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NMR spectroscopy of the normal and superconducting states of MgB2 and comparison to AlB2
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11B NMR measurements have been performed in11B enriched MgB2 powder samples in external fields of
0.813, 1.55, 4.7, and 7.2 T both in the normal phase and in the superconducting phase. A previously unreported
dipolar Pake doublet has been observed in the quadrupole perturbed NMR spectrum. The Knight shift can thus
be accurately determined by narrowing the line with the magic angle spinning~MAS! technique. Results of
Knight shift ~K! and relaxation rates (1/T1) for both 11B and 27Al nuclei are reported also for AlB2. The
comparison of the data in the two compounds shows the dramatic drop of the density of states at the boron site
in AlB2 with respect to MgB2. The experimental values forK and 1/T1 are in most cases in good agreement
with the theoretical values obtained from first principles calculations. The recovery of the nuclear magnetiza-
tion belowTc in random powder samples is nonexponential due to the anisotropy of the upper critical field.
The exponential drop of 1/T1 in the superconducting phase observed by Kotegawaet al. is confirmed here but
not the coherence peak.

DOI: 10.1103/PhysRevB.66.104510 PACS number~s!: 74.25.Nf, 74.70.Ad
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I. INTRODUCTION

After the discovery of superconductivity1 in MgB2 with
Tc;39 K and subsequent observation of boron isoto
effect2,3 confirming that MgB2 is a phonon-mediated BCS
superconductor, much effort have been devoted to this in
metallic compound up to date due to its remarkably highTc
among BCS superconductors.

Nuclear magnetic resonance~NMR! is a suitable micro-
scopic tool to investigate the electronic structure in the n
mal state, the structure of the gap and the flux line lattice
the superconducting state.4 This justifies the large number o
studies by both11B and 25Mg NMR in MgB2 which have
already appeared in the literature.5–11

Regarding the11B NMR, there is substantial agreeme
about the measurements of the quadrupole coupling con
nQ and about the nuclear spin-lattice relaxation rate 1/T1 in
the normal phase. On the other hand, there is consider
controversy concerning the11B Knight shifts in the normal
phase and about the temperature dependence of 1/T1 in the
superconducting phase. In the present paper, we report
results for the11B NMR spectrum in the normal phase an
an accurate determination of the Knight shift by using
magic angle spinning~MAS! technique. We also find an ex
planation for the discrepancies in the results of 1/T1 below
Tc reported by different authors, based on the strong ani
ropy of the upper critical field in MgB2.

Since NMR in metals probes the density of states~DOS!
at the Fermi level, we have performed measurements of b
11B and 27Al NMR in AlB 2 in order to compare the DOS i
the two compounds. Finally the experimental results
Knight shifts and relaxation rates in both MgB2 and AlB2
have been compared withab initio calculations.

II. EXPERIMENTAL DETAILS AND SAMPLE
PREPARATION

MgB2 crystallizes in the hexagonal AlB2 type structure,
which consists of alternating hexagonal layers of Mg ato
0163-1829/2002/66~10!/104510~7!/$20.00 66 1045
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and graphitelike honeycomb layers of B atoms. Pow
samples were prepared with the method described in Re
X-ray powder diffraction measurements confirmed the h
agonal unit cell of MgB2.1,2 Magnetization measuremen
done at H52.5 mT yield a transition temperatureTc

539.2 K with a shielding volume fraction close t
100%.2,12,13We have investigated several samples from d
ferent batches of polycrystalline11B enriched MgB2 in order
to check the reproducibility of the data. The samples
riched~about 99%! in 11B were the same used for the obse
vation of the isotope effect.2 Although for NMR one could
use the natural abundance samples we found that the u
11B enriched samples has helped to resolve the dipolar s
ting and thus to make the measurements less ambigu
Also we have performed measurements in samples from
same batch both in bulk and in powder ground to differe
particle size. No substantial differences were observed in
NMR measurements in the different samples. The onse
superconductivity was also determined by monitoring the
tuning of the NMR circuit occurring at the irreversibilit
temperatureTirr . This type of measurement corresponds
probing the temperature dependence of the radio freque
~rf! surface resistance.5 Thus, as the magnetic field is in
creased the transition region broadens due to the dissipa
associated with flux line motion belowTc , and at 7.2 T no
detuning can be observed although the magnetization m
surements indicate aTc523 K at 7 T.5 The transition tem-
perature at 4.7 T was found to beTc527.5 K and at 1.55 T,
Tc534 K.

11B and 27Al NMR and spin-relaxation measuremen
were performed with home built Fourier transform~FT!
pulse spectrometers operating at variable frequencies.
p/2 radio frequency~rf! pulse length was typically 6ms.
The magic angle spinning~MAS! experiment was performed
with a home built spinning probe with a maximum spinnin
frequency of about 10 kHz.
©2002 The American Physical Society10-1
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III. 11B NMR IN MgB 2 IN THE NORMAL STATE

The 11B NMR spectrum in MgB2 powder samples is
complicated by the simultaneous presence of first and sec
order quadrupole interactions, anisotropic Knight shift, an
previously unnoticed dipolar splitting which is particular
evident in 11B isotopically enriched samples. In the follow
ing we analyze the different spectral features, a neces
step in order to extract reliable NMR parameters.

A. Quadrupole interactions

The complete11B NMR spectrum was published before5

For spinI 53/2, with electric quadrupole momentQ and for
an axially symmetric electric field gradient tensor~EFG!
with maximum componentq the separation of the two sym
metric satellite lines is14

Dn5nQ~3 cos2u21! with nQ5
e2qQ

2h
, ~1!

whereu is the angle between the principal axis of the EF
tensor and the applied fieldH0.

From the frequency separation of the satellites line
temperature independentnQ5835610 kHz was found.5 A
small increase in the quadrupole coupling constant with
creasing temperature was observed in111Cd perturbed angu
lar gg correlation~TDPAC! experiments6 and is consisten
with the effect of lattice vibrations.15

In the presence of second order quadrupole effects
central line transition is shifted. For axially symmetric EF
this results in a powder pattern with two singularities se
rated by

dn5
25

48

nQ
2

nL
, ~2!

wherenL is the nuclear Larmor frequency. Because of t
inverse Larmor frequency dependence in Eq.~2! the two
singularities can be resolved only at low magnetic field
shown in Fig. 1~a!. At lower fields ~1.55 and 0.813 T!, the
second order quadrupole splitting is well resolved and e
singularity is split into a doublet. If one takes the midd
point of each doublet, the distance between singularities i
good agreement with that calculated from Eq.~2! and the
value of nQ determined from the separation of the satell
lines, i.e.,dn532.7 kHz at 0.813 T@see Fig. 1~b!#. One un-
expected feature is that the two singularities are each
into a field independent doublet. At higher fields~4.7 and 7.2
T!, the second order quadrupole splitting is negligible a
only one doublet is shown.

B. Dipolar doublet

As shown in Fig. 1~a! at high fields, where the secon
order quadrupole effects become negligible, the11B NMR
spectrum is formed by a doublet. At low fields one c
clearly resolve two doublets, one for each singularity in
quadrupole powder pattern. The splitting is temperature
field independent and results from the nearest neigh
nuclear dipolar interaction of11B nuclei in the planar hon-
10451
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eycomb lattice structure. In such a structure each11B nucleus
is strongly coupled to three nearest neighbors resulting
three equivalent doublets which bear resemblance with
well known Pake doublets.16 A single dipolar pair gives rise
to a Pake doublet in the NMR spectrum with frequencies

n65nL6nD~3 cos2u821! ~3!

with

nD5
3

2

gm

2pa3
, ~4!

whereu8 is the angle formed by the magnetic field with th
vector joining the two interacting nuclei,m is the nuclear
magnetic moment, anda is the internuclear distance.

In the presence of three interacting pairs one has to s
over the different angles and take the powder average inc
ing the second order quadrupole interaction and the an
tropic Knight shift interaction. The situation was analyz
previously in connection with measurements in intermeta
compounds of the C32 (AlB2) structure.17 The conclusion
was reached that in the C32 structure the resonance lin
the presence of all the above interactions can be describe
terms of the angleu formed by the magnetic field and thec
axial symmetry axis perpendicular to theB plane. Thus it
was predicted that theu590° singularity in the quadrupole
pattern should be split into two lines separated byDn90
53nD while the intermediate angle singularity should
split into two lines separated byDn152nD . From the in-
spection of Fig. 1~b! one can see that the ratio of the tw
splittings is in reasonable agreement with the above pre
tion. Furthermore, by using in Eq.~4! g513.66
32p MHz/T, m5Igh/2p and the measured valuenD
54.0060.50 kHz~at 0.813 T!, one obtains theB-B nearest
neighbor distancea51.7260.08 Å in agreement with the
known value of 1.782 Å.

FIG. 1. ~a! Central line transition of11B NMR spectrum for
powder sample of MgB2 at several representative magnetic field
~b! Spectrum at 0.813 T. The distance between the mid
point of each doublet corresponds to the second order quadru
splitting dn.
0-2
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C. Knight shift

In order to determine the Knight shift, both isotropic a
anisotropic parts, measurements should be made at very
magnetic fields (H@10 T) where the second order quadr
pole effects are negligible, and the anisotropic Knight sh
may be inferred from the asymmetric broadening of
NMR line.17 Since our measurements are limited to a ma
mum field of 7.2 T no measurable anisotropic Knight sh
could be detected. The isotropic Knight shiftK is measurable
but very small. Its measurement is further complicated by
dipolar splitting discussed above. In order to obtain a relia
value of K we performed a magic angle spinning~MAS!
experiment18 at room temperature in a field of 4.7 T. A
shown in Fig. 2, the dipolar splitting is totally removed for
spinning frequency of 8 kHz as well as part of the dipo
broadening and of the quadrupole broadening. From the
sulting narrow line we obtainK580 ppm with respect to a
reference solution of NaBH4. If the Knight shift is referred
to the BF3 solution, which is the compound used by chemi
as the ‘‘zero chemical shift,’’19 one obtains K540
610 ppm.

D. Nuclear spin-lattice relaxation rate

For the case of saturation of the central line of the11B
NMR spectrum with a single rf pulse~or short sequence o
pulses! and for magnetic relaxation mechanism, the recov
of the nuclear magnetization after a timet following satura-
tion is given by20

M ~`!2M ~ t !

M ~`!
50.1 exp~22Wt!10.9 exp~212Wt!, ~5!

where we define the nuclear spin lattice relaxation rate
1/T152W. The results for the temperature dependence
1/T1 are shown in Fig. 3. As can be seen, a field independ
linear temperature dependence is observed in the no
phase yieldingT1T5170 sK.

FIG. 2. Magic angle spinning~MAS! experiment in MgB2 pow-
der sample at 4.7 T. Spinning frequencies are shown at the right
of the figure.
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IV. 11B AND 27Al NMR IN AlB 2

The room temperature11B NMR spectrum on the powde
sample of AlB2 is very similar to the one for MgB2.5 From
the separation of the satellite lines one derives a quadru
coupling frequencynQ5540610 kHz somewhat smalle
than the one in MgB2. The central transition linewidth a
room temperature is about 19 kHz and it hides the dipo
splitting discussed for the case of MgB2 due to the stronger
dipolar interaction with the27Al nuclei present in AlB2. By
spinning the sample at 10 kHz we obtain a MAS NMR lin
2 kHz wide. The Knight shift value with respect to a refe
ence solution of BF3 measured from the MAS spectrum
found to beK521065 ppm. Finally, the 1/T1 measure-
ments as a function of temperature shown in Fig. 4 yiel
Korringa law withT1T51400 sK, i.e., almost one order o
magnitude greater than in MgB2.

The room temperature27Al ( I 55/2) NMR spectrum in
AlB2 is composed of a central transition line 23 kHz wid

de
FIG. 3. Temperature dependence of 1/T1 for 11B in MgB2 at

external fields 1.55, 4.7, and 7.2 T. The line is the Korringa l
with T1T5170 sK. The three arrows indicate the superconduct
transition temperatures at each field which are 23, 27
and 34 K, respectively. In the inset, (T1T)213103 is plotted against
temperature.

FIG. 4. Comparison of 1/T1 for 11B and for 27Al in AlB 2 pow-
der sample.T1T for 27Al is 400 times smaller than the value fo
11B.
0-3
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and a poorly-resolved powder pattern originating from
two satellite pairs over a spectral distribution of about 2
kHz. From the fit of the NMR spectrum to a computer sim
lated spectrum with a Gaussian dipolar width of 7.5 kHz o
can derive a quadrupole coupling constantnQ580
610 kHz. It is assumed that the electric field gradient h
axial symmetry as for the11B site. The Knight shift was
measured from the position of the central line transit
~which has a negligible second order quadrupole broad
ing!. The Knight shift with respect to a AlCl3 aqueous solu-
tion is K5880620 ppm.

The 27Al 1/T1 results as a function of temperature a
shown in Fig. 4 together with the11B results. The linear
temperature dependence yields for27Al T1T53.5 sK which
is 400 times smaller than the value for11B.

The various NMR parameters for both MgB2 and AlB2
are summarized in Table I. The constantS listed in Table I is
given byS5(ge /gn)2h/(8p2kB) and the Korringa ratioR is
defined asR5K2T1T/S.

V. COMPARISON OF THEORY AND EXPERIMENTS IN
MgB2 AND AlB 2

In order to understand the microscopic origin of the rela
ation, and thus also the differences between AlB2 and MgB2,
a comparison between experimental andab initio calculated
values of Knight shifts and relaxation rates is highly des
able. Recently, first principles calculation of the relaxati
rates21,22 and the Knight shifts21 were performed for MgB2.
In Ref. 22 the relaxation rates were calculated for AlB2 as
well. In the present work we calculateK and 1/T1T for AlB2
by using the method described in Ref. 21, and compare
results for MgB2 and AlB2. Our calculations are based o
density functional theory~DFT! in the local density approxi-
mation~LDA !. We adopt the tight binding linear-muffin-tin
orbital ~LMTO! method23 in the atomic-spheres approxima
tion ~LMTO47 Stuttgart code!. The density of states matri
@Eq. ~2! of Ref. 21# and the partial density of statesNL ~with
L5 lm, where l is the orbital angular momentum quantu
number, andm52 l , . . . ,l ) were calculated by using th
linear tetrahedron method. We found that the results alre
converged very well with a mesh of 481 irreduciblek points.
In order to obtain accurate wave functions at the Fermi le

TABLE I. Summary of the various experimental NMR param
eters for both MgB2 and AlB2. The Korringa ratioR is defined as
R5K2T1T/S. Results for25Mg NMR were taken from Ref. 7.

MgB2 AlB2
25Mg ~Ref. 7! 11B 27Al 11B

K ~ppm! 24264a 140610 b 1880620c 21065b

T1T ~sK! 1090 170 3.5 1400
S ~sK! 7.0331025 2.5731026 3.8831026 2.5731026

R 0.95 0.10260.05 0.760.03 020.12
nQ ~kHz! 222 ~1.5! 835 ~10! 80 ~10! 540 ~10!

aReference solution MgCl2.
bReference solution BF3.
cReference solution AlCl3.
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the linear partial wave expansion was performed withen

[eF , where eF is the Fermi level anden the expansion
energy. Further details about the method employed can
found in Ref. 21.

In Table II, we show the calculated contributions toK and
1/T1T for AlB2. The corresponding quantities for MgB2 are
reported in Table I and II of Ref. 21.

Let us discuss first the case of MgB2. The 11B orbital
relaxation rate is about 3 times larger than the dipolar, a
about 10 times larger than the Fermi-contact term. As
plained in Ref. 21, the reason is the following. In MgB2 the
B ps and B pp bands are all at the Fermi level: the parti
density of statesNpx,y

(s bands! and Npz
(p bands! are,

respectively, Npx
5Npy

;0.035 states/eV/spin/B, andNpz

;0.045 states/eV/spin/B. On the contrary, there are very
B s electrons close toeF (Ns;0.002 states/eV/B). An ap
proximate formula for the ratio between the Fermi cont
and the orbital/dipolar coupling constants is given by21

F5
2

3

ufs~0!u2Ns

(
l .0

^r 23& l l Nl

. ~6!

Heref l(r ) is the l radial solutions of the Schro¨dinger equa-
tion at energyen and Nl[(m52 l

m5 l Nlm . In addition ^r 23& l l

[*@ uf l(r )u2/r 23#r 2dr and fs(0)[f l 50(r 50), where r
50 is the position of the nucleus. In the case of B it w
found21 F;0.35. ThusF is considerably smaller than 1, an
the Fermi contact interaction~which usually dominates ove
the orbital and dipolar mechanisms! gives only a small con-
tribution to the relaxation rate. Moreover, sinceNpx

5Npy

;Npz
, one can show analytically21 that the ratio between

orbital/dipolar relaxation rate is about 3.3.
The case of25Mg is different: F;5@1, and thus the

Fermi contact interaction dominates. With a Stoner enhan
ment factor of about 1.33~calculatedab initio in Ref. 21!,
the following results were found for the total Knight shif
K(Mg)(xy/z);361/341 ppm andK(B);24/42 ppm. For
the relaxation time, it was shown21 that the Stoner enhance
ment factor is about 1.6. Thus the total relaxation times a
T1T(Mg);625 sK andT1T(B);169 sK. These results ar
in quite good agreement with experimental data as evin
from the comparison of Tables III and I.

Let us now discuss the case of AlB2. In this compound
the B ps bands are fully occupied, and only Bpp bands are

TABLE II. Calculated Knight shifts in ppm and 1/T1T in
1023/sK in AlB2. The labela5x,y,z indicates the direction of the
external magnetic field.

K dipole (xy) dipole ~z! orbital Fermi contact core

B 28 16 0 61 211
Al 1 22 0 660 215
1/T1T dipole orbital Fermi contact core

B 0.086 0.132 1.4 0.04
Al 0.115 0.370 105 0.05
0-4
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at the Fermi level. In additionufs(0)u2/4p;2.87a0
3 and

Ns;0.003 states/eV/spin/B, ^r 23&11;1.45a0
3 and Np

;0.0216 states/eV/spin/B. With these numbers we findF
;2.3; terms withl .1 give a small contribution toF, be-
cause the radial integrals decrease quickly whenl increases
and because, in the case of B,Nl is very small forl .1. Thus
F is considerably larger than 1, and the Fermi contact in
action is the dominant mechanism of relaxation for11B ~see
Table II!. The same happens for27Al, for which we find
ufs(0)u2/4p;2.96a0

3 and Ns;0.0362 states/eV/spin
^r 23&11;1.74a0

3 and Np;0.0325 states/eV/spin/B, an
thereforeF;16.

In order to understand better the numerical results
AlB2, we calculate analytically the contact shift and rela
ation rates for a model Hamiltonian which includes only Bs
and Al s states. Within this model, the Knight shift is give
by K;mB

2(4/3)ufs(0)u2Ns , and the relaxation rate can b
obtained from the Korringa relation. We findK(Al)
;645 ppm, K(B);52 ppm and 1/T1T(Al) ;107
31023/(sK), 1/T1T(B);1.0531023/(sK), in very good
agreement with the first principles values~see Table II!.

The ab initio total Knight shifts ~Table III! are K(Al)
;644/647 ppm andK(B);42/66, and the total relaxatio
times ~Table III! areT1T(Al) ;9 sK andT1T(B);603 sK.
The agreement between first principle results and experim
tal data is quite good for Al. In the case of B the calculat
relaxation time is about 2 times smaller than the experim
tal data. Similar24 results were found in Ref. 22. This dis
crepancy could suggest that, in the case of AlB2, LDA tends
to slightly overestimate the Fermi-contact interaction at
B nucleus. Furthermore the calculated Knight shift is in to
disagreement with the experimental result and the Korri
ratio is anomalously low. These inconsistencies are m
likely related to the very smallK value which makes the
experimental result quoted extremely sensitive to the ‘‘z
chemical shift’’ reference used.

Finally, we point out that in AlB2 the density of states in
the B plane is strongly reduced with respect to MgB2. The
reason is that in AlB2 thes bands are well beloweF , while
in MgB2 they cross the Fermi level. We findNpx

1Npy

;0.0046 andNpz
;0.017 states/eV/spin/B, while for MgB2

Npx
1Npy

;0.07 and Npz
;0.045 states/eV/spin/B wa

found.21

VI. 11B NMR IN MgB 2

IN THE SUPERCONDUCTING PHASE

Although the main emphasis of the present paper is on
electronic properties of MgB2 in the normal phase, it is

TABLE III. Summary of the total calculated relaxation rates a
Knight shifts~without Stoner factor! in MgB2 and AlB2 to be com-
pared with the experimental results in Table I. The values for Mg2

are taken from Ref. 21.

MgB2 AlB2
25Mg 11B 27Al 11B

K ~xy/z! in ppm 271/256 16/28 644/647 42/66
T1T in sK 1000 270 9 603
10451
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worthwhile to present and discuss here the11B NMR results
obtained in the superconducting phase mostly to point
the limitations incurred in the NMR experiments in polycry
talline samples.

Regarding the Knight shift, one can conclude that
meaningful measurements ofK can be performed belowTc
in a powder sample. In fact the Knight shift is very sma
compared to the line broadening due to the magn
field distribution of the flux line lattice.8 Furthermore the
correction for the shift due to the diamagnetic shieldi
in the superconducting phase cannot be estimated accur
in a powder sample as a result of the distribution of sha
of the particles e.g. distribution of demagnetizati
factors.

The temperature dependence of 1/T1 below Tc allows in
principle to obtain information about the pairing symmet
and the structure of the superconducting gap.25,26 In fact the
ratio of the relaxation rates in the superconducting phase
the normal phase (1/T1s)/(1/T1n) is related to the density o
states in the superconducting phase and should decreas
low Tc either exponentially or with a power law dependin
on the pairing symmetry and/or the structure of the gap.9 As
can be seen in Fig. 3 a decrease of the relaxation rate belo
Tc can be observed in the data taken in an external field
1.55 T but not in the data at 4.7 and 7.2 T. The explanat
for this is easily found in the strong anisotropy of the upp
critical field Hc2. The powders utilized in the present expe
ment haveHc2

max/Hc2
min5g'6 whereby the maximum critica

field pertains to the particles with the field in theab
plane.27,28 In a detuning experiment one detects the sup
conducting transition of the particles which have the high
upper critical field~see arrows in Fig. 3!. On the other hand
in the NMR experiment the stronger signal arises from
particles which are oriented in such a way as to have
lower upper critical field. This is a consequence of t
strongly reduced rf penetration length and consequently
duced NMR signal, in the superconducting particles. Th
the results in Fig. 3 for fields of 4.7 and 7.2 T pertain mos
to the particles which remain in the normal phase down
helium temperature. It should be noted that the results i
loose powder and in a polycrystalline bulk~sintered! sample
are the same as shown in Fig. 5.

FIG. 5. 1/T1 results for11B in a powder and in a sintered bul
sample of MgB2 below Tc .
0-5
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Our results need to be reconciled with the11B NMR data
in MgB2 by Kotegawaet al.9 where it is reported that 1/T1
decreases exponentially belowTc in powder samples for al
field values from 1.35 up to 4.42 T with a tiny coheren
peak just belowTc . First it is noted that the samples used
Kotegawa’s experiments could have a much smaller ani
ropy of the upper critical field. Recent resistivity measu
ments in MgB2 single crystals yield an anisotropy ratio o
the upper critical field of only 2.7.29 A second factor is tha
our measurements were done by fitting the first 90% of
recovery of the nuclear magnetization which yields the sh
component only of the relaxation. On the other hand
results reported by Kotegawaet al. were obtained by fitting
the recovery of the magnetization with two components a
assuming that the long component only is the one pertain
to the superconducting particles.30 By following the same
procedure i.e. by fitting the recovery of the nuclear mag
tization with Eq.~5! with two different values ofW we find
the results shown in Fig. 6. The long component does ind
agree with Kotegawa’s data at high field~4.7 T! and with our
low field data~1.55 T! although it appears doubtful that th
data belowTc can be sufficiently precise to differentiate b
tween single gap and two-gap behavior.31 In fact the distri-
bution of critical fields due to the random orientation of t
particles in a powder sample introduces large errors in
evaluation of 1/T1 particularly close toTc since the recovery
of the magnetization is the superposition of curves, Eq.~5!,
with different W values. In particular it is very difficult to
infer the presence of a coherence peak in 1/T1 just belowTc
as claimed by Kotegawaet al.9 It is noted that from the data
in the inset of Figs. 3 and 6 there appears to be a enha
ment of (T1T)21 over the Korringa value of the norma
phase starting atTc and extending to low temperature
This effect, which is barely outside the experimental err
is not presently understood. One may speculate that
measured 1/T1 in Fig. 3 is an average of the relaxatio
of nuclei in particles in the normal phase and partic
in the superconducting phase withH perpendicular to the
ab plane in which the relaxation is enhanced by t

FIG. 6. The plot of the ratio of 1/T1 in the superconducting
phase and the normal phase againstT/Tc . The short and long com
ponents of the relaxation rate at 4.7 T were obtained by fitting
data to Eq.~5! with two different values ofW.
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presence of flux lines.4 More detailed measurements a
a function of magnetic field are needed to elucidate t
point.

VII. SUMMARY AND CONCLUSIONS

From the analysis of the11B NMR spectrum in the nor-
mal phase of isotopically enriched MgB2, we have found
evidence for a field independent splitting of the line d
to the nuclear dipolar interaction~Pake doublet!. By averag-
ing out the dipolar interaction with magic angle spinnin
we have obtained reliable values for the Knight shifts
11B in both MgB2 and AlB2. Both the decrease ofK
and more so of (T1T)21 for 11B in AlB2 with respect to
MgB2 is in qualitative agreement with a drastic drop
the DOS at the Fermi level at the B site in AlB2. The ab-
initio calculated values for11B ~see Table III! are in excel-
lent agreement with the experimental ones in MgB2 provided
the theoretical Knight shift is multiplied by a Stoner e
hancement factor of 1.33 and the theoretical 1/T1T by a
Stoner factor of 1.6. The agreement in MgB2 is slightly less
good for then25Mg nucleus if the same Stoner factors a
used.

For the case of AlB2 theab initio calculated values are in
good agreement with the experiments only for the27Al data
considering that the theoretical results in Table III are still
be multiplied by the Stoner factor. However, for the B site
AlB2 the theoretical values for bothK and (T1T)21 are big-
ger than the experimental values indicating that the LD
calculations overestimate the Fermi contact interaction at
B nuclear site.

Regarding the superconducting phase in MgB2, we con-
clude that it is very difficult to obtain reliable information fo
the NMR parameters~particularly the relaxation rates! from
polycrystalline samples due to the random orientation w
respect to the applied field and the strong critical field a
isotropy. One issue which remains to be investigated is
effect on the nuclear relaxation rate of the flux line latti
and flux line fluctuations in the superconducting phase wh
was detected qualitatively in the enhancement ofT1T below
Tc ~see the inset of Fig. 3! but which would require aligned
powder samples or single crystals to be investigated qua
tatively.
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