spectrum and the sum of the spectra
found to be within the statistical uncertainty in all cases. T
background, which was linear in the energy scale, was s
tracted from the data by assuming the high-momentum t
of the Compton profiles to be due to the core electrons. T
background was as low as 0.1% ofJ(0) for both the
scanning-crystal spectrometer and the Ge detector data.

The measured scattering cross sections were further
rected for relativistic effects according to Holm,21 converted
to the momentum scale, and the negative and positive
mentum sides of the profiles were averaged since the Co
ton profiles are intrinsically symmetric. Finally the profile
were normalized to the number of electrons.

A very important property of MgB2 concerning our ex-
1-2
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periments is the temperature dependence of the lattice
rameters. Since the change in the Compton profile in
transition from the normal to the superconducting state
expected to be small, it is crucial that the changes in
lattice parameters are small or at least well known. For
itously, for MgB2 there is practically no change in the lattic
parameters when the temperature is below 70 K.22 Thus
changes in the electronic structure and the related wave fu
tions are not notably distorted by the lattice effects in t
vicinity of the critical temperature.

III. RESULTS AND DISCUSSION

The main results of the experiment are given in Figs
and 2, where the temperature-dependent differences of
symmetrized Compton profiles are plotted. Figure 1 sho
the difference between the Compton profiles acquired us
the solid-state detector (Dpz'1.1 a.u.) and Fig. 2 the differ-
ence found using the scanning-crystal spectrometer (Dpz
'0.10 a.u.). In both figures, the left-hand side subplot~a! is
based on the data acquired at temperatures of 15 and 5
and the right-hand side subplot~b! at temperatures of 55 an
293 K, respectively (TC539 K). The error bars represen
the magnitude of the statistical inaccuracy while the das
lines are guidelines for the eye. Finally, the thick solid lin
represent a theory where the valence electrons are tre
within the free-electron model and convoluted with the co
responding experimental resolution function. In this mod
one takes into account only the thermal expansion of
real-space lattice, i.e., shrinking of the reciprocal lattice,
the temperature increases. The corresponding change o
Fermi momentum leads to a narrower Compton profile, sin
the states are confined to smaller momentum values at hi
temperatures. It should be mentioned that the results of
rather simple free-electron model above the critical tempe

FIG. 1. Differences in the experimental Compton profiles a
quired at temperatures of~a! 15 K and 55 K and~b! 55 K and 293
K using the solid-state detector (Dpz'1.1 a.u.). The thick solid
lines are the corresponding differences given by a free-elec
model while the dashed lines are merely a guide for the eye.
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ture are in good qualitative agreement with anab initio
calculation.23

The changes in the Compton profiles as a function
temperature aboveTC are shown in the subplots~b! of Figs.
1 and 2. As can be seen from Fig. 1~b!, the general behavior
is rather well explained by the free-electron model. Howev
with the moderate momentum resolution of the solid-st
detector, we cannot extract any fine structure from the d
Figure 2~b!, showing similar data but acquired with th
scanning-crystal spectrometer, reveals a change in the
perimental Compton profile extending to momentumpz
'3 a.u., which cannot be explained by the free-electr
model prediction. The qualitative similarity between Fig
1~b! and 2~b! rules out the possibility that this is due to a
experimental artifact. It could possibly be due to contrib
tions of higher Brillouin zones. However, considering th
relatively high Debye temperature (QD'800 K) of MgB2,2

these effects should be relatively small. Thus further theo
ical studies, similar to those done for Be,24 are needed to
explain the behavior in Fig. 2~b!. It should be noted that the
changes in the Compton profiles are extremely small, o
about60.1% of J(0). This is of the same order as the st
tistical accuracy of the scanning-crystal spectrometer a
thus close to the experimental detection limit.

The changes in the Compton profiles in the transiti
from normal to superconducting state are shown in subp
~a! of Figs. 1 and 2. In this case there should be no differen
in the Compton profiles due to thermal expansion, as in
cated by the results of the free-electron model. Yet, in
data acquired using the solid-state detector, we observ
localization of the valence-electron momentum density wh
comparing the profiles acquired at temperatures of 55 K a
15 K. Here the statistical accuracy of the scanning-crys
spectrometer is not sufficient to indicate whether the width
the experimental curve in Fig. 1~a! is intrinsic or limited by
the detector resolution.

As far as we know, there is no simple theory which e
plains the observed changes in the Compton profiles

-

n

FIG. 2. As for Fig. 1, except that the data are acquired using
scanning-crystal spectrometer (Dpz'0.10 a.u.).
1-3



t
-
la
e
o

se

ur
te
to
ng
e

are
ore
ns-
ur-

s
la-
of

RAPID COMMUNICATIONS

K. NYGÅRD et al. PHYSICAL REVIEW B 69, 020501~R! ~2004!
quired in the normal and the superconducting states. I
possible that Cooper pairing25 leads to a localization of elec
tron density in momentum space. However, in order to re
this phenomenon to our experimental results one would n
to develop a theoretical approach, which includes this co
erative phenomenon.

As mentioned in the Introduction, there have been ob
vations of electron transfer from thepz to the pxpy bands
during the transition from normal state at room temperat
to the superconducting state at 15 K. How and to what ex
this observed electron transfer would modify the Comp
profile is not yet known. High-resolution Compton-scatteri
measurements on single-crystalline samples could provid
d
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insight into this effect, although samples of sufficient size
not yet available. Furthermore, development work on m
sophisticated cluster calculations to model the charge tra
fer within boron rings to address this specific issue are c
rently in progress.
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