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Damping of the de Haas—van Alphen oscillations in the superconducting state of MgB
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The de Haas—van Alphef@HvA) signal arising from orbits on the- Fermi surface sheet of the two-gap
superconductor MgBhas been observed in the vortex state beldw. An extra attenuation of the dHVA
signal, beyond those effects described in the conventional Lifshitz-Kosevich expression, is seen due to the
opening of the superconducting gap. Our data show thairtband gap is still present up td.,. The data are
compared to current theories of dHvVA oscillations in the superconducting state which allow us to extract
estimates for the evolution of the band gap with magnetic field. Contrary to results for other materials, we
find that the most recent theories dramatically underestimate the damping ip. MgB
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l. INTRODUCTION heavy fermion compound$-2°The effect is usually thought
to arise through the overlap of quasiparticle states outside the
The existence of two distinct energy gaps in the superconyortex core. The amplitude of the oscillations is governed by
ducting state of MgBhas been demonstrated by a number ofthe magnitude of the field dependent superconducting energy
experiments, including: tunneligspecific heat;® magnetic  gap. In theory, the effect can be used to resolve the gaps on
penetration depth, and angle resolved photoemission different Fermi surface sheets and to probe the field depen-
spectroscopy® Although there have been indications of two, dence of these gaps. However, in the current study scattering
or multigap, effects in other material$,it is in MgB, where  restricts our study to only one Fermi surface sheet.
the behavior has been most thoroughly investigated. Band The amplitude of the dHvA oscillations is interpreted us-
structure calculatioffshave shown that the Fermi surface of |ng the Lifshitz-Kosevich equation for the osci"atory torque
MgB; consists of four sheets, mostly arising from the boronr of a three-dimensional Fermi liquid. The amplitude of the
orbitals. Two quasi-two-dimensional sheets originate fromfirst harmonic is given B33!
the borono orbitals and two more isotropic honeycomb-
shaped sheets from the boron orbitals. Theoretical " B3 d—FR R-R-Re-sin 2mF 1)
work!®! has predicted that the superconducting energy gap oseT [AMY2ge TS scsi —gm T @1
is substantially larger on the sheets than on the sheetgat
zero field and temperature the two gaps have been measurkigre the dHvA frequency is related to the extremal area
to beA,=78 K andA =29 K).#12 (A) of the orbit ink-space byF=(%/2me)A, A"=FAlk? is
Although there have been several studies which have adhe curvature factor andp is the phase. The factoRy
curately measured the temperature dependence of the twX/(sinhX) where X=(27%kg/#ie)(m* T/B), accounts for
gapst131 there has been much less work in establishinghe effects of thermal broadening of the Landau-levels. It is
how they evolve with magnetic field. Theoretical wbrkre-  from this temperature dependent term that the quasi-particle
dicts that at high field, both gaps decrease toward zero at effective massn* is determined. The Dingle factor accounts
common upper critical fieldH.,) value, although at lower for the effect of impurities and is given byRp=exp
field, A, is depressed much more rapidly thAp, particu- —m/w.7), where w.=eB/mg, mg is the unenhanced band
larly for Hllab.1® Experimentally, the only direct studies of mas$®3landris the scattering time. The spin splitting factor
this have been by point contact spectroscopy. It has beeRg accounts for the reduction of amplitude caused by beating
suggestell thatA . goes to zero at-1 T (for Hlic), whichis  between the spin-up and spin-down Fermi surfaces. It is
much lower thanHg, although othef$:'° have concluded given byRgs=cog mngms(1+S)/2m,] whereSis the orbitally
that A, remains finite above 1 T but becomes increasinglyaveraged exchange-correlatié®tonej enhancement factor,
difficult to resolve because of scattering. In this paper, wey is the electrorg-factor,m, is the free-electron mass, and
use de Haas—van Alph€dHvA) measurements as a probe of is an integer. The final factdRs parametrizes the effect of
the gap in high magnetic fields. Our data clearly show thesuperconductivity on the dHvA amplitude. It is this factor
presence of a gap on oneband sheet right up to the “bulk” which is the primary focus of the current work and will be
Heo. described more fully below.
The existence of dHVA oscillations in the superconduct- The calculated Fermi surface of MgB with
ing state has been the subject of study for a number of yearpredicted?-3*dHvA orbits, is shown in Fig. 1. We denote the
and has been observed in a number of different material§requency of each orbit at a general angle bly,. Previous
NbSe (Ref. 20, V3Si (Ref. 21, NbsSn (Ref. 22, x-  studies®3® have succeeded in observing orbits 1 to 6, thus
(ET),Cu(NCS), (Ref. 23, YNIi,B,C (Ref. 24, and several verifying the topology of the calculated Fermi surface. The
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able to observe oscillations belo, to 66°< #=<81° for

the present crystals. The amplitude of the signal from orbits
1 and 2 atH, (Fig. 2 inse} is many orders of magnitude
below our noise level, and so our study is limited to orbit 3
on the electron-liker sheet. We estimate that the mean-free-
path¢ would have to be approximately three times larger on
orbit 1 for us to be able to see these oscillationsugit

=4 T (for these crystalugH,=4.3 T at #=30°, although
this does decrease with increasiigRef. 3G).

Il. EXPERIMENTAL DETAILS

FIG. 1. Fermi surface of MgBwith predicted dHvA orbitgfor Rather than measure the oscillations in the magnetic sus-
frequencies less than 10 kTin the present study, orbit 3 is the only ceptibility, as in a conventional field modulated dHVA ex-
one observable in the superconducting stgfegure adapted from  periment, we have used miniature piezoresistive cantilévers
Kortus et al?] to measure the oscillations in the torque. We have found that

. ) . this latter technique is significantly more sensitive than the
measureck-space areas of the orbits and the quasiparticlgrmer for the small size of the available high quality crys-
effective masses were found to be in good overall agreemenys of MgB,.

with the calculation$?-34Orbit 7 (Ref. 32 was not observed The MgB, crystals were fixed with epoxy to the end of a
experimentally, perhaps because of a slight departure qforon-doped silicon cantilever about 156 long. Deflec-
Fermi surface topology from the calculations, or altema-jons in the cantilever were measured through the strain-
tively because of increased scattering on this orbit. induced changes in its electrical resistance, using an ac
The relative amplitude of the various orbits is somewhat,iqge technique. The torque values are reported here in units
sample dependent. We have found that the mean-free-patlig prigge resistanc®, i.e, the off-balance voltage divided by

for different orbits does not change in a uniform way be-he excitation currengthe change in cantilever resistance is
tween sample® Orbits 1-3 have by far the largest ampli- 4R). We estimate, using the weight of the sample, tRat
tude for fields below 20 T. The frequencies of these orbits all_ 1 -1 (T in Nm andR in Q). The noise limit is around
vary approximately like 1/cog (or 1/sin), although forFy 5 ;) or ~1072% Nm. In addition to the changes in resistance
andF; there are some departures from this simple behavioga,sed by the torque there is a small monotonic magnetore-
due to the warping of ther band shee(see Ref. 35 for  gjstance of the sensor which we have not attempted to correct
detailg. The amplitude of orbits 1-3 as a function of angle _
as the magnetic field is rotated froBilc(6=0) to Blla(é The cantilever is mounted on a single axis rotation stage
=90°) is shown in Fig. 2. The strong angular dependence ofyy a ®He cryostat inside the bore of a 19 T superconducting
Hc, combined with the exponential attenuation of the signaimagnet(20.5 T at T=2.2 K). Unless otherwise stated, all
by the Dingle factor, limits the range of angles where we areneasurements in this paper were performed in ligtdd at

320+20 mK. The orientation of the cantilever mount is de-

10°F tected using a pickup coil and a small modulated field col-
.1 , linear with the dc field. The small offset between the crystal
107 2 H=t6.5T s plane and the cantilever mount was corrected using the sym-
@10-2- P T metry of. the dHVA frequgncigs around the=0° and 90°
z noise level 102 f \r points giving an uncertainty in the out of plane angle of
21030 ; . ol +0.2° (at 6=90°). The in-plane orientation of the crystél
5 , w0 e ? (measured from tha-axis) is fixed for each run and mea-
104 /il:H w0t FZ 3 sured by optical photographs and Laue x-ray diffraciitm
s <2 T , +5°). A more precise determination gf was made by com-
107 L 0N e paring the minimum in the frequency of orbit 3 as a function

60 70 80 90 of 6 to the known frequency for this orbit &=¢=0°, as
0 [degrees] measured on a large number of other crystajthe mini-
FIG. 2. The main figure shows the amplitude of the oscillationsmum frequency varies approxmately_ as. 1/q9s

for orbit 3 at 16.5 T(symbolg as a function of anglés) (the solid The torque, .both due to the osc_lllatlons and the back-
line is a guide to the eyeThe dashed line shows the extrapolated ground magnetlsm, cauges a deflectlon of the I.ever, ardl so
amplitude atH=H,() using the measured Dingle factBs. The 1S not quite constant during the field sweep. Using the strong
inset shows the corresponding angular dependence of the amplitu@gular dependence of the dHvA frequencies, we are able to
of orbits 1 and 2 at 16.5 T fitted according to Efj) (solid lineg, =~ Measure the correspondence between the measured torque
and the extrapolation tel=H,(6) (dashed lines The noise level ~Signal and the angular deflection of the cantilever. We find
of our measurement circuit is indicated on both parts of the figurethat the deflection is given bg6=(0.05+0.01°/£, which
The mean-free-paths were measured to be 500, 610, and 840 A fig approximately four times smaller than the value estimated
F1, Fy, andF3, respectively. from the manufacturer's data shéétThis “torque interac-
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FIG. 3. Torque versus field at several values @fat T T determined by t ¢ d
=320 mK. Both up and down field sweeps are shown. Inset: AC - & Mg s CElermined by forqueé measurements and ac sus-

susceptibility(real parj versus field for different crystals from the Eeptlglllt)_/r?easured at 3l;2(|) m(h@c’“dtﬁymb?ls’ a:gzngewnh ta f'tt tg
same batclfat T=1.2 K). The excitation field was 38 Oe at a fre- g. (2) ne open symools show e vaues o(0) extracte
quency of 72 Hz. from the fits ofRgc using Eq.(3) for two different values ot and

are discussed later.

tion” effect gives rise to spurious harmonics and mixing of . . . .
. . . . . T. materials due to the low dimensionality and highof the
g]neglrg?jlgpféigl;?{gl: Slz.igszt?hee?irglrt)jlIfjuedpeer(l):igrf:esEfnt?llelssigl-siorr;er' M?Bz is not Slltf?ngh;]anti)SOtrlopilc, butdhzs a relativcﬁly
. ) . : igh He, (for H parallel to the basal plapend hence sma
nal will not exactly follow Eq.(1). Fortunately, this effect is r(1:lg)gherecrglc(e Ieng?hs. The existence thymsteresis in this round-

work. This was verified by measuring samples with di1°ferenting region however, points fo an explanation eithgr in terms
of surface superconductivityor an as yet unexplained two

masses and comparing up and down field sweses latey. gap effect, rather than fluctuations. It may also be possible

The samples used in this work were grown by a high . . . .
pressure synthesis route as described in Ref. 39. Most of thtgat it could result from crystal inhomogeneity, although this

work reported here was conducted on a crystal measurin unlikely as reproducible behavior is found in crystals from

3 _ e same batch.
300 15°>< 30 um® (mass=3.9ug). The T, of samples We find that the angular dependencett, derived by
from this batch(AN77) was measured to be 38.5 K. . ) .
various extrapolation schemés.g., position of peak effect

maximum or a linear extrapolation from low figldives dif-
ll. RESULTS ferent absolute values, but essentially the same form for

. ' H(60)/H(6=0) (the same conclusion was found by Angst
In Fig. 3 we show the measured torque versus field over at al®). As we shall see later, the onset of damping of the

large range of field for a small sample from the same bathHvA oscillations essentially coincides with a critical field

r main cr mass=0. . This small sample w * . . ) . .
as our main crystalmass=0.4ug) S smal sample was ('5'02 derived by extrapolating the low field behavior, and so it

selected for this part of the study to avoid overstressing th . . o :
cantilever. The general shape of the curve, a belI-shape%eemS likely that this represents the bulk upper critical field,

; . at least for ther band.
bump with a peak at around.,/2, has been explained theo- : «
retically in Ref. 40. NeaH,, there is evidently a pronounced In Fig. 4 we show values dfl , extracted from the torque

peak effect which grows in size as the angle is increased. Iﬂata in Fig. 3. These values are in good agreement with those

addition, there is a significant region above the peak eﬁec?xtralpolatﬁdv\ggm htlghetrctjefmperature Stuﬁpig:_tth'j f[guretz
region where the torque is sizeable and remains hystereti /€ alSO SNOWH, extracted from ac susceptibiiity aase

Similar features have been reported previously by Argst ° II:nlgér? algi:ofrlgn Iil({i,lrsvl:/a)e/.rconductor the angular dependence
al.*1*2in their torque study of MgB single crystals. Their P P 9 P

study was conducted at higher temperature and lower fiel8f Hez is usually described by

than the current work, and the peak effect they observed was 2ZHIS
. . H.-(6) = , 2
less marked. In the inset to Fig. 3 we show data for the ac c2(6) (y2cog 6+ sir? 6)*2 2

susceptibility of another crystal from the same batalass
=17 ng). Many of the same features evident in the torquewherevy, is the anisotropy oH.,. In MgB,, the contribution
data are also visible here, namely, the broad superconductiraf multiple Fermi surface sheets with different superconduct-
transition and the pronounced peak effect. ing gaps is known to causg, to increase with decreasing
The existence of a pronounced curvature in the region ofemperature and to cause deviations from the angular depen-
the normal/superconducting transition along with the peakdence predicted Eq2).#> However, these are small on the
effect feature means that there is no unambiguous way dicale of Fig. 4, and are most pronounced r&a90°. A fit of
extractingHg, from the measured torque curves. The round-Eg. (2) to the data is shown as a solid line in Fig.(#,
ing of the transition is common in high, materials where it =7+0.5 andMOHl§:3.7iO.3 1.
is usually attributed to the presence of thermal or quantum Torque versus field for our main crystal is shown in Fig. 5
fluctuations, which are enhanced relative to conventional lowor three angle$6=63.8°, 69.7°, and 72.5°At these angles
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FIG. 5. Raw torque versus field close lth, for several angles
6.

only one dHVA frequencyF;) is visible in our field range.

For 6=69.7° pronounced hysteresis is observable which dis*

appears at an irreversibility fieldgH;,=15.5 T. There is a

PHYSICAL REVIEW B 70, 144501(2004)

4

Rse
[t5] snbioL,

13
HoH [T]

FIG. 7. Raw torque and superconducting dampiRgg at 6
=69.7°, for both up and down field sweep directigmlicated by
arrows.

and the Dingle plots have marked downturns below some
critical field. We attribute this to the opening of the gap as
the sample enters the superconducting state. To ex®gact

we fit A(1/B) in the normal state to the exponential expres-

small residual field dependence in the background torqusion for R and extrapolate this dependence into the super-
which extends to~16 T. We note that both these fields are conducting statésolid line in Fig. §. Dividing A by Ry thus

far in excess of our estimate &f., obtained from the raw
torque (MOH’;Zzll T). Similar behavior can be seen feér
=72.5°.

The field dependent amplitudeof the dHVA oscillations
was extracted by fitting\ sin(2wF3/B+ ¢) +aB+b (the linear
term accounts for the background torgue different sec-
tions of data comprising oflz‘LosciIIations. The data were
then divided by the weakly field dependent teB#?R; to

give AxRpRgc [see Eq.(1)]. The quasiparticle effective
massm* in the expression foR; was determined by mea-

yields Rgc. An example of this is shown in Fig. 7 in which
we also show the raw hysteretic torque. From this figure it
can be seen that the onset of attenuation of the dHvA signal
from Rgc does not occur until the field is below;,, and
closely corresponds to tHezz value (indicated by an arrow

on Fig. 9 deduced by extrapolating the lower field data.

Most previous studies of the dHVA effect in the supercon-
ducting state have been conducted by the field modulation
technique. In studies where this technique has been used the
strong flux pinning close tdl., (peak effect has prevented

suring the temperature dependence of the dHvA amplitud€@ata collection in this region. This did not present a serious

[for F5, m*=(0.456+0.005m, at 6=70.87.

In Fig. 6 we showA versus inverse field on semi-log axes
(“Dingle plot”) for several angles. F09:63.8°,Z varies
strictly exponentially with inverse fieldﬂocexp(—74/B)

problem as the oscillations could be observed far bty
[e.g., down tdH /5 in YNi,B,C (Ref. 44 or H,/2 in V3Si
(Ref. 45]. Studies of YN}B,C have shown that, in contrast
to field modulation measurements, torque measurerifents
are not affected by this increased pinning. In MgBscilla-

from which we estimate that the quasiparticle mean free pattions are only observable very close iy, and so all our
on this orbit is 840+20 A. For this angle there is no evidencemeasurements are essentially carried out in the peak effect
of superconductivity in either the background or oscillatoryregion.

torque(see Fig. 5. As 6 is increaseH, increases sharply

19 HoH [T]

10!

[ L

0.07 0.09

1uoH [T

FIG. 6. Amplitude of dHVA oscillations divided bB%?R; ver-
sus inverse field, at several different valuesppp=5°]. The data

For ¢ near to 0° there is a pronounced dip found in the
amplitude of the dHVA signal afi=75° (see Fig. 8 This
feature has been present in every crystal we have measured
to date and always occurs whérand ¢ are adjusted so that
F3=2800 T. PreviousRP3® this feature has been attributed
to a “spin-zero,” i.e., an angle where the angle dependent
band mass multiplied by the Stoner factor exactly equals
me/ 2, so thatRg=0. However, a detailed analysis of the field
dependence of the dHvVA amplitude for angles abave
=70° reveals that in fact this dip is produced by a beat
between two dHVA orbits with very similar frequencies. The
inset to Fig. 8 shows Dingle plots close fie= 75°. The data
clearly show oscillatory beating damped by the Dingle factor
(also visible in Fig. 6. A fit that takes account of this effect
is shown for6=75.1° in Fig. 8. The frequency difference is
~27 T at #=90° and extrapolates to zero &+ 70° (for ¢
~0°. The relative amplitudes of the two frequencies are

have been offset for clarity. The actual variation of amplitude withalmost equal over the whole angular range. The characteris-

angle is shown in Fig. 2.

tics of this orbit are very similar to an additional orbit pre-
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FIG. 8. Amplitude versug at uoH=16.5T, for two different FIG. 10. Raw torque and versus inverse field a#=71.7° for

in-plane rotation angleg=>5° and 24° the solid lines are guides 10 ), 1y and down field sweeps. The direction of the field sweep is
the eye. Open symbols are the amplitude at 18.5 T scaled by ”\ﬂdicated with the arrows

appropriate Dingle factor. Inset: Dingle plots férnear the mini-

mum in amplitude at 75{Data have been offset for clarjtyThe L ) ) )

solid line on top of the date for 73.7° is a theoretical$iee text ~ P€lOWHo, is virtually identical(see also Fig. )z As a further
check we have repeated some of our measurements on a

dicted by Harima&2 A full account of this result will be given fragment of crystal cut from our main sample which had
elsewheré’ mass of only 1.3ug (=0.3X mass of main sample We

A consequence of the above dip feature is that at anglefpund identical behavior, showing again that the lever deflec-
close to or beyond=75° it is difficult to extractRsc as the  tion does not affect our results. The close correspondence of

functional form ofA(1/B) is more complicated. For this rea- the results foRsc for up and down sweeps is also a strong
son we performed a second set of sweeps at a different idUdmat'on that our Qata is not strongly affected by pinning in
plane anglep. With ¢=24°F5(6#=0) is increased to 2930 T the peak effect region.

and thus the dip does not occur for any valuedakee Fig.

8). In Fig. 9 we show theA(1/B) curves for this in-plane IV. EXTRACTING THE GAP FROM THE
angle. SUPERCONDUCTING STATE DAMPING FACTOR
As mentioned earlier, the deflection of the cantilever, ei- . ) ,
ther by the background or oscillatory torque, means that the dHVA oscillations in the superconducting state have been
fields sweeps are not done at strictly constant angle. As thgPserved in many different materials, and in all cases the

dHVA amplitude is angle dependent this may cause soma@scillations persist into the superconducting state with the
additional field dependencei\) which becomes large as the same frequency as in the normal state but with reduced am-

sample enters the superconducting state. and miaht Cauglitude. As the dHVA amplitude depends exponentially on
p! sup g s , and mig |Sld, all the materials investigated to date are those with high
error in our determination oRgc. The insensitivity of our

. I « values, and are not necessarily conventional. For ex-
results forRg to this deflection is perhaps best demonstrate mple, NbSg and NBSn, have recently been suspected of

by comparingA(1/B) curves for up and down field sweeps. having an exotic gap structuf&® In some ways, MgB is

In Fig. 10 we show both the raw torque signal ahd/B)  the best understood of all the materials where this phenom-

for #=71.7°. There is a large difference in the backgroundena has been observed to date, although its multiple energy

torque belowH;, in the two cases, which means that the gap structure may complicate the analysis.

sample is deflected in opposite directignsaximum deflec- Several theoretical models have been proposed to de-

tion ~0.7°), however it can be seen that the dropziﬁL/B) scribg the effec{see Ref. 50 and refer_ences the}effwo

theories have proved most successful in describing the data

18 HoH [T] 10 to date. Maki! used a semiclassical approach following that

T 4')=24o' of Brandtet al,>? in which the gap is approximated by the

spatially averaged value @ and the magnetic field is con-

sidered to be uniform. For quasiparticles moving perpendicu-

102

& lar to the magnetic field this model predicts that the excita-
510-3- tion spectrum is gapless. It is this gaplessness which is the
i physical origin of the quantum oscillations. The extra damp-

ing in the superconducting state is given by

2 1/2
Rec= exp[— w3’2<—AﬁEfoB)> (E) } (3)

In this expression, theffectivefield dependent energy gap
FIG. 9. Dingle plots for in-plane rotatiop=24°. The solid lines ~ Ag(B) is resolved to that on a particular quasiparticle orbit.
are fits to the Dingle factoRp [Eq. (1)] for the data abovél,. An equivalent expression was also derived by different au-

104
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thors starting from alternative physical picturés$3

An alternative expression was derived by Miy&Reyho
considered the effect of incorporating the zero field BCS
quasiparticle energy and occupation numbers into the usual
Lifshitz-Kosevich theory. In the superconducting state the
sharp step in the Fermi function is replaced with the BCS
quasiparticle occupation functiofiu?) whose width is set
by the superconducting energy gap. This gives a more
gradual emptying of Landau levels than in the normal state,
and hence a reduced dHvVA amplitude. The size of the damp-
ing factor in this model is given by

—FitEq. 4 },

M8 o 73.2°
Ae(B L o 72.5°
RSC: XK]_(X), X= ZWL, (4) s 77.5°
o 07970 /S
whereK;(x) is the Bessel function of the second kind. Miller 07 9 TEEEEE 15 17
and Gyorffy’® have derived the same result starting from the HoH [T]

Bogoliubov-de Gennes equations.

Studies in other materials have shown thatB=0) ex-
tracted by fitting data to these expressiSrdoes not always
coincide with the known energy gdp) measured by more

conventional meangor example tunneling The correspon- Combining Eq(6) with either Eq.(3) or Eq.(4) results in

dence betweeng and the superconducting gap is different three fitting parameters per cury&c(0), He, and a]. We

in each theory, and this may also be different for diﬁeremfound that in general there was too much covariance between
materials. For example, Janssatral *® found that for NbSg 9

the Maki model gavé\g/ A=0.63 whereas the Miyake model ﬂ:'e pa;an:le ;[Ers t(i arnve gt taccura}[the vfilue?Af@(rO% i WT A
gaveAg/A=0.11. For \4Si, Ag/A was found to be 2.6 and aliowed all three to vary between the Tis at each angle. As

0.61 for the two models, respectively. It is generally found"V® do not expect e|thehE(O) or a to vary strongly. witho ,
that the Maki model gives values faxe which are much we found that more consistent results were obtained by fit-
larger than the Miyake model. ting to the data foRs(B) at all angles simultaneously, only

To compare these theories with experiment we can tak&'0Wing He; to vary as a functuzn of angle.o _
two approaches. The first is to assume a form for the field 1€ fits obtained for boti=5° and¢=24° are ShOW”O'”
dependence of the effective gap and then fit@gor Eq.(4)  F19- 11. In these fits we have takeny(6)=0.315nFs/F;,
to Rso(B) directly. The second is to solve E() or Eq.(4) €~ assu4mslglg the band mass scales like the dHVA
for Ae(B) at each field point and then compake(B) to the  frequency:*>*The values ofA¢(B=0) anda and are shown

expected behavior. We shall show both methods below. in Table I. It can be seen that both theories provide an ad-
In the usual mean-field BCS theory we expect equate fit to the experimental data. The main difference is in

the size of the extracted superconducting gap. As orbit 3 is
AZ(B) B on the electron likew sheet of Fermi surface we should
A2(0) -+ B_2 ®) compare these values with the zero field value for the smaller
E ¢ MgB, gap(AS=29 K).# The Miyake fit gives values compa-
However, the observed rounding of the superconductingable to this whereas the Maki fit gives values up to ten times
transition means thatiA/dH does not change discontinu- larger. The trend is similar to that found for NBS&he
ously atH., and so a more appropriate expression is values ofa are also somewhat larger in the Maki fits to those
2 ) 12 in the Miyake fits. The values dfl, extracted from our fits
AE_(m:l[(l_E) +a2} +}<1_E> (6) are shown in Fig. 4. The values are very similar to those
Aé(O) 2 2 B/ extracted from the background torque, consistent with our

Be
. interpretation of our extrapolat as the bulk critical field
This form of A(B) was used by Claytoet al? to account P polatéd,

for the = band. There is a consistent difference Hig,(6)

for the effect of superconducting fluctuations, as it INterpo- 41ues for the two values ob, with the values for=5°

lates the mean field result at low field to the form expected

FIG. 11. Rgc for ¢=5° (top pane) and ¢=24° (bottom panel
The solid and dashed lines are fits to the M@g. (3)] and Miyaki
[Eq. (4)] theories for the superconducting state damping.

for a strongly fluctuating system neHl,. The phenomeno- TABLE I. Parameters extracted from the fitsRac
logical parametet sets the strength of the fluctuations. As it

is not clear where the rounding of the superconducting tran- Theory P Ac(B=0) 18X
sition in MgB, is caused by fluctuations, we will regasdas

a phenomenological parameter which describes the rounding, Maki 5° 200+40 K 55+10
rather than attributing to it for now any particular physical Maki 24° 320+40 K 34+10
significance. In any case, the valuesAgfiB=0) are mostly Miyake 5o 32410 K 2745

determined by the portion of thesc curve well belowH,,

_ ; Miyake 24° 60+10 K 2245
(i.e., the data for the higher values 6.
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of AZ at low field found in the calculations means that a
linear extrapolation from high field underestimates the true
zero field gap by approximately 50%, and the quantitative
disagreement with the theory is even larger. There is also the
possibility that the strong field dependence of the gap shown
in Fig. 12 does not continue to low field but rather saturates
rapidly below H/H.,~0.85. Given the above-mentioned
theoretical work and the low field point contact spectroscopy
——— results this would seem to be unlikely but cannot presently
16 be discounted.

Recently, there has been further theoretical work on the
) _ dHVA effect in superconductors. Duncan and Gydtfiyave
FIG. 12. Calculation of the field dependence of the supercongytanded the work in Ref. 55 and given a new formula for

ducting gap, by inverting thBgc curves in Fig. 11 using the Maki ) : ) N
[Eq. (3)] model. The solid lines are fits to the field dependent gapRSC' We have fltte-d our d_ata to this fo_rmul_a and f|n(_1 fits that
are comparable in quality to those in Fig. 11, witx(B

[Eq. (6)] (see text The inset shows the variation of the fit param- ~0)=200+20 K, for $=5°. This is very close to the values

etera with 6. calculated from the Maki formulfEqg. (3)]. Yasui and Kit&°
have made a detailed numerical investigation of the approxi-

being ~10% higher than those fo$=24°. This implies @ mations used in many of the other previous superconducting
slight in-plane anisotropy dfic,. state dHVA theories. They proposed an equation Rgg

Although there is some ambiguity between the theories aghich should give quantitative values for the energy gap
to the magnitude of the gap, it is clear that a sizeable gagvhich can be compared to tlaetual thermodynamic values.
does exist on this sheet of Fermi surface right upHg. Their expression foRg¢ is
There is some difference between the gap values derived )
from the data at the two in-plane rotation angles. We note Rerz ex —277,8( AE(B)> )
that although there is a large difference between the gaps on seT fhw ’

Cc

the o and = Fermi surface sheets, the difference within a
sheet(or indeed pair of sheetss expected to be smail.One

reason for this orientation dependence is that the data for NbSe with A imatel | 1o th tual
=24° cover a wider range dfl/H, and hence, the extrapo- & Wi E approximately equal to thé actual supercon-

lated gap value is more accurate. For the runs with differen ucting energy gap. It can be seen that this is almost exactly

¢ where theH., values are close, thBgc curves are very the same as Maki's formula, Eq3), except for a factor

similar, and any difference results from the field range of thezﬁ/[ﬂllz(F/B)llz] which equals 0.94 fOF:27OQ T and.B
fit. Next, we show in Fig. 12 the field dependent effective =12 T- He!“’e* th? gap values extracted by f|'tt|ng this for-
gap calculated by inverting Eq3), along with fits to the mula_are virtually identical to those from E¢), i.e., up to
field dependent gap given by EB). The main difference ten times larger than the gap values extracted by other
between using Eq4) rather than Eq(3) is just in the mag- means.
nitude of the extractedg rather than its field dependence. In
the fits we have fixed\g(B=0) to 300 K for all values ofd
and ¢ and alloweda to vary. The curvature ne&t., and the
approximately linear behavior okZ(B) at lower field are In conclusion, we have made a detailed study of the at-
evident. The covariance between the gap Hggdmentioned  tenuation of the dHVA signal in MgBas it enters the super-
above arises from the rounding at the transition and the smadonducting state. Only a single orbit on the electron-like
field range available at some angles. There is however Band is observable. The data clearly show that a sizeable gap
discernible progressive change in shape ofARéB) curves  exists on this orbit even at high field. The transition from
as @ and ¢ are varied. This is reflected in the angular depennormal to superconducting states as seen in both the back-
dence ofa in the inset to the figure. This may be an artifact ground magnetization as well as the dHvA amplitude are
of the data analysis but could also result from a two gapather broad, which may result from either fluctuation effects
effect. or a two-gap effect. The data provide a test for theories of the
It is clear that the extrapolation to the zero field gap is notdHvA effect in the superconducting state being applied to a
a trivial one as our data does not extend below B 85This  material which clearly has two superconducting gaps.
is particularly significant in a material like MgB where Both the Miyake and the Maki theories fit the data well,
nonmean-field gap behavior is expected. Numericablthough the Miyake theory produces gap values which are
calculation$®>1®of the field dependence of the energy gaps inmuch closer to those expected from the low field data for the
MgB, show that they differ considerably from the mean field 7= band. The most recent theoretical w¥R however, sug-
behavior given by Eq(5). Close toH,, for Hllab, we find  gests that the Miyake theory should seriously overestimate
that the numerical data can be approximated Aﬁ(B) the damping and that the Maki model should provide an
=0.24A2(0)(1-H/H)** This accounts naturally for some accurate quantitative estimate of the average gap on the
(but not al) of the rounding in ouRg plots. The steep drop dHVA orbit. Our data is in serious disagreement with this as

8 1

2
u, H [T)

where $=0.0625 is a numerically evaluated constant. This
was shown to correctly describe the damping in;8tb and

V. CONCLUSIONS

144501-7
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