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The S ¼ 1=2 spin chain material SrCuO2 doped with 1% S ¼ 1 Ni impurities is studied by inelastic

neutron scattering. At low temperatures, the spectrum shows a pseudogap � � 8 meV, absent in the

parent compound, and not related to any structural phase transition. The pseudogap is shown to be a

generic feature of quantum spin chains with dilute defects. A simple model based on this idea

quantitatively accounts for the experimental data measured in the temperature range from 2 to 300 K,

and allows us to represent the momentum-integrated dynamic structure factor in a universal scaling form.
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Due to the unique topology of one-dimensional space,
defects in one-dimensional systems often have a profound
effect on the physical properties. Indeed, regardless of their
size, defects cannot be avoided by propagating quasi-
particles [1]. In certain cases, disorder may qualitatively
reconstruct the ground state [2–4] as well as low energy
excitations [5,6], and drastically influence transport phe-
nomena [6–8]. Such behavior has been extensively studied
in numerous systems, including one-dimensional quantum
magnets. A particularly important case is that of a simple
antiferromagnetic (AFM) Heisenberg S ¼ 1=2 chain,
which is a cornerstone example of quantum criticality
with scale-free AFM correlations [9,10]. Due to quantum
fluctuations, the defect-free chain shows no magnetic
ordering, and a finite magnetic susceptibility even at zero
temperature. Defects will disrupt the local AFM correla-
tions, and thereby liberate additional low-energy spin
degrees of freedom. This handwaving consideration can
actually be made rigorous through a real space renormal-
ization group (RG) argument [11]. Predictions of the cor-
responding strong-disorder RG theory include a divergent
low-energy density of states and spin structure factor [4].
These conclusions are universal in that they are indepen-
dent of the actual details of disorder. By now, several
experimental confirmations of such random singlet (RS)
states have been obtained in prototype spin chain materials
with compositional randomness [12,13].

In view of the above, it may appear surprising that NMR
experiments on one of the best knows spin chain materials
SrCuO2[14–17] showed the opening of a spin gap in
samples disordered by low level Ca doping [18]. Ca repla-
ces Sr, and therefore does not affect the chains directly.

A gap in the spin excitation spectrum implies a depletion
of low-energy magnetic states. The unusual effect was
tentatively attributed to the influence of Ca doping on the
crystalline lattice, leading to a spin-Peierls phase transition
of the kind seen in CuGeO3 [19]. The focus of the present
Letter is SrCu1�xNixO2, a Ni-doped version of the same
parent material. The S ¼ 1 Ni2þ impurities are directly
inserted into the spin chains, replacing the S ¼ 1=2 Cu2þ
ions. We use neutron spectroscopy to show that Ni doping
depletes the low-energy spin excitation spectrum, opening
a spin pseudogap. We then argue that such a pseudogap
is a generic spectral feature of S ¼ 1=2 AFM chains with a
low concentration of weak links or defects, a situation
which is far from the strong-disorder RG fixed point.
Finally, we demonstrate that defects do not entirely wipe
out the universal scaling properties of the correlation func-
tions. The latter are only ‘‘masked’’ by a defect-specific
(nonuniversal) envelope function and can be recovered.
As discussed in Ref. [16], SrCuO2 has a double S ¼ 1=2

chain structure [20]. The chains run along the c axis of the
orthorhombic crystal. By now it is well established that
the in-chain AFM coupling J ¼ 226 meV is dominant.
The fully frustrated ferromagnetic interchain interaction
is considerably weaker, of the order of J0 � 10 meV
[14,21]. As a result, the spin excitation spectrum, as deter-
mined with great accuracy and quantitatively with neutron
spectroscopy [16,17], is essentially that of isolated spin
chains. Deviations emerge only at energies below�1 meV
and are due to three-dimensional interactions that lead to
very weak magnetic ordering below TN � 5 K [16]. In the
present work we study the 1% Ni-doped version of such
a parent compound, namely SrCu0:99Ni0:01O2. Four single
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crystal samples of total mass 4 g and a mosaic spread of
0.9� were grown using the floating zone technique. All
neutron measurements described below were performed
with the sample mounted with the b axis normal to the
horizontal scattering plane of the spectrometer. Initial
time-of-flight (TOF) thermal neutron data were taken on
the MAPS spectrometer at ISIS, though most measure-
ments were performed using the SEQUOIA [22] instru-
ment at ORNL (incident neutron energy Ei ¼ 25 meV).
Thermal three-axis neutron experiments were carried out
at the IN8 spectrometer at ILL (final neutron energy
Ef ¼ 14:7 meV). Cold neutron data were acquired at the

TASP three-axis spectrometer of PSI (Ef ¼ 5 meV).

As an overview of the scattering, the TOF spectrum
collected at T ¼ 6 K is shown in Fig. 1(a) in projection
onto the plane of energy transfer @! and momentum trans-
fer along the chain axis qk � q�c. Here the background

from the sample can and instrument components has been
measured separately and subtracted, and the signal has
been normalized using a vanadium standard. What is
plotted is therefore the dynamic structure factor Sðq; !Þ
of the sample, normalized to formula unit. The features
that are most relevant to our problem are the two vertical
streaks of intensity at qk ¼ ��. This is the very steeply

dispersive magnetic scattering near the AFM zone centers,
as previously observed in the parent material [17]. Above
roughly 8 meV energy transfer some low-lying optical
phonon branches start to overlap with the magnetic signal.
Because of that, a quantitative determination of the mag-
netic component above 12 meV becomes problematic.

The main experimental result of this study is the measured
momentum-integrated dynamic structure factor Sð!Þ ¼R
dqkSðqk; !Þ. The integral is taken in the vicinity of

qk ¼ �, and quantifies one-dimensional magnetic correla-

tions [23–25]. Experimentally, it was obtained from the
TOF data by fitting Gaussian profiles to constant-energy
cuts across the measured spectrum, and taking the peak
area vs energy transfer. The approach is justified, as no
three-dimensional correlations are expected above �1meV
[16]. The result is shown for several temperatures in Fig. 1(b).
Here we also show data sets obtained using the three-axis
spectrometers. Due to the very steep dispersion and a rather
coarse experimental wave vector resolution, three-axis
constant-q scans at qk ¼ �� are automatically qk inte-

grated. The background for point-by-point subtraction was
measured off theAFMzone center, atqk ¼ �0:8� andqk ¼
�1:2�. All scans measured with the three-axis technique
were scaled to match the normalization of the TOF data,
using temperatures where spectra were measured using both
methods. In all cases, care was taken to correct the measured
intensities for the magnetic form factor of Cu2þ [26].
In Fig. 2 we plot Sð!Þ measured in SrCu0:99Ni0:01O2

below T ¼ 6 K (symbols) in comparison with the theoreti-
cal expectation, normalized per Cu2þ ion,
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FIG. 1 (color online). (a) Background-subtracted time-of-
flight (TOF) neutron spectrum measured in SrCu0:99Ni0:01O2

on SEQUOIA, as a function of momentum transfer along the
spin chains and energy transfer. Arrows indicate the spin
pseudogap. (b) Momentum-integrated dynamic structure factor
measured in SrCu0:99Ni0:01O2 at several temperatures, using TOF
(solid symbols) and three-axis (open symbols) spectroscopy. The
lines are calculated using Eq. (4), assuming x ¼ 0:017.
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FIG. 2 (color online). Symbols: energy dependence of the
momentum-integrated dynamic structure factor measured in
SrCu0:99Ni0:01O2 at T ¼ 2 and 6 K. The thin solid and dotted
lines are the theoretical expectation for a defect-free spin chain
at T ¼ 0 and 6 K, respectively. The solid and dashed curves
are theoretical predictions for doped chains, assuming x ¼ 0:01,
x ¼ 0:017, and x ¼ 0:02, as discussed in the text.
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T ¼ 6 K (dotted line). In Eq. (1), ð�r0Þ2 ¼ 0:290 barn, ki
and kf are the incident and final neutron wave vectors,

and A ¼ 1:34 is the Müller ansatz normalization from
Ref. [27]. In all our calculations we have assumed
g2 ¼ ð2:12Þ2, which is the average value for the spin
components probed in our experiments, as calculated based
on the results of ESR measurements [31]. Note that the
theoretical curves are plotted without any arbitrary scaling
factor, which is possible thanks to the experimental data
also being normalized to unit formula. Compared to a
defect-free chain, the doped compound shows a drastic
suppression of spectral weight below @!� 8 meV. The
pseudogap is actually already visible in the raw TOF data
[see Fig. 1(a)]. By analogy with Ca-doped SrCuO2 [18],
we initially suspected that the pseudogap may be a result
of a spin-Peierls-like phase transition. However, no sign of
any structural transitions was found in either calorimetric
or Raman spectroscopy measurements [32].

Instead, we realized that the pseudogap can be explained
as a generic feature of a single spin chain with randomly
distributed defects. The behavior of a single defect has
been considered in detail by Eggert and Affleck [34]. In
particular, they showed that a chain with a S ¼ 1 impurity
in place of an original S ¼ 1=2 spin is renormalized, in the
limit of infinite chain length, to a broken S ¼ 1=2 chain,
and a totally screened (magnetically inactive) S ¼ 1 spin.
The remaining low-energy physics is explained in terms of
finite-length chain segments. The magnetic susceptibility,
for instance, is primarily due to the paramagnetic contri-
bution of odd-length segments [35–37]. Indeed, �ðTÞ
measured in our SrCu0:99Ni0:01O2 samples, can be very
well described by the Curie behavior of free S ¼ 1=2 spins
at a concentration p ¼ 0:0037ð1Þ (see the Supplemental
Material [38]). This value is only slightly below the expe-
cted percentage of odd-length segments p ¼ x=2 ¼ 0:005.
The discrepancy can be attributed to deviations of the
defect concentration from nominal, as in the case of
Sr2Cu1�xPdxO3 [35,39], or to a weak temperature depen-
dence of the effective Curie constant of fragmented chains
[36]. Another possibility is next nearest interactions in the
chains that would tend to ‘‘patch up’’ the defects. Note that
the double-chain structure of SrCuO2 is an unlikely culprit,
as it will have little impact on �ðTÞ for T � J0x2=kB �
0:01 K [36], which is clearly our case.

The main message of this work is that the spin dynamics
can also be fully explained by the effective fragmentation
of the spin chains by the screened S ¼ 1 defects. For a
segment of length L, its ground state is separated from the
first excited state by an energy gap�L ¼ �0=L for L � 1,
with �0 � 3:65J [34]. The defects are randomly posi-
tioned, which results in a distribution of chain segment
lengths, and therefore a distribution of gap energies. In a
macroscopic sample, this amounts to a pseudogap.

To quantify this effect, we need to calculate the
momentum-integrated structure factor SLð!Þ for a segment

of arbitrary length L. This is a nontrivial task in the general
case, but the basic physics can be captured by a rather
simple argument. The elementary excitations in a S¼1=2
Heisenberg AFM chain are spinons [40] that have a linear
dispersion at low energies. This part of the neutron spec-
trum is almost entirely due to a two-spinon continuum [41].
On a finite-length segment the quasimomentum of the
spinons will be quantized: qk;n¼�n=ðLþ1Þ, n¼1;...;L.
This will lead to a discrete excitation spectrum. Since
the low-energy spinon dispersion is linear, the allowed
energy levels will be equidistant: @!n

L ¼ n�L. Thus, at
low energies, the momentum-integrated spectrum can be
represented as a series of regularly spaced � functions

SLð!Þ ¼ X

n

Sn
L�L�ð@!� @!n

LÞ: (2)

It stands to reason that for large L

Sn
L � S1ð!n

LÞ; (3)

where S1ð!Þ is the local structure factor for an infinite-
length chain [see Eq. (1)]. For a totally random distribution
of defects with a concentration x, the probability to find
a noninterrupted segment of length L is given by PL ¼
x2ð1� xÞL. Summing up contributions of the distribution of
length-L segments from Eqs. (2) and (3), and by taking a
continuum limit in L� 1=x � 1, an approximation well
justified for @! � J, allows us to arrive at a fully analytical
expression of the momentum-integrated structure factor of
the diluted chain:

Sð!Þ � S1ð!Þ X
1

n¼1

n

�
�

@!

�
2
exp

�
�n

�

@!

�

¼ S1ð!ÞF�ð!Þ; (4)

where we have introduced the ‘‘typical’’ gap � ¼ x�0 and
the defect-induced pseudogap ‘‘envelope’’ function

F�ð!Þ ¼
�

�

2@!

�
2
sinh�2

�
�

2@!

�
: (5)

This simple model has no adjustable parameters, yet is
able to qualitatively reproduce the experimental data on
SrCu0:99Ni0:01O2. Expression (4) was evaluated for the
nominal Ni concentration of x ¼ 0:01, assuming �0 ¼
3:65J ¼ 0:825 eV. The result is shown by the heavy solid
curve in Fig. 2 for a direct comparison with experiment.
We most certainly do not expect a perfect agreement, in
part due to our empirical treatment, but also due to an
incomplete screening on the Ni spins when they are close,
to a possible deviation of the actual Ni content in crystal-
line samples from the nominal value in the starting mate-
rial, or to weak next-nearest-neighbor interactions. For
the particular case of SrCu0:99Ni0:01O2 though, a much
greater source of uncertainly is its double-chain structure.
Interchain coupling, though frustrated, implies that each
Ni defect may act as a scattering center for low-energy
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spinons in two adjacent chains. In this case, the effective
defect concentration x should be doubled. In fact, assuming
x ¼ 0:02 in our model gives a better quantitative agree-
ment with experiment. To empirically account for all these
effects, we chose to use the effective concentration as an
adjustable parameter. The best fit to our low-temperature
data corresponds to x ¼ 0:017ð1Þ and is shown by a dashed
line in Fig. 2. This effective value will be used throughout
the discussion below.

A very interesting feature of the model’s prediction, one
which is also consistent with experiment, is the extreme
depletion of spectral weight at low energies, below about
2 meV transfer. This behavior is due to the exponentially
low probability of having very long uninterrupted chain
segments in the diluted system.

Perhaps the most convincing argument in favor of our
interpretation is that the same envelope function in Eq. (5),
combined with Eq. (1), can simultaneously reproduce the
measurements at all temperatures between 2 and 300 K.
Specifically, the solid lines in Fig. 1(b) are obtained from
Eq. (4) assuming x ¼ 0:017 without any adjustable para-
meters, and are in good correspondence with the experi-
mental data. The universal nature of the envelope function
can be further demonstrated by considering that Eq. (1) has
a scaling form, in that it depends only on @!=�BT. For the
defect-free chain this is a consequence of a general finite-T
scaling for the Tomonaga-Luttinger spin liquid [10], and
has been tested in a number of materials [24,25,42]. As
can be seen in Fig. 3(a), in our case of SrCu0:99Ni0:01O2,
the @!=�BT scaling totally breaks down. This is due to
the emergence of an additional energy scale, namely the
pseudogap. However, if the data are normalized by the
pseudogap envelope function (5), the scaling is restored
in the entire studied temperature range [see Fig. 3(b)].

Our approach is quite generic, and can be applied to
describing the spin dynamics in chains with other types
of defects, such as spin vacancies or broken bonds. This
brings us back to our initial question of how the pseudogap
behavior can be reconciled with the divergent low-energy
density of states in the supposedly universal RS phase. The
key is that the strong disorder RG decimation procedure
relies on always selecting the strongest AFM bond in the
chain. It cannot be applied if all bonds are either severed, or
equal to J. The diluted spin chain therefore does not flow to
the RS state. As for the low-energy degrees of freedom that
we expect to be released by disorder, in our case they are
the free spins associated with odd-length segments, and
take no part in the spin dynamics. The breakdown of the
RS picture will have consequences for many real disor-
dered spin chain materials, and may also account for the
unexplained behavior of S ¼ 1=2 chains with weak-bond
defects, such as in CuðpyÞ2ðBr1�yClyÞ2 (py=pyridine) [43].

In summary, we have shown that Ni doping of SrCuO2

opens a pseudogap in the spin excitation spectrum. It can
be generically explained in terms of site defects in the

one-dimensional Heisenberg model, yielding a universal
scaling behavior, and without the involvement any struc-
tural phase transitions. In the future, it will be revealing
to perform similar inelastic neutron scattering studies on
Sr1�xCaxCuO2, as well as on doped versions of the single-
chain compound Sr2CuO3.
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(LQM) École polytechnique fédérale de Lausanne
(EPFL), Lausanne, Switzerland and Laboratory for
Neutron Scattering, Paul Scherrer Insitut, Villigen, PSI,
Switzerland.
†zhelud@ethz.ch; http://www.neutron.ethz.ch/

[1] C. L. Kane and M. P. A. Fisher, Phys. Rev. Lett. 68, 1220
(1992).

[2] T. Giamarchi and H. J. Schulz, Europhys. Lett. 3, 1287
(1987).

[3] D. S. Fisher, Phys. Rev. B 50, 3799 (1994).
[4] K. Damle, O. Motrunich, and D.A. Huse, Phys. Rev. Lett.

84, 3434 (2000).
[5] P. Schmitteckert, T. Schulze, C. Schuster, P. Schwab, and

U. Eckern, Phys. Rev. Lett. 80, 560 (1998).
[6] O. Motrunich, K. Damle, and D.A. Huse, Phys. Rev. B 63,

134424 (2001).
[7] I. V. Gornyi, A.D. Mirlin, and D.G. Polyakov, Phys. Rev.

Lett. 95, 206603 (2005).
[8] A. Karahalios, A. Metavitsiadis, X. Zotos, A. Gorczyca,

and P. Prelovsek, Phys. Rev. B 79, 024425 (2009).
[9] A. Tsvelik, Quantum Field Theory in Condensed Matter

Physics (Cambridge University Press, Cambridge,
England, 2007).

[10] T. Giamarchi, Quantum Physics in One Dimension
(Clarendon, Oxford, 2003).

[11] C. Dasgupta and S.-k. Ma, Phys. Rev. B 22, 1305 (1980).
[12] L. C. Tippie and W.G. Clark, Phys. Rev. B 23, 5846

(1981).
[13] T. Shiroka, F. Casola, V. Glazkov, A. Zheludev, K. Prsa,

H.-R. Ott, and J. Mesot, Phys. Rev. Lett. 106, 137202
(2011).

[14] T. Rice, Physica (Amsterdam) 241B–243B, 5 (1997).
[15] N. Motoyama, H. Eisaki, and S. Uchida, Phys. Rev. Lett.

76, 3212 (1996).
[16] I. A. Zaliznyak, C. Broholm, M. Kibune, M. Nohara, and

H. Takagi, Phys. Rev. Lett. 83, 5370 (1999).
[17] I. A. Zaliznyak, H. Woo, T.G. Perring, C. L. Broholm,

C. D. Frost, and H. Takagi, Phys. Rev. Lett. 93, 087202
(2004).

[18] F. Hammerath, S. Nishimoto, H.-J. Grafe, A.U. B. Wolter,
V. Kataev, P. Ribeiro, C. Hess, S.-L. Drechsler, and B.
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K. Lefmann, and G. Aeppli, Phys. Rev. B 53, 2583 (1996).

[24] D. C. Dender, Ph.D. thesis, Johns Hopkins University,
1997.

[25] A. Zheludev, T. Masuda, G. Dhalenne, A. Revcolevschi,
C. Frost, and T. Perring, Phys. Rev. B 75, 054409 (2007).

[26] Note that for the TOF data this correction is not entirely
trivial, as the form factor depends on the absolute wave
vector transfer, and has tobe applied before theqk projection.

[27] G. Müller, H. Thomas, H. Beck, and J. C. Bonner, Phys.
Rev. B 24, 1429 (1981).

[28] H. J. Schulz, Phys. Rev. B 34, 6372 (1986).
[29] D. C. Dender, P. R. Hammar, D.H. Reich, C. Broholm, and

G. Aeppli, Phys. Rev. Lett. 79, 1750 (1997).
[30] O. A. Starykh, A.W. Sandvik, and R. R. P. Singh, Physica

(Amsterdam) 241B–243B, 563 (1997).
[31] V. Kataev, K.-Y. Choi, M. Grüninger, U. Ammerahl, B.
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