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Magnetoconductivity due to quantum interference in strongly underdoped YBaCu30O,
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We report magnetoconductivity measurements on YXBgO, (x=6.25 and 6.36) single crystals. Our main
result is that both the in-plano,, and out-of-plané\ o, magnetoconductivities exhibit the field dependence
characteristic of “two-dimensional” quantum interference in applied magnetic fidlds. Namely, Ao 4
o«In H/Hy>0, with Ao, /o, substantially greater thato,,/0,,.- We interpret this result as an evidence of
interlayer incoherence in these crystals, so that the phase-coherent trajectories are mostly confined to one
bilayer.
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[. INTRODUCTION Apdpe andAp,/ pap Of the magnetoresistivity tensor reveal
the presence of two different conduction mechanisms in
Understanding the anomalous features of the in-plane anghagnetic fieldsH||c. (1) In low fields, the magnetoresistivi-
out-of-plane normal state transport in layered cuprates refies are negative and have a logarithmic field dependence
mains a challenge. Among the properties of the resistivityover about a decad@t the lowest accessible temperajure
tensor{p..pap}, Which are some of the most unusual from This behavior represents the main focus of this paper. What
the point of view of the conventional Fermi liquid theory are distinguishes these results from traditional experiments on
Strong|y temperature dependent anisotrppypab and coex- ultrathin films and other 2D systelﬁr‘%is that the out-of-
istence of metallico,,(T) and nonmetallico.(T) over ex-  Plane magnetoresistivity has the logarithmic field depen-
tended temperature and doping ranges. It has been suggesf&nce and is substantially larger than the in-plane magne-
that these anomalies of the out-of-plane transport are the réoresistivity. We interpret these findings as a confirmation of
sult of interlayer incoherence? This means that the phase a strong interbilayer decoherence and, therefore, the 2D na-
coherent trajectories, along which the single electrons mairfure of the phase-coherent paths. Under this condition, both
tain their phase memory, are all confined to a single bilayeFomponents of the conductivity depend on the in-plane phase
because the interbilayer transitions lead to dephasing of stitoherence length,, which changes with field logarithmi-
unknown origin. An experimental confirmation ofaxis in-  cally, thus producing the correspondiligdependence of the
coherence was provided by optical measurements. magnetoresistivities(2) In high magnetic fields and at low
The Suggestion of inter|ayer incoherence in the normatemperatures, both magnetoresistivities become pOSitiVE and
state of the cuprates, however, is not fully accepted. Therghange as/H? up to the largest available field of 14 T. This
are alternative models of the out-of-plane transport that déontribution arises from antiferromagnetic correlations.
not involve interlayer incoherenée.The phase coherent tra-

jectories in such models are three dimensid@al) and ex- Il. EXPERIMENTAL DETAILS
tend over many unit cells in both the in- and out-of-plane
directions. Strongly underdoped YB&uWO, (x=6.25 and 6.36)

Magnetoeffects due to quantum interference allow, insingle crystals were grown in gold crucibles using the self-
principle, the determination of the dimensionality of the flux method. The oxygen stoichiometry was adjusted by an-
phase coherence. Magnetoconductivity arises in relativelypealing the samples at 500 °C in a predetermingd- I,
small magnetic fields due to contributions of the self-atmospheré® In-planep,, and out-of-planep, resistivities
intersecting phase coherent trajectories along which thand the respective magnetoresistiviti#R) were measured
loops can be traversed in two different directiSn® The by a multiterminal method on the same single crystal, in
magnitude and field dependence of magnetoconductivity armagnetic fieldH up to 14 T. This allows us to carry out a
determined by the probability of a trajectory to form a loop quantitative comparison between in-plan&p,,/pa, and
of a given area. If the phase-coherent trajectories are twout-of-plane Ap./p. magnetoresistivities as a function of
dimensional2D), they are substantially more likely to form temperatureT and applied magnetic fielt. All previous
large loops than 3D ones. This results in a more pronouncecheasurements of MR in YB&u;O, reported in the litera-
effect, observable at higher temperatures. The field depenure were obtained by a four-point method, so that,/pap
dence of magnetoconductivity is also different in these twoand Ap./p. were measured on different single crystals.
cases; namely, 2D trajectories leadAer<InH, while 3D  Since magnetoresistivity is very small, inevitable variations
trajectories lead ta oo HY2, of stoichiometry, shape, and size of specimens have a large

Here we present magnetoresistivities of two strongly un-effect on its value, and preclude any quantitative analysis of
derdoped YBaCu;Og 55 and YBgCuyOg 56 Single crystals.  correlations between different components of the magnetore-
Our results can be summarized as follows. Both componentsistivity tensor.
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Low contact resistance gold leads were attached using
thermally treated silver pads and room temperature silver
epoxy. We applied an ac electrical curreht-0.1 mA
through the two leads on the “top” face and measured the 15 L
two voltage drops on the sanf®p voltageV,) and the op-
posite (bottom voltageV,,) faces of the sampl. The two S -
voltagesV, , and their variation with field5V, , were mea- £ i
sured using a low-frequency 17 Hz resistance bridge at con- =" 10
stant temperature, while sweeping the magnetic fi¢ldp- < -
plied parallel to thec axis of the single crystal.

The temperature of the sample chamber was kept constan
using two temperature sensof®t thermometer forT :
>100 K andCx sensor forT<100 K). The temperature
changedT(H) resulting from the magnetoresistance of the 0_1'5 10 5 0 5 10 15
sensors was measured by carefully calibrating them using a H (T)
capacitance thermometer, which has zero magnetoresistance.

The effect of the magnetic field ov , was then determined FIG. 1. Main panel: The fieldH dependence of the top voltage
by subtrac_ting the effect of this temperature change from thgvt for the x=6.36 single crystal, measured Bt 100 K in H|c.
raw data; i.e., Inset: odd AV, =1/ZAV,(H)—AV,(—H)] and even AV,

=1/AAV,(H)+AV,(—H)] components of the top voltage ob-
dVip (1) tained from the data shown in the main panel.
daT -’

20

AV p(H)=6Vip—6T(H)

sures magnetoconductivities, while in the conventional four-
Unlike in the four-point method, the distribution of the point method one measures magnetoresistivities. It should be
current inside the sample is nonuniform. As a result, the Halhoted that most theoretical approaches to magnetoeffects de-
voltage contributes to the field variation of the top and bot-scribe magnetoconductivities rather than magnetoresistivi-
tom voltages. To first order in magnetoconductivities, approties. Assuming thatr,, and o, are negligible, the relation-

priate for these measurements, ship between magnetoresistivities and magnetoconductivities
is given by!?
AVt,b(H):At,bAUxx"' Bt,bAO'zz+ Ct,mbyv 2
2
whereA oy, andAo,, are magnetoconductivities, white,, Apxx __ Aok Ty, APZZ: _ A"ZZ_ )
is the off-diagonal component of the conductivity tensor. The Pxx Oxx aix Pzz Ozz7

coefficientsA; ,, B¢, and C;,, can be obtained from the ,
solution of Laplace’s equation determining the distributionComparing the values of the even and odd components

of voltage inside the sampl@Within a linear approximation, AVib, We find that in most casesoy,~ayy; and, since

these coefficients depend on the zero-field values of the coroth of them are very small, the quadratic term in B).is
ductivity tensor, which is diagonal. negligible. Therefore, the magnetoresistivities are given di-

The most reliable way to determine the magnetoconductectly by magnetoconductivities with inverted sign. The only
tivities Ao, andA o, from Eq. (2) is to eliminate the con- €Xception to t_hls case is at very low mazgnetlc fields where
tribution of the Hall effect by measuringV, p(H) at two ~ 9xy~ A0, Since oxyxH while Aoy,xH?. Therefore, at
opposite polaritiestH of the applied magnetic field. The Ve€rY low fields, one needs to know,, in order to obtain
even componentAV;y(H) =1/ AV, o(H)+AV, ,(—H)]  Magnetoresistivity from magnetoconductivity. In this paper,

determines the magnetoconductivity, while the odd compo?V€ Present all our results in terms of magnetoresistivity ob-
nent AV (H)=1/ZAV, o(H)— AV, o(~H)]=C, o tained from the measured magnetoconductivity, according to
t,b - t, t, — ~t,bYxy-

The magnetoconductivities were then calculated fromEq.(3), where we neglect the quadratic term. This facilitates

AVIb(H) using an algorithm described in Ref. 11. ?nglrﬁct (ion?pgl\::tsor& btetween our data and already published
As an example of the raw data, the main panel of Fig. 1 ghetoresistivity data.

shows the field dependence AfV; of the x=6.36 single

crystal, measured at=100 K, while the inset displays its

oddAV, and evemvt+ components. The field dependence  Figures 2a) and 2b) show theT dependences of the re-
of AV, clearly separates into quadratic dependencAVf sistivities of YBaCusOg 36 and YBaCusOg o5 Single crys-
and, consequently, of magnetoconductivity, and linear detals, respectively, in zero magnetic field. These single crys-
pendence oAV, and, hence, Hall conductivity,, . tals display a diversel dependence of resistivities, and
The multiterminal technique has never been used beforantiferromagnetism below~40 K in x=6.36 sample and
to measure magnetoconductivities of cuprates. The applicder all T<300 K inx=6.25 crystal. Coexistence of metallic
tion of this method to magnetomeasurements has subtle, bgt,, and nonmetalligp, over an extensive temperature range
important, differences with the conventional four-pointis characteristic of underdoped cuprates. We note that the
method. For example, in the multiterminal method one meain-plane resistivityp,,, is metallic above a certain tempera-

IIl. MAGNETORESISTIVITY
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FIG. 2. Temperaturd dependence of zero-field in-plang,,
and out-of-planep, resistivities for (a) YBa,Cu;Og 36, and (b)
YBa,CuzOg 5.
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FIG. 3. FieldH dependence of magnetoresistivities ftirc: (a)
Apap! papand(b) Ap./p. for YBa,CuzOg 56 at 50 and 75 K.
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FIG. 4. Field H dependence of magnetoresistivitie&)
Apap/papand(b) Apc/p. for YBa,CusOg o5.

ture even in the strongly underdoped samples. The crossover
to nonmetallic behavior ip,, takes place at progressively
higher temperatures in more underdoped samples. For ex-
ample, the minimum irp,, shifts from ~50 K for the x
=6.36 sample te=175 K for thex=6.25 sample.

Measurements of the MR tensor on YBa,Oq 55 at tem-
peratures higher than 75 K showed that the field dependence
of both in-plane and out-of-plane MR is quadrdfidiow-
ever, at lower temperatures, the field dependence of the MR
tensor becomes nontrivigdee Figs. &) and 3b)]. Namely,
at 50 and 75 K, a negative MR component, with a large slope
at relatively low fields, is superimposed on a positive qua-
dratic field dependence. Notice that the minimumip./p.
is approximately twice the minimum ip,,/p,p . At higher
magnetic fields, MR is positive and changes quadratically
with H.

Figures 4a) and 4b) display the magnetic fieltl depen-
dence of MR of the YBsCu;Og o5 Single crystal. The same
phenomenon as in the previous sample, namely, sharply de-
veloping negative MR in low fields which turns into positive
quadratic dependence in high fields, is even more pro-
nounced.

The field dependence of MR illustrated in Figs. 3 and 4
can be described for both samples as a sum of two contribu-
tions: a negative contributio®;(H) wherei ={c,ab}, and a
positive quadratic contribution; i.e.,

Ap;
Pi

=Qi(H)+yH?% Qi(H)<0; v%>0. (4)
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The most interesting part is the logarithmic dependence, cov-
ering almost a decade 6f. The value of the parametet, is
determined by the intercept of the straight line, according to
Eq.(5). ForH>H;~4 T, Q;(H) saturates at the value ef
obtained earlier by the parabolic fit in Fig.(@. The
In(H,/Hgp) in the denominator of Eq5) is required to match
the interpolations of);(H) atHy<H<H; andH>H;.

The negative contribution to the in-plane MR is smaller
and, therefore, the data are noisier, but the procedure of fit-
ting the high field regime data with a parabolic dependence
yields Q,,(H) with approximately the same dependence
asQ.(H); i.e., Q.(H)/Qan(H)~const=7.

0.07

0.00%x

Aplp (%)

-0.07

-0.14

T IV. DISCUSSION
0.00 o -~ -7

The most intriguing observation that emerges from the
data presented abou€&igs. 3 and #is the presence of a
negative MR component in low fieldgiven by Q;(H) in
Eq. (4)], especially pronounced ifip./p., which exhibits at
the lowest accessible temperatures a logarithkhidepen-
dence. This negative MR is superimposed on a positive qua-
dratic backgroundy;H? in Eq. (4)], which is due to antifer-
romagnetic ordering® Below, we show that the low field
features of MR are direct consequences of interlayer incoher-
ence.

1 10 Our approach is based on 'ghe understanding that strongly
H (T) _underdqped layered crystals like Y&aus0, are character- _
ized by incoherent out-of-plane transport. This was shown in

FIG. 5. (a) MagnetoresistivitiesAp./p. and Apy/p,, for  Optical measurements of the conductivity on underdoped
YBa,Cus04 55 at T=75 K in magnetic fielddH||lc. The solid lines  YBa,CusO,.® In incoherent crystals, the value of the out-of-
represent quadratic fitg;H?— € (i={c,ab}). (b) Orbital compo-  plane coherence length, . is T independent, equal to its
nent of magnetoresistivit®); = A p; / p;— y;H? plotted vs logarithm  minimum possible value. Since the coherence length of elec-
of field. The straight lines correspond to the logarithmic dependencéron wave functions in a crystal cannot be smaller than the
given by Eq.(5). The crossover fieldsl, andH, are indicated. size of the atomic orbitals that overlap over the interbilayer

distance, the minimum possible value Igf; is the interbi-

We examine in more detail the field dependence of thdayer distance; i.e.l,.=1,=11.7 A. Thus a fundamental
MR components measured at 75 K on ¥Ba,O; »5in Fig. property of fully incoherent crystals is thaf, . does not
5(a). First, we note that the negative contribution to MR is change with temperature or magnetic field. Therefore, the
much larger for the out-of-plane component than for the in-only length scale that determines the dissipation and can
plane component; for example, the absolute valud@f/p.  change with temperature or applied magnetic field is the in-
at its minimum is about seven times the correspondinglane phase coherence length (Hereafter, we assume for
Apap!pap. Second, botlhp./p. andAp,,/pap, measured in - brevity that the planes are isotropic and omit the subscript
high magnetic fields are well fitted with a parabolic depen-ah.) Under these conditions, both conductivities depend only
dence yH?—¢;, as shown by the solid curves, with on the variabld , [oap(l,) and o(l,)], so that their tem-
Ye=1.3X10° T % 7,,=6.25<10 °T % €~0.15%, perature and field dependences come from that,of(An
and e,,~0.03%. We discuss the origin of this quadratic instructive discussion regarding the dependence of conduc-

-0.05

(%)

ab,c

-0.10

Q

YBa2Cu306.25

H Il c-axis
-0.15F T=75K
L (b)

0.1

dependence at the end of the next section. tivity on the spatial length scale of inelastic scattering pro-
The field dependence @;(H) in Eg. (4) can be deter- cesses is presented in Rej. 8
mined by subtracting;H? from the total MR, and is illus- The immediate consequence is a correlation between the

trated in the semi-log plot of Fig.(B). The straight lines are magnetoconductivities and the field variation of the in-plane
fits to the data and reveal the logarithmic dependence ofoherence length at constant
Q;(H) within a certain range oH. The functional depen-

dence ofQ;(H) can be summarized as follows: Ao,p(H) AI¢(H)_ Ao(H) Al (H) ®
=K , =K ,
—eHYH2, H<Ho; Jab vl 7e e
IN(H/Ho) wherex;=d I.n.ai idinl, (i ={ab,c}):
Qi(H)~ _Eim’ Ho<H<Hy; (5) The C(_)eff|C|er}ts<_i are dlme_nsmnless numbers of_ the or-
1o der of unity. Their sign determines the type of electrical con-
—€, H>H;. duction (metallic or nonmetallig i.e., if x>0, then
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daildT<0 and the conduction is metallic, while i;<0, The self-intersecting trajectories constitute a small frac-
then 9o /dT>0 and the conduction is nonmetalfitlt is  tion of the total number of phase coherent trajectories of a
important to remember that in Eq®) and hereafter, given length. The great majority of the phase coherent tra-
Aoploa, and Ao, /o, are the “orbital” contributions to  jectories(trajectories over which the phase changes predict-
magnetoconductivity also denoted @sin Eq. (4). ably and, therefore, no irreversible processes are invplved
According to Eq.(6), the sign of the MR tensor is deter- are not self-intersecting.
mined by the sign of; and the effect of the magnetic field  As Fig. 2 shows, both resistivities change strongly with
onl,. Itis known?® and shown in more detail in the Appen- temperature and, therefore, their magnitude @ndepen-
dix, that the magnetic field decreases the phase coherendence are determined by the contribution of the majority of
length due to its effect on self-intersecting trajectories, saionintersecting trajectories. The small, temperature depen-
that Al ,(H)<O0 in a weak field. The sign ok; can be in- dent corrections to conductivitigm zero field due to self-
ferred from theT dependence of the resistivity. Specifically, intersecting trajectories, known as corrections due to weak
for YBay,CuzOg 25, ke an(T)<O0 for T<175 K, since both localization, can only be observed when the main contribu-
pc and p,, are nonmetallidsee Figs. @) and 2b)]. Then, tion to conductivity, which is due to nonintersecting paths,
according to Eq(6), both magnetoconductivity components Saturategregime of residual resistivily Our samples are not
are positive (MR, correspondingly, are negativdfor T in this regime. Therefore, the contribution of the trajectories
<175 K, as indeed is the cagsee Fig. 4 By applying the  With loops to theT dependence of both conductivities is
same reasoning to the YB@u;Og 35 sample, one concludes negligible in our samples, and,,(T) and o(T) do not
that Ap,/p. should be negative, whilé p,,/p,, should be  reflect the characteristic I (in 2D) or T¥*~T** (in 3D)
practically zero at 75 K and should become negativeTor dependence due to quantum interference, which is usually
<50 K, wherep,, turns nonmetallic as well. This is consis- the subject of discussion in the literature.
tent with the low field data of Fig. 3. On the other hand, the magnetoconductivity produced by
Also, according to Eq(6), the field dependence of both a weakmagnetic field is due to self-intersecting trajectories,
MR is the same, determined by that &f ,(H). Therefore, because all the othéconventional contributions to magne-

their ratio should be a constant, given by the ratio of thetoconductivity are still negligible. Therefore, the magneto-
correspondingg; ; i.e., conductivity caused by the effect of the field on the self-

intersecting trajectories can be experimentally identified.
In order to determine the field dependence of both mag-
(7)  netoconductivities, we need to evaluate the magnetic field
variation of the coherence lengfl (H)/l1,]. A semi-
guantitative derivation of this dependence is given in the
%ppendix, with the following results:

A(Inaoy) _ Ke
A(Ino,p) B Kap

As discussed in Refs. 16 and 17, in incoherent crystal
ool xoan(l,)/1%. As a result, k.= kap—2. Therefore,

when k4, is negative(as is the case with our crystals at low — pH2/H2 H<H.:
temperatures the absolute value dk(In o) is greater than Al | (/” 0
n(H/H
that of A(In o), namely, ) (H/Ho)  Ho<H<H,: ©
Iy In(H{/Hg)

A(lnoe)  |kap|+2
A(Inoap) |Kab|

-, H>Hl

tS)
Here  is a small number determined by the relative weight

In other words, when th& dependence of both conductivi- of the number of the Self'iﬂtersecting trajectories, with re-
ties is nonmetallic, the out-of-plane conductivity dependssPect to that of the majority nonintersecting trajectories. The
stronger on the phase coherence length, and the respectil@ver crossover fieldH, is determined by the condition that
MR is greater by a constant factor. the field flux through the largest loops along the phase co-
This conclusion is, indeed, supported by the experimentdferent trajectories is approximately equal to the flux quan-
data. The ratio of the magnetoresistivities is a constant factdtim ¢o=2x10"" Oe cnf; namelyHo~ ¢o/1%. The upper
which can be estimated, for example, from Figlb)s crossover fieldd; is determined by the similar condition that
Namely, for YBaCu;Og 05 at T=75 K, Q. is about seven the field flux is of the order of, through the smallest pos-
times greater tharQ,,. From Eq. (8), we estimatex,, sible loops(of the order of the elastic mean free pat};
~—0.33. ie., H1~¢0/I§|. For H>H, no trajectory with loops con-
We now turn our attention to the specific field dependencdributes to the value of the phase coherence length. Hence,
of the magnetoresistivities. The logarithmic field dependencél , saturates.
of Q at low temperatures and in relatively small magnetic From Egs.(6) and (9) follows Eg. (5) with ¢,=— 7 «;.
fields indicates 2D quantum interfererft&This effectis due  The nontrivial logarithmic field dependence appears only
to the presence of self-intersecting trajectories along whiclkvhen there is a significant field range betwéd#¢g andH;.
electrons can traverse the loop in opposite directfdhd.  This requires the phase coherence length to be substantially
small applied magnetic field gradually destroys the quantungreater than the elastic mean free path, which means a well-
interference, which induces a variation in the phase coherdeveloped diffusive regime. Therefore, the magnetoeffects
ence length and, therefore, a variation in the conductivity. due to self-intersecting trajectories are more pronounced in
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stronger underdoped samples. For YBesOg,; at T  Of Honthe AF correlations. This positive contribution domi-
=75 K [see Fig. ®)], we estimate that,~0.15%,H, nates at fields above 4 T and induces a change in the sign of
~0.3 T which corresponds toI(P~103 A, and H; the total MR for both components of the magnetoresistivity.

~4 T (Ig~270 A). ForH>4 T, the contribution of quan-

tum interference to magnetoconductivities saturates and ACKNOWLEDGMENTS
other types of contributions to MR become dominant, as dis-
cussed below.

Experimentally, one can relatively easily distinguish be-
tween the cases of 2D and 3D phase coherent trajectorie
First, the magnetoeffect of self-intersecting trajectories i
substantially greater in 2D, because of the greater probability
of a 2D trajectory to form a large loopy~\/l in 2D and APPENDIX

7~\?/1gin 3D; see the Appendjx Therefore, in this case, 14 determine the effect of the magnetic field on self-
the effect becomes pronounced and observable at relative|)tersecting phase coherent trajectories and the resultant ef-
high temperatures. Second, the logarithriicdependence fect on the phase coherence length, we use the qualitative
can be distinguished frordl ¥ rather clearly even for only approach described in Refs. 6 and 8. The coherent trajecto-
one decade ifl. These features observed in MR would point ries consist of two groups. The great majority of them are not
to the 2D nature of the phase coherent trajectories. All threggjt.intersecting, and they determine the value and the tem-
manifested together, as is the case with our MR data Operature dependence of the phase coherence length and, con-
YBa,Cu; 0, shown above, make this conclusion very com-sequently, of the conductivities. A much smaller fraction of
pelling. It should be noted that the “3DH“* dependence of ~ the coherent trajectories have loops and exhibit the interfer-
MR in manganites was reported recently by Li, Gray, andance effect.
Mitchell *® We begin our estimate by defining the phase coherence
_Finally, we discuss briefly the origin of the positive con- jength in zero magnetic fielt,(0) as the mean square aver-
tribution that changes ag;H?, and becomes dominant at age distance in the direction that an electron travels, while

applied magnetic fields larger than 4Jee Figs. 3 and)4A  retaining its phase memoryi.e., without encountering
similar type of MR was reported by other groups as Well, dephasing inelastic collisions

and it was associated with antiferromagnetic fluctuations and
antiferromagnetic ordering. Indeed, YRB2,04 55 is antifer- 5 o
romagnetic for all temperatures below room temperature, Iw(o):f
while YBa,CuzOg 3¢ is antiferromagnetic folT=<40 K. In

high magnetic fields, the contribution of the AF correlationsHere Po(x) [Psi(X)] is the probability that the phase coher-
to MR dominates the smaller contribution of the self- ence is retained between points A and B separated by a dis-
intersecting trajectories. At sufficiently low temperatures,tancex, when all trajectories withodtvith] self-intersections
these two contributions can be clearly separated, as illusare counted. Both probabilities are normalized to unity. The

This research was supported by the National Science
Foundation under Grant No. DMR-9801990 at KSU and the
.S. Department of Energy under Contract No. W-31-109-
NG-38 at ANL.

. X’[(1= ) Po(x) + 7Pg(x)]dx. (A1)

trated in Figs. &) and §b). small numbern<1 reflects the relative weight of self-
intersecting trajectories. We also introdupéx, A) as the
V. SUMMARY probability density that a self-intersecting, coherent trajec-

tory (in zero field has a loop of areal, subject to the nor-

We present magnetoresistivity data for two strongly un-malization condition:
derdoped single crystals of YBau;O, with x=6.36 and
6.25. Both in-plané\p,, and out-of-plane\ p. magnetore-
sistivities MR were measured simultaneously on the same
single crystal using a multiterminal method. This permits a
direct comparison between their temperature and field deperdere, the smallest possible area of the loop is determined by
dences. the elastic mean free path, and the largest possible loop is

The most interesting observation is a negative MR in lowdetermined by the distancebetween A and B.
applied magnetic fields. This low field contribution is char- Along self-intersecting trajectories, an electron can
acterized by two important features. First, the effect is strongraverse the loop in opposite directions with no phase differ-
and, therefore, is pronounced even at relatively high temence between the respective amplitudes. An applied mag-
peratureg75 K and higher. Second, the field dependence is netic field, however, introduces a phase differengg
consistent with Infl), rather tharH'2. These features point =2m¢/ ¢, between the two alternative routes along the
towards the 2D nature of the phase coherence in these crysame trajectory. Herep=AH is the magnetic field flux
tals; namely, the phase-coherent volume contains only one dhrough the loop,A is the area of the loop normal to the
two neighboring bilayers, while the coherence length alondield, and ¢,=2x10"" Oecnt is the flux quantum. As a
the planes is orders of magnitude greater than the size of thesult, when an electron arrives at point B following a self-
unit cell. intersecting route, its phase is unpredictable and varies by

We attribute the second contribution to MR, which ¢y= 7 if the corresponding trajectory has a loop with area
changes quadratically with field up kb= 14 T, to the effect A= ¢po/2H. Therefore, such a trajectory is no longer phase

ijp(x,A)dA= Psi(X). (A2)

g
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coherent and does not contribute to the average given by Eq. Since the diffusive motion has no memory, having a loop
(Al). This is the mechanism by which a weak field changesloes not affect the statistical properties of the rest of the
the coherence length and, respectively, the conductivities. trajectory. Therefore, the probability densjtyx,.4)d.A can

We give a rough estimate @l ,(H) by considering that be roughly estimated as
all self-intersecting trajectories with loop areas= ¢q/2H
do not contribute to the average in E41), while those with p(x, A)d A~ Psi(x) dj
A< ¢o/2H still do. The phase coherence length in a mag- ’ In(x?/12) A’
netic field is then given by

(A5)

where the logarithm in the denominator is the normalization
factor due to Eq(A2). Now the integral in(A4) becomes:

Ii(H)=me2dx
0

al?
(1= P+ | ;p(x,mdA}

I

e - e » In(x?/13)
(A3) fl x2dxf lz p(x,A)dA:fl P.(x )In(lel“)dx
where the magnetic length = (%.c/2e H)? is determined by : . " el (A6)

the condition | = ¢o/2H.

Taking into account Eqs(Al) and (A2) and the small o o o
value of 5, we obtain from Eq(A3): The characteristic logarithmic field dependence of this in-

tegral appears thﬁ' decreases below the valueléf. This
® 2 is equivalent to the condition that the field flux through the
f x2 dxf , P(x,A)dA largest loops along the phase coherent trajectories is approxi-
2AI¢,(H)%_ I Iy (Ad) mately equal to¢y/2; hence, the characteristic field,
Iy 7 ” o, ' =g¢ol2m°. As |, increases with decreasing temperature,
J; X“Po(x)dx the onset fielH, can become very small and the MR, due to
the interference effect, manifests itself when all the other

Thus thedecreaseof the phase coherence length (H) is sources of MR are negligible. The upper crossover field is
proportional to the weight of excluded self-intersecting tra-d€fined by the condition that the field flux /2 Fhrough
jectories, namely, those with loop areds: 12 . The lower the smallest loops with the area of the ordermdf;; hence

limit of integration inx is |y because the trajectories with a Hl_t‘z’O/Z”L@i' :[I;]heluppe:c_flle‘;id gloes not chatrllqgg with tem-
coherent distancex<l,, cannot have loops with areal ~ Perature, whiie tne lower neiti, decreases with decreasing
Y T. Therefore, this effect is observable at sufficiently low tem-
=qly and, therefore, are not part of the excluded self- h valently 2= 12> |2
intersecting trajectories peratures wheio<H<H, or, equivalently |, Ii,>lg
Next find th : ion f ) using the diff In this regime, the integralA6) can be easily estimated
_ Next we Tind the expression P(x,A) using the diftu- — pecause the logarithms are slowly changing functions and
sive approximatiofi. Since phase-coherent trajectories ar€an be taken at the value=|,, which corresponds to the
(Pl

2D (we discuss here incoherent crysiakhie probability 0 ayimum in x?Pg(x). Other contributions to this integral
find an electron at a poimtfrom its starting origin at=01is  are negI|g|bIe in comparison with the logarithmic increase
W(r)d?r ocexp(—r2/4Dt)d?r/4Dt, whereD is the diffusion co-  ~In(12/I3)=In(H/H,). Correspondingly, the logarithm in the
efficient. The trajectory intersects itself between the times denominator of Eq(A6) becomes Iﬂ§/|e|) In(H4/Hgp). In
andt+dt if it enters the areav dt around the origin. Here this regime, the denominator in E4A4), [5x?Pg(x)dx

\ is the de Broglie wavelengttthe trajectory is viewed as a fvfg’szsi(x)dx~I2 , and we get Eq(9), with all numerical
tape of width\, rather than a line The probability of return, factors absorbed in;. Hence, according to Eq6), both
and, consequently, the probability to form a loop is given byconductivities have the logarithmic field dependence. ifor
p(t)dt=W(0)\v dt=\v dt/Dt. Since the area of the loop is >Hj, the integral(A6), hence Eq(A4), saturates, since no
proportional to the average distance from the origi, self-i_ntgrsecting trajectori_es contribute to the a_veréégé).
«(r?)«Dt, andd.A=D dt, the probability of a loop with Itis important to underline that the transport in these crys-
area betweenl and A+ d A is given by Gv/D)d.A/A. Thus tals is obviously 3D, but the phase coherence is 2D, meaning

. 4 that the distribution of the area of the loops along phase
tsflzlé)?::t]);lty that a 2D trajectory has a loop of arda coherent trajectories scales agllleading to the logarithmic

. . field dependence afl ,(H) and both magnetoconductivities.
The prefactonv/D determines the overall probability of 15 resylt remains valid even when the coherence is estab-

self_—intersecting trajectories e}nd gives the numpewhich  ished between two neighboring bilayers. As long lag
we introduced "by hand” earlierp~\v/D~Mlg, because | <| _ = the distribution of loop areas is close taAL/
D~ulg. Assuming \~2—3 A and 1¢~200-300 A, True 3D phase coherent trajectories requitgg>1,.

which is a reasonable estimate given the density of chargehen, a similar analysisshows that the distribution of the
carriers, we obtainy~0.01. It means that the maximum ef- |oop areas isl.A/.A%? and »~\?/1%. Then, in the regime

fect of removing self-intersecting trajectories from the aver-q <H<H,, Eq. (A4) gives

age in Eq.(A4) reducesl , by about 1%. Other numerical

factors also absorbed in can reduce it further. This corre- ) 5 1o

lates with the maximum value of the negative MR in Fig. Alg(H) A lg A (i) (A7)

5(b) of the order of 0.1%. l, 12 1y |§
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