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We report a detailed study of tHéB and 2’Al NMR spin-lattice relaxation rates (TI/) and the?’Al Knight
shift (K) in Mg;_,Al,B,, 0=<x=<1. The evolution of (17, T) andK with x is in excellent agreement with the
prediction ofab initio calculations of a highly anisotropic Fermi surface, consisting mainly of hole-type
two-dimensional2D) cylindrical sheets from bondingi® , boron orbitals. The density of states at the Fermi
level also decreases sharply on Al doping and the 2D sheets collagse0ab5, where the superconducting
phase disappears.
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Superconductivity in MgB has recently received much Refs. 3,4,24. The detrimental effect of Al doping ©p can
interest: as this binary alloy displays a remarkably hifh  then be explained by the increase in the Fermi eneig) (
of ~40 K. MgB, is isostructural and isoelectronic with in- and the decrease d¥(Eg) with increasing doping level
tercalated graphit¢lCG), with carbon replaced by boron, X. An excellent probe to study the influence of Al substitu-
and therefore exhibits similar bonding and electronic propertion on the electronic structure of electron doped MgB
ties as ICG. Thus the high, value of MgB, in comparison IS huclear magnetic resonan@eMR). Knight shift, K, and
with ICG (~5 K) was very surprising. Band structure nuclear spin-lattice reIaxatio(NSLR) rate, 17I_'1, measure-
calculationd~8 have shown that Mg is substantially ionized Ments can lead to the experimental determinatioN ()
in this compound. However, the electrons donated to the Syg_hrough the static and fluctuating parts of the hyperfine field,

tem are not localized on the B anions, but are rather distrib"duced at the position of the resonating nuclei by the elec-
uted over the whole crystal. The six @bands contribute trons at the Fermi surface. The contribution of different at-

iy a the Ferm el The unque festure o igmtne 97 1ON(Ee) and e aisatopy of e elecuonic sttes 1
incomplete filling of the twoo bands corresponding to pre- f

: o : g scribing the magnetic interaction of the nucleus with the
dominantly covalentsp?-hybridized bonding within the . . i
graphite-like boron layers. Two isotropis bands are de- oM electrons can be written E57=2(87/3)ug yy!

. —_ . 3— . 5 —_
rived from B p, and four two-dimensiona(2D) o bands (Sr(Q 5)(/?3] 2\5&;?' [iilihe 3I;r()(rlsr rrn)a/rngatoynﬁ(tﬁiam(:)r[(;-
from B p,, states. Bothp, bands cross the Fermi level, P)IT=], KB g Ny, the gy
while only WO bondingp,., bands and only near tHe point magnetic ratio) andS the nuclear and electron spins, and

. y = : is the radius vector of the electron with the nucleus at the
(0,0,0 do so, forming cylindrical Fermi surfaces around theori in. The first term in the above equation describes the
I'-A line. Due to their 2D character, the latter contribute gmn. q

more than 30% of the total density of Stat®0s) 2478 The _Ferml—c.ontact interaction, the second term _the spin dlpolar
) . . S interaction between nuclear and electron spins, and the third
strong anisotropy in the Fermi surfacand possibly in the

. , ; term the coupling with the electronic orbital moment. In the
electron phonon couplingagrees with the reported anisot- _; I .
. 0-14 4 . _simplest case, where only contribution from the Fermi con-
ropy in He,, and the existence of two superconducting

21 tact term is considered, the first term can be rewritten as

15—
gaps" _ 2y . -
In view of these findings, there is considerable interest inHKSZOC V(B7/3) ol xp{[¥ (0) el - Ho, where x,=M/H
the properties of electron- or hole-doped MgBn order to = #8Ns(Eg)/V, and the symbok) denotes the average

follow the dependence of the electron DOS and the Fermover alls orbitals at the Fermi surface. Due to this term, the
surface on doping. A suitable substituent for such a study isuclear spinl “sees” an internal fieldVy,Ho/2ug, which

Al, which donates three electrorigjstead of two for Mg, is superimposed on the applied external magnetic field
and thus leads to doping by one electron per Mg atom. Irand causes a paramagnetic shift of the nuclear resonance,
addition, the MgB and AIB, end members and the interme- i.e., the Knight shift. In a similar way, the relaxation rate
diate phases, Mg ,Al,B, crystallize in the sam@6/mmm  from the Fermi-contact term is expressed®®a$l/T;)
space group and increasing Al doping leads to an almost (647°/9)y2y2h3(| W (0)|2| W/ (0)|?)eNs(Er) kg T. A
linear decrease of the boron interlayer spaénghe simi-  similar dependence oNZp(EF)2 is found when the nuclear
larity of the calculated electronic density of states betweerHamiltonian is dominated by the nuclear-electron orbital
MgB, and AIB, indicates that Al doping results in simple interaction?® Hence, the dependence of bdthand 17T, on
filling of the available electronic states. Suzwhial?® pre-  the partialN;(E) can be derived.

dicted that the concentration af holes in Mg_,Al,B, Until now B, 2?’Al, and Mg NSLR and Knight shift
varies with x as n,=(0.8—1.4x)x 10?2 cm 3, leading to measurements have been reported for pure MgBd
n,=0 for x~0.6. A similar conclusion was reached in AlB,.?’3! These results, in conjunction witlab initio
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calculationd”®have shown that thé'B NSLR is dominated

by orbital relaxation in MgB and by the Fermi-contact in- 0.006 + @ oxporimontal

total theoretical

teraction in AlB,. On the other hand, thé’Al and ?*Mg p o orbital

NSLR rates and the Knight shift on all thre€®, 2’Al, and ; —— Fermi contact
@ [ dipolar

2Mg) sites were shown to be controlled by the Fermi-
contact polarizatiod:?® In addition, *'B-NMR NSLR relax- -
ation rate measurements on mixed MgAI,B,, x=<0.2, '
have revealed a rapid decrease ofT4/K) with doping that
was attributed to the reduction of the tofd(Eg).*? How-
ever, a detailed NMR study of the variation of each partial
N;(Eg) with Al doping and comparison with theory is so far 0.002
lacking.

The purpose of this work is to report a systematic study of
the 1B and 2’Al NSLR rates, 1T, and the 2’Al Knight
shifts as a function of Al doping for Mg ,Al,B,, 0=x )
<1. MB Knight shift measurements were not considered 0.000 ey
because the isotropi¢’B Knight shift is small[ +40 ppm 20 40 60 80 100
for MgB, and— 10 ppm for AIB, (Ref. 29] and of the same X (% Al)
order of magnitude as the dipolar and the second order qua-
drupolar split at the fields of 2.35 and 4.7 T used in this
work. Our measurements show explicitly the validity of
theoretical calculations based on local density-functiona
method4® of the boron'}(1/T,T) evolution with Al doping _ _ _ _
and (i) the dominance of the orbital relaxation up %o mined b.y applying the threg-exponentlal recovery law that is
~0.55, whereT(x) vanishes. This is convincing evidence a@Ppropriate for =5/2 nuclei®>*’
that up tox~0.55, the hole-type 2D cylindrical shegfsom Figure 1 shows the boroh(1/TT;) as a function ok in
bonding 2, boron orbital$ of the Fermi surface play an the normal stqte. In.aII cases thg magnetization recovery
essential role in thé’B NSLR. The slight decrease of both Curves were nicely fitted with a singlé, component. In
27K and 27(1/T,T) asx increases from 0 to 0.55 and the add_|t|on, a 1T1T:_ constant relation was found to fit the ex-
subsequent abrupt increase %¢ 0.55 also support this con- perimental data in the whole normal state, for all doping
clusion. concentrations. ThéY(1/TT,) values in Fig. 1 are the results

Polycrystalline samples of nominal composition of the fits in the temperature range 300—80 K. Our measure-
Mg, _,AlB, (0=x<1) were prepared by reaction of Al and Ments reveal that as the doping increas€¢1/TT,) de-

Mg powders with amorphous B at temperatures betweefreases rapidly up ta=0.55, and then shows a slight in-
700°C and 910°C as described elsewHénale find that(i) ~ crease fox=0.55. For reasons of comparison, we have also
the temperature where the reactigmeparation temperature  included the calculated’(1/TT;) values from Ref. 8 for all
takes place sensitively affects the appearance of the) (00three orbital, dipole-dipole, and Fermi-contact term contribu-
diffraction peaks for 0.05x<0.5 (Refs. 22,33-36— tions. Clearly, the orbital term dominates in th&B relax-
significant broadening and/or splitting of these reflectionsation rates forx<0.55. In the case of pure MgBthe 1'B

are signatures of multiphase behavior in this doping rangerbital hyperfine interaction of 2 holes with the nuclear
and (ii) carefully prepared samples in the region arroundmagnetic moments is about three times larger than the
x=0.5 show the presence of a broad superlattice peakiipole-dipole and the Fermi-contact interaction. This is due
(0 03%) arising from ordering of Mg and Al layer§. 2’Al  to the fact that the borop,, andp,, bands are all at the Fermi
NMR line shape measurements of the central transitionlevel (Np,=N,,~0.035, N,,~0.045 states/eV/spin/B),
(—1/2—1/2) were performed on two spectrometers operatwhereas only a fevg boron electrons are close to the Fermi
ing at external magnetic fieldd,=2.35 and 4.7 T. Spectra level (Ng~0.002 states/eV/B}:?° This gives a ratio between
were obtained from the Fourier transform of half of thethe Fermi-contact and the orbital/dipole-dipole coupling con-
echo, following a typicatr/2— 7— /2 solid spin-echo pulse stants,F=0.35, and '{(1/TT,) is mainly proportional to
sequence. The spectra for the 0.0125 and 0.025 Al doping N,(E)?. By Al, i.e., electron doping{(1/TT,) decreases
concentrations were extremely weak and therefore 100 00fapidly, while for x=0.6 it gives ap-state anisotropy ratio
signal accumulations were needed for a satisfactory signaN,,/N,,~0.1, as predicted for AIR® It may thus be in-
to-noise ratio. Thé"'B T, of the central line was determined ferred that the rapid decrease of tH& relaxation rate is due

by applying a single pulse saturation recovery technique, antb the decrease of the DOS in the 2D hole-type sheets. A
recording the growth of the solid echo at variable delayminimum {(1/TT,) value is obtained at 0.55x<0.60,
times. TheT; values were obtained by fitting the relaxation where the 2D sheets appear to collapse. We also note a dis-
function, m(t)=(M () —M(t))/M () =0.1lexpt/T,) crepancy between the theoretical and experimental values for
+0.9exp(-6t/T,).3" Correspondingly,?’Al T, was deter- x>0.6. Most probably, calculations tend to overestimate the

sK)'

1 1(-|--|-1 )-1

FIG. 1. Boron*{(1/T,T) for Mg;_,Al,B, as a function of Al
doping. The lines show the results of thb initio calculations of
I?efs. 4, 8.
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FIG. 2. /Al NMR line shapes of the central transition at room
temperature for Mg_,Al,B,. For clarity, all spectra are normalized
to 1. In this scaling, spectra for=0.0125 and 0.025 are multiplied
by a factor of 100 and 50, respectively, in comparison to the spec-
trum of AIB,.

in fields 2.35 and 4.7 T.

have shown that the quadrupolar coupling constantds
=80 kHz?° thus giving a second order quadrupolar shift,
which in case of the fields used in this work, is as small as a
fraction of 1 kHz. According to Fig. 3, by increasingthe

. . . N %K decreases rapidly, whereas for0.55, i.e., at the dop-
Fermi-contact interaction at the position of the B nucleus ining value where the superconductive phase disappéars,

this doping rangé’®
Figure 2 shows the?’Al NMR line shapes for

increases sharply becomirg+ 900 ppm for pure AIB. As
previously shown, by Al doping of MgBthe o hole bands

Mg, - xAlxB, at room temperature in a field of 4.7 T. A com- gre filled®*?*and their contribution t&N(Er) becomes zero
pletely similar picture was obtained at 2.35 T. In the dopingst x~0.554 Evidently, the gradual decrease &K for x
region 0.1=x=0.7, the spectra consist of a single central<g 55 reflectgi) the initial slight decrease d4(E) in this
transition line, which shifts in frequency with doping, and adoping rangé,and (i) the reduction of the Stoner enhance-

broad powder pattern from the satellite transitions.xAs-
creases, line broadening is observed, reachi®f kHz for

ment by filling thes hole bands, due to decrease of the total
N(Eg). We notice that the Stoner enhancement renormalizes

AIB,. This may be attributed to increasing Al-B dipolar poth K and 1T, by a factorS,=1/(1—IN(Eg))*, with «

broadening, probably due to the strong decrease of the inter= 1 for K, and 1<a<2 for 1/T,.”8 On the other hand, the
layer distance with Al doping. For= 0.80 and 1.0, a second  sharp increase of the Knight shift fae0.55, may be attrib-
signal is observed at 1700 ppm, arising from unreacted Al e to the rapid increase bk, by further doping, after com-

which is present at high doping concentrations. The assignsjetely filling the 2,., hole bands[Ny(Mg) in MgB, is
ment of this peak was confirmed following comparisons with. g gog2 states/eV/sbin, whereadl(Al) in AIB, is

the 2’Al NMR signal from powder Al. In addition, a weak

spurious peak, arising from the probe was also observed at

+1700 ppm forx=0.0125 and 0.025. We note that all line o110 .
shapes could be well fitted with single Gaussians and no 0,204 ¢ 108 =
signatures of the phase separation, reported by x-ray “'9 00 oo J08 E
diffraction??33-3%were observed in thé’Al (and ''B) spec- o 104 -
tra for 0.05<x=<0.50. This might imply that NMR, which is 0187 B g'i
sensitive in the MHz spectral region, probes only the average = 58 46 B0 80 408 &
electronic structure of multiphase samples. = 0.12- X (% Al) s

In Fig. 3 we show the shift of the central line peak as a &
function ofx, in fields 2.35 and 4.7 T. The signal of a stan- _— o
dard aqueous solution of Alglwas used as reference. The 0,08 - . ‘9"-.0‘
coincidence of the curves in both fields is a clear evidence L
that the obtained spectral shift corresponds solely to?fKe — . :
shift. In typical shifts ofl =5/2 nuclei like 2’Al from the 0 20 40 60 80 100
reference sample, in addition to the Knight shift the center- X (% Al)

of-gravity position of the NMR signal should include the
second-order  quadrupole  shift given by Aw

FIG. 4. 2"(1/T,T) for Mg, _,Al,B, as a function of Al-doping.

:(25Vé)/(18VL).38 However, recent experiments on AlIB The inset demonstrates the Korringa ra®pas a function ok.
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~0.0362 states/eV/spifl.A similar behavior is observed in at room temperature, have been employed in order to inves-
Fig. 4, which exhibits the?’(1/TT;) vs x plot. In the inset tigate the structure and the variation of the Fermi surface in
weshow the Korringa rati®, R=(K?T;T)/S, where S  MgB, upon Al (i.e., electron doping. Our results are com-
=(yel )% (112)%kg=0.387<10"° s K for 2’Al. Here, pletely consistent with calculations predicting a strongly an-
vYe, Yn are the gyromagnetic ratios for the electron andisotropic Fermi surface that is comprised from hole-type
nucleus, respectively. It is observed that whille-1 for pure  o-bonding 2D cylindrical sheets, and a hole-type and
AIB,, i.e., the ideal value of unity fos electrons, it goes to electron-type, 3Dm-bonding tubular network. The collapse
=0.5 forx=<0.6. This implies that for pure Algthe Fermi- of the 2D sheets at=0.55, as predicted by theory, is ex-
contact interaction is the dominant mechanism responsiblperimentally verified by the fast decrease of tH8 NSLR
for relaxation and Knight shift at the Al site. However, for rate forx<0.55 and the sharp increase of both tHi and
x=0.6 there is a considerable orbital contribution in the re-2’NSLR rates forx=0.55. The latter indicates a strong re-
laxation rate. Apparently by Al doping, a part of the donatedshaping of the Fermi surface towards the electronic structure
electrons that is transferred to tlebonds?* gives rise to an  of AlB,, due to interplane electron contribution. Our results
increase of the orbital contribution to the relaxation. concile with both experimental and theoretical evidence that
In conclusion,*B and /Al NMR NSLR rate in the tem- indicate anisotropic pairing and multigap superconductivity
perature range 300 K-80 K, and Knight shift measurements MgB.
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