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Magnetic Field Induced Dimensional Crossover in the Normal State ofYBa2Cu4O8
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YBa2Cu4O8 is unique among underdoped cuprates in that its low-T c-axis response is metallic.
When a magnetic field is applied perpendicular to the CuO chains (B k a), however, thec-axis
resistivity rc changes dramatically and, at sufficiently high fields,rcsT d begins to show localized
behavior. This observation reveals the critical role of the CuO chains in metallizing thec axis in
YBa2Cu4O8. In the field range wherercsT d is insulating,Drcyrc varies linearly rather than quadrati-
cally with field, suggesting a new magnetoconductivity regime in a state of lower dimensionality.
[S0031-9007(98)05670-1]

PACS numbers: 74.25.Fy, 74.72.Bk
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The contrasting behavior of the in- and out-of-plane co
ductivity of high-Tc cuprates remains an issue of fascina
ing debate [1]. In optimally doped Bi2Sr2CuO6 [2], for
example,rcsT d is divergent while the in-plane resistivity
rabsTd remains metallic, even below 1 K, thus invalidating
the standard Fermi-liquid (FL) picture for anisotropic con
ductors. In underdoped YBa2Cu3O72≠ [3], the presence
of the normal-state gap appears to have opposing effe
on the behavior ofrabsT d andrcsT d; while rabsT d shows
a marked decrease below some characteristicTp, rcsT d
increasessharply [3]. This qualitatively anisotropic be-
havior has been viewed as strong evidence for charge c
finement within the CuO2 planes, possibly associated with
a non-FL ground state and/or spin singlet pair formatio
[4–7].

YBa2Cu4O8 is a naturally underdoped cuprate that, i
principle, can be prepared with negligible disorder. I
structure comprises an alternate stacking of two CuO2 units
within theab plane and two highly conducting CuO chain
oriented along theb direction (see Fig. 2). Recently, we
succeeded in measuring itsc-axis response up to 450 K
[8]. At high T , rcsT d is essentiallyT independent as found
for other underdoped cuprates. Surprisingly, however,
T is reduced,rcsTd drops sharply, implying the onset
of metallic c-axis transport at lowT . Although this
observation appears to contradict the charge confinem
picture, it may be argued that, in YBa2Cu4O8, only carriers
in its unique double chains form coherent bands along t
c axis and that the carriers in the plane band still rema
“confined.”

In order to try and resolve this issue, we have carried o
a detailed investigation of the out-of-plane magnetores
tance (MR) of YBa2Cu4O8 in pulsed magnetic fields up to
35 T. First, by suppressing superconductivity withB k c,
we were able to confirm the metallic nature ofrcsTd down
to 30 K. In the normal state, we observed an extreme
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large, positive MRDrcyrc only when the field is applied
perpendicular to the CuO chainssB k ad, suggesting that
coherentc-axis transport at low temperatures is associat
only with carriers in the chain band, leaving the issue
charge confinement on the CuO2 planes intriguingly open.
The most remarkable finding of this work, however, is th
the chains become decoupled along thec axis at high fields
sB k ad, resulting in a magnetic field-induced dimension
crossover and nonmetallicrcsT d.

The YBa2Cu4O8 crystals were grown by a flux method
in Y2O3 crucibles and an AryO2 mixture at 2000 bars,
with a partial O2 pressure of 400 bars [9]. Typical dimen
sions of the crystals used in this study were0.2 3 0.2 3

0.1 mm3. Large current and voltage pads were mount
on the top and bottom of several crystals with different ge
metrical ratios in a quasi-Montgomery configuration. A
zero-fieldrcsT d curves were consistent with our previou
report [8]. The MR measurements were performed in tw
superconducting magnet systems (using an ac resista
bridge circuit) and in a pulsed high magnetic field cryo
stat. For the pulsed field measurements, two field puls
were applied at each set temperature with reversed curr
to take into account effects of inducedsdBydtd voltages. A
series of pulses with different maximum field values [an
hence, differentsdBydtd2 effects] were also taken at an
initial temperature to check for eddy-current heating in th
samples. Excellent agreement was found for all puls
indicating that sample heating was not important in o
measurements.

In order to corroborate our previous claim that the low
T c-axis response in YBa2Cu4O8 is metallic, we measured
rcsT d for two crystals down to lowerT by suppressing the
superconductivity under high fields withB k c. The inset
of Fig. 1 shows a selection of resistivity-field profiles fo
one crystal between 16 and 90 K. The evolution ofrcsT d
down to lowerT is represented in Fig. 1, where we show
© 1998 The American Physical Society 2909
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FIG. 1. rcsT d for YBa2Cu4O8 extended belowTc ­ 80 K by
suppressing superconductivity withB k c. The figure shows
rcsT d at 0 T (solid line), 10 T (open diamonds), 20 T (close
diamonds), 30 T (open squares), and 35 T (closed circle
Inset: Selected low-T rcsBd sweeps withB k c.

the zero-fieldrcsT d curve (solid line) together with values
of rcsT d at 10, 20, 30, and 35 T. It is clear from both th
inset and the main figure that the normal state is access
down to at least 30 K in a field of 35 T. Note, also
that the normal state MR is small in this field orientatio
(ø15% in 35 T at T ­ 85 K) and, thus, does not affect
strongly theT dependence ofrcsTd at high fields. rcsT d
continues to fall rapidly with decreasingT , and, atT ­
30 K, rcsT d reaches a valueø1.6 m V cm, corresponding
to a conductivitysc ø 600 V21 cm21 that is well above
the Mott-Ioffe-Regel limit for metallicc-axis conductivity
in high-Tc cuprates [10], confirming thatc-axis transport
in underdoped YBa2Cu4O8 is indeed coherent at lowT .

As a further test of the metallicity of thec axis in
YBa2Cu4O8, an initial MR study was carried out just
aboveTc in an 8 T magnet with the field applied paralle
sB k bd and perpendicularsB k ad to the CuO chains [11].
According to Boltzmann transport theory, ifc-axis trans-
port is coherent and the Fermi surface (FS) is open in t
c direction, thec-axis MR should be positive and signifi-
cantly larger than the in-plane MR. It is also particularl
sensitive to anisotropy of thein-plane properties when
the field is rotated within theab plane [12]. Figure 2
shows two orthogonalrcsBd field sweeps atT ø 100 K.
rcsBd is positive for both field sweeps, but there exists
striking anisotropy between the two field directions; fo
B k a, Drcyrc is extremely large (ø0.12 in 8 T), while
for B k b, it is negligibly small (ø0.004). The angular de-
pendence ofDrcyrc is shown in more detail in the inset of
Fig. 2 for a second crystal in a 15 T field atT ­ 85 K. An
extremely large cosine angular dependence with twofo
symmetry is observed.

Band calculations for YBa2Cu4O8 indicate the presence
of two quasi-2D FS of plane character and two strong
2910
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FIG. 2. c-axis MR field sweeps up to 8 T withB k a and
B k b at T ø 100 K. Top inset: angular dependence ofc-axis
MR at T ­ 85 K andB ­ 15 T. The field was rotated within
theab plane. The fit is a single cosine with twofold symmetry
Bottom inset: Schematic of the crystal structure of YBa2Cu4O8.

nested quasi-1D Fermi sheets of chain character with fac
parallel to thea axis [13]. The simple twofold cosine
relation forDrcyrc suggests that the carriers responsib
for c-axis transport only experience Lorentz force due t
the field component parallel to thea axis. Therefore, we
conclude that the flat regions of the FS parallel to thea
axis, namely, the 1D chain sheets, must dominate thec-axis
MR andc-axis conductivity. The large MR forB k a is
then not so surprising if we consider the highly conductin
nature of the chain carriers, whose resistivity is known t
be significantly smaller than the in-plane resistivity [8,14
This strong anisotropy in thec-axis MR, therefore, reveals
a vital role for the chain bands in forming coherentc-axis
transport in YBa2Cu4O8 [15].

From the inset of Fig. 2, we note thatrc ø 7 m V cm
at 85 K whenB k a ­ 15 T. Since the zero fieldrcsT d
becomes essentially flat and, hence, incoherent at arou
8 m V cm, rc was expected to reach this threshold valu
with only slightly higher applied fields. In order to study
the MR profile in this interesting regime, therefore, two
crystals were mounted inside the 35 T pulsed field cryos
with B k a.

Figure 3 shows a series of 35 T field pulses between
and 200 K for one of the crystals mounted withB k a.
There are several striking features to note from this fig
ure. First, Drcyrc is extremely large. For example,
at T ­ 85 K, rc increases its value by well over 200%
in 35 T, reaching a valueø13.5 m V cm that is almost
double the saturation value ofrc at highT [8]. Second,
all rcsBd sweeps appear to go through a single crossin
point aroundBcr ø 20 T. At Bcr , rc ø 8 m V cm, the
value at which the zero fieldrcsTd becomes essentially
T independent. More important,drcydT is positive be-
low Bcr , while aboveBcr , it is negative. These observa-
tions suggest strongly that the crossing point represents
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FIG. 3. c-axis MR field sweeps up to 35 T withB k a.
Inset: drcydB at various temperatures (displaced vertically fo
clarity). The dashed line indicates the field at the crossi
point. The noise at high fields is due to increased vibration
the measurement wires.

coherent-incoherent boundary forrcsT d in YBa2Cu4O8.
Surprisingly though, rather than saturating at the incoh
ent boundary, as expected from zero fieldrcsTd, rc con-
tinues to increase rapidly with increasingB.

Figure 4 shows the resultantrcsT d for different fixedB
derived from the pulsed MR sweeps in Fig. 3. One c
see clearly in this figure howrcsT d changes from metallic
(below 200 K) toT independent forB ­ 19 T to localized
for B ­ 35 T. This field-induced dimensional crossove
in the normal-state transport has not, to our knowledg
been observed previously in any other cuprate system,
seems remarkable given the high temperatures and r
tively modest fields that are involved. The same MR e
periment was extended down to 60 K on a second crys
and the result was reproduced exactly. Furthermore, it w
confirmed in this sample that YBa2Cu4O8 still supercon-
ducts aboveBcr (at B ­ 35 T, Tc ø 65 K), implying that
c-axis coherence in the normal state has no influence
the occurrence of superconductivity.

The field-induced dimensional crossover also manife
itself in the MR field dependence as a crossover fromB2 to
aB-linear dependence. The inset of Fig. 3 shows this mo
clearly, where we have plotted the derivatives of select
MR sweeps taken from the main plot. Remarkably, the o
set of the linear MR (i.e., constantdDrcydB) occurs at the
same fieldBcr for all temperatures80 K # T # 200 K.
Since the scattering rate on the chains, which we belie
is responsible for the largec-axis MR, is reduced by more
than a factor of 4 in this temperature range [8], we conclu
that the onset of the linear MR is not a signature of the
termediate field regime, even though the large positive M
at low B is clearly orbital. The crossing point, therefore
seems to mark the onset of a new magnetoconductiv
regime in YBa2Cu4O8 beyond the coherent boundary, i.e
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FIG. 4. rcsT d curves for YBa2Cu4O8 at several fieldssB k ad
obtained from the MR field sweeps shown in Fig. 3.

in the state of lower dimensionality. An unusualB depen-
dence of thec-axis MR sB3y2d has also been observed in
the 1D conductorsTMTSFd2PF6 once the interchain trans-
port becomes incoherent [16].

Since the chain bands clearly dominatec-axis transport
in YBa2Cu4O8, we have attempted first to understand th
behavior of the high-fieldc-axis MR and the appearance
of Bcr by consideringc-axis hopping along the double
chain sheets only. Although we are close to the cohere
incoherent boundary forc-axis transport and, therefore, on
the limit of applicability of Boltzmann transport theory
as a first approximation, we consider a simple ba
picture in which the chain bands are represented by t
parallel sheets with cosine dispersion along thea- andc-
axes. Thec-axis dispersion is given bý' ­ 22t' 3

cossk'cd, where c ø 13.5 Å is the inter-double-chain
spacing andt' is the interchain overlap integral. Since
the main velocity componentnk lies along theb axis,
the Lorentz force forB k a is directed along thec axis,
i.e., "dk'ydt ­ enkB [17]. In real space, this leads to a
periodic orbit for carriers along theb axis with ac-axis
velocity componentn' ­ 2t'cy" sinsk'cd ­ 2t'cy" 3

sinsenkBcty"d. The amplitude of the real-space orbit i
then simplyA' ­ 4t'yenkB.

From this expression, we see that, asB increases, the
amplitude of the real-space orbit decreases. This has
obvious effect of making the conductivity more 1D and
eventually, we expect the carriers to be confined to theb
axis once4t'yenkB ø c. Note that this expression doe
not depend ont, only B. Taking B ­ 20 T and nk ­
4.5 3 105 mys [18], we obtaint' ø 3 meV. Although
this value is much smaller than that predicted by ba
structurest' ø 50 meVd [18], it is consistent with the
observation that the zero fieldrcsT d becomes incoherent
above around 200 K, since we expect coherence to be
oncekBT ø 4t'. This scenario may suggest that it ist',
and not the normal-state gap, that governs the behavio
2911
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rcsT d in YBa2Cu4O8, though clearly more investigations
are needed (e.g., pressure and doping studies) to con
this possibility.

Returning to the issue of the role of the plane ban
in c-axis transport in YBa2Cu4O8, we recall from band
calculations [13] that there are large regions of the plane
lying parallel to theb axis that do not experience a Lorent
force whenB k a and whosec-axis transfer should be
unaffected by the applied field. The localized behavi
of rcsTd for B ­ 35 T, as shown in Fig. 4, indicates,
therefore, that the contribution to thec-axis current from
these regions of the plane bands is negligibly small. Th
observation provides further evidence that the chain ban
dominatec-axis conductivity in YBa2Cu4O8, but does not
preclude a finite contribution from the plane carriers, sin
a certain plane character in the chain band is also expec
through hybridization [13]. However, the substantiall
reducedt', derived fromBcr , casts a serious doubt tha
c-axis dispersion, namely, the interchain coupling, occu
through hybridization with the plane carriers. Indeed,
may be interesting to infer that if the plane carriers a
confined, the two subsystems, i.e., the chains and plan
act independently of one another, and thatc-axis transport
occurs solely via hopping between double CuO chain un
and bypasses the planes altogether. In this case, interc
coupling may be achieved through some kind of virtu
hopping process, possibly involving empty states in t
CuO2 plane band structure, which then leads to the mu
reducedt'.

In conclusion, we have observed several remarka
new features in thec-axis MR of the underdoped cuprate
YBa2Cu4O8. We have shown that we are able to tune th
dimensionality of the normal state using a high magne
field as a control parameter, thus opening up new pos
bilities for exploring the role of dimensionality in these
strongly correlated metals. The large anisotropy in t
MR reveals the critical importance of the CuO chains fo
coherentc-axis transport in YBa2Cu4O8. The magnetic
field decouples the chains aboveBcr , resulting in a 3D to
2D crossover in the transport behavior of the whole sy
tem. The unusual field dependence ofDrcyrc aboveBcr

suggests the onset of a new regime beyond the cohere
incoherent boundary. This interesting regime should
investigated further, in particular, looking for changes
the MR profile of the plane and chain resistivities whe
B k a. Finally, these surprising results provide us with
compelling possibility that, in YBa2Cu4O8, we may realize
a unique coexistence of alternatively stacked but ind
pendent subsystems; i.e., a highly anisotropic 3D (or 2
depending on the strength of the interchain coupling alo
the a axis) metallic ground state on the chains and a 2
2912
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unconventional metallic ground state on the CuO2 planes.
Such an exciting possibility clearly warrants furthe
investigation.
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