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Electron spin resonance and microwave absorption study of MgB2

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 MgB2 by electron spin resonance~ESR! verifies the
presence of intense conduction electron spin resonance~CESR! in the normal state. A low concentration
paramagnetic center stemmimg from the initial amoprhous boron powder along with traces of Fe31 impurities
are identified in the ESR spectra. Intense microwave absorption, that distorts CESR belowTc , is observed in
fine powders implying enhanced microwave dissipation due to the viscous flux motion.
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The recent discovery of superconductivity in magnesi
diboride (MgB2), with Tc'39 K,1 has been the stimulus fo
intensive studies~for a recent review see Ref. 2 and refe
ences therein! aimed at a firm understanding of its fund
mental properties and their implications on the applicat
potential of MgB2 driven by the high critical current dens
ties Jc , sustained in polycrystalline materials.3

Electron-spin resonance~ESR! is known to be a very sen
sitive method to probe paramagnetic centers and microw
absorption in both conventional and high-Tc super-
conductors.4 Recently, a thorough ESR study reveal
conduction-electron spin resonance~CESR! in fine powders
of MgB2, both in normal and superconducting state at fie
well below the upper critical fieldHc2 for MgB2,5 that is
classified as a type-II superconductor withHc2

ab(0)
'160 kOe.6 An anisotropy ratiog5Hc2

ab/Hc2
c '6 –9 was

deduced from the splitting of CESR at high fields, in acco
with the magnetization analysis of random powders (g'6)
~Ref. 7! and a recent NMR and magnetization study.8

In this work, we reportX-band ESR measurements o
polycrystalline MgB2 in powder and bulk form, revealing th
intense CESR in the normal state. A paramagnetic cente
low concentration along with traces of Fe31 impurities are
also observed. CESR is distorted belowTc by intense modu-
lated microwave absorption dominated by viscous flux
motion rather than the weak-link induced dissipation am
identified in high-Tc superconductors.

Polycrystalline MgB2 was synthesized by direct reactio
of Mg and amorphous B powders, as described in Ref
X-ray powder diffraction refinement showed single-pha
materials with a small amount ('2.5%) of MgO.9 ac sus-
ceptibility revealed a sharp (DT'0.8 K) superconducting
transition with Tc538.6 K for both bulk pieces and fin
powders. However, isothermal magnetization measurem
showed a pronounced change from symmetric to asymm
hysteresis loops, implying an intriguing crossover from bu
to surface pinning, when bulk pieces were ground into fi
powders.9

ESR measurements were performed on anX-band Bruker
200D spectrometer (n'9.42 GHz) with a rectangula
TE102 mode resonant cavity and a 100-kHz field modu
tion. The modulation amplitude was kept constant at 4Gpp in
the ESR spectra reported hereafter. The magnetic field
scaled with a NMR gaussmeter, while temperatu
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dependent measurements were carried out employing an
ford flow cryostat. Theg factor and the ESR intensity wer
calibrated using standard samples of diphenyl-picr
hydrazyl (g52.0036), weak coal pitch (g52.0028) and
CuSO4•5H2O. Measurements were performed in both bu
pieces and fine powders obtained after thorough grinding
some cases, the fine MgB2 powder was further mixed with
ESR silent SnO2 to ensure good separation of the grains.

Figure 1 shows representative ESR spectra of a fin
ground MgB2 specimen at various temperatures. For co
parison, the ESR spectrum of a bulk MgB2 piece is shown at
room temperature~RT!. All spectra were recorded under th
same conditions for samples of the same batch with appr
mately equal mass (m'4 mg). A CESR signal is clearly
observed, with an asymmetric metallic line shape indica
by the different amplitude of the maximum~A! and mini-
mum ~B! of the derivative of the absorbed power~Fig. 1!.
The CESR intensity is substantially decreased, appro
mately by an order of magnitude, in the bulk specimen,
accord with the reduced penetration of the microwave fi
due to the skin effect. The asymmetric CESR line can
adequately simulated by a linear superposition of the der

FIG. 1. Temperature dependence of CESR for a fine pow
MgB2 specimen at 9.4 GHz. The spectrum of a bulk piece is sho
for comparison at RT. The best-fit Lorentzian line shape and
difference from the experimental CESR line are shown by das
and dotted lines, respectively.
©2002 The American Physical Society07-1
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tives of the absorptive and dispersive parts of a Lorentz
line ~Fig. 1!, implying a homogeneous line broadening, co
sistent with finely ground metallic specimens with a sk
depthd comparable to the sample thicknessu.10 The asym-
metry ratioA/B increases from about 1.5 at RT to 2.8 at
K, indicating a dominant contribution from grains withu/d
;1.0 and 1.7, respectively. At lowerT, the CESR intensity
decreases as the size of the grains becomes comparable
even larger than the skin depth, which was estimated
MgB2 at 9 GHz to be d'1.6 mm at 300 K and d
'0.3 mm at 40 K, yielding a reduction of the intensity b
;25%. The apparentA/B ratio for the bulk specimen at RT
is close to 2.0 differing from the lower limiting value o
;2.5 expected for homogeneous thick samples and sta
ary spins,11 probably due to the irregular morphology an
connectivity of surface grains. Accordingly, a major cont
bution of crystallites most likely located near the surfa
with u/d;1.3 andu;2.1 mm, might be inferred.

Theg factor determined from the Lorentz fit of the CES
line increases slightly fromg51.998(1) at RT to g
52.0015(5) at 45 K, in agreement with the CESR study
MgB2, showing a small deviation from the free-electrong
value.5 The CESR intensity determined from several Mg2
powder samples at RT, after being corrected for the s
effect,12 corresponds to a spin susceptibility ofxs52.5(4)
31025 emu/mole, which leads to a density of states at
Fermi energy of about 0.77~12! states/eV. This value is in
reasonable agreement with the CESR results5 and band-
structure calculations.13 The resonance widthDH ~half-width
at half-height! narrows continuously fromDH5163(1) G
at RT to 62~1! G at 45 K, in accord with the decreasin
behavior of the normal resistance asT decreases. Howeve
the observedDH values are larger, approximately by 60 G
RT and 40 G at 45 K, than the CESR widths reported
MgB2,5 implying an increased contribution from impurit
and/or surface scattering.

Decomposition of the CESR signal reveals an addition
narrow ESR line withg52.0026(5) andDH'10(1) G at
RT, already traced by the small peak superimposed on
center of the ESR spectra~Fig. 1!. The weak intensity of this
ESR line, whose presence was verified in all samples of
same batch, yields a spin concentration of roughly;5
31017 spin/g, corresponding to a low Curie constant ofC
;1.331025 emu K/mole at RT. The narrow ESR line
probed by the Lorentzian fit~Fig. 1!, persists down to the
lowestT in the normal state withg52.004(1) and a broade
width DHpp520(3) G. Its intensity is reduced compared
the paramagnetic;1/T variation by the same amount as th
CESR signal, implying a dominant contribution of the sk
effect. Traces of Fe31 impurities were also detected in
temperature range of 40–60 K through the observation
typical g54.27 ESR signal with an intensity similar to th
of the narrow ESR line.

To explore the origin of the latter ESR signal, both initi
Mg ~99.9%! and amoprhous B~99%! powders were indepen
dently measured. No appreciable ESR signal was dete
for the Mg powder, while a very sharp resonance line w
g52.0037(5) andDHpp'4(1) G wasfound in the B pow-
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der. The spin concentration in the B powder is;1.4
31018 spin/g B, which amounts to about 6.731017 spin/g
MgB2, in close agreement with the defect spin concentrat
estimated for MgB2. Relying on the similarity of theg values
to the free-electrong factor (ge52.0023) and their compa
rable intensities, a plausible interpretation of these ESR
nals might be sought in the presence of oxygen radica14

Such oxygen defects may be formed in the minor boron
ide phases, persistent in both the amorphous B powder
the grain boundaries of the MgB2 samples.15 In the latter
case, the paramagnetic centers appear to be incorporated
the metallic state, unlike the ESR of copper defects in hi
Tc cuprates.

Below Tc a pronounced nonresonant signal due to
magnetically modulated microwave absorption~MMMA !,
greatly enhanced by the resonant cavity, is detected inh
ing the observation of the CESR signal@Fig. 2~a!#. However,
for a specimen, further ground with SnO2, the CESR signal
was gradually restored atT,10 K. Lorentzian fits of CESR,
applying belowT'8 K, showed a broadening and shift o
the line, which at 4.2 K corresponded tog51.998(1) and
DH568(2) G, with respect to the normal state. The CE
intensity was also reduced by approximately 50% from
normal-state value at 40 K. Although CESR is, in princip
anticipated in the mixed state of type-II superconductors
to either normal electron states bound to vortices or qu

FIG. 2. Temperature dependence of MMMA for~a! a fine pow-
der sample at microwave power of 3.6mW and~b! the bulk speci-
men at microwave power of 3.6 mW. The inset shows in detail
low-field MMMA, where the weak singularity is depicted by a
arrow.
7-2
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BRIEF REPORTS PHYSICAL REVIEW B 65 172507
particle excitations over the gap at finiteT,16 the diamagnetic
CESR shift, caused by screening currents that reduce
local field, is rather small compared to the correspond
shifts reported at higher frequencies for MgB2.5 Repeated
measurements on pure MgB2 specimens failed to reveal th
CESR line in the superconducting state, where the MMM
signal was always dominant. This intriguing behavior c
most likely be explained by a small part of the sample t
remains in the normal state, probably due to some grain d
age or surface degradation.

The MMMA signal exhibits a steep rise atH,100 G
followed by a substantially reduced slope up toH'500 G,
and then rises rapidly up to a broad, though pronounc
maximum, which shifts to lower fields asT decreases@Fig.
2~a!#. The fieldHmax, where the maximum of MMMA oc-
curs, is very close to the peak valuesHp determined from
isothermal magnetization loops of the corresponding Mg2

powder samples at 1100, 1000, and 700 G at 5, 10, and 2
respectively.9 Closer inspection of the low-field MMMA
shows a weak but sharp singularity close toH'200 G that
is smeared out at higherT by the broad peak that shifts t
lower fields@inset of Fig. 2~a!#. This behavior is in marked
contrast with the narrow, derivativelike MMMA signals ob
served at much lower fields in high-Tc superconductors du
to Josephson junctions caused by weak links or other defe
and the concomitant microwave losses stemming from
very low viscocity of Josephson vortices.17,18 The observed
MMMA more closely resembles that of conventional met
lic superconductors, where viscous flux motion causes
crowave dissipation through the response of weakly pin
vortices in the presence of dc and weak modulat
fields.4,19–21To explore the MMMA response of MgB2 fur-
ther measurements were conducted belowTc on the bulk
specimen@Fig. 2~b!#. In this case, the MMMA intensity is
greatly reduced, while its field and temperature depende
resemble those of the powder samples. Accordingly,
MMMA signal appears to be mostly akin to the powder st
rather than the bulk state of MgB2, whose MMMA may arise
from loosely connected surface grains in accord with
weak and powder CESR.
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The steep rise of MMMA for both powder and bulk spec
mens at low fields, presumably smaller than the lower cr
cal field (H,100 G,Hc1), might be caused by a relativel
small number of irregularly shaped crystallites with sha
edges and high demagnetizing factors easing fluxon e
and vortex motion, as previously observed for Nb3Sn granu-
lar samples.20 Alternatively, a rather small weak-link contri
bution may be present, as proposed in recent MMMA stud
of MgB2 pellets that exhibited a similar low-field
behavior.22,23 The subsequent retardation of the MMMA in
creasing slope along with the narrow peak atH;200 G fall
very close to the range whereHc1 sets in,24 considering that
Hc1 may be spanning an appreciable field range for rand
powders with significant anisotropy. As the magnetic field
further increased, the system is driven in a mixed state
type-II superconductors, where microwave losses may
caused by the dumped motion of weakly pinned vortic
confined by surface barriers in the individual crystallit
rather than strong pinning.9 Paramagnetic defects, such
those identified by ESR in the MgB2 crystallites, are not
expected to pin efficiently the flux lines due to the relative
largej0, whereas large-scale defects located at grain bou
aries of bulk samples may cause substantial bulk pinning
may also account for the reduced MMMA in the bulk spe
men. However, further work is needed to establish the ori
of the MMMA response and its precise relation to vort
dynamics in MgB2.

In conclusion, a comparative ESR study of powder a
bulk specimens of MgB2 verifies the presence of intens
CESR in the normal state, with a relatively high spi
relaxation rate and a Pauli susceptibility ofxs52.5(4)
31025 emu/mole. A paramagnetic center of low concent
tion, presumably due to oxygen defects stemming from
amoprhous B powder, along with traces of Fe31 impurities
are also identified. The intense microwave absorption
served belowTc in fine powder samples is in accord with th
enhanced microwave losses due to the viscous flux motio
contrast to high-Tc superconductors.
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