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NMR determination of the partial density of states and of the electronic correlation in Mg1ÀxAl xB2
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We measured the27Al and 11B NMR spin lattice relaxation rates and the isotropic Knight shifts in powder
samples of Mg12xAl xB2. The comparison with band structure calculations allows the experimental determi-
nation of the partial DOS and its dependence upon the Al concentrationx. Agreement is obtained for its
absolute values as well as for its behavior upon doping. The satisfactory understanding of the electronic wave
function around the probe nuclei validates our determination of a surprisingly large Korringa ratio, from the
comparison between27Al relaxations and shifts, which can only partially be attributed to Al disorder.
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Superconductivity atTc539 K in MgB2 is undoubtedly
an example of phonon mediated pairing.1–3 The detailed ori-
gin of the remarkably high transition temperature is stil
matter of debate, in which both more standard2,3 as well as
less conventional4 views are held. Material science and co
related electron physics are confronted with a simple lat
in which band calculations are extremely reliable. It is the
fore important to find accurate experimental tests for the
sic electronic properties, to be compared with theory.

According to state-of-art electronic structure calculatio
based on density functional theory in the local~spin! density
approximation@L~S!DA#, two kinds of bandsp ands cross
the Fermi surface, hence contribute to the normal and su
conductive properties. The low-dimensional hole charac
of the s bands, with Fermi energyEF close to its bottom at
G,2,5 together with the large energy of the anharmonicE2g
~Ref. 1! boron modes are probably key features.

The investigation of the well characterized allo
Mg 12xAl xB 2 ~Refs. 6–8!—where thes bands are com-
pletely filled aroundx50.5 and at the same compositionTc
drops to zero—can validate our understanding of the e
tronic structure and of the mechanism of superconductiv
The presence of Al has two effects: the smaller ionic rad
of Al vs Mg contracts the lattice axially~as shown by the
inset of Fig. 1!, and the substitution of Al13 for Mg12 in-
duces electron doping.

In the present work we measure the NMR relative Knig
frequency shiftK and the spin lattice relaxation rateT1

21 in
Mg12xAl xB2. In addition, we perform first-principles calcu
lations for the same quantities and compare our data with
theoretical results. NMR studies of normal9 and supercon-
ducting state properties10 have been performed in the pu
material, and the opening of the gap was investigated11 also
on Mg12xAl xB 2. Our NMR experiments probe selected pa
tial density of states~DOS! at the Fermi level (EF), via the
nuclear hyperfine interactions, thus providing a uniq
chance of testing the electronic structure of Mg12xAl xB2 in
the normal state. We show that all the partial density of sta
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decrease with increasingx up to x50.4. We find excellent
agreement between experimental and theoretical depend
of 1/T1T andK upon Al concentration. Finally we determin
the 27Al Korringa ratio 1/T1TK2, which ought to be a uni-
versal constant for free electrons, and find a larger value
a factor 2, whereas LSDA band structure14 predicts a 10%
reduction.

The Hamiltonian describing the nuclear hyperfine inter
tion with conduction electrons, may be written as follow
~we neglect the small spin-orbit coupling!:

Hh f5m0gnge\
2I•F8p

3
d~r !S1

3~S• r̂ ! r̂ 2S

r 3
1

l

r 3G , ~1!

whereS andI are the electronic and nuclear spin operator,ge
and gn their gyromagnetic ratios,l is the electron orbital
momentum operator, andr the electron coordinate relative t
the nucleus. The first two terms in Eq.~1! are the Fermi
contact and the dipole-dipole interaction. The third term
the coupling with the electronic orbital momentum. The tw
quantities accessible from the experiment,K and 1/T1, are
respectively the static average and the time dependent e
of the perturbation, given by Eq.~1!, on the Zeeman spin
Hamiltonian.12

Standard treatment of this interaction12,14 shows that both
the Knight shift and the relaxation rate can be written
powers of linear combinations of projected DOS at the Fe
level Nlm(EF) ( l ,m are eigenvalues ofl,l z ; EF is omitted
hereafter!. The Fermi contact interaction contributes toK and
T1

21 through thes-wave componentNs5N00. The dipole-
dipole and the orbital terms contribute through combinatio
of Nlm components withl .0 ~the l 51 ones dominate for
Mg12xAl xB2).

The first principles results presented here are based on
TB LMTO-ASA method~StuttgartLMTO47 code!.13 The the-
oretical approach used to calculate the NMR quantities w
©2003 The American Physical Society18-1
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described in full detail in Ref. 14. The dependence of 1/T1T
and K upon electron doping is studied in the rigid ban
approximation.

Powders were obtained by the standard procedure, re
ing 99.98% Mg, 99.97% Al in stoichiometric proportion
inside a Ta vessel at 1000°C for 150 h. The x-ray pow
patterns reveal single phase materials at all comp
tions ~Fig. 1!, contrary to earlier reports8 on samples ob-
tained with much shorter reaction times. Transition tempe
tures andc-axis contractions agree with literature data.6,7 For
both 27Al ( I 55/2, 27g/2p511.094 MHz/T! and 11B (I
53/2, 11g/2p513.660 MHz/T! we report shifts and relax
ations of the central 1/2↔21/2 transition of the quadrupole
split spectra, measured in an external field of about 7
Relaxation rates were measured with an aperiodic satura
sequence of hard pulses, which determines the full satura
of the complete quadrupolar spectrum and hence a si
exponential recovery lawI (t)5I 0(12e2t/T1). Typical re-
sults for the two nuclei are shown as ln@12I(t)/I0# in Fig. 2.
We obtain the same rates from experiments where the
central line is irradiated.

The isotropic Knight shiftK iso5Tr(K) is determined by
comparison with standard references tri-ethylborane~TEB!
~chemical shifts5218 ppm! for 11B and AlCl3•6H2O(s
50 ppm! for 27Al. A conservative errorbar onK iso is esti-
mated as 1/5 of the linewidth~due to dipole-dipole
interactions9!, divided by the Larmor frequency.

FIG. 1. A portion of the x-ray powder pattern from
Mg12xAl xB2 (CuKa1

) showing the@002# and @110# peaks.

FIG. 2. Single exponential saturation recovery for thex50.3
sample:11B open symbols;27Al filled symbols.
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Figure 3 shows the measuredK iso as a function ofx ~sym-
bols!, together with the theoretical curves. The experimen
value of 11K iso(0)543(10) ppm for boron in the pure com
pound agrees within errorbars with the precise MAS de
mination of Ref. 9, and only within the order of magnitud
with the values reported by other authors.10 We measure a
value of 218~10! ppm atx50.4, close to that obtained9 in
pure AlB2. This small negative value is practically zero, a
most within errorbars~if not directly due to a very smal
chemical shift contribution, common to all compositions!.
Hence the data show a progressive reduction of the
s-projected density of states, which nearly vanishes ax
50.4, and it is in very good agreement with the solid curv
which represents the total theoreticalK iso for B, obtained
with the ab initio spin susceptibility, and including also th
small core polarization term, evaluated atx50. We neglect
the Van Vleck contribution toK ~both for B and for Al! since
for p-band metals15,16 it is small and it nearly cancels with
the diamagnetic term.

Figure 3 also shows the Al data, together with two the
retical curves: one isK iso for Mg in the electron doped rigid
MgB2 and the other isK iso for Al in the hole doped rigid
AlB2. The two curves are very similar, and were both o
tained by using theab initio spin susceptibility. They lie well
below the experimental data, suggesting that a larger s
susceptibility should be used in order to explain the Al da

The Korringa relaxation rate may be written as

1

T1
52pkB\gn

2(
q

uA~q!u2
x9~q,v!

v
~2!

with A(q) a nuclear structure factor~a constant for the on
site Fermi interaction under appropriate conditions!, and the
imaginary partx9 of the spin susceptibility at the Larmo
frequencyv is another measure of the DOS. For both nuc
the 1/T1 data display the simple Korringa linear temperatu
dependence expected for metals12 down to the superconduct
ing transition, hence (T1T)21 is constant withT. Our 11B
value in pure MgB2 for this Korringa constant is 8.0~2!
31023(s K)21, in agreement with published values. F
27Al we measure 0.115~5! and 0.100(2)(sK)21 at x50.1
andx50.2, respectively.

Figures 4~a! and 4~b! shows the square root of the me
sured Korringa constant at a givenx value, divided by the

FIG. 3. Isotropic Knight shift for11B ~open symbol! and 27Al
~filled symbol! versus Al concentrationx. Lines refer to theoretical
values forK iso calculated for B, Mg, in MgB2 and for Al in AlB2.
8-2
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corresponding quantity atx50, for 11B and 27Al, respec-
tively ~circles!. For the 27Al data the normalization is ex
trapolated linearly from the two smallest Al concentration
The lines are the corresponding theoretical results, renorm
ized to thex50 value. The relaxation rate, following Eq.~1!,
is the sum of three independent terms.14 Pavarini et al.14

demonstrate that the ratio of the contact contribution@propor-
tional to square of the wave function at the nucle
uF0(0)u2] to the dipolar and orbital contributions~propor-
tional to the expectation valuêr 23&) can be evaluated by
the square of the factors

nR~x!5
2uF0~0!u2Ns~x!

3^r 23&11Np~x!
, ~3!

where Ns and Np are the totals, p projected DOS for a
given atom. The following numbers were reported9,14 form
first-principles calculations11R(0)50.35,25R(0)55 ~for
25Mg), 11R(1)52.3, and27R(1)516.

For 11B at x50 11R(0)50.35 dictates that the dominan
contribution is the orbital term~dotted curve in Fig. 4!, three
times larger than the dipole-dipole term and ten times lar
than the contact term. With increasingx the Fermi level
moves toward the top of the Fermis bands and the micro
scopic mechanism which controls the11B relaxation changes
drastically, from predominantly orbital atx50 to mostly
contact atx51 ~in agreement with experiments9!. Figure 4
shows that the total value~solid curve! decreases withx
mainly because the~dominant! orbital term is decreasing.

The value of25R(0)55 indicates that the contact contr
bution to the25Mg relaxation rate dominates over the dipol
and orbital term9,14 in MgB2(x50). A similar behavior is
expected also for Al, which replaces Mg in Mg12xAl xB2.

FIG. 4. 1/AT1(x) data ~circles! normalized to itsx50 value
together with theoretical lines~full line for total, dashed and dotted
for the contact and orbital contribution, respectively! for ~a! 11B and
~b! 27Al where normalized Kiso data~triangles! are also shown.~c!
Deviation factor for27Al vs x ~see text!.
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The value of 27R(1)516 suggests that Al and Mg dete
essentially Fermi contact interactions for all concentratio
If this is the case then bothK iso(x) andA1/T1(x)T are pro-
portional to the same projected DOSNs(x). This is directly
confirmed by Fig. 4~b!, where normalized Knight shift data
~triangles! are also plotted. The agreement among the t
sets of data and the calculated behavior is excellent.

The experimental values9 of both the relaxation rate con
stant and the shift in AlB2 are larger than in our low doping
samples (27T1T)2152.2@27T1(x→0)T#21 and 27K iso
51.927K iso(x→0). Therefore the partial s-wave DOS at A
must have a minimum betweenx50.4 andx51. In Fig. 5
we show the MgB2 and AlB2 Ns density of states as a func
tion of Ne28[x, whereNe is the total number of electron
(Ne58 for x50), together with the27Al A(1/T1T data, ar-
bitrarily rescaled. Both curves do show the expected m
mum.

Thus the Knight shifts~Fig. 3! and the square roots of th
Korringa constants~Fig. 4! determine experimentally the be
havior of the partial density of states as a function of dopi
the B and the Al Knight shifts give their respectiv
s-projected DOS, the square root of 1/27T1T gives again the
Al s-projected DOS, and finally, since the orbital and t
dipole-dipole contribution to the B Korringa ratio ar
proportional14 to the square of the Bp DOS,N1m and for B
Nx5Ny;Nz;Np/3, the square root of 1/11T1T gives Np ,
the B p-projected DOS.

Since the Al NMR data is dominated byNs we may ex-
tract a reliable experimental determination of the Korrin
ratio (T1T)21K iso

22 , which is equal to a universal consta
C054pkB(ge /gn)2/\, for noninteracting electrons with a
Pauli spin susceptibilityx0. Deviations of the quantitynS
51/nT1T(nK iso)

2C0 from the value 1 are due to departur
of the susceptibilityx from x0. Figure 4~c! shows the rather
large deviation27S;2 measured for27Al. The modifications
of the free electron susceptibility are quite generally of t
form G(q,v)5x/x051/@12I (q)x0(q,v)#. Similar correc-
tion factors were evidenced by recent de Haas van Alp
measurements.18 Electron correlations of ferromagnetic typ
@x(q) enhanced aroundq50] imply correction by the Stone
factor I (0).0. A ~Knight shift! enhancement factor fo
x0(0,0), G(0)51.33, is obtained from LSDA calculations,14

in qualitative agreement with11K iso data up tox50.4 ~Fig.
3!, and in quantitative agreement with the experiment9

FIG. 5. Ns DOS for MgB2 and for AlB2, together with
the 27(T1T)21/2 experimental data~symbols! arbitrarily rescaled
at x50.1.
8-3
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value of 25S for 25Mg. The relaxation rate, however, require
G(q) and if a Lindhart form is assumed for theq-dependent
spin susceptibility the combined effect of these LSDA Sto
factors yields a deviation27S50.9, not compatible with the
values of Fig. 4~c!.

Shastryet al. showed17 that disorder may produce a larg
deviation fromx0 of the same sign as the experimental on
The disorder effect on27S may be quantified from Ref. 17
Fig. 3: our experimental values for 0.1<x<0.4 match those
of the figure for a carrier mean free pathl in the range
1, l ,3 ~in units of the inverse Fermi wave vectorkF

21).
An estimate of l from the resistivity19 r yields
lkF53A12p2 \r s /e2r588, 39, 33, respectively, for x
50, 0.05, 0.1. The experimental value ofl for x50.1 is in-
compatible with that required by Ref. 17. Although disord
definitely contributes to the27S value, further departure
from x0 must be considered, such as the presence of pea
x(q) for qÞ0 @e.g., antiferromagnetic~AF-! type correla-
tions!, which may lead to an increase of27S. We speculate
.
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that, if a minor tendency towards AF correlations is inde
present in the pure material, theimpurity Al might enhance
it, by means of its independent charge and spin screen
densities, in a mechanism akin to Ruderman-Kitt
Kasuya-Yosida20 oscillations. After submission we learnt tha
a similar work is reported by Papavassiliouet al.21

In conclusion, the measurement of nuclear relaxations
shifts on two distinct lattice sites in Mg12xAl xB 2 yields the
variation of partial densities of states, which agree with
trend obtained from LSDA calculation. This indicates th
the electronic structure of MgB2 obtained within LSDA is
basically reliable. However, a surprisingly large value of t
Korringa ratio for Al is found indicating combined effects o
disorder and local modifications of the spin susceptibility

This work was done under an INFM PRA UMBRA gran
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