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We report the observation of a magnetic-field-induced transition between magnetically disordered and or-
dered phases in slightly underdoped La2−xSrxCuO4 with x=0.144. Static incommensurate spin-density-wave
order is induced above a critical field of about 3 T, as measured by elastic neutron scattering. Our results allow
us to constrain the location of a quantum critical point on the phase diagram.
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The interplay between magnetic order and superconduct-
ing order is one of the most fascinating and important sub-
jects in the study of high-Tc cuprate superconductors.1–4

Magnetic order or fluctuations are found in almost every
member of this large family of materials, in both hole-doped
and electron-doped superconductors, and in the entire doping
range studied, from undoped antiferromagnetic insulators to
the overdoped superconductors. This universality implies a
fundamental role that spin fluctuations play in the physics,
and a complete understanding of the magnetism has become
even more important.

Many cuprates have a tendency to develop stripelike spin
correlations. In doped La2CuO4, when the doping is below
optimal for the superconductivity, the stripelike correlations
become static, forming incommensurate spin-density waves.5

For optimal and higher doping the static order disappears,
but dynamic correlations persist up to the superconductor-
normal-metal boundary.6 The disappearance of the stripelike
correlations at the superconductor-normal-metal boundary
suggests that dynamic stripes are necessary for the supercon-
ductivity, as some theories have predicted.7 However,static
magnetic order clearly competes with the superconducting
order.5 The nature of this competition has been studied by
recent magnetic field experiments on La2CuO4+y,

8,9 and
La2−xSrxCuO4.

10,11 These experiments show that the mag-
netic moment associated with static long-range SDW order
increases when the superconductivity is weakened by the ap-
plied magnetic field. Note that in electron-doped cuprate su-
perconductors, such as Nd2−xCexCuO4 and Pr1−xLaCexCuO4,
static magnetism also coexists with the superconductivity. In
this case too, it appears that the ordered magnetic moment
increases with applied magnetic field,12,13 but it is not clear
whether the mechanism responsible for this increase is the
same as in the hole-doped cuprates.14

Magnetic correlations in La2−xSrxCuO4 reveal themselves
in neutron scattering measurements as a quartet of incom-
mensurate peaks around the antiferromagnetic zone center
fat reciprocal lattice positionss1±d , ±dd in orthorhombic
notation, whered.0.125 for xù0.125g. In La2−xSrxCuO4,
previous studies have shown that static magnetic order exists

for xø0.13, while for largerx there are gapped spin excita-
tions at the same positions in reciprocal space; gap values of
4 to 8 meV are measured forxù0.15 depending on the dop-
ing level.15,16 Previous neutron scattering experiments in
magnetic fields have revealed either an enhancement of the
static SDW order in underdoped La2−xSrxCuO4 and
La2CuO4+y superconductors8–11 or changes in the dynamic
spin susceptibility in optimally doped or slightly overdoped
La2−xSrxCuO4.

17–19 In the former case, the intensity of the
magnetic Bragg peaks increases with the magnetic field ac-
companying the suppression of the superconducting order
parameter. In the latter case, the magnetic field enhances the
spin susceptibility at energies below the gap.

As a result of these experiments, a theoretical phase dia-
gram of doped La2CuO4 superconductors has been proposed
for T=0 K.20,21 Figure 1sad shows a fragment of this phase
diagram, adopted from Refs. 4 and 20. The horizontal axisr
is a measure of the repulsive coupling between the supercon-
ducting and magnetic order parameters; it is assumed to be
approximately proportional to doping. The vertical axis is the
magnetic field. There exist three distinct phases:sid the spin-
density-wavesSDWd phase at high field, presumably above
the upper critical field, where superconductivity is destroyed
by the field,sii d the superconductingsSCd phase at high dop-
ing and small fields, andsiii d the intermediate “SC+SDW”
phase, where the SC and SDW order parameters coexist. The
boundary between the SC and SC+SDW phases is a line of
quantum phase transitions. The left vertical arrow shows the
approximate trajectory through the phase diagram for the
earlier experiments on underdoped La2−xSrxCuO4 and
La2CuO4+y.

8–11 These materials are in the phase where the
magnetic and superconducting order parameters coexist and
compete microscopically. This phase is transformed into a
SC magnetically disordered phase with increased doping. In
the latter phase, the spin susceptibility increases with mag-
netic field at low energies because the applied field brings the
system closer to the magnetic ordering transition while sup-
pressing the superconducting order. The phase diagram pre-
dicts that the spin-ordering transition can be achieved either
by reducing the doping or applying a strong enough mag-
netic field. However, substitutional doping affects both the
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superconducting and magnetic order parameters, as well as
the degree of disorder in the samples. In this sense, achieving
the phase transition by applying a magnetic field would be
the most straightforward measurement of the phase transi-
tion.

The experiments presented here demonstrate directly that
the spin-ordering transition can be induced by a magnetic
field in slightly underdoped La2−xSrxCuO4 with nominal
x=0.144. Figure 1sbd shows the field dependence of one of
the incommensurate magnetic Bragg peaks for this material.
At zero applied field, no elastic signal is found, as expected
for this doping level. Static long-range magnetic order ap-
pears above approximately 3 T. This result is direct evidence
of the quantum phase transition between magnetically or-
dered and disordered superconducting states in
La2−xSrxCuO4.

The single crystal of La2−xSrxCuO4 with nominal Sr con-
centrationx=0.144 was grown by the traveling solvent float-
ing zone technique with subsequent annealing in oxygen at-
mosphere at 900 °C for 24 h followed by furnace cooling in
oxygen. We estimate the present sample doping
x=0.144±0.005. The preparation conditions are essentially
identical to other samples of La2−xSrxCuO4 sx
=0.1,0.12,0.13,0.15, etc.d used to study the SDW order and
fluctuationsssee Refs. 11 and 15 and references thereind,
which assures consistency in Sr and oxygen contents. The
magnetic susceptibility of a small piece cut from the neutron

scattering sample showed a superconducting transition with
Tc sonsetd=37 K, centered at 35 K. The sample of 8 g was
cut into two equal pieces, which were comounted in order to
fit inside the split-coil 14.5-T magnet; the mosaic of the as-
sembly was 0.5°ffull width at half maximumsFWHMdg.
Elastic neutron scattering experiments in the presence of a
high magnetic field were performed at the Hahn-Meitner In-
stitute, utilizing the FLEX cold-neutron triple-axis spectrom-
eter with incident neutron energy of 4 meV.

Figure 1sbd shows the field dependence of the intensity of
one of the SDW peaks in thex=0.144 sample. Similar be-
havior is found for the other incommensurate peaks in this
sample. The intensity is fitted according to a power law
IsHd= I0+AsH−Hcd2b, as expected near a second-order phase
transition. Here I0 is a constant background,Hc
=s2.7±0.8d T and b=s0.36±0.10d are fitting parameters.
The fit is shown as a solid curve in Fig. 1sbd. The current
statistical error bars do not allow us to draw conclusions
about the universality class of the transition.

Figure 2 shows three out of four incommensurate SDW
peaks. Comparing the scans atH=0 T for T=40 and 1.5 K
shows that the scans in zero field do not change above and
below the superconductingTc within the errors. The absence
of a peak places an upper bound on the zero-field ordered
magnetic moment of 0.02mB, assuming a resolution-limited
correlation length. The peaks in Figs. 2sbd and 2scd are reso-
lution limited at 14.5 T, which places a lower limit on the
magnetic correlation length of 120 Åfthe data in Fig. 2sad
are too noisy to allow for a reliable fitg. The ordered moment
at 14.5 T is s0.06±0.02dmB.22 Figure 2sbd also shows the
peak atH=7 T, where the intensity is approximately half of
that atH=14.5 T.

The behavior of thex=0.144 sample is qualitatively and
quantitatively different from that of previously studied

FIG. 1. sad A fragment of the theoretical phase diagram, adopted
from Refs. 4 and 20. The vertical axis is the magnetic field and the
horizontal axis is the coupling strength between superconductivity
and magnetic order.sbd Field dependence of the magnetic Bragg
peak corresponding to the incommensurate SDW peak at
Q=s1.125,0.125,0d. Every point is measured after field cooling at
T=1.5 K. The data are fitted toI = I0+AuH−Hcu2b above
Hc as explained in the text. Spectrometer configuration:
45-60-BeuSuBe-60-open; cold Be filters were used before and
after the sample to eliminate contamination from high-energy neu-
trons;E=4 meV.

FIG. 2. Incommensurate SDW peaks in thex=0.144 sample.
The peaks are shown at three different positions around the AFM
zone center at different magnetic fields forT=1.5 K and for
H=0 T at 40 K, which is aboveTc=37 K and above the highest
temperature at which the SDW order is formed in La2−xSrxCuO4.
The peak positions and scans directions are shown schematically in
the inset. Magnetic field scans were performed after field cooling.
The zero-field background data are fitted by a linear function and
the field-induced magnetic Bragg peaks are fitted by a Gaussian
above this linear background.
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samples of La2−xSrxCuO4 sx=0.1 and 0.12d and La2CuO4+y,
where an enhancement of anexistingstatic SDW order was
found.8–11 As mentioned above, the scans in Fig. 2 suggest
that for x=0.144 the magnetic moment is zero when
H=0 T. In addition, the field dependence shown in Fig. 1sbd
is consistent with the absence of SDW order below,2.7 T.
In the previous results for La1.9Sr0.1CuO4, the field-induced
signal at 2.5 T is about 35% of the signal induced at 14 T.11

If a comparable increase existed for our sample, the signal at
2.5 T should be,1280 counts/20 min. As seen in Fig. 1sbd,
such a signal is not observed and would be clearly outside of
the error bars. In addition, the field dependence for
La1.9Sr0.1CuO4 is fit by a line that has an infinite slope in
limit of H→0. Again, our data do not support this and are
qualitatively different. The doping ofx=0.144 was chosen to
be close tox=0.15 for which it is known that the ground
state has a complete spin gap.

It is useful now to refer to the phase diagram in the
Fig. 1sad. The left vertical arrow corresponds to the
x=0.10,0.12, and La2CuO4+y samples, which are in the
SC+SDW phase at zero field.8–11 By contrast, thex=0.144
sample is in the SC phase atH=0 T and crosses into the
SC+SDW phase as the field increases. This behavior corre-
sponds to the right vertical arrow in the phase diagram. Note
that the high-field SDW state is an actual thermodynamic
phase since we observe long-range SDW order above the
transition. Given that static SDW order is found atH=0 in
La2−xSrxCuO4 for x=0.12,23 but not in our sample withx
=0.144±0.005, and given the uncertainty inx, we conclude
that the quantum critical point atH=0 T lies betweenx
=0.12 and 0.14. We will discuss this further below.

Most models for the enhancement of SDW order or fluc-
tuations by the magnetic field assume a competition between
the superconductivity and magnetic order, although different
models for this competition have been proposed.20,21,24–26

Our experimental results, combined with the earlier
experiments8–11 favor the model proposed in Ref. 20. This
model assumes a microscopic competition between SDW
and SC order. This is a Ginzburg-Landau model with a re-
pulsive coupling between the superconducting and magnetic
order parameters near the magnetic ordering phase transition.
The magnetic field penetrates type-II superconductors in the
form of magnetic flux lines and the superconducting order
parameter is suppressed to zero inside the vortex cores and
recovers to its zero-field value over a large length scale away
from the cores. This suppression of the superconducting or-
der parameter leads to an enhancement in the competing
magnetic order far away from the vortex cores and ensures
that the magnetic correlation length spans many intervortex
distances.

This leads us to propose a possible scenario for the field-
induced transition. It is well known that in the SC phase the
spins fluctuate at various frequencies, which may vary de-
pending on local disorder or doping variations. These two-
dimensional spin fluctuations atQ=s1±d , ±dd around the
antiferromagnetic zone center are well characterized by in-
elastic neutron scattering.1,27 When a magnetic field is ap-
plied, the superconductivity is completely suppressed within
the vortex cores, and partially suppressed even at large dis-
tances from the vortices. Because of the competition between

SC and SDW order the magnetic fluctuations are enhanced
where SC is suppressed, and their spectral weight distribu-
tion is modified such that lower frequency fluctuations be-
come stronger.17–19 When the field exceeds a critical value,
the regions of the slowest spin fluctuations become large
enough that long-range magnetic order can develop in the
form of static incommensurate SDW order at the same
Q=s1±d , ±dd. When the field is increased further, the mag-
netic order parameter is stabilized at the expense of the su-
perconducting order. It is expected that away from the criti-
cal regime nearHcsxd sand well below Hc2 where the
superconductivity is completely destroyedd, the elastic neu-
tron scattering intensity should follow ansH /Hc2dlnsHc2/Hd
dependence,28 similar to the samples where the SDW order
exists at zero field.8,9,11 However, our experiments are close
enough to the phase transition that they are dominated by the
critical fluctuations. The model of Ref. 20 predicts a linear
behavior of the intensity with the field, which is not incon-
sistent with the data of Fig. 1sbd.28

In the La2−xSrxCuO4 phase diagram, static magnetic cor-
relations are observed forx=0.13. However, the static corre-
lation length is short-ranged forx=0.13 sj.88 Åd,29

whereas it diverges forx.0.12 sj.200 Åd.23 Therefore,
the H=0 quantum critical point separating the SC1SDW
and SC phases is close tox=0.125. The short-range SDW
peaks observed for largerx would then correspond to critical
scattering. Indeed, for a sample withx=0.14, we have ob-
served short-range SDW order in zero-field and a transition
to long-range order with increasing field,30 consistent with
this picture. For concentrations near but belowx.0.125, the
SDW peaks are resolution-limited, and long-range order is
observed. However, asx is decreased further, the static cor-
relation length at low temperatures is again measurable and
finite.31 This behavior is consistent with an incommensurate
system with structuralsi.e., random fieldd disorder. As the
system becomes more incommensurate, the random fields
become more important. The QCP appears nearx=0.125 be-
cause that is the concentration at which the system is closest
to being commensurate. Note that random fields are much
less important for commensurate systems. Similar behavior
has been recently discussed in relation to an avoided critical
point on the phase diagram by Kivelson and coworkers.21

Finally, we note a possible connection between the
present results and the spin-gap phenomenon, which is ob-
served in La2−xSrxCuO4 for xù0.15.16,32 One theoretical
model associates the spin gap with the proximity to a quan-
tum phase transition between the superconducting phase with
no magnetic order and a SC+SDW phase, where SC and
SDW order parameters coexist.3 The spin fluctuations in the
disordered phase are expected to be gapped near a transition
to the magnetically ordered phase because of the critical
slowing down of the quantum fluctuations. The gap energy is
Egap," /t, wheret is the characteristic time scale of spin
fluctuations. This behavior is in contrast to a classical phase
transition, where the Heisenberg uncertainty relation does
not apply and the spin gap is not expected to form in the
disordered phase. Earlier indirect evidence for a possible
quantum phase transition in La2−xSrxCuO4, x.0.14 has
come from experiments, which show a diverging correlation
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length of the spin fluctuations, but do not identify the two
phases that are separated by this transition.27 Inelastic neu-
tron scattering measurements on ourx=0.144 sample would
be of great interest to explore the relationship between the
spin gap in La2−xSrxCuO4 and the spin-ordering phase tran-
sition reported here.

In conclusion, we have observed that in slightly under-
doped La2−xSrxCuO4 there is a magnetic-field-induced tran-
sition between the magnetically disordered state and the
magnetically ordered state with incommensurate SDW order
coexisting with the superconductivity. In addition, since
long-range SDW order can be induced by an applied field, it
appears that the SDW phase is not the result of chemical

inhomogeneities, but rather is a true thermodynamic phase.
Our results are consistent with a picture in which theH=0
quantum-critical point lies close to the dopling level ofx
=0.125. Further experiments, especially measurements of the
instantaneous correlation length by neutron scattering, would
be most interesting to study the critical behavior at this point.

We thank E. Demler and S. Sachdev for useful discus-
sions. The work at MIT was supported by National Science
Foundation under Grant No. DMR-0239377. The work in
Tohoku University was supported by the Japanese Ministry
of Education, Culture, Sports, Science and Technology,
Grant-in-Aid for Scientific Research.

1M. A. Kastner, R. J. Birgeneau, G. Shirane, and Y. Endoh, Rev.
Mod. Phys.70, 897 s1998d.

2A. Millis and J. Orenstein, Science288, 468 s2000d.
3S. A. Kivelson, E. Fradkin, V. Oganesyan, I. P. Bindloss, J. M.

Tranquada, A. Kapitulnik, and C. Howald, Rev. Mod. Phys.75,
1201 s2003d.

4S. Sachdev, Rev. Mod. Phys.75, 913 s2003d.
5J. M. Tranquada, B. J. Sternlieb, J. D. Axe, Y. Nakamura, and S.

Uchida, NaturesLondond 375, 561 s1995d.
6S. Wakimoto, H. Zhang, K. Yamada, I. Swainson, H. Kim, and R.

J. Birgeneau, Phys. Rev. Lett.92, 217004s2004d.
7V. J. Emery, S. A. Kivelson, and O. Zachar, Phys. Rev. B56,

6120 s1997d.
8B. Khaykovich, Y. S. Lee, R. W. Erwin, S. H. Lee, S. Wakimoto,

K. J. Thomas, M. A. Kastner, and R. J. Birgeneau, Phys. Rev. B
66, 014528s2002d.

9B. Khaykovich, R. J. Birgeneau, F. C. Chou, R. W. Erwin, M. A.
Kastner, S. H. Lee, Y. S. Lee, P. Smeibidl, P. Vorderwisch, and
S. Wakimoto, Phys. Rev. B67, 054501s2003d.

10S. Katano, M. Sato, K. Yamada, T. Suzuki, and T. Fukase, Phys.
Rev. B 62, R14677s2000d.

11B. Lake, H. M. Ronnow, N. B. Christensen, G. Aeppli, K. Lef-
mann, D. F. McMorrow, P. Vorderwisch, P. Smeibidl, N.
Mangkorntong, T. Sasagawaet al., NaturesLondond 415, 299
s2002d.

12M. Fujita, M. Matsuda, S. Katano, and K. Yamada, Phys. Rev.
Lett. 93, 147003s2004d.

13M. Matsuura, P. Dai, H. J. Kang, J. W. Lynn, D. N. Argyriou, Y.
Onose, and Y. Tokura, Phys. Rev. B69, 104510s2004d.

14P. Mang, S. Larochelle, A. Mehta, O. Vajk, A. Erickson, L. Lu,
W. Buyers, A. Marshall, K. Prokes, and M. Greven, Phys. Rev.
B 70, 094507s2004d.

15K. Yamada, S. Wakimoto, G. Shirane, C. H. Lee, M. A. Kastner,
S. Hosoya, M. Greven, Y. Endoh, and R. J. Birgeneau, Phys.

Rev. Lett. 75, 1626s1995d.
16C. H. Lee, K. Yamada, H. Hiraka, C. R. V. Venkateswara Rao,

and Y. Endoh, Phys. Rev. B67, 134521s2003d.
17B. Lake, G. Aeppli, K. N. Clausen, D. F. McMorrow, K. Lef-

mann, N. E. Hussey, N. Mangkorntong, M. Nohara, H. Takagi,
T. E. Masonet al., Science291, 1759s1999d.

18R. Gilardi, A. Hiess, N. Momono, M. Oda, M. Ido, and J. Mesot,
Europhys. Lett.66, 840 s2004d.

19J. M. Tranquada, C. H. Lee, K. Yamada, Y. S. Lee, L. P. Regnault,
and H. M. Rønnow, Phys. Rev. B69, 174507s2004d.

20E. Demler, S. Sachdev, and Y. Zhang, Phys. Rev. Lett.87,
067202s2001d.

21S. A. Kivelson, D.-H. Lee, E. Fradkin, and V. Oganesyan, Phys.
Rev. B 66, 144516s2002d.

22Ordered moment was calculated by comparing the integrated in-
tensities of the SDW peaks with those of the oxygen-doped
La2CuO4+y sample measured on the same spectrometer at the
same configuration sRef. 9d. Magnetic moment in this
La2CuO4+y sample has been characterized extensively with con-
sistent result of 0.15±0.05mB sRef. 9 and references thereind.

23H. Kimura et al. Phys. Rev. B59, 6517s1999d.
24J. Zaanen and O. Gunnarsson, Phys. Rev. B40, R7391s1989d.
25S.-C. Zhang, Science275, 1089s1997d.
26D.-H. Lee, Phys. Rev. Lett.88, 227003s2002d.
27G. Aeppli, T. E. Mason, S. M. Hayden, H. A. Mook, and J. Kulda,

Science278, 1432s1997d.
28E. Demler and S. Sachdevsprivate communicationd.
29H. Matsushita, H. Kimura, M. Fujita, K. Yamada, K. Hirota, and

Y. Endoh, J. Phys. Chem. Solids60, 1071s1999d.
30B. Khaykovichet al. sunpublishedd.
31M. Fujita et al. Phys. Rev. B65, 064505s2002d.
32M. Matsuda, K. Yamada, Y. Endoh, T. R. Thurston, G. Shirane, R.

J. Birgeneau, M. A. Kastner, I. Tanaka, and H. Kojima, Phys.
Rev. B 49, 6958s1994d.

KHAYKOVICH et al. PHYSICAL REVIEW B 71, 220508sRd s2005d

RAPID COMMUNICATIONS

220508-4


