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Electron spin resonance and microwave absorption study of MgB

V. Likodimos and M. Pissas
Institute of Materials Science, NCSR, Demokritos, 153 10 Aghia Paraskevi, Athens, Greece
(Received 11 September 2001; revised manuscript received 1 March 2002; published 25 April 2002

A comparative study of powder and bulk specimens of M@B electron spin resonan¢ESR verifies the
presence of intense conduction electron spin reson&@@&SR in the normal state. A low concentration
paramagnetic center stemmimg from the initial amoprhous boron powder along with tracés afperities
are identified in the ESR spectra. Intense microwave absorption, that distorts CESRThelmrobserved in
fine powders implying enhanced microwave dissipation due to the viscous flux motion.
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The recent discovery of superconductivity in magnesiumdependent measurements were carried out employing an Ox-
diboride (MgB,), with T;~39 K has been the stimulus for ford flow cryostat. Theg factor and the ESR intensity were
intensive studiegfor a recent review see Ref. 2 and refer- calibrated using standard samples of diphenyl-picryl-
ences thereinaimed at a firm understanding of its funda- hydrazyl @=2.0036), weak coal pitchg=2.0028) and
mental properties and their implications on the applicatiorfCuSQ,-5H,0. Measurements were performed in both bulk
potential of MgB driven by the high critical current densi- Pieces and fine powders obtained after thorough grinding. In
tiesJ., sustained in polycrystalline materidls. some cases, the fine Mgfpowder was further mixed with

Electron-spin resonand&SR) is known to be a very sen- ESR silent Sn@to ensure good_separatlon of the grains.
sitive method to probe paramagnetic centers and microwave Figuré 1 shows representative ESR spectra of a finely
absorption in both conventional and hi@h- super- gro_und MgE specimen at various temperatures. For com-
conductoré. Recently, a thorough ESR study revealedP2son. the ESR spectrum of a bulk Mgpiece is shown at

conduction-electron spin resonan@ESR in fine powders room temperatur€RT). All spectra were recorded under the

of MgB,,, both in normal and superconducting state at fielgSame conditions for samples of the same batch with approxi-

o . 5 . mately equal massn{~4 mg). A CESR signal is clearly
well below the upper critical field, for MgB,, th‘“ 'S observed, with an asymmetric metallic line shape indicated
classified as a type-ll superconductor withi_,(0)

. ; ' oot e by the different amplitude of the maximu@) and mini-
~160 kOe An anisotropy ratioy=Hg/H~6-9 was  mum (B) of the derivative of the absorbed powfig. 1).
deduced from the splitting of CESR at high fields, in accordThe CESR intensity is substantially decreased, approxi-
with the magnetization analysis of random powdeys-6)  mately by an order of magnitude, in the bulk specimen, in
(Ref. 7) and a recent NMR and magnetization stfdy. accord with the reduced penetration of the microwave field
In this work, we reportX-band ESR measurements on due to the skin effect. The asymmetric CESR line can be
polycrystalline MgB in powder and bulk form, revealing the adequately simulated by a linear superposition of the deriva-
intense CESR in the normal state. A paramagnetic center of
low concentration along with traces of Feimpurities are —— 77— ]
also observed. CESR is distorted beldwby intense modu- o 3
lated microwave absorption dominated by viscous fluxon Bulk piece RT x10
motion rather than the weak-link induced dissipation amply E
identified in highT. superconductors. - g ar 3
Polycrystalline MgB was synthesized by direct reaction e powee?
of Mg and amorphous B powders, as described in Ref. 9.7
X-ray powder diffraction refinement showed single-phase%
materials with a small amouni(2.5%) of MgO? ac sus-
ceptibility revealed a sharpA(T~0.8 K) superconducting
transition with T.=38.6 K for both bulk pieces and fine
powders. However, isothermal magnetization measurement
showed a pronounced change from symmetric to asymmetric
hysteresis loops, implying an intriguing crossover from bulk E . ’ .
to surface pinning, when bulk pieces were ground into fine  ggg ' 3000 ' 4000 ' 5000

powders: H (Gauss)
ESR measurements were performed orXdmand Bruker

200D spectrometer u~9.42 GHz) with a rectangular FIG. 1. Temperature dependence of CESR for a fine powder
TE102 mode resonant cavity and a 100-kHz field modulamgs, specimen at 9.4 GHz. The spectrum of a bulk piece is shown
tion. The modulation amplitude was kept constant@,gdin  for comparison at RT. The best-fit Lorentzian line shape and the
the ESR spectra reported hereafter. The magnetic field wasifference from the experimental CESR line are shown by dashed
scaled with a NMR gaussmeter, while temperature-and dotted lines, respectively.
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tives of the absorptive and dispersive parts of a Lorentzian ' T ' ' ' T
line (Fig. 1), implying a homogeneous line broadening, con- - Fine powder
sistent with finely ground metallic specimens with a skin
depth 8 comparable to the sample thickness® The asym-
metry ratioA/B increases from about 1.5 at RT to 2.8 at 45

K, indicating a dominant contribution from grains withi 5

~1.0 and 1.7, respectively. At lowdr, the CESR intensity
decreases as the size of the grains becomes comparable to or
even larger than the skin depth, which was estimated for
MgB, at 9 GHz to bed~1.6 um at 300 K andé

~0.3 um at 40 K, yielding a reduction of the intensity by
~25%. The apparer&/B ratio for the bulk specimen at RT :

is close to 2.0 differing from the lower limiting value of - Bulk piece '
~2.5 expected for homogeneous thick samples and station- I

ary spinst! probably due to the irregular morphology and P‘w e ML a2k
connectivity of surface grains. Accordingly, a major contri- Wil " v M. |
bution of crystallites most likely located near the surface | 10
with 6/6~1.3 and6~2.1 um, might be inferred.

The g factor determined from the Lorentz fit of the CESR I
line increases slightly fromg=1.998(1) at RT tog 0 35K
=2.0015(5) at 45 K, in agreement with the CESR study of L i
MgB,, showing a small deviation from the free-electrgn (b)
value® The CESR intensity determined from several MgB . L : L . L
powder samples at RT, after being corrected for the skin 0 2000 4000 6000 8000
effect!? corresponds to a spin susceptibility f=2.5(4) H (Gauss)

X 10"° emu/mole, which leads to a density of states at the

Fermi energy of about 0.772) states/eV. This value is in FIG. 2. Temperature dependence of MMMA f@) a fine pow-
reasonable agreement with the CESR resudtisd band- der sample at microwave power of 38W and(b) the bulk speci-
structure calculation® The resonance width H (half-width men _at microwave power of 3.6 mW._ The in_set_ show_s in detail the
at half-height narrows continuously from\H=163(1) G low-field MMMA, where the weak singularity is depicted by an
at RT to 621) G at 45 K, in accord with the decreasing 2%

behavior of the normal resistance Bglecreases. However,

the observed\ H values are larger, approximately by 60 G atder. The spin concentration in the B powder isl.4

RT and 40 G at 45 K, than the CESR widths reported forx 10'® spin/g B, which amounts to about &2.0' spin/g
MgB,,® implying an increased contribution from impurity MgB,, in close agreement with the defect spin concentration
and/or surface scattering. estimated for MgB. Relying on the similarity of thg values

Decomposition of the CESR signal reveals an additionalto the free-electromy factor (g.=2.0023) and their compa-
narrow ESR line withg=2.0026(5) andAH~10(1) G at rable intensities, a plausible interpretation of these ESR sig-
RT, already traced by the small peak superimposed on theals might be sought in the presence of oxygen radi¢als.
center of the ESR spect(kig. 1). The weak intensity of this Such oxygen defects may be formed in the minor boron ox-
ESR line, whose presence was verified in all samples of thale phases, persistent in both the amorphous B powder and
same batch, yields a spin concentration of rought$  the grain boundaries of the MgBsamples?® In the latter
x 10 spin/g, corresponding to a low Curie constant®f case, the paramagnetic centers appear to be incorporated into
~1.3x10°° emuK/mole at RT. The narrow ESR line, the metallic state, unlike the ESR of copper defects in high-
probed by the Lorentzian fitFig. 1), persists down to the T cuprates.
lowestT in the normal state witlg=2.004(1) and a broader Below T, a pronounced nonresonant signal due to the
width AH,,=20(3) G. Its intensity is reduced compared to magnetically modulated microwave absorptiGdMMA ),
the paramagnetie- 1/T variation by the same amount as the greatly enhanced by the resonant cavity, is detected inhibit-
CESR signal, implying a dominant contribution of the skining the observation of the CESR sigii&ig. 2(a)]. However,
effect. Traces of F& impurities were also detected in a for a specimen, further ground with SpQhe CESR signal
temperature range of 40—60 K through the observation of avas gradually restored &t<10 K. Lorentzian fits of CESR,
typical g=4.27 ESR signal with an intensity similar to that applying belowT~8 K, showed a broadening and shift of
of the narrow ESR line. the line, which at 4.2 K corresponded ¢p=1.998(1) and

To explore the origin of the latter ESR signal, both initial AH=68(2) G, with respect to the normal state. The CESR
Mg (99.9% and amoprhous B99%) powders were indepen- intensity was also reduced by approximately 50% from the
dently measured. No appreciable ESR signal was detectetbrmal-state value at 40 K. Although CESR is, in principle,
for the Mg powder, while a very sharp resonance line withanticipated in the mixed state of type-Il superconductors due
g=2.0037(5) and\H,,~4(1) G wasfound in the B pow- to either normal electron states bound to vortices or quasi-
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particle excitations over the gap at finife® the diamagnetic The steep rise of MMMA for both powder and bulk speci-
CESR shift, caused by screening currents that reduce th@ens at low fields, presumably smaller than the lower criti-
local field, is rather small compared to the correspondingal field (H<100 G<H;), might be caused by a relatively
shifts reported at higher frequencies for MgBRepeated SMmall number of irregularly shaped crystallites with sharp
measurements on pure MgBpecimens failed to reveal the €d9€s and high demagnetizing factors easing fluxon entry
CESR line in the superconducting state, where the MMMAIand vortex motion, as previously observed for;8b granu-
signal was always dominant. This intriguing behavior can ar _sample§. Alternatively, a rather small weak-link contri-
bution may be present, as proposed in recent MMMA studies

most_hke_ly be explained by a small part of the samp_le that)s MgB ellets that exhibited a similar low-field
remains in the normal stgte, probably due to some grain dankenavior223 The subsequent retardation of the MMMA in-
age or surface degradation. creasing slope along with the narrow pealtat 200 G fall
The MMMA signal exhibits a steep rise &#<100 G  very close to the range whett.; sets in>* considering that

followed by a substantially reduced slope upHe=-500 G, H.; may be spanning an appreciable field range for random
and then rises rapidly up to a broad, though pronouncedyowders with significant anisotropy. As the magnetic field is
maximum, which shifts to lower fields a6 decreasefFig. ~ further increased, the system is driven in a mixed state of
2(a)]. The fieldH,,,, Where the maximum of MMMA oc- type-1l superconductors, Where microwave I_osses may be
curs, is very close to the peak valuels determined from caused by the dumped motion of weakly pinned vortices

. o ; confined by surface barriers in the individual crystallites
isothermal magnetization loops of the corresponding MgB rather than strong pinningParamagnetic defects, such as

powder_samples at 11.00’ 10(.)0' and 700 G at_5, 10, and 20 I?hose identified by ESR in the MgBcrystallites, are not
respectively. Closer inspection of the low-field MMMA o, 0cted to pin efficiently the flux lines due to the relatively
shows a weak but sharp singularity closeHe-200 G that  |5rge ¢, whereas large-scale defects located at grain bound-
is smeared out at highefr by the broad peak that shifts t0 gjes of bulk samples may cause substantial bulk pinning that
lower fields[inset of Fig. 28)]. This behavior is in marked 3y also account for the reduced MMMA in the bulk speci-
contrast with the narrow, derivativelike MMMA signals ob- en However, further work is needed to establish the origin
served at much lower fields in highs superconductors due of the MMMA response and its precise relation to vortex
to Josephson junctions caused by weak links or other defeCtéynamics in MgB.

and the concomitant microwave losses stemming from the™ |, conclusion, a comparative ESR study of powder and

very low viscocity of Josephson vorticts!® The observed bk specimens of MgB verifies the presence of intense
MMMA more closely resembles that of conventional metal-cESR in the normal state. with a relatively high spin-

lic superconductors, where viscous flux motion causes Mizg|axation rate and a Pauli susceptibility af.=2.5(4)
crowave dissipation through the response of weakly pinned, 1-5 emu/mole. A paramagnetic center of low concentra-
vortices in the presence of dc and weak modulationjon presumably due to oxygen defects stemming from the
fields."™"""To explore the MMMA response of MgBfur-  5q5rhous B powder, along with traces of Fempurities
ther measurements were conducted befjwon the bulk — 5r6 3150 identified. The intense microwave absorption ob-
specimen[Fig. 2b)]. In this case, the MMMA intensity iS  sered belowT in fine powder samples is in accord with the

greatly reduced, while its field and temperature dependencg,nanced microwave losses due to the viscous flux motion in
resemble those of the powder samples. Accordingly, the ,iast to highF,, superconductors
c .

MMMA signal appears to be mostly akin to the powder state

rather than the bulk state of MgBwhose MMMA may arise This work was supported by the Greek Secretariat for
from loosely connected surface grains in accord with itsSResearch and Technology through the PENED program
weak and powder CESR. (99ED186.
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