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11B and 27Al NMR spin-lattice relaxation and Knight shift of Mg 1ÀxAl xB2: Evidence for
an anisotropic Fermi surface
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We report a detailed study of the11B and 27Al NMR spin-lattice relaxation rates (1/T1) and the27Al Knight
shift ~K! in Mg12xAl xB2 , 0<x<1. The evolution of (1/T1T) andK with x is in excellent agreement with the
prediction of ab initio calculations of a highly anisotropic Fermi surface, consisting mainly of hole-type
two-dimensional~2D! cylindrical sheets from bonding 2px,y boron orbitals. The density of states at the Fermi
level also decreases sharply on Al doping and the 2D sheets collapse atx'0.55, where the superconducting
phase disappears.
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Superconductivity in MgB2 has recently received muc
interest,1 as this binary alloy displays a remarkably highTc

of '40 K. MgB2 is isostructural and isoelectronic with in
tercalated graphite~ICG!, with carbon replaced by boron
and therefore exhibits similar bonding and electronic prop
ties as ICG. Thus the highTc value of MgB2 in comparison
with ICG (;5 K) was very surprising. Band structur
calculations2–6 have shown that Mg is substantially ionize
in this compound. However, the electrons donated to the
tem are not localized on the B anions, but are rather dist
uted over the whole crystal. The six Bp bands contribute
mainly at the Fermi level. The unique feature of MgB2 is the
incomplete filling of the twos bands corresponding to pre
dominantly covalentsp2-hybridized bonding within the
graphite-like boron layers. Two isotropicp bands are de-
rived from B pz and four two-dimensional~2D! s bands
from B px,y states. Bothpz bands cross the Fermi leve
while only two bondingpx,y bands and only near theG point
~0,0,0! do so, forming cylindrical Fermi surfaces around t
G-A line. Due to their 2D character, the latter contribu
more than 30% of the total density of states~DOS!.2,4,7,8The
strong anisotropy in the Fermi surface~and possibly in the
electron phonon coupling! agrees with the reported aniso
ropy in Hc2,9–14 and the existence of two superconducti
gaps.15–21

In view of these findings, there is considerable interes
the properties of electron- or hole-doped MgB2, in order to
follow the dependence of the electron DOS and the Fe
surface on doping. A suitable substituent for such a stud
Al, which donates three electrons~instead of two for Mg!,
and thus leads to doping by one electron per Mg atom
addition, the MgB2 and AlB2 end members and the interm
diate phases, Mg12xAl xB2 crystallize in the sameP6/mmm
space group and increasing Al doping leads to an alm
linear decrease of the boron interlayer spacing.22 The simi-
larity of the calculated electronic density of states betwe
MgB2 and AlB2 indicates that Al doping results in simpl
filling of the available electronic states. Suzukiet al.23 pre-
dicted that the concentration ofs holes in Mg12xAl xB2
varies with x as nh5(0.821.4x)31022 cm23, leading to
nh50 for x'0.6. A similar conclusion was reached
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Refs. 3,4,24. The detrimental effect of Al doping onTc can
then be explained by the increase in the Fermi energy (EF)
and the decrease ofN(EF) with increasing doping leve
x. An excellent probe to study the influence of Al substit
tion on the electronic structure of electron doped Mg2
is nuclear magnetic resonance~NMR!. Knight shift, K, and
nuclear spin-lattice relaxation~NSLR! rate, 1/T1, measure-
ments can lead to the experimental determination ofN(EF)
through the static and fluctuating parts of the hyperfine fie
induced at the position of the resonating nuclei by the el
trons at the Fermi surface. The contribution of different
oms toN(EF) and the anisotropy of the electronic states
the Fermi level can then be estimated. The Hamiltonian
scribing the magnetic interaction of the nucleus with t
atomic electrons can be written as,25 H52(8p/3)mBgn\I
•S(r )d (r )22mBgn\I•@S/r 323r (S•r ) /r 5#2gn\(e/mc)@ I
•(r3p)/r 3#, wheremB is the Bohr magneton,gn the gyro-
magnetic ratio,I andS the nuclear and electron spins, andr
is the radius vector of the electron with the nucleus at
origin. The first term in the above equation describes
Fermi-contact interaction, the second term the spin dipo
interaction between nuclear and electron spins, and the t
term the coupling with the electronic orbital moment. In t
simplest case, where only contribution from the Fermi co
tact term is considered, the first term can be rewritten
HKS}2V(8p/3)gn\xp^uC(0)u2&FS

I•H0, where xp5M /H

5mB
2Ns(EF)/V, and the symbol̂ &FS

denotes the averag
over all s orbitals at the Fermi surface. Due to this term, t
nuclear spinI ‘‘sees’’ an internal fieldVxpH0/2mB , which
is superimposed on the applied external magnetic fi
and causes a paramagnetic shift of the nuclear resona
i.e., the Knight shift. In a similar way, the relaxation ra
from the Fermi-contact term is expressed as25 (1/T1)
5(64p3/9)ge

2gn
2\3^uCk(0)u2uCk8(0)u2&FNs(EF)2kBT. A

similar dependence onN2p(EF)2 is found when the nuclea
Hamiltonian is dominated by the nuclear-electron orbi
interaction.26 Hence, the dependence of bothK and 1/T1 on
the partialNi(EF) can be derived.

Until now 11B, 27Al, and 25Mg NSLR and Knight shift
measurements have been reported for pure MgB2 and
AlB2.27–31 These results, in conjunction withab initio
©2002 The American Physical Society14-1
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calculations4,7,8 have shown that the11B NSLR is dominated
by orbital relaxation in MgB2 and by the Fermi-contact in
teraction in AlB2. On the other hand, the27Al and 25Mg
NSLR rates and the Knight shift on all three (11B, 27Al, and
25Mg) sites were shown to be controlled by the Ferm
contact polarization.7,29 In addition, 11B-NMR NSLR relax-
ation rate measurements on mixed Mg12xAl xB2, x<0.2,
have revealed a rapid decrease of 1/(T1T) with doping that
was attributed to the reduction of the totalN(EF).32 How-
ever, a detailed NMR study of the variation of each par
Ni(EF) with Al doping and comparison with theory is so fa
lacking.

The purpose of this work is to report a systematic study
the 11B and 27Al NSLR rates, 1/T1 and the 27Al Knight
shifts as a function of Al doping for Mg12xAl xB2, 0<x
<1. 11B Knight shift measurements were not consider
because the isotropic11B Knight shift is small@140 ppm
for MgB2 and210 ppm for AlB2 ~Ref. 29!# and of the same
order of magnitude as the dipolar and the second order
drupolar split at the fields of 2.35 and 4.7 T used in t
work. Our measurements show explicitly~i! the validity of
theoretical calculations based on local density-functio
methods4,8 of the boron11(1/T1T) evolution with Al doping
and ~ii ! the dominance of the orbital relaxation up tox
'0.55, whereTc(x) vanishes. This is convincing evidenc
that up tox'0.55, the hole-type 2D cylindrical sheets~from
bonding 2px,y boron orbitals! of the Fermi surface play an
essential role in the11B NSLR. The slight decrease of bot
27K and 27(1/T1T) as x increases from 0 to 0.55 and th
subsequent abrupt increase forx>0.55 also support this con
clusion.

Polycrystalline samples of nominal compositio
Mg12xAl xB2 (0<x<1) were prepared by reaction of Al an
Mg powders with amorphous B at temperatures betw
700°C and 910°C as described elsewhere.14 We find that~i!
the temperature where the reaction~preparation temperature!
takes place sensitively affects the appearance of the (l )
diffraction peaks for 0.05<x<0.5 ~Refs. 22,33–35!—
significant broadening and/or splitting of these reflectio
are signatures of multiphase behavior in this doping ra
and ~ii ! carefully prepared samples in the region arrou
x50.5 show the presence of a broad superlattice pe

(0 01
2 ) arising from ordering of Mg and Al layers.36 27Al

NMR line shape measurements of the central transitio
(21/2→1/2) were performed on two spectrometers ope
ing at external magnetic fieldsH052.35 and 4.7 T. Spectra
were obtained from the Fourier transform of half of t
echo, following a typicalp/22t2p/2 solid spin-echo pulse
sequence. The spectra for thex50.0125 and 0.025 Al doping
concentrations were extremely weak and therefore 100
signal accumulations were needed for a satisfactory sig
to-noise ratio. The11B T1 of the central line was determine
by applying a single pulse saturation recovery technique,
recording the growth of the solid echo at variable de
times. TheT1 values were obtained by fitting the relaxatio
function, m(t)5„M (`)2M (t)…/M (`)50.1exp(2t/T1)
10.9exp(26t/T1).

37 Correspondingly, 27Al T1 was deter-
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mined by applying the three-exponential recovery law tha
appropriate forI 55/2 nuclei.30,37

Figure 1 shows the boron11(1/TT1) as a function ofx in
the normal state. In all cases the magnetization recov
curves were nicely fitted with a singleT1 component. In
addition, a 1/T1T5constant relation was found to fit the ex
perimental data in the whole normal state, for all dopi
concentrations. The11(1/TT1) values in Fig. 1 are the result
of the fits in the temperature range 300–80 K. Our measu
ments reveal that as the doping increases,11(1/TT1) de-
creases rapidly up tox50.55, and then shows a slight in
crease forx>0.55. For reasons of comparison, we have a
included the calculated11(1/TT1) values from Ref. 8 for all
three orbital, dipole-dipole, and Fermi-contact term contrib
tions. Clearly, the orbital term dominates in the11B relax-
ation rates forx<0.55. In the case of pure MgB2, the 11B
orbital hyperfine interaction of 2p holes with the nuclear
magnetic moments is about three times larger than
dipole-dipole and the Fermi-contact interaction. This is d
to the fact that the boronps andpp bands are all at the Ferm
level (Npx5Npy'0.035, Npz'0.045 states/eV/spin/B)
whereas only a fews boron electrons are close to the Ferm
level (Ns'0.002 states/eV/B).7,29This gives a ratio between
the Fermi-contact and the orbital/dipole-dipole coupling co
stants,F.0.35,7 and 11(1/TT1) is mainly proportional to
N2p(EF)2. By Al, i.e., electron doping,11(1/TT1) decreases
rapidly, while for x>0.6 it gives ap-state anisotropy ratio
Npx /Npz'0.1, as predicted for AlB2.8 It may thus be in-
ferred that the rapid decrease of the11B relaxation rate is due
to the decrease of the DOS in the 2D hole-type sheets
minimum 11(1/TT1) value is obtained at 0.55<x<0.60,
where the 2D sheets appear to collapse. We also note a
crepancy between the theoretical and experimental value
x.0.6. Most probably, calculations tend to overestimate

FIG. 1. Boron 11(1/T1T) for Mg12xAl xB2 as a function of Al
doping. The lines show the results of theab initio calculations of
Refs. 4, 8.
4-2
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Fermi-contact interaction at the position of the B nucleus
this doping range.29

Figure 2 shows the 27Al NMR line shapes for
Mg12xAl xB2 at room temperature in a field of 4.7 T. A com
pletely similar picture was obtained at 2.35 T. In the dop
region 0.1<x<0.7, the spectra consist of a single cent
transition line, which shifts in frequency with doping, and
broad powder pattern from the satellite transitions. Asx in-
creases, line broadening is observed, reaching'20 kHz for
AlB2. This may be attributed to increasing Al-B dipola
broadening, probably due to the strong decrease of the in
layer distance with Al doping. Forx5 0.80 and 1.0, a secon
signal is observed at11700 ppm, arising from unreacted A
which is present at high doping concentrations. The ass
ment of this peak was confirmed following comparisons w
the 27Al NMR signal from powder Al. In addition, a weak
spurious peak, arising from the probe was also observe
11700 ppm forx50.0125 and 0.025. We note that all lin
shapes could be well fitted with single Gaussians and
signatures of the phase separation, reported by x
diffraction22,33–36were observed in the27Al ~and 11B) spec-
tra for 0.05<x<0.50. This might imply that NMR, which is
sensitive in the MHz spectral region, probes only the aver
electronic structure of multiphase samples.

In Fig. 3 we show the shift of the central line peak as
function of x, in fields 2.35 and 4.7 T. The signal of a sta
dard aqueous solution of AlCl3 was used as reference. Th
coincidence of the curves in both fields is a clear evide
that the obtained spectral shift corresponds solely to the27K
shift. In typical shifts ofI 55/2 nuclei like 27Al from the
reference sample, in addition to the Knight shift the cen
of-gravity position of the NMR signal should include th
second-order quadrupole shift given by Dn
5(25nQ

2 )/(18nL).38 However, recent experiments on AlB2

FIG. 2. 27Al NMR line shapes of the central transition at roo
temperature for Mg12xAl xB2. For clarity, all spectra are normalize
to 1. In this scaling, spectra forx50.0125 and 0.025 are multiplie
by a factor of 100 and 50, respectively, in comparison to the sp
trum of AlB2.
14051
n

l

r-

n-

at

o
y

e

e

r-

have shown that the quadrupolar coupling constant isnQ
.80 kHz,29 thus giving a second order quadrupolar sh
which in case of the fields used in this work, is as small a
fraction of 1 kHz. According to Fig. 3, by increasingx the
27K decreases rapidly, whereas forx>0.55, i.e., at the dop-
ing value where the superconductive phase disappears24 it
increases sharply becoming'1900 ppm for pure AlB2. As
previously shown, by Al doping of MgB2 the s hole bands
are filled,3,4,24and their contribution toN(EF) becomes zero
at x'0.5524. Evidently, the gradual decrease of27K for x
<0.55 reflects~i! the initial slight decrease ofNs(EF) in this
doping range,2 and ~ii ! the reduction of the Stoner enhanc
ment by filling thes hole bands, due to decrease of the to
N(EF). We notice that the Stoner enhancement renormal
both K and 1/T1 by a factorSo51/„12IN(EF)…a, with a
51 for K, and 1<a<2 for 1/T1.7,8 On the other hand, the
sharp increase of the Knight shift forx>0.55, may be attrib-
uted to the rapid increase ofNs by further doping, after com-
pletely filling the 2px,y hole bands@Ns~Mg! in MgB2 is
'0.0092 states/eV/spin, whereasNs(Al) in AlB 2 is

c-

FIG. 3. The27K Knight shift of NMR spectra for Mg12xAl xB2

in fields 2.35 and 4.7 T.

FIG. 4. 27(1/T1T) for Mg12xAl xB2 as a function of Al-dopingx.
The inset demonstrates the Korringa ratioR, as a function ofx.
4-3
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'0.0362 states/eV/spin.7# A similar behavior is observed in
Fig. 4, which exhibits the27(1/TT1) vs x plot. In the inset
weshow the Korringa ratio,39 R5(K2T1T)/S, where S
5(ge /gn)2

•(\/2)2kB50.38731025 s K for 27Al. Here,
ge , gn are the gyromagnetic ratios for the electron a
nucleus, respectively. It is observed that whileR'1 for pure
AlB2, i.e., the ideal value of unity fors electrons, it goes to
.0.5 for x<0.6. This implies that for pure AlB2 the Fermi-
contact interaction is the dominant mechanism respons
for relaxation and Knight shift at the Al site. However, fo
x<0.6 there is a considerable orbital contribution in the
laxation rate. Apparently by Al doping, a part of the donat
electrons that is transferred to thep bonds,24 gives rise to an
increase of the orbital contribution to the relaxation.

In conclusion,11B and 27Al NMR NSLR rate in the tem-
perature range 300 K–80 K, and Knight shift measureme
14051
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at room temperature, have been employed in order to inv
tigate the structure and the variation of the Fermi surface
MgB2 upon Al ~i.e., electron! doping. Our results are com
pletely consistent with calculations predicting a strongly a
isotropic Fermi surface that is comprised from hole-ty
s-bonding 2D cylindrical sheets, and a hole-type a
electron-type, 3Dp-bonding tubular network. The collaps
of the 2D sheets atx.0.55, as predicted by theory, is ex
perimentally verified by the fast decrease of the11B NSLR
rate forx<0.55 and the sharp increase of both the27K and
27NSLR rates forx>0.55. The latter indicates a strong r
shaping of the Fermi surface towards the electronic struc
of AlB2, due to interplane electron contribution. Our resu
concile with both experimental and theoretical evidence t
indicate anisotropic pairing and multigap superconductiv
in MgB2.
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