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Magnetization and 'B NMR study of Mg,_,Al,B, superconductors
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We demonstrate the magnetic-field distribution of the pure vortex state in lightly doped,MgB, (X
<0.025) powder samples, by usiftB nuclear magnetic resonance in magnetic fields of 23.5 and 47 kOe. The
magnetic-field distribution af=5 K is Al-doping dependent, revealing a considerable decrease of anisotropy
in respect to pure Mg This result correlates nicely with magnetization measurements and is consistent with
o-band hole driven superconductivity for MgB
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. INTRODUCTION in the density of states of MgBat only slightly higher elec-
tron concentrations. Suzukiet all® predict that in
The synthesis of MgB had been reportédn 1954 but  Mg,_,Al,B, the concentration ofr holes varies withx as
only recently Nagamatset al? discovered that this com- n,=(0.8—1.4x) x 10?2 cm™3, leading ton,=0 for x~0.6.
pound is a superconductor with a surprisingly high  For 0.1=x=<0.25, a two phase mixture is formed, whereas
~39 K. At first it was suggestédhat a BCS-type mecha- for x>0.25 a single nonsuperconducting phase is detected.
nism with strong electron-phonon coupling and high phononThe detrimental effect of doping ofi; in Mg, _,Al,B, can
energy of the light boron atoms can be responsible for thée explained within the BCS model, as it increases the Fermi
observed highT,.. This is based on the observation of the energy Eg) and decreases the density of stat&). Be-
isotope effet on T, and a strong negative pressure Sides, thermoelectric power and resistivity measurements
coefficient of T,. Altenatively, HirscR proposed a “uni- Show that Mg, Al B, alloys are hole-type normal metals.
versal” mechanism where superconductivity in MgBs In order to analyze trends associated with the band filling
driven by the pairing of dressed holes. Electronic band-and their relati'on to loss of superconductivity, we haye per-
structure calculatioris indicate that in MgB the charge [ormed a detailed study OI Mg,AlxB, (0=x=<0.1) using
carriers are situated in two bands derived fromdhgonding structural, magnetic, and’8 nuclear magnetic resonance .
-orbitals of boron, which are essentially two dimensionaI(NMR) line-shape measurements. Complementary magnetic
Pxy . ' y _ and NMR measurements reveal a decrease of anisotropy by
(2D), and in one electron and one hole bands derived fro

"light Al doping relative t M | idi
the 7-bonding p, orbitals of boron. Bothg and 7 bands '9 oping relative to pure MgBsamples, providing an

. ) ) experimental evidence about the effectbeband hole filling
have strong in-plane dispersion due to the large overlap by these superconductors.

tween all p orbitals of neighboring boron atoms. Despite
some diversities in these models, there is a general
agreementt®=81112that the key point for superconductivity
in MgB; is the 2D o band ofp, , orbitals within the boron Powder samples with nominal  composition
layers, and the delocalized metallic-type bonding betweemg, ,Al,B, (0<x=1) were prepared by liquid vapor to
these layers. These calculations pretficf*°a strong an-  solid reaction as described elsewh&eSynchrotron x-ray
isotropy in the Fermi surfacéand possibly in the electron- powder-diffraction measurements were performed on
phonon coupling that is consistent with the observéd’ Mg, ,Al,B, samples, sealed in thin-wall glass capillaries,
anisotropy inHg,. Specifically, the anisotropic ratioy 0.5 mm in diameter, at 295 K. Images of the Debye-Scherrer
=H23/HS,, was found®*"*8to be between 1.7 and 6, de- rings were recorded on the 345-mm-diameter Mar Research
pending on the material and the experimental method. circular image plate system on the BM1A beam line at the
In view of this description, measurements on electron- olESRF, Grenoble. A monochromatic x-ray beam of wave-
hole-doped MgB are of interest as they may help our under-length, A\=0.79983 A and dimensions 0®.5 mnf was
standing of how the electronic density of states and thdocused onto the sample by sagittal bending of the second
Fermi surface depend on doping. Al substitution for Mg incrystal of the double-crystal @11) monochromator. Pat-
Mg, _,Al,B, provides®? a way for electron doping. The terns were measured with sample-to-detector distance of 200
similarity of the calculated electronic density of states be-mm for periods of 10 s. During the data collection the
tween MgB, and AlB, indicates that doping results in simple sample was rotated about its axis by’.1®ne-dimensional
filling of the available electronic states, with one electrondiffraction patterns were obtained by integrating around the
donated per AP~1°A very first study of Al doped MgBhas  rings using local softwargrogramriT2p). dc-magnetization
showrt® that T, is slightly suppressed for<0.1. However, measurements were performed in a superconducting quan-
band-structure calculations shdthat there is a sharp drop tum interference  device (SQUID) magnetometer

Il. EXPERIMENTAL DETAILS
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moment as a function of the temperature for<t®@<54 kOe for
FIG. 1. (8 Synchrotron x-ray diffractionX=0.79983 A) pro-  the powder Mg 4oAl o 0;B, sample used in NMR measurements. The

files showing the(002, (101), and (100 reflections for the dot lines are simulations of the reversible magnetic moment, using
Mg; _xAl,B, samples withk=0.005 and 0.025b) Variation of the  a y~5.4 (see main tejt (b) (middle panel Isothermal magnetiza-
hexagonal unit-cell parameters of MgAI,B, for 0=x=<0.025.  tion loops in the reversible regime at <36 K for
Solid circles and squares correspond to thand a axis of the Mgy gAl o:B,. (¢) (lower panel Variation of H3 as a function of
Mg, Al,B, phase, respectively. The corresponding open symbolgsemperature for th&e=0.01 sample. The solid line is a fit with a
for x=0.025 are the cell constants of the second {M@IXBZ)’ power-law reIationH§§=H*(1—T/Tc)” (H*=262+5 kOe, T,
phase(see main text =37.9+0.1 K, andv=1.27+0.02). For comparison thblf;‘g(T)

curve (thick solid ling of the x=0 sample is included.

(Quantum Designunder a magnetic field ¢ =10 Oe.'B _

NMR line-shape measurements of the central transitioPUr NMR study only to Mg ,Al,B, samples withx
(—1/2—1/2) were performed on two spectrometers operating<0-025. The deduced lattice parameters are plotted in Fig.
in external magnetic fieldsl,= 23.5 and 47 kOe. The spec- 1(b). For x<0.025, thec axis exhibits a negative slope:
tra were obtained from the Fourier transform of half of thedc/dx~(—0.2 A/at.% Al), whereas the in-plarseaxis re-
echo, following a typical w/2—7—m spin-echo pulse Mains nearly constant. Foe=0.025, the coexisting phases
sequencé® The irradiation frequency was the same in all differ mainly in their interlayer lattice constant.

experiments. The spectral bandwidth around the irradiation

frequency was~150 kHz, which is enough to cover ad- B. Magnetic measurements
equately the NMR signals at low temperatures. Thermomagnetic measurements show that all the exam-
ined samples are superconductors, with tfigirdecreasing
Ill. RESULTS AND DISCUSSION quasilinearly with increasing Al content d{./dx

~—0.1 K/at.% Al). A steeper decrease ©f is observed

for x>0.1 andT, becomes zero at~0.55. Figure 2 shows
Figure Xa) shows parts of the x-ray diffraction patterns the reversible portion of the temperature dependence of the

that reveal a clear splitting of th€002 reflection in  magnetization in various fields for=0.01. Contrary to the

Mg 976Al 0. 0282 Whereas the MggesAl g 9085 IS single phase  expected linear behavior, th(T) curves exhibit a pro-

sample. This implies the onset of macroscopic phase separasunced curvature nearby tfig,(H) that is attributetf**to

tion with increasing Al conterf® A similar result has been the anisotropy of MgB. The dot lines through the experi-

reported* in C-doped MgB, where the carbon miscibility is mental points come from a simulation of the reversible mag-

also very small as wellx<<0.04. For this reason we restrict netic moment using the equatidn

A. X-ray measurements
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whereh=H/H32, N=(\2\.) "% is the average penetration z \\ ]
depth, 3,=1.16, ®, is the flux quantum, ang=H35/HS, S t\ oo
is the anisotropy constant. To simulate thgT) data we ISR VW WO W E v
assume first, a power-law reIatioH:ﬁﬁ’(T)=H*(1—T/TC)V . **“ Zém
(H*=262+25 kOe, T,=37.9+0.1 K, and a »=1.27 0 b A =
+0.05), second, a~200 nm, and third, an anisotropy con- : : . . .
stanty~5.4. -0.15 0.00 0.15
It is important to note that the power-law variationtéfs v-v, (MHz)

concerns only the regioh>T./2. At lower temperatures the " ) .

Hﬁg exhibits a negative curvatufeand approaches satura- FIG. 3. *B NMR line shape_s as a function of temperature for
tion atT=0 K at a value of about 140 kOe. Assuming that; M3osslo.0B2 under a magnetic fielth=23.5 kOe. Each spec-
Hgg is about 140 kOe in both samples=€0 and 0.01, with trum is normalized to its maximum intensity for clarity.

a y=6 or 5.6, then the estimatéd?, will be 23.3 kOe and

25 kOe, respectively. Also, we find that the temperature deof magnetic-field distributions, ranging in between the nor-
pendence 0H§§’ has the same functional form foar=0.01  mal state and the Abrikosov lattice. In a recent stditywas
andx=0 (i.e., the same exponénwvhereas fox=0.01 the ~Observed that thé'B NMR line shapes in pure MgBremain

T. and theH* values are smaller by 0.7 K and 20 kOe unchanged down to the temperature of the second critical
respectively. Similarly, thvi(H) data have been simulated field T, whereas forT<T,, a second peak develops at
by using the samey and a temperature depende(T). In lower frequencies. The intensity ratio of this second peak to
agreement with the NMR spect(&ide infra) for x=0.01, the unshifted highF peak was observed to increase in field
the deduced value of the anisotropy constant from magnetiel ,=23.5 kOe when compar&t with that in field H,
measurements Emaller tharthe anisotropy constant of pure =47 kOe. A direct comparison of the NMR line shapes with
MgB, (y~6). It is worth noting here that both, the pure dc-magnetic measurements, that reveal the temperature de-
and Al-doped samples were prepared with the same methogendence oH2 and HS,, has shown that the frequency
Thus, the obtained differences in cannot be attributed in - position and the shape of the low-frequency peak follows the

the preparation method used. To cross-check the validity O&evelopment of the vortex lattice as a function of
the estimatedy values we have applied an alternative Simu'temperaturé3 Since in pure MgB Hab~140 KkOel517
. ’ c2 )

. 8 y .
lation method,’ that was used by Bud kce; al. in pure this was explained by considering that a part of the grains
MgB, powder samples, and we have obtained exactly the L .
femains in the normal statainshifted peak down to the
same values. c
lowest measured temperaturé=5 K when H<H,
<H2P.
C. B NMR measurements Figure 3 shows thé'B NMR line shapes fox=0.01 in
Generally, vortices at low temperature form a lattice in the23.5 kOe as a function of temperature. As in Mgipectra’
mixed state of type-Il superconductdfagenerating a spatial the line shapes in the normal state are temperature indepen-
field modulation that gives rise to a characteristic magneticdent. ForT<30 K the vortex lattice is formed, inducing a
field distribution f(H) with van Hove singularities. For a gradual shift of the peak frequendgorresponding tdHs)
perfect vortex lattice the field distribution exhibits a peak atthat creates the characteristic asymmetric broadening of the
a valueHg, which corresponds to the saddle point locatedNMR frequency distribution as expected from the vortex lat-
midway between two vortices, whereas two steps at théice only?® Remarkably, the normal-state signal component
maximum H,,) and minimum H,,) fields are disappears in the mixed superconducting state by light Al
expected®?” Other studies ha?é?® shown that the(H) is  doping, and only the pure vortex lattice signal is present.
reflected on NMR line shapes because the Larmor frequencihis effect indicates an enhanceméedative to pure MgB)
of the resonating nuclei depends linearly on the local magef H¢, above 23.5 kOe by Al doping, which gives rise to the
netic field. Thus, NMR is a very sensitive local probe of thepure superconducting state at low temperaturesSTA6 K
spatially inhomogeneous magnetic field associated with thene shift ofH, from the fieldH,, in the normal state is about
vortex staté?’ which is formed in external magnetic fields 50 Oe. However, the expectédsharp singularities in the
H¢;<H <Hg,. In case of strong anisotropy and in applied field distribution functionf(H) of the vortex lattice are
field HS,<H,<H?2;, a powder superconducting sample with smeared out in our NMR spectra because we measure an
randomly oriented grains is expected to give a superpositioanisotropic polycrystalline sample. Thus, we cannot
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FIG. 4. “B NMR line shapes of Mg ,Al,B, for 0.0<x FIG. 5. B NMR line shapes of Mg ,Al,B, for 0.0<x
=0.025 atT=5 K in a field H,=23.5 kOe. Each spectrum is <0.025 atT=5 K in a magnetic fieldH,=47 kOe. Each spec-
normalized to its maximum intensity for clarity. trum is normalized to its maximum intensity for clarity.

estimaté® whether a square or triangular type of vortex lat-  Results of Knight shift and nuclear spin-lattice relaxation
tice is formed. rates (1T;) for Mg, 'B, and ?’Al nuclei were reported
Figure 4 shows NMR spectra aT=5 K in H, for MgB,, AIB,, and (Mg_,Al,)B, powder sample2)
=235 kOe for Mg_,Al,B, (0<x<0.025). At T  The comparison of the data in the two compounds shows the
~300 K the NMR spectra are essentially identical for 0 dramatic drop of the density of states at the boror?&itéin
<x=0.2. Since the cell constants change slightly in this con£IB2 and (Mg _Al,) B, with respect to MgB. In addition,
centration region, the observed similarity in the NMR spectrgn€ discrepancies in the results Qgé;/below Tc, reported
indicates that the induced line shape is resolution limited. APY different authors, can be explainédy the strong anisot-

T=5 K all the samples are in the mixed state and the lind OPY of the upper critical field in MgR In this study the

shape reflects the magnetic-field distribution from the vorteXObserved decrease of anisotropy, by substituting Al for Mg,

lattice. Remarkably, the line shapes dependxoms dis- can be attributed to the progressive electron filling of éhe

. ._bands with increasing, which reduces the anisotropy of the
cussed above for the=0 system, the observed line shape is boronp states. It is worth noting that we could not estimate

the result of the anisotropy. Hence, the disappearance of thgq apsoiute anisotropy constant, but we have found that the
normal-state signal component and the variation of the vorgnisairopy in Al-doped samples is smaller than the value of
tex state signal witkx can be explained by assuming that the he x=0 sample. In the microscopic theory the anisotropy

anisotropy decreases with Al doping. For comparison Weéharameter is givelt by 72=(A(kp)v§b>/<A(kF)v§), where
have scaled the signal intensity of tke 0.005 system under v, are the Fermi velocities and- --) stands for Fermi-

the low-frequency tail of pure MgBin Fig. 4. Apparently  grface averages. When the ratiic,,)/(v2) is averaged over
there is an excellent matching of the two signals, providinghe entire Fermi surface for MgBit is close to unity!8

clear experimental evidence that this shoulder corresponds {gnich means a strong anisotropy afkg). Following the

the magnetic-field distribution of the vortex state. Thus, itarguments of Bud’ket al,'® the electron-phonon interaction
becomes evident that even for=0.005 the component from js particularly strong on the Fermi-surface sheets that are
the normal-state signal disappears. We also notice that fashaped as slightly distorted cylinders along ¢hexis crystal
x=0.025 the line shape changes drastically. This can be extirection. If the gap\ on the remaining Fermi-surface sheets
plained by considering that either the anisotropy starts tds negligible, the reduction of the anisotropy could originate
increase abruptly or the particular line shape is associateflom the reduction of ther holes, as mentioned above.

with the onset of phase separation at this composition. Figure
5 shows the dependence of the NMR spectra on Al doping
for Mg;_,Al,B, (0=x=<0.025), at T=5 K and H,

=47 kOe. Contrary to Fig. 4, in all samples the line shapes In conclusion, we show the magnetic-field distribution in
exhibit a low-frequency tail and an unshifted peak, corre-the pure vortex state of lightly doped MgAl,B, by using
sponding to coexisting vortex and normal-state componentst!B NMR line-shape measurements. Our NMR and magne-
This indicates that 32 y<6.4 (e.g., forx=0.01 samplgby tization data reveal that substitution of Al for Mg reduces the
consideringH§§~ 140 kOe. anisotropy substantially. According to current theoretical

IV. CONCLUSION
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