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We use quantum oscillation measurements to distinguish between spin and orbital components of the

lowest energy quasiparticle excitations in YBa2Cu3O6:54, each of which couple differently to a magnetic

field. Our measurements reveal the phase of the observed quantum oscillations to remain uninverted over a

wide angular range, indicating that the twofold spin degeneracy of the Landau levels is virtually unaltered

by the magnetic field. The inferred suppression of the spin degrees of freedom indicates a spin-density

wave is responsible for creation of the small Fermi surface pockets in underdoped YBa2Cu3O6þx—further

suggesting that excitations of this phase are important contributors to the unconventional superconducting

pairing mechanism.
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Potential mechanisms of high-Tc superconductivity may
be elucidated by identifying precursory competing phases,
the low energy excitations of which may bind Cooper
pairs. The different characteristics of these contending
phases must ultimately be reflected in differences in orbi-
tal, spin, or charge quantization at the Fermi surface,
providing a simple means for them to be distinguished
[1–5]. We use magnetic field orientation-dependent quan-
tum oscillation measurements [6] to distinguish between
spin and orbital components of the quantized Landau levels
in YBa2Cu3O6þx.

We present angle-dependent quantum oscillations mea-
sured in the underdoped cuprate YBa2Cu3O6:54 (nominal
hole doping p � 0:10 and Tc � 58:7 K) [7]. Detwinned
single crystals of YBa2Cu3O6:54 of dimensions 0:5�
0:8� 0:1 mm3 are grown and prepared at the University
of British Columbia [7]. The samples are attached to a coil
of �5 turns that forms part of a tunnel diode oscillator
(TDO) circuit [8], resonating at �46 MHz when the sam-
ple is superconducting and dropping by�50 kHz on cross-
ing over into the high magnetic field resistive state. The
sample with coil is rotated in situ. The quantum oscilla-
tions occur by way of the Shubnikov–de Haas effect, which
causes the skin depth and resonance frequency to oscillate
in reciprocal magnetic field. Magnetic fields of up to 45.1 T
are provided by the hybrid magnet at the National High
Magnetic Field Laboratory in Tallahassee, with tempera-
tures between�0:5 and 4.2 K provided by an in-house 3He
refrigerator.

We study the small Fermi surface pocket in
YBa2Cu3O6:54 that occupies about 2% of the unrecon-
structed Brillouin zone area, similar to the � pocket ob-
served in other underdoped members of the YBa2Cu3O6þx

family [9–16]. Fourier analysis of the quantum oscillations
resolves a prominent frequency of F� ¼ 520� 10 T over
the limited data range (Fig. 1)—the pocket of significantly
higher frequency (�) being observed in stronger magnetic
fields for this composition [17]. The � pocket cyclotron
mass m�

� is determined at different angles � by fitting the

temperature-dependent quantum oscillation amplitude to
the standard Lifshitz-Kosevich factor [6], shown in Fig. 2.
The angular dependence of the quantum oscillations and
effective mass associated with this pocket (Fig. 1) confirm
it to be approximately cylindrical in form, typical of quasi-
two-dimensional electronic structures in layered metals
[18]. The anisotropy of the electronic structure of this
family of materials accentuates the sensitivity of Landau
quantized states to the orientation ofH, facilitating the use
of quantum oscillations to distinguish between orbital,
charge, and spin quantum numbers [6,18,19].
We look for interference effects in the angular depen-

dence of the quantum oscillation amplitude measured in
YBa2Cu3O6:54. In the case where the spin moment is un-
affected by Fermi surface reconstruction, interference be-
tween the Zeeman split spin components invariably leads
to a ‘‘spin damping’’ factor RS ¼ cosð�=2Þorbital that modi-
fies the orbitally averaged amplitude (A�) of the funda-
mental component of the quantum oscillations [6] (� is the
phase difference between spin-up and spin-down quantum
oscillations). The standard signature of the consequent
angular oscillations in (A�) is a series of special ‘‘spin
zero’’ angles at which RS ¼ 0 caused by destructive inter-
ference between the two opposite spin components [6].
Importantly, the observation of such an interference effect
(i.e., RS � 1) in the angular dependence of the quantum
oscillation amplitude occurs only where spin up and down
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are individually well defined, resulting in a value of effec-
tive moment of the spin doublet � � 1 (close to the free
electron) associated with the relative population of spin-up
and spin-down Landau levels in a magnetic field.

A striking finding from our current measurements of
underdoped YBa2Cu3O6:54 is that there are no spin zeros
over the wide angular range accessed from�52� to 57�: on
the contrary, the oscillations retain approximately the same
phase over the entire range [Fig. 3(b)]. The absence of
spin zeros over this wide angular range in YBa2Cu3O6:54 is
unsupported by a value of � � 1 for the measured Fermi
surface sheet (see Fig. 3). This is in contrast to the value of
� � 1, given by the measured Wilson ratio that appears in
the expression for the enhancement in spin susceptibility
�spin

�spin
electron

¼ �m�
me
j FS , where � is considered to be an average

over the entire Fermi surface comprising multiple sheets.
Typically, � � 1 in most conventional metals [6], whereas
� 	 1 is close to a ferromagnetic instability [20]. Close to
an insulating antiferromagnetic instability, � is predicted to
be of order 1 as the strength of the correlations is increased
[21]. Given the proximity of the cuprates to an antiferro-
magnetic instability, the Wilson ratio is expected to be
close to 1, and thermodynamic as well as nuclear magnetic
resonance spectroscopy studies report a value of � � 1:1 in
YBa2Cu3O7�x [22–25]. It is worth noting that � � 1 is not
unique to the cuprates, but is found to be true in a wide
variety of layered systems including some layered ruthen-
ates and organic conductors [19].
Our measurements therefore indicate a suppression of

the effective spin moment on the measured � Fermi sur-
face sheet as a consequence of Fermi surface reconstruc-
tion. Moreover, we determine the expected location of spin
zeros for YBa2Cu3O6:54 to confirm that were they present,
they would have been accessed within the angular range
�52� to 57�. To first order, the ratio of the phase difference
between spins (�) to that between consecutive quantum
oscillations (2�) is equivalent to twice the ratio of the
Zeeman splitting (�� ¼ ��	BB)—reflecting the spin

quantization [22,23] to the cyclotron energy (@!c ¼
@eB?
m�

0
; B? ¼ B cos�) in the orbital quantization. The loca-

tion of the spin zeros is therefore given by

2�m�
0

me cos�
¼ 2nþ 1; (1)

where n is an integer [6]. In the case of underdoped

FIG. 2 (color online). Effective mass determination. The data
and fits of the temperature-dependent quantum oscillation am-
plitude to the Lifshitz-Kosevitch expression (A ¼ A0X= sinhX,
where X ¼ 2�2m�kBT=@eB [6]) are shown together with the
fitted effective masses m�

� and the angles � at which each

measurement was made.

FIG. 1 (color online). Magnetic quantum oscillations in
YBa2Cu3O6:54. (a) The solid line shows quantum oscillations
in the resonance frequency (f) of a tunnel diode oscillator (TDO)
to which the sample is coupled inductively, which is proportional
to the change in sample in-plane resistivity. For clarity, only the
frequency shift (�f) is shown. The nonmonotonic field depen-
dence is likely due to a neighboring frequency of identical mass
[15,16,37]. (b) Fourier analysis, in which the oscillations are
multiplied by a Hann window function after background sub-
traction, yield a single prominent peak at all orientations �.
(c) Magnetic field orientation dependence of the quantum oscil-
lation Fourier frequency (circles and left axis) as determined
from a fast Fourier transform (FFT) of the measured oscillations.
Also plotted (squares and right axis), is the experimentally
determined effective mass obtained by performing fits of the
temperature-dependent quantum oscillation amplitude to the
Lifshitz-Kosevich expression at different angles in Fig. 2. The
�-dependent frequency and effective mass are further fit by an
angular dependence / 1=ðcos2�þ 1

r2
sin2�Þ (green or gray line),

yielding an approximately cylindrical � Fermi surface orbit with
m�

0 ¼ 1:7� 0:1me and F� � 520T.
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YBa2Cu3O6þx, were � ¼ 1:1 for the measured section of
Fermi surface, we would expect the quantum oscillation
amplitude to exhibit a spin zero at j�j � 42� in Fig. 3(a),
accompanied by an inversion in the phase of quantum
oscillations beyond this angle for the experimentally esti-
mated cyclotron mass ofm�

0 ¼ 1:7� 0:1me [Figs. 1(c) and

2(a)]. The effect of spin-orbit coupling is neglected here for
simplicity, since it has a relatively small effect in
YBa2Cu3O6þx, with a measured Landé g factor �2:1
[22]—a value that is also close to the free-electron value
of 2 [23].

The approximately constant phase of the quantum os-
cillations we observe between �52� and 57� in
YBa2Cu3O6:54 therefore reveals a vanishingly small value
of � in Eq. (1), corresponding to the measured small �
Fermi surface pockets (inferred from Fig. 3; also indicated
in the figure is a small range of very low � that cannot be

ruled out). The absence of spin zeros is therefore in-
consistent with small Fermi surface pockets arising
from within the band structure (where � close to unity
[1–5,26–29]) or pockets resulting from an order parame-
ter that couples states of like spin [see Fig. 4(b) for ex-
amples such as charge order]. An example is shown in the
inset to Fig. 3(b) for the charge-density wave material
�-ðBEDT-TTFÞ2KHgðSCNÞ4, which has very similar
Fermi surface parameters (i.e., frequency, effective mass,
and Wilson ratio) to YBa2Cu3O6:54. As expected, a ‘‘spin
zero’’ accompanied by phase inversion of the oscillations
is observed experimentally at an angle of �43� [30].
Our finding that the effective moment of the spin doublet

is suppressed for the measured orbit (i.e., � ! 0), has
implications for the nature of ordering associated with
the creation of the observed � Fermi surface sheet in
underdopedYBa2Cu3O6þx. For types of magnetic ordering
where opposite spins couple, a suppression of the effective
moment of the spin doublet can result (i.e., � ! 0), in
which case B cannot lift the Landau level spin degeneracy
to leading order. The order parameter consistent with both
the creation of small Fermi surface pockets and the cou-
pling of spin-up and spin-down down states is a spin-
density wave state [31]. In this case, spin is no longer
well defined for the Landau quantized states, so that the
effective moment of the spin doublet becomes � � 0 in
Eq. (1) [see Fig. 4(c)]. The layered Bechgaard salts [31,32]
provide well-known examples of spin-density wave phases
exhibiting such a robust twofold degeneracy of the Landau
levels, where �� 0 is rigorously confirmed by experiment.

FIG. 4 (color online). Example of the effect of Zeeman split-
ting on Fermi surface reconstruction. We consider the simple
case of a hole pocket at (�=2, �=2) created by commensur-
ate ordering with Q ¼ ð�;�Þ for illustrative purposes.
(a) Schematic of a twofold degenerate holelike Fermi surface
pocket in the absence of a magnetic field, intersected by a Bragg
reflection plane (diagonal line). (b) Schematic showing the
Zeeman splitting of the twofold degeneracy (if spin up and
spin down are individually well defined so that � ¼ 1). The
red or center shaded area denotes a spin-up Fermi surface while
the blue or outer shaded area denotes a spin-down Fermi surface.
(c) Schematic showing how the pocket size remains largely
invariant to Zeeman splitting if the order parameter couples up
and down spins (as in the case of a spin-density wave, so that
� ¼ 0). The purple (shaded) areas show Fermi surfaces com-
prising spins where the effective moment has been suppressed,
potentially due to spin flips at Bragg reflection. While Q ¼
ð�;�Þ is considered for this simple schematic, � 
 1 is ex-
pected for more general SDW wave vector scenarios [38].

FIG. 3 (color online). Magnetic field orientation dependence
of the quantum oscillations in YBa2Cu3O6:54. (a) A plot of
anticipated ‘‘spin zero’’ angles (blue or gray curves) as a

function of � determined by setting cosð��m�
0

me

B
B?
Þ ¼ 0, so that

the angle of the nth zero is given by Eq. (1). For a Wilson ratio
� ¼ 1:1 [24], given the experimental m�

0 ¼ 1:7me, the first spin

zero would be expected to occur at j�j � 42�. (b) Quantum
oscillations plotted versus the Landau level index 
 ¼ F�=B
(offset for clarity after polynomial background subtraction)
shows that the relative phase of the oscillations is invariant for
successive values of �. The absence of spin zeros indicates that �
is vanishingly small (the only finite values of � that cannot be
ruled out are in the low range 0:3< �< 0:5). The inset shows
the contrasting case of a charge-density wave material
�-ðBEDT-TTFÞ2KHgðSCNÞ4, where a ‘‘spin zero’’ accompanied
by phase inversion of the oscillations is observed experimentally
at an angle � 43� [30]. (c) Angular dependent amplitude of F�

at B � 40 T, extracted from the fast Fourier transforms of the
data. The line shows the anticipated orientation-dependent am-
plitude according to A�RS expð��=B cos�Þ at 40 T for RS ¼ 1
(i.e., � ¼ 0), where the adjustable parameter � is a damping
constant, yielding reasonable agreement with experimental am-
plitude.
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In Fig. 3(c), we also compare the �-dependent attenuation
of the quantum oscillation amplitude in YBa2Cu3O6:54

with that predicted for � ¼ 0 (assuming the exponential
damping factor due to disorder scattering depends only on
B?), and find reasonable consistency.

Our present finding that � 
 1 for the � orbit indicates
that spin ordering is associated with the creation of the �
Fermi surface pocket in YBa2Cu3O6:54. Additional evi-
dence is provided by recent elastic neutron scattering
measurements made on nearby YBa2Cu3O6þx sample
compositions that reveal magnetic field-enhancement of
spin ordering [33–35]. The current findings are therefore
likely applicable to a range of hole dopings within the
underdoped regime [14]. It is possible that other order
parameters such as a triplet d-density wave (also referred
to as ‘‘unconventional spin-density wave’’) [36] could also
result in the observed suppression of �.

Our results indicate that at measured magnetic fields
above the order of 30 T, the ground state associated with
the measured small Fermi surface pockets in the cuprates is
a spin-density wave. Since the present technique provides
direct access to the lowest energy excitations [1–5], the
proximity to spin ordering and its sensitivity to a magnetic
field indicates the existence of soft spin excitations in
YBa2Cu3O6:54 and potentially other dopings in the under-
doped regime of high temperature superconductors
[14,33–35]. An implication is that magnetic fluctuations
may play an important role in the pairing mechanism of
carriers in cuprate superconductors. These observations
contribute to an overarching picture of the intimate con-
nection of spin excitations to unconventional supercon-
ducting pairing.
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