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Quantum Interference in LaBg

N. Harrison! R. G. Goodrict, J. J. Vuillemin? Z. Fisk;}! and D. G. Rickel
'National High Magnetic Field Laboratory, LANL, MS-E536, Los Alamos, New Mexico 87545
2Department of Physics and Astronomy, Louisiana State University, Baton Rouge, Louisiana 70803
3Department of Physics, University of Arizona, Tucson, Arizona 85721
“National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida 32310
(Received 08 December 1997

Quantum interference effects in the induced currents in metallics Laa® investigated in pulsed
magnetic fields extending to 60 T and to temperatures of up to 70 K. One of the quantum interference
frequencies, corresponding to an areakinspace equal to the Brillouin zone, has an effective
mass precisely equal teera The attenuation of this and other frequencies at high temperatures
requires the scattering effects of phonons to be considered within the Boltzmann transport equation.
[S0031-9007(98)06150-X]

PACS numbers: 71.18.+y, 72.10.Fk, 72.15.Gd

The quantum interference (QI) of electrons within mag-connected together by short necks [10,11]. The extremal
netic breakdown (MB) networks is a rare phenomenorcross-section area of these ellipsoids withinXA¢r plane
in metals [1-3]. The Stark interferometer concept waf the BZ (referred to as ther; branch in Ref. [11])
originally devised to explain transport phenomena in pureccounts for the majority of the dHvA signal at low
Mg [1-3]. The effect has since been found to readilymagnetic fields. Weaker signals originate from closed hole
manifest itself in low-dimensional (LD) organic charge- orbits within thel’XM plane (which we will refer to as
transfer salts [4—6], but there have been no further reportand v following common usage); all of these orbits are
in conventional three-dimensional (3D) metals. When in4llustrated in Fig. 1. A second sheet of the FS consists
terference occurs, thiespace ared; enclosed by the in- of a set of eight smaller electron ellipsoids located within
terferometer appears as a “virtual” Onsager phase withithe necks [12]. At sufficiently strong magnetic fields,
the Boltzmann transport equation, leading to new frequenMB through the necks, involving the smaller ellipsoids,
cies in addition to the conventional Shubnikov—de Haadeads to a multitude of new frequencies. The simplest
(SdH) oscillations [2—4,7]. It is generally understood thatMB orbit «;, + 2p within the 'XM plane is illustrated
QI does not manifest itself in thermodynamic properties
of the system [2—4,7] and so cannot contribute to mag-
netic oscillations giving rise to the de Haas—van Alphen
(dHVA) effect. In spite of this, QI oscillations in the mag-
netotransport behave in a manner that is in remarkable
concordance with the Lifshitz-Kosevich (LK) theory [8]
of Landau quantum (LQ) oscillations. As with LQ oscil-
lations, the effective mass; associated with the enclosed
areaA; is proportional to the energy derivativiel; /e
[2—4], whereg; is electron energy. An unusual situation
arises whemd; has a weak or negligible dependence on
€, SO thatmjf is anomalously small, as has been shown to
occur both in pure Mg [1-3] and in the organic supercon-
ductor k-(BEDT-TTF),Cu(NCS), under hydrostatic pres-
sure [9]. Because the net effective mass is small, QI
oscillations persist to high temperatures where the con-
ventional SdH oscillations with much higher effective
masses are completely damped.

In this Letter we report a particularly novel situation in F|G. 1. A cross section of the Fermi surface of lgaBrough
LaBs where not only are QI oscillations observed in a 3Dthe XM plane in the extended zone representation. The hole
metal, but where one of the QI frequencies corresponderbits ¢ andy are shown together with the simplest MB orbit

exactly to the cross-sectional area of the Brillouin zone®2 + 2p. The intersection of the, extremal orbit, which
occurs within theXMR plane, is indicated by a heavy line.

(BZ) with an effective mass precisely equal to zero. Th&," aqgition, we schematically illustrate possible orbits for the

Fermi surface (FS) of LaBprimarily consists of prolate  three principal QI areas. The heavy circles indicate the points
electron ellipsoids centered at tigpoints of the cubic BZ, at which the QI paths divideAj and recombineR).
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in Fig. 1; each small ellipsoid contributes onty2.5 T,  Laboratory, Los Alamos, while temperatures between 1.5
and is therefore too small to be seen in Fig. 1. The threand 80 K were obtained by carefully controlling the heat
principal areas enclosed between two interfering electronsput into a closed volume dfHe gas, vacuum separated
on trajectories within this plane are also illustrated infrom a main bath of'He liquid. The temperature was
Fig. 1. Of these, the;, + ¢ anda;, + y combination measured by means of a Lakeshore Cernox resistor
frequencies are expected to have finite effective masseamounted close to the sample.
as listed in Table I; note that the contributions from the A Fourier transformation (FT) of the oscillatory magne-
smaller electron ellipsoids cancel for the two branchestization on the falling field at 1.5 K is shown in Fig. 2(a).
Since the BZ contains exactly tw®, , areas, are orbit At low temperatures, where the dHVA effect dominates,
and avy orbit, it is evident from the QI paths shown the rich spectrum of frequencies originates not only from
in Fig. 1 that the2a;, + v + & combination frequency direct extremal orbits and their harmonics, but also from
corresponds to the areig; of the BZ. The absence of an MB and the Shoenberg magnetic interaction (Ml) effect
associated effective mass for this QI area originates froil5]. Frequencies originating solely from MI can be iden-
the fact that this area is independentpf This situation, tified as those corresponding to combinations of frequen-
wherem; = 0, is presently unique to LaB cies from planes intersecting the cubic BZ at different
While QI should be a universal feature of all MB net- values ofk,; k, being thek vector parallel taB. It should
works, the lack of observation of QI in 3D high conduc- be noted that the frequencies identified with QI in Fig. 1
tivity metals primarily concerns the difficulty in measuring can also be generated by MI. Only at higher tempera-
the SdH effect in such systems. The SdH effect representares, where the dHVA oscillations become significantly
only a tiny fraction of the total magnetoresistance, whichdamped, is MI no longer a factor. The FT of the os-
is itself very small. LaB certainly falls within the cate- cillations at 50 K in Fig. 2(b) clearly indicates that the
gory of high conductivity metals [13], possessing largeamplitudes of the dHVA contributions are considerably at-
FS sheets and low quasiparticle effective masses [10]. Itenuated. The three principal frequencies that remain cor-
such metals where conventional resistance measurememespond to the QI trajectories illustrated in Fig. 1. We
may lack the required sensitivity, the inductive techniquecan discriminate between oscillations in the induced eddy
in pulsed magnetic fields provides an alternative [14]. In ecurrents and dHvVA oscillations by observing their phase
pulsed field experiment, induced eddy currents in the sanon the rising and falling magnetic fields. The dHvA mag-
ple contribute to its measured magnetic momerf addi-  netization is a static effect (independent @#/dt), but
tion to the dHvA effect. The total induced voltage in the sincev « dB/dt, the phase of the dHVA signal reverses
detection coils isv = n(am/at) = n(dB/at)(dm/dB),  between rising and falling fields. This is apparent in the
where 7 is the geometrical coupling factor of the sam- inset of Fig. 2(a) in which the dHVA effect dominates. On
ple to the detection coils. For a cylindrical sample of ra-the other hand, the voltage induced from oscillations in
dius ¢ and length/, the eddy current magnetic moment the magnetoresistance is proportionala®/dt)>. In this
is given bymeq = [ J(x)mwix>dx whereJ(x) = E(x)/p  case, the induced voltage oscillations maintain the same
is the radial current density anéx) = (x/2)dB/dt. If  phase irrespective of the direction of sweep of the mag-
the resistance is assumed to take the fgrm= p(1 +  netic field, as is apparent from the oscillations measured
Y.icjcod2mwF;/B + ¢,]) [4], wherec; is the ratio of the  at 50 K in the inset of Fig. 2(b).

oscillatory resistance to the background resistapcét In spite of the fact that the BZ frequency is predicted to
follows that each SdH or QI frequendy; contributes an have an effective mass of zero, it is evident from Fig. 3
eddy-current susceptibility that all of the QI frequencies have notable temperature

dependences. The amplitudes of all three frequencies
Imeq,j ~ la“(%)g?ﬂﬂ i [ZWF-" + ¢/}- (1) change by more than 2 orders of magnitude between
B 8p \ar/) "’ B? B ' 20 and 70 K. Clearly this cannot be accounted for by
The LaB used for this study was grown using the renormalizing by the temperature dependencg alone.
method described in Ref. [10]. Pulsed magnetic fields t&Even in the absence of a magnetic field, the resistivity
60 T were provided by the National High Magnetic Field changes by little more than 1 order of magnitude between

TABLE I. A list of thermal effective masses™ and also the masa’, which enters into the
transport scattering term, for the three principal QI frequencies.

QI frequency m* m'
a1 + & m: - le,z =0.18 mz + %m;l,z = 1.21
a2 + Y mZLz - mf/ =0.18 %m: + le,z =1.03
4 ¢ 5 5 =
201, + e+ y=BZ 21y — my — mi, =0 2my 4 Imi, = 1.87
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FIG. 2. (a) A Fourier transformation of the dHVA signal incorporating the temperature dependence, @s inferred from

measured in LaBat 1.5 K on the falling magnetic field for efivi ; ; ;
the interval in the field between 30 and 60 T. The inset]E?grﬁﬁgtgggk[glr%]uizomqslg (t)??ﬁgslze}r'. The errors are estimated

shows part of the induced voltage signal which appears noisy
oscilations.  The dhvA component, which dominates at low
osclllations. s i . Co . . .
temperatures, reverses phasg between rising and falling fieldd UPON Integration ovee, the Ferm"D'r"’_‘C d_'Str'bUt'on
(offset for clarity). (b) A Fourier transform of the signal / smears thee;-dependent phase contributions af,
measured in LaBat 50 K over the same interval as (a). Partto result in the conventional thermal damping factor
of the actual QI oscillations are shown in the inset. Note thalXj/sinhXj [15], whereX; = 2772rk3m;T/heB (r being
the QI oscillations maintain the same phase irrespective of thghe harmonic index). The mass enhancement due to
sign of 9B /ot. the electron-phonorie-ph) interaction should therefore
) ~ be the same for the QI oscillations as it is for the LQ
2 and 70 K [13]. The main features of the magnetoresispscillations. In the quantum mechanical picture, it is well
tance can be understood by considering the expression estaplished that thé-ph) interaction does not contribute
- 2 Ak of to 7,. Instead, the density of electronic states at the
o= f m<_£)vkm‘ (2) Fermi energy increases, resulting in an increase of the
for the transverse conductivity, as derived from the lin-Eff€Ctive massm; relative to the band masa, by a
earized Boltzmann transport equation [3]. The essentiaffcmr(_)‘ + 1), where A parametrizes the strength of the
features of the SdH effect depend on the velogjtywhich ~ (¢-Ph) interaction [17]. Comparisons of the measured
is a function of the density of states. Since the broadenin§ffective masses in LaBwith those from the calculated
of the energy levels is determined by the quantum lifetimé’@nd structure indeed suggest a strdagoh) coupling
7,, the SdH oscillations conform to the LK formalism in [10], with A ~ 0.53. Considering only the above effect
much the same way as the dHvA effect [8]. QI effects, orPf t_he.Fer_ml-I;)lrac 'dIStrIbutIOI’] on the QI oscillations, the
the other hand, are a manifestation of the mean free disolid line in Fig. 3 illustrates the temperature dependence
placement, — zxo(t) ve(t)exd(t — to)/7]dt [3], which that should be expected for thag, + ¢ anda;, + 7y QI

is a summation over all possible paths throughout the M requencies for the effective Masses given in Tablg I [.18]‘
network. Since Eq. (2) describes the semiclassical ma —vidently, the thermal smearing effects of the Fermi-Dirac

netotransportA, is determined by the transport scattering istribution are not sufficient to account for the obsgrved
time 7,. In Ref. [4] it was shown that QI introduces oscil- temperature dependence of any of the QI frequencies, let
latory contributions alone that of the zero mass BZ frequency.

~ ul 2 , The second contribution to the temperature dependence
Pj =2p" q" cos¢;exp(—m/wjT;) (3)  originates directly fromr,. Unlike 74, 7, includes the

to the flux of carriers between two points. Adopting effects of phonon scattering. This difference originates

the notation developed by Falicov and Stachowiak [16]from the fact thatr, represents only the quantum life-

P = p? and Q = ¢? are the MB and Bragg reflection time of electrons on closed orbits within the Landau lev-

probabilities, respectively, and andn? are the respective els and does not translate directly to the actual motion

number of nodes at which MB and Bragg reflection occurof carriers throughout the metal. Previous investigations
It follows from Eq. (3) that there are two contributions of QI effects have been made at temperatures far below

to the temperature dependence of the oscillations. Sindhe Debye temperature, where the number of phonons is

the phasep; = hiA;/eB can be a function o, as well as  still very low [1,3,4,6,9]. While LaB is a relatively hard
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material, the resistivity in the inset of Fig. 3 indicates ais also observed to have an “anomalously low effective
notable phonon contribution to the scattering at temperamass,” QI appears to be the more likely explanation.
tures above~20 K [13], becoming particularly strong Work conducted at the National High Magnetic Field
by 70 K. To a first approximation, the phonon-modified Laboratory was supported by the National Science Foun-
transport scattering rate can be estimated by applying théation (NSF), the State of Florida, and the Department of
Drude formulapg—o = m*/e’n7, to the measured resis- Energy. Additional support from the NSF (No. DMR95-
tivity (Fig. 3 inset) in the absence of a magnetic field. For01419) is acknowledged by one of us (R.G. G). One of
this we can assume a FS-averaged mass‘of- 0.65m,, the authors (J.J.V.) thanks Professor R. W. Stark for use-
while the carrier densitys corresponds to exactly one ful discussions.
electron per unit cell. The periotf »; = mj/eB is the

sum of the times taken for the carriers to complete each

branch of the QI orbit. This defines a scattering effec- [1] R.W. Stark and C.B. Friedberg, Phys. Rev. L&, 556
tive maSSmj- which is equal to the sum of the masses of (1971); J. Low Temp. Phyd4, 111 (1974).

the two branches and is therefore different from the ther-[2] R.W. Stark and R. Reifenberger, J. Low Temp. P3G.
mal effective mass:;. Upon incorporating the additional 763 (1977).

temperature dependencemfinto the amplitude reduction 3] agl\é'i’)”'son and R.W. Stark, J. Low Temp. Phy, 531
shown in Fig. 3, the theoretical temperature dependence 4] N. Harrison et al., J. Phys. Condens. Matte, 5415
(shown by dotted and dashed lines) now reproduce th (1996),

experimental temperature variation more closely. In this 151 A A House et al., J. Phys. Condens. Matta, 10361
model, the temperature dependence of the induced volt- * (1996); A.A. Houseet al., J. Phys. Condens. Matte;
age now has the form; « Ry exd—m/wjr,1/p. Since 10377 (1996).

LaBs has only a very small magnetoresistance when the[6] S. Uji et al., Phys. Rev. B53, 14 399 (1996).

field is oriented along th€100) axis [20], we have used [7] M.l. Kaganov and A.A. Slutskin, Phys. Re@®8, 189

the zero field values of /p. It should be noted that the (1983). _
values ofr, estimated fromp in this work were inserted  [8] I. M. Lifshitz and A. M. Kosevich, Sov. Phys. JETE, 636
directly into the above expression fof without any ad- (1956).

justment. In contrast, an interpretation of the “rapid os- [9 M-V. Kirtsovr;ikekt] al., Phys. Rev. Lett77, 2530 (1996).
cillation” effect in LD (TMTSPF),CIO; by Uii et al. [6] in [}‘1’} @- J.grﬁia‘iv eate?glp Jyfa-hRg"-Si& J5f;‘§ 511927?1)977)
terms of QI had yielded notable discrepancies betwee ' ol TS PR '

. 2] Y. Ishizawaet al., J. Phys. Soc. Jpr@8, 1439 (1980).
the values ofr, obtained from the temperature depen-[13} L Bat’:<zo \(/avt al J. AlloysyCompd2F1)7 L1 (199(5)_ )

dences of the QI ang [19]. While there are some [14] This technique has recently been applied to in-
inconsistencies with the application of the QI model to vestigate eddy-currents ‘“resonances” ia-(BEDT-
(TMTSF),ClOy (for example, this does not explain why TTF),TIHg(SCN), [N. Harrison et al., Phys. Rev. Lett.
oscillations of the same frequency appear in the magne- 77, 1576 (1996)]. In that case, due to its high resistivity,
tization [6]), LaBs, on the other hand, has a simple 3D we would not expect to see large oscillatory eddy cur-
metallic ground state for which the FS is well understood  rents. They appear due only to the near vanishing of the

[11-13]. One feature of our experimental results that can-  in-plane magnetoresistance due to the possible occurrence
not be explained by the model is the apparent loss of am-  ©f the quantum Hall effect. ~Subsequent experiments
plitude (of up to 40%) of the BZ frequency below 30 K. in static fields have lent support to this explanation [N.

. I . Harrisonet al., Phys. Rev. B65, R16 005 (1997)].
One obvious possibility is that the BZ frequency differs [15] D. ShoenbergMagnetic Oscillations in MetalgCam-

by only (l—_Z)% from the third harmonic of the; fre- bridge University Press, Cambridge, England, 1984).
quency, which is the more dominant at low temperature$i6] | M. Falicov and H. Stachowiak, Phys. Re¥47, 505
and can lead to spurious amplitudes in the FT. (1966).

In summary, investigations of the magnetization of kaB [17] S. Engelsberg and G. Simpson, Phys. Rev2,B1657
in pulsed magnetic fields of up to 60 T reveal the presence  (1970).
of QI effects within the induced eddy currents. The[18] The values ofn* for the ¢ andy orbits derived from the
temperature dependence of one of the frequencies, which band structure apply, although renormalized (dy+ 1).
corresponds to an area equal to that of the BZ and has a  The effective mass of the,, component can be inferred
thermal effective mass of zero, requires the temperature _ rom the relatiorsm, =, Tty .
dependence of, to be considered within the Boltzmann [19] It appears thatn; andm; were incorrectly assigned [6].
transport equation. Finally, we note that oscillations at "% V&S assumed to be zero without prior justification,

. while m; was assumed to have the mass of only one

the BZ frequency have been observed in pure Sn [21], :

d buted . d's © illation” eff branch of the QI trajectory.
and were attri u_te to Pippard’s “zone oscillation” e ec'{[20] Y. Ishizawaet al., J. Phys. Soc. Jpi9, 557 (1980).
[22]. The Fermi surface of Sn does, however, allow thg1] j K. Hulbert and R.C. Young, Phys. Rev. L, 1048
possibility of QI, including an enclosed area equal to that o (1971).
the BZ, asis the case in LgBGiven that the BZ frequency [22] A.B. Pippard, Philos. Trans. R. Soc. London2A6, 217
in Sn has been reported only in the magnetoresistance and (1964).
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