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118 NMR detection of the magnetic field distribution in the
mixed superconducting state of MgB

G. Papavassiliol M. Pissas, M. Fardis! M. Karayanni! and C. Christide's?
Yinstitute of Materials Science, National Center for Scientific Research “Demokritos,” 153 10 Athens, Greece
2Department of Engineering Sciences, School of Engineering, University of Patras, 26110 Patras, Greece
(Received 13 September 2001; published 13 December)2001

The temperature dependence of the magnetic field distribution in the mixed superconducting phase of
randomly oriented MgB powder was probed by'B nuclear magnetic resonan@éMR) spectroscopy. Below
the temperature of the second criticBl.§) field, T.,~27 K, our spectra reveal two NMR signal components,
one mapping the magnetic field distribution in the mixed superconducting state and the other one arising from
the normal state. The complementary use of bulk magnetization and NMR measurements reveals shiat MgB
an anisotropic superconductor withBg,<2.35 T anisotropy parameter<6.
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The recent discovery of superconductiviip MgB, has  ducting sample with randomly oriented grains is expected to
revived the excitement on this area of research because thigve a superposition of magnetic field distributions, ranging
a||oy becomes Superconducting at unexpecfedlgh tem- betwee_*n the rlormal state and the AbrIkOSOV Iatti(_:e. Itis thUS
peratures T.=39 K), for “light” main-group elements re- Of particular interest to test the possibility of anisotropy in
siding between Be and S in the periodic table. Subsequerti
studies have shown that MgBs a type-ll superconductor

with B;1(0)~0.26 T, B,(0)~14 T, with a small conden- " "4is” haner we reporf’B NMR line-shape measure-

sation energy(relative to N%Sn and YBaCwO;), @ &0 ments on powder MgBsamples in external magnetic fields
~4.9 nm, and a,~185 nm: However, opinions aboutthe B =2 35 and 4.7 T, which exhibit a strong asymmetric low-
nature of the superconductivity mechanism are still contrafrequency broadening at temperatures lower than the tem-
dictory. Band structure calculatichsuggest that MgBis a perature of the second critical fieldT€T.,). The low-
BCS superconductor, where superconductivity results fromemperature spectra may be decomposed in two components:
in-plane electron-phonon coupling on the boron sublatticeOne component corresponding to the unshifted NMR signal
The detected isotope effécand the BCS-type energy gap, of the normal state, which indicates that a portion of the
that is obtained by tunneling spectrosc®pyd *'B nuclear sample volume remains in the normal state even at the low-
magnetic resonand®MR),”~ are in support of this model. est measured temperature of 5 K. A second component,
However, specific-heat measurements indicate that the supethich maps the magnetic field distribution of the vortex lat-
conducting gap is either anisotropic or two-band fikkeur- ~ tice in the mixed statévortex component Our data provide
ther deviations from the-wave model have been detected onclear evidence that for a part of the MgByrains the
the temperature dependenceBy and\ (Ref. 10 as well.  Bc2(0)<2.35 T, whereas for another part of the grains

Recently a few work&!®presented convincing evidence B:2(0) is sufficiently hlgher, and according to magnetic and
that the MgB is an anisotropic superconductor with an an-conduction-electron spin resonan@EeSR measurement$

ab N . .
isotropy parametes=(B22/BS,) taking values into interval BSc2(0)~14 T. Thus, our results provide a strong experi
2<y=<6. mental evidence that MgBs an anisotropic superconductor

I . . . with an anisotropy parameter~6.
In principle, a strong anisotropy in the mixed supercon- - : .
ducting state of powder MgRB if present, should be detect- High-quality MgB, powder samples were prepared by liq

11, : uid vapor to solid reaction in an alumina crucible placed
able with =B NMR spectroscopy. As known, for fieldS;;  jgige a vacuum-sealed silica tube, using a 3% excess of Mg.

<Bo<Bc, a vortex lattice is formed that gives rise 10 & pyre Mg and B powders were thoroughly mixed and subse-
chara_lqterlstlc_ magnetic field distribution Wlth van Hove sin-quently slowly heated up to 910 °C. At this temperature the
gularities at fields wher§ B,=0 (B||z axis). For a perfect  sample was annealedrfa h and then cooled slowly down to
hexagonal vortex lattice, the field distribution exhibits a peak{‘oom temperature. Rietveld refinement of X-ray powder dif-
at a valueB, which corresponds to the saddle point locatedfraction spectra revealed that the examined sample consists
midway between two vortices, whereas two steps at thef 95% MgB,, with cell constants equal toa=b
maximum B.) and minimum B, fields are =3.0849(1) A andc=3.5213(1) A, and a secondary
expected’*® Such a magnetic field distribution should be phase of 5% MgO.

mapped on the NMR line shape, as the Larmor frequency of To investigate the mixed state and the magnetic irrevers-
the resonating nuclei depends linearly on the local magnetiwility of MgB ,, we have performed thermomagnetic and iso-
field. Successful mapping of the magnetic field distributionthermal magnetization measurements on a superconducting
has been already presented in a variety of superconductirgdantum interference device magnetometer. The upper panel
materials such as vanadiuthand rare earth nickel borocar- Of Fig. 1(& shows the zero field coolingZFC) and field
bides YNLB,C with B NMR.*° In case of strong anisot- cooling (FC) magnetization curves for a sample with ran-

ropy and in applied fiel,<B,<B2>, a powder supercon- domly oriented grains, which was also used in the NMR
Py PP c2=B0=Bcz2, AP P measurements. A marked feature is the observed curvature
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B NMR experiments in magnetic fields fulfilling the above
condition.
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FIG. 2. 1B NMR line shapes of the central transition in field 4.7
T for 5 K<T=<50 K. The dotted lines correspond ¢B), (Bmay,
a'nd<Bmin>'

3
T

H
. )H estimated fromBS,=B2/y. In this figure we also include
//%v H the data ofH2) for H>5.5 T, from Ref. 14. The irrevers-
4nM_ =54 G 4nM_=14 G ibility line is derived from the temperature where the ZFC
HkOe) © “ H(ko8) and the FC branches are separated. Finally, Rig. Shows
b o o P % m w0 the half of the isothermal hysteresis loopTat5 K, which
(b) H (kOe) indicates that the irreversible magnetization is comparable to
the reversible one. This small irreversible magnetization in
moment as a function of the temperaturelfb+0.03, 5, 10, 20, 30, the _pOV\gder sampl_e has been attr_lbuted to the _Surface
and 46 kOe for the powder MgBsample used in the NMR mea- bar_rlersz. The two insets sh_ow details of the loop in the
surements. The line through the experimental points is a simulatiof€9i0ns of 2.35 and 4.7 T, which are used below to reproduce
of the reversible magnetic moment supposing an anisotep  the magnetic field distribution in the vortex lattice.
(see main te3t The lower panel shows the phase diagram where, B NMR line-shape measurements were performed on
the filled circles and squares corresponcH@ and HS, lines, re-  two spectrometers operating in external magnetic fields with
spectively. The open squares represent the irreversibility lime. Bo=2.35 and 4.7 T. The spectra were obtained from the
The half of the magnetization loop @=5 K. The insets show Fourier transformation of half of the echo, following a typi-
details in the region oH=2.35 andH=4.7 T. cal 7/2-m-m spin-echo pulse sequence. In both magnetic
fields and in the normal state the length of & pulse was
near the onset of the transition, which has been recentlyp(w/z)sz usec, corresponding to a radio-frequengf)
attributed” to the anisotropy of MgR Specifically, the onset jrradiation fieldB,=44 G. At room temperature the spectra
of the diamagnetic signal occurs at thg’Bhat varies with  were found to exhibit the typical powder pattern for a
temperature aB?S(T):ng(O)(l—T/TC)l-z? Since we ex- nuclear spinl=3/2 in the presence of quadrupolar effects
amine a powder sample containing randomly oriented graingyith an axially symmetric electric field gradient, in agree-
we have applied the equation derived by Sinevral1* fora  ment with previous work&2! The separation of the symmet-
uniaxial superconductor with the magnetization lying paral-ric satellite lines gives a quadrupolar frequeﬁ?:va
lel to the external field, in order to fit the reversible part of = 2A (1) =e?qQ/2h~0.836 MHz. In Fig. 2 we demon-
the thermomagnetic curves. The solid line in Fig)shows  strate the line shape of the central transitioni(— 1) as a
the successful reproduction of the experimental data by usinfunction of temperature in a magnetic field of 4.7 T. The line
an anisotropy ratioy~6 and an average penetration depthshape in the normal state is temperature independent and
A=A A)*~170 nm, in agreement with the values in consistent with previous studi&$:* In addition, a second-
Ref. 14. The lower panel of Fig.(d shows the phase dia- order quadrupolar split o6 kHz is clearly observed. Con-
gram that is obtained from the magnetic measurements. Thigidering that fol =3/2 the second-order quadrupolar split is
diagram includes the temperature variationBf, that is  given by? Av(?)=(250/144p)[I(1+1)—3/4], we obtain
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FIG. 1. (a) (upper panglZero-field and field cooling magnetic
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low-frequency shoulder becomes broader and shifts to lower
frequencies in comparison to the spectra taken in 4.7 T. This
is expected if we consider that the magnetic field distribution
in the vortex lattice becomes less dense and exhibits stronger
field gradients in lower external magnetic fields. Since a sig-
nificant part of the signal intensity remains unshifted, then it
can be argued that for a part of the grains Bfg must be
lower than 2.35 T. Considering that magnetization measure-
ments giveB,,~14 T, and by assuming th&>> B¢,

an anisotropy parameter=6 is estimated.

Following Ref. 18, a rough estimation of the singular
points (at London limit \>¢) of the field distribution at
T=5 K and H=47 T, gives B, (B)~1.6
0.551Po/4m\?~50 G, Bn—(B)~—0.6x0.551D/4m\>
~—18 G, andB,—(B)~—0.5x0.551p/4m\*~—15 G.

In the above estimations we have used the experimental
value of the magnetic induction 8t=5 K, (B)=47M 4,
+Ho~—-14+Hy, G [see inset of Fig. ()] and \
=170 nm.

The estimated values @&,.x, Bmin, andBg are in good
agreement with the characteristic poiligge arrows in Fig.

2) of the NMR spectrum alT=5 K. These results indicate
that the low-frequency shoulder of the NMR spectra is pro-
duced by the magnetic-field distribution of the vortex lattice.

FIG. 3. B NMR line shapes of the central transition in field  The extension of the low field tail below the theoretical
2.35T, as a function of temperature. Bin, and the slightly shifted broad maximum in the experi-

mental magnetic field distribution might originate from small
a vo~0.860 MHz, in agreement with the value obtainedrandom pertubations by FL pinning or by structural defects
from the separation of the satellite peaks. in the FLL, which lead to smearing of the ideal field distri-

Below T, (=27 K in 4.7 T) the spectra start to broaden bution. Deviation from the ideal distribution may be pro-
and under the irreversibility temperature an extra signabuced also by shearing of the FLL, which leads to splitting
shows up as a pronounced shoulder in the low-frequency padf the singularity a5 and to the jump aB,,,, but leaves
of the spectrum. It is worth noting that such an extra featureB,,, approximately unchangéd. Smearing from random
was not mentioned in previous NMR studfeg. By further  shearing would dominate, if long-wavelength compression
decreasing the temperature, the intensity of this shoulder influx density gradientis not present, in particular for small
creases and its location shifts to lower frequencies. This beoar largeB values, where the shear modultig— 0 for both
havior is explicit to the magnetic field distribution in the B/B,,—0 andB/B,—1. On the other hand, the magnetic
mixed state, as implied by the dotted lines. field distribution is much more sensitive to fluctuations of the

A significant part of the signal remains unshifted at theFLL density (random compressiorthan to shear deforma-
frequency of the normal state NMR signal. The unshiftedtions for (B)>4=M, if energetically favorablé® In such a
part of the line shape may be explained if we consider aase, even a small homogeneous compression of the FLL
distribution of B, caused predominantly by anisotropy andwill shift rigidly the magnetic field distribution density,
not by inhomogeneities, as the observed superconductingius leading to smearing of all van Hove singularities. Fi-
transition is extremely sharp. Assuming that the upper critinally, it should also be noted that in anisotropic supercon-
cal field depends on the angle of thexis in each crystallite ductors the field distribution deviates from that of an isotro-
then the angular dependence of the second critical field ipic hexagonal vortex lattic#"
given by B,(0) =B 1+ (y?—1)co$¢] *2 This equation In conclusion, 1B NMR line-shape measurements on
shows that only crystallites witB.,(68)>B, would give a  powder MgB, show up two NMR signal components far
characteristic signal of a type-II superconductor in the mixed<T,: one coming from the vortex lattice from grains in the
state. If for a part of the grainB,>B,(6) then a NMR line  mixed superconducting state, and the other one from grains
shape would be observed, which is the sum of spectra conthat are still in the normal state as their orientation with
ing from crystallites in the normal state and in the mixedrespect to the external magnetic field is such tiBgt
state. Indeed the spectra unddy=4.7 T show an unshifted >B.,(6). Our measurements suggest a high anisotropy for
component that comes from the normal part of the samplethe upper critical field withy=6, in agreement with recent
revealing the presence of strong anisotropy. CESR measurement$This experimental result changes the

The two signal components are more clearly resolved irbalance in favor of anisotropic superconductivity in MgB
Fig. 3, which shows!B NMR line shapes of the central and should be taken into consideration in theories trying to
transition in a magnetic fiel,=2.35 T. In this field the explain the superconducting state in this material.
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