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Interpretation of the angular dependence of the de Haas-van Alphen effect in Mg
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We present detailed results for the amplitude and field dependence of the de Haas-van dtpensignal
arising from the electronliker sheet of Fermi surface in MgBOur data and analysis show that the dip in
dHvA amplitude when the field is close to the basal plane is caused by a beat between two very similar dHvA
frequencies and not a spin-zero effect as previously assumed. Our results imply that the Stoner enhancement
factors in MgB, are small on both the- and 7 sheets.
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Soon after the discovery of superconductivity in MgB cantilever are directly proportional to the torque and were
several groups reported calculations of its band structuremeasured using an AC bridge techniduEhe torque values
The topology of the calculated Fermi surface was verified byare reported here in units of bridge resistaiei.e., the
measurement of the de Haas-van AlpttéhlvA) effect. The  off-balance voltage divided by the excitation currettte
observed® dHVA frequencies were in very good agreementchange in lever resistance is 4 times larger thar).thide
with the calculatet® extremal areas on each of the four gstimate thaf =10"1R (T in Nm andR in Q). The noise
sheets of Fermi surface. The measured quasiparticle effectiygye| is around 2 2 or ~10723 Nm. The crystal of MgB
masses were also in excellent agreement with the calculatggl, o grown by a high pressure synthesis rowed is the
values, providing direct evidence for the predicted large dif-

) : same as sample B in Refs. 1 and 2.
fergncE mdelectron-phonon coupling constants between the We interpret our data using the standard expression for the
and 7 bands.

For fields less than 20 T, three dHVA frequencies hav first harmonic of the oscillatory part of the torque for a 3D

L s
much larger amplitude than the others; two of these aris ermi liquic®

from the minimal and maximal extremal areas of the smaller B32 dF 2mF

of the two tubularor sheets, whereas the third originates from Fosc® =157 RoRtRsRs sin(— + (p), (1)
a neck on the electronlike sheet. In what follows we refer [A"]*do B

tor t?nes?] dv|\_/|i\r/1A ?rzbits "’}Eli ﬁzaalr:]drliﬁi’ resr?ective:]yc(ia (:ia&i " whereF is the dHVA frequencyF=(%/2me)A, A is the ex-
gl—?vA (S;rk;)its c?an beé ?(?u%lija}ne Refe)z surface and predicteg. .1 orbit area irk spacé; A"=¢°A/k? is the curvature

In Ref. 2, it was shown that the angular dependence of th ctor ande IS the_ phaseRD,_ Rr, andRs are the dam_pmg .
dHVA amplitude for F, and F, could be adequately ex- actors from impurity scattering, temperature, and spin split-

plained by the usual Lifshitz-Kosevich expression for thelind: respectively. The Dingle factoRp =exp(-mfike/eB(),
oscillatory torquel’, of a three-dimensionai3D) Fermi ~ Whereke is the orbitally averaged Fermi wave veétdrand
liquid,® but for F5 it could not. There were two puzzling ¢ is the quaS|part|cIe mean freezpatrl. The therm*a! damping
features. First, the amplitude B% showed a pronounced dip factor,Rr=X/sinhX wherex=(2mkgm T)/ (f:eB), m' is the
at 9=76° (see Fig. # which was attributed to a spin-zero qua§!partlcle effective mass. The facky: accounts for the
effect. The Stoner enhancement deduced from the position gdditional damping when the sample enters the supercon-
this dip is approximately two times larger than that ducting state, _and was stud'led in detail in MgB Ref. 12.
predicted and four times larger than those measured for thelhe spin splitting factor is given byRs=cog[mgmg(1
o sheet orbitsF; andF,. Second, we were unable to explain +91/(2m)} where 14§is the orbitally averaged exchange-
the angle dependence of the amplitude. In this paper we wigorrelation (Stonej enhancement factog is the electron
present detailed measurements of the field dependent dHv&factor, m. is the free-electron mass. Wheg(1+S)
amplitude ofF; as a function of angle, and show that the X(mg/m) equals an odd integeRs=0 and the spin-up and
feature previously ascribed to a spin-zero is actually causespin-down Fermi surfaces beat out of phase to produce a
by a beat with another dHVA frequency. spin-zero minimum in the dHvA amplitude. If the location of
Quantum oscillations in the torque produced by a smallany of these spin-zeros can be measured, mp@, ¢) is
single crystal of MgB, (mass=5.6ug) were measured with known from band-structure calculations, then the Stoner fac-
a piezoresistive, doped silicon cantileféFhe cantilever is tor on each orbit may be deduc&dNote thatRs does not
mounted on a single axis rotation stage irfHe cryostat depend orB, so near to a spin-zero the dHvA amplitude is
inside the bore of a 19 T superconducting mad@éts T at  suppressed at all fields.
T=2.2 K). All measurements in this paper were performed in  Although it is possible to fit the data directly to Eg) it
liquid 3He at 320+20 mK. Changes in the resistance of thés often more illuminating to extract the field dependent am-
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LH [T] The background and oscillatory torque cause deflections
20 18 16 14 12 10 in the cantilever so the measurements are not performed at
. . strictly constant angle. This torque interaction effecauses
—a—61.7° spurious generation of harmonics and mixing of frequencies,
——714° 7 and because the amplitude is angle dependent it can also
——74.4° cause bending of the Dingle curves. We can quantify this
——76.3° effect by fitting the data to Eq1), allowing for the change in
T dHVA frequency with field. To a good approximation
F3(6)=F3/sin(#), and @ is given by the measured angle plus
the field dependent deflection of the cantileveds 6,
+\I'(B) (\ is a fitting constant which measures the stiffness
of the cantilever. For the data presented here we find that
- A=0.04 degreed].'® The result of this analysis is that the
AT R torque interaction effect is much too small to explain the
° nonexponential behavior shown in Fig. 1.
10_5 | | | | | Another possibility stems from a mosaic spread in the
direction of thea or ¢ axis of the crystal. Beats between
0.05 0.06 0.07 0:(1)8 0.09 0.1 different dHvVA frequencies originating from different parts
1/gH [T] of the crystal can produce nonexponential Dingle cuiVes.
B The size of the effect depends on the spread of the dHVA
FIG. 1. Reduced dHvA amplitudéd) versus inverse field for frequencies and in the present case would become largest as
several rotation angles. The lines are fits of the data tq&gThe  the field is rotated away from the basal plane. Experimen-
data for6=61.7° have been multiplied by 8 for clarity. tally we find that curvature in the Dingle plot only occurs for
anglescloseto the basal plane, and therefore conclude that in

plitude A of the dHVA oscillations by fitting small sections of our crystals the mosaic structure does not play a significant

107 }

10° b

K [Q T—I.S]

107+

the data(comprising of 1.5 oscillationsto role. This conclusion is reinforced by the fact that the ob-
served behavior is highly reproducible between different
[ 27k crystals.
PosdB) =A 5'”(? + ‘1") +aB+b (2 Simple trigonometric relations show that if two dHvA sig-

nals with frequencie$ and F+AF and amplitudes in the

(the linear term accounts for the slowly varying backgroundratio g (with identical Dingle factorsare added together, and
torque and magnetoresistance of the cantilewsfe then di-  the resultant fitted with a single frequeniéythen the reduced

vide A by B¥2R; to give the reduced amplitud®, which in  amplitudeA will vary like

the absence of other effedise., Rgc=1)'*is proportional to o o orE

the Dingle factoiRy. The quasiparticle effective mass in A=Ay exp(— —)]D(B)sin(— + 5(B)>,

the expression foR; was determined by measuring the tem- B B

perature dependence of the dHvVA amplituder F3, m’ o

= (0.456+0.008m, at 9=70.87. } IXB):{1+BZ+2BCO<2WAF>] |
In Fig. 1 we show reduced dHvVA amplitud& versus B

inverse field(Dingle ploY for orbit F5 at selected angles. For

0=61.7° and 71.4° the behavior is strictly exponential, ﬂsin(
«exp(—al/B). However, ford=71.4°, « appearsto increase 5(B) = tarr 3)
rapidly and the Dingle curves become markedly nonexpo- - 27AF

nential. The dHvA amplitude is strongly reduced, but unlike 1 +BCO< B )

the expected behavior close to a spin-zero, the reduction is

not uniform at all fields. Fol¥<72° the increase in the co- In Fig. 1 we show that these equations provide a very good
efficient @ with decreasing angle is given hy=(89/sin¢) fit to the reduced dHvA amplitude data. In these fits there are
X €(6). The sind factor arises from the cylindrical nature of three free parametersy,, AF, and 8 (o was fixed at the
this section of Fermi surfacghe band mass and the dHvA Vvalues found by extrapolating from lowet as described
frequency increase by the same fagtdine factore(d) was  above. The variations ofAF and 8 with 6 are shown in Fig.
determined experimentally by fitting the data for: 72°; we 2. The frequency difference increases approximately linearly
find, e(6) = 1+3.71-sin6)? reflecting an increase in scatter- With 6, AF=1.4(6-70°). The data are consistent wit

ing rate with decreasing. From this we estimate the quasi- Peing almost constant as a function of angle and then going
particle mean free patfat 6=0°) on this orbit to be 660 A. rapidly to zero for ¢<73°. Note that as F3(6)

We will show below that the most likely reason for the =2684/sir{#), the maximum value ofAF corresponds to
nonexponential Dingle curves is a beat with a second dHvAonly ~0.4% difference inkg) between the two orbits.
frequency. Before we present this analysis in detail we will A extremal dHVA orbitF with frequency close t&; was
briefly discuss two other possible explanations. predicted from band structure calculatidrasd is shown in

ZWAF)
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FIG. 2. Variation of the frequency differendd= and the relative
amplitude of the beat frequency as a function @f The dashed
line is Eq.(4), I'=0.12a"/3) andAF,=23.5T.
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FIG. 4. Experimental dHVA torque amplitude verstisit fixed
field (17.8T<B<18.0T) for orbit F5. Data for two different in-
plane rotation angleg are shown. Fits to the two frequency model
[Eg. (3)], warped cylinder mod€e]Eq. (5)], and single frequency
model [Eq. (1)] are shown by the solid, dotted, and dashed, lines
respectively.

Fig. 3. Close to the two extremal orbits this sheet of Fermi
surface is tubular, with only slight warping. The difference inone extremal orbit is found. This reflects a difference be-
dHvA frequency between the extremal orbits of a cylindertween the actual Fermi surface topology and the cosine dis-

with simple cosine warpiri§'®is given by

AF(0) =

AFO <7Tk|:
. \JO *
sin(6) |

cot(0)>.

(4)

persion which leads to Eq4). The characteristics of this
predicted second orbit closely match our observations. The
only significant difference is that the maximum frequency
difference we find is around half the predicted value., the
cylinder is actually somewhat less warped than the calcula-

Herel" is the k-space distance between the minimum andtion). Experimentally, the Dingle curves are straight #r

maximum frequency orbits anf) is the Bessel function. For

0=65°, the detailed band structure determinationAdf,

=F,—F; closely follows this equation withFy=57 T, and
I"=0.13a"/+3) (Ref. 20. For #=65°, AF4(#)=0, i.e., only

FIG. 3. The calculated electronlike band Fermi surface sheet

of MgB,, showing the location of the twB; dHVA orbits.

maximum
minimum

=72° (Fig. 1), showing that the second orbit is absent for
#=<72° in approximate agreement with the detailed calcula-
tion.

We conclude that the dip in amplitude for orli is
caused by a beat effect and not a spin-zero as previously
assumed. From the data in Fig. 4 it seems likely that any
spin-zero would have to occur fé+<50° and hencgassum-
ing for F5, mg (sin #)7%] the Stoner enhancement factor on
this orbit is less than 0.22. A summary of all the Stoner
factors derived from dHvVA measurements is shown in Table
| (the values foF; andF, are taken from a previous stuidy
on a different MgB crystaf?). The enhancement factors on
both the o and 7 sheets are somewhat smaller than
calculation$ would suggest. By comparing measurements of
the Pauli susceptibility, derived from conduction electron
spin resonance experiments, to band-structure calculations of
the total density of states at the Fermi level, Sinatral 22

TABLE I. Summary of measure(l +S,,;) and calculatedRef.
4) (1+S.40 Stoner enhancement factors for the three orbits.

Orbit Sheet 16, 1+Saic
Fi oy 1.07 1.31
Fa oy 112 1.31
Fa - <1.22 1.26
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found that 1S (averaged over all Fermi surface sheetas true local warping is not quite cosinusoidal. The behavior
0.86+0.13, i.e., the average enhancement is small in agrebelow §=74°, where the second frequency is not detected
ment with our findings. experimentally, is particularly badly described by this ap-

Using the measured values af AF(6), and 8(6) along  proximation. In principle, the fit could be improved by using
with the calculated curvature factév’, we are able to cal- the actual band-structure determined Fermi surface data in
culate the expected angular dependence of the dHvA amplFig- 3 however, unfortunately the numerical accuracy of this
tude at fixed field using Eq(l). Here we have fixed the data is insufficient to do this to the required precision.

; S ; The dashed line in Fig. 4 shows the behavior expected
constant of proportionality in Eq1) to match the maximum . g. 4 - lor exp
in the experimental data, and we have also fixedsz.2.  Without the beat effect but with 18=1.545, which is re-

As mentioned above, 1S must be=<1.22 and values less quired to produce a spin-zero dip at the same angle. Clearly

than 1.2 do not change the curve markedly. The agreemelﬁgf;:Jgg%?ggee?gethvgltgagel Sl?atr?els much worse, especially

between the calculation and the data is good, although no For the series of sweeps reported in Figs. 1 and 2, the

perfect. Importantly, the calculation reproduces the key diqn-plane angleg was estimated to be-8°. A second(less
feature atg=76°. _ , extensive set of runs with¢»=0° shows very similar behav-
Actually, for such a flat portion of Fermi surface, the jo; The main difference is that the dip occurs at lowdsee
usual LK expressioriEg. (1)] should be modified as the Fig 4) Repeating the above analysis on this set of data again
usual integral over the tube is no longer strongly peaked aihows a lineaw dependence oAF but with a larger slope,
the extremal orbits. For a simple cosine dispersion the curdAF/d#=1.9 T/degree. If we use this value in our calcula-

vature factor is replaced by?® tion we find the dip moves to lowe#, in accord with the
experimental data.
RY_JO( WAF(G)) (5) In summary, we have shown that the dip in the dHVA
B amplitude for fields aligned close to the basal plane of MgB

) . . . is due to a beat between two very similar dHvA frequencies

@1?52&23 ﬁ?epli';ug%djtaHV::Z \I/Evg“;})a\a/lgdi(g (l)sls;;)*vmé?s and not a spin-zero effect as previously assumed. The data
_ L ' ‘ imply that the Stoner enhancement factors on bothstla@d

and A.FO_Z.?"SF to best fit both thGAF(a) andlosd 0) datq. 7 sheets of Fermi surface are small.

The fit again reproduces the main features of the experimen-

tal data but is slightly worse than the discrete frequency fit. It The authors thank J. R. Cooper for useful discussions and
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