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Effect of random antiferromagnetic exchange on the spin waves in a three-dimensional
Heisenberg ferromagnet
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Neutron scattering is used to study spin waves in the three-dimensional Heisenberg ferromagnet YTiO3,
with spin-spin exchange disorder introduced via La substitution at the Y site. No significant changes are
observed in the spin-wave dispersion up to a La concentration of 20%. However, a strong broadening of the
spectrum is found, indicative of shortened spin-wave lifetimes. Density-functional theory calculations predict
minimal changes in exchange constants as a result of average structural changes due to La substitution, in
agreement with the data. The absence of significant changes in the spin-wave dispersion, the considerable
lifetime effect, and the reduced ordered magnetic moment previously observed in the La-substituted system
are qualitatively captured by an isotropic, nearest-neighbor, three-dimensional Heisenberg ferromagnet model
with random antiferromagnetic exchange. We therefore establish Y1−xLaxTiO3 as a model system for the study
of antiferromagnetic spin-exchange disorder in a three-dimensional Heisenberg ferromagnet.
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I. INTRODUCTION

Understanding how disorder affects magnetic ground states
is the subject of considerable research, not only due to funda-
mental scientific interest [1,2], but also because of its potential
to advance technologies such as spintronics [3] and magnon-
ics [4]. Arguably the most powerful probe of magnetism
is neutron scattering, which enables comprehensive mea-
surements of magnetic order and excitations, and therefore
provides pivotal information regarding the spin Hamiltonian
that governs a system [5].

The effects of nonmagnetic site dilution in magnetic mate-
rials have been well studied theoretically and experimentally
(e.g., Refs. [2,6–10]). A prominent example is site dilution
in two-dimensional Heisenberg antiferromagnets [9]. Other
examples include studies of dilute ferromagnetic (FM) and
antiferromagentic (AFM) transition metal fluorides [6–8].
Spin-exchange disorder in the form of intermixed AFM and
FM interactions has also been studied theoretically, in the
context of spin glasses [11]. The relevant models typically
consider a Gaussian distribution of spin exchange, spanning
both FM and AFM interactions, but centered around a FM
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exchange [11]. Such models allow only for FM and spin-
glass ground states. The case of a binary distribution of FM
and AFM interactions, which allows for both FM and AFM
ground states, has also been explored theoretically to some
extent [12–14]. However, to the best of our knowledge, mea-
surements of spin waves in experimental realizations of such
a spin system with a binary distribution of exchange constants
are lacking.

The rare-earth titanates RTiO3 (R being a rare-earth ion)
provide a unique platform with which to study the effects
of such a binary spin-exchange distribution in a three-
dimensional (3D) system. These perovskites are Mott insula-
tors, with a spin- 1

2 3d1 electronic configuration. They feature
a GdFeO3-type distorted structure, with a Ti-O-Ti bond angle
that is less than 180◦. The nature of the magnetic ground
state depends on the R ionic radius, and hence the Ti-O-Ti
bond angle. Materials with smaller R ionic radii (i.e., smaller
Ti-O-Ti bond angles) exhibit FM ground states (e.g., Y, Gd,
Dy), whereas materials with larger R ionic radii (i.e., larger
Ti-O-Ti bond angles) exhibit AFM ground states (e.g., La,
Sm, Nd) [15]. Mixing different R ions therefore enables the
exploration of the effects of admixing FM and AFM spin ex-
changes in a 3D system [16]. Spin-wave spectra in FM YTiO3

and AFM LaTiO3 were measured previously and shown to be
in good agreement with a nearly isotropic 3D Heisenberg FM
and AFM model, respectively [17,18]. Furthermore, unlike
most other RTiO3 systems, Y3+ and La3+ lack a magnetic
moment, which offers a distinct advantage: The system’s mag-
netic properties stem solely from the Ti3+ ions.

In this paper, we study spin waves in the Mott-insulating
spin- 1

2 3D Heisenberg FM YTiO3, with spin-exchange
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disorder induced via substitution of La at the Y site. We
present data up to a La substitution level of x = 0.22. We
find minimal changes in the spin-wave dispersion, whereas
a strong broadening of the spectrum is observed with in-
creasing La substitution. Complementary density-functional
theory (DFT) calculations reveal that the average structural
changes induced by moderate La substitution are expected to
cause only a modest decrease in spin-exchange parameters,
in agreement with the data. Spin-wave calculations based
on a nearest-neighbor, isotropic Heisenberg FM model with
added random AFM spin exchange reveal a shortened spin-
wave lifetime, a reduced FM ordered moment, and subtle
changes in the spin-wave dispersion with increasing disorder,
in good qualitative agreement with the experimental results.
Y1−xLaxTiO3 is therefore a model system for the study of
AFM spin-exchange disorder effects in a 3D Heisenberg
ferromagnet.

II. EXPERIMENTAL METHODS

Single crystals of Y1−xLaxTiO3 were melt grown with
the optical floating-zone technique and well characterized
postgrowth, as described elsewhere [20]. Triple-axis neu-
tron spectroscopy was performed with the HB-1 and HB-3
thermal-neutron triple-axis spectrometers and the CG-4C
cold-neutron triple axis spectrometer at the High Flux Isotope
Reactor, located at Oak Ridge National Laboratory, and with
the BT-7 thermal-neutron triple-axis spectrometer, located at
the NIST Center for Neutron Research. We studied x = 0 and
x = 0.10 single crystals with masses in the 3–4 g range, and
an x = 0.20 sample composed of 20 coaligned crystals with a
total mass of ∼12 g. The larger sample mass for x = 0.20 was
needed to detect the weaker signal due to the reduced ordered
magnetic moment and strongly damped spin waves. Limited
data were also collected on x = 0.15 and x = 0.22 single
crystals, with masses of ∼1.5 g each, and a ∼1.5 g, x = 0.30
sample that consists of eleven coaligned crystals. The rocking
curves for all samples can be found in the Supplemental Mate-
rial [19]. The detailed procedure adopted to ensure chemical
homogeneity of the samples can be found in Ref. [20]. The
fixed final energies of the scattered neutrons were 14.7 or
30.5 meV for the thermal-neutron triple-axis measurements,
and 4.5 meV for the cold-neutron triple-axis measure-
ments. We used collimations of 48′-80′-sample-80′-120′ at
HB-1 and HB-3, open-80′-sample-80′-120′ at BT-7, and
open-open-sample-80′-open at CG-4C. Pyrolytic graphite fil-
ters were used at HB-1, HB-3 and BT-7, and a cooled Be filter
was used at CG-4C, after the sample, to eliminate higher-order
neutrons. A 4He cryostat and a closed-cycle refrigerator were
used to reach temperatures down to 1.5 and 4 K, respectively.
The samples were mounted in the (0KL) scattering plane,
and the spin-wave excitations were characterized using energy
and momentum scans. Each scan was performed twice: at
a temperature well below the respective magnetic transition
temperatures (1.5–4 K), and at a temperature well above the
magnetic transition temperatures (15–40 K).

III. EXPERIMENTAL RESULTS

Figure 1 shows representative energy scans measured at
(001)o for x = 0, 0.10, 0.20, and 0.22. Here, the subscript “o”

FIG. 1. Representative energy scans at (0, 0, 1)o (with high-
temperature data subtracted) for x = 0, 0.10, 0.20, and 0.22, along
with respective Gaussian fits. The data for x = 0 are scaled down by
a factor of 2. See Supplemental Material [19] for additional energy
and momentum scans. The error bars correspond to one standard
deviation.

refers to the orthorhombic reciprocal space notation, which
we use throughout this paper. The data obtained in the param-
agnetic state were subtracted from the low-temperature data in
order to better isolate the magnetic contribution to the inelas-
tic signal in the magnetically ordered state. Clear spin-wave
signals are observed for all samples. A strong decrease in
intensity is observed with increasing La substitution.

At nonzero La concentrations, the signal-to-background
ratio was not high enough to accurately extract intrinsic
spin-wave lifetimes from a deconvolution with the instrument
resolution (see Supplemental Material [19]). Therefore, fits of
the net (high-temperature data subtracted) data to a simple
Gaussian profile were carried out in all cases. Examples of
resultant fits are shown as solid lines in Fig. 1 and in Sup-
plemental Material [19]. The peak positions thus obtained
are used to determine the spin-wave dispersion, as shown
in Fig. 2(a). The spin-wave spectrum for YTiO3 is in good
agreement with prior work [17].

For YTiO3, we found the energy scans to be nearly res-
olution limited, indicative of very long spin-wave lifetimes.
Figures 2(b)–2(d) display color maps of the spin-wave in-
tensities extracted from Gaussian fits to the energy scans for
various La substitution levels. We clearly observe that the spin
waves broaden in energy with increasing La substitution, a
result that is indicative of shortened lifetimes.

IV. COMPARISON TO THEORETICAL CALCULATIONS

In order to shed light on the behavior of the spin-wave
spectrum with increasing x, we perform DFT calculations that
assume that the main effect of La substitution is to induce
structural changes in Y1−xLaxTiO3. Thus, we approximate
the crystal structure of Y1−xLaxTiO3 by interpolating between
the YTiO3 and LaTiO3 structures. In particular, for a given
value of x, the lattice parameters and internal coordinates
of Y1−xLaxTiO3 are obtained by linearly interpolating those
for bulk YTiO3 and LaTiO3 crystal structures. Such an in-
terpolation is valid given the fact that the unit cell volume
increases linearly with x [21,22]. Taking 21 equally spaced
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FIG. 2. (a) Spin-wave peak energies at low temperature. For x = 0, two peaks were resolved at (0, −1, 1)o, likely as a result of a coupling
with an optical phonon branch [17]. The open blue square indicates the second peak. The lines are guides to the eye. The error bars correspond
to those obtained from the fits. [(b)–(d)] Spin-wave intensities at low temperature for (b) x = 0, (c) x = 0.10, and (d) x = 0.20, obtained
from Gaussian fits to energy scans, as described in the text. The data elongated along the horizontal direction were obtained from momentum
scans. The low-energy data at (0, 0, 1.7)o and (0, 0, 1.75)o for x = 0.10 have a small width in energy as these were taken with a higher energy
resolution at a cold-neutron triple-axis spectrometer. The intensities for these were multiplied by a factor of five for better visibility in the color
map. The data for x = 0 and x = 0.20 and the data at (0, 0, 1.7)o and (0, 0, 1.75)o for x = 0.10 were obtained at 1.5 K. The remaining data
were obtained at 4 K.

values of x between x = 0 and x = 1, we obtain a series
of interpolated structures. In each structure, we calculate the
energy of 16 collinear spin configurations from first principles
(see Supplemental Material [19] for details). These energies
are then fit to a nearest-neighbor Heisenberg model to obtain
the nearest-neighbor exchange parameters Jxy and Jz (see the
inset to Fig. 3) as a function of La concentration x. In all
calculations, Y is used as the rare-earth ion. This assumption
is valid if the effect of La substitution is largely steric in
nature. The results are presented in Fig. 3, where we show
how Jxy and Jz vary with La concentration. Clearly, up to
x = 0.20, only a modest decrease (∼10%) in |Jxy| and |Jz| is
expected, consistent with the minimal changes observed in the
spin-wave energy scale with increasing La substitution.

In these DFT calculations, we considered only the average
structural changes induced by La substitution. Such changes
are not expected to drive the shortened spin-wave lifetimes
that we observe in our data. In order to understand this, the
effect of disorder resulting from the presence of atoms of
differing sizes needs to be considered. Since LaTiO3 is an
antiferromagnet, in a simple picture, admixing La at the Y site
in FM YTiO3 induces AFM spin exchange into the FM host.
For simplicity, and motivated by the fact that the spin-wave
spectra for YTiO3 and LaTiO3 agree well with isotropic FM
and AFM Heisenberg models, respectively [17,18], we con-
sider an isotropic nearest-neighbor Heisenberg ferromagnet

with AFM Heisenberg interactions randomly admixed into it.
Specifically, we consider the classical Heisenberg model on

FIG. 3. Effective spin-spin exchange parameters as a function
of La substitution determined from DFT. Each La concentration is
simulated by interpolating between the known crystal structures for
YTiO3 and LaTiO3. Jxy and Jz represent spin-exchange parameters
between nearest-neighbor Ti ions in the ab plane and along the c
axis, respectively (see inset).
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FIG. 4. (a) Calculated dynamic spin structure factor S (Q, ω) of model (1) for (a) p = 0 and (b) p = 0.1, obtained with L = 16 and
temperature T = 0.1J . Here, S = 1

2 . [(c)–(e)] Comparison of the (c) peak positions, (d) amplitude, and (e) full width at half maximum (FWHM)
of the calculated and measured spin-wave results at different wave vectors. We set p = x/2 for the comparison. The calculated spin-wave
spectrum is scaled to best fit (for p = 0) the experimental results for YTiO3. At each wave vector, the amplitude is normalized to the x = p = 0
value. The theoretical results are convoluted with the instrument resolution to determine the FWHM. Only results at wave vectors for which
data are available for multiple La substitution levels are displayed in [(c)–(e)]. The comparison at (0,−1, 1)o is omitted in (d) and (e) since a
coupling to phonons complicates the experimental spin-wave response [17]. For the comparison at (0, −1, 1)o in (c), we use the higher-energy
spin-wave peak obtained for x = 0. The error bars in [(c)–(e)] correspond to those obtained from the fits.

an L × L × L simple cubic lattice,

H =
∑

〈i, j〉
Ji jSi · S j, (1)

where Ji j is the nearest-neighbor magnetic exchange drawn
from a binary distribution: Ji j = −J (FM) with probability
1 − p, and Ji j = 5J (AFM) with probability p. The ratio
of the FM and AFM exchange constants is chosen to be
1 : 5, to match the ratio of the Heisenberg spin exchanges
in YTiO3 (∼3 meV) [17] and LaTiO3 (∼15.5 meV) [18].
The dynamic spin structure factor was calculated on an L =
16 cubic lattice using replica exchange Monte Carlo with
heat-bath and overrelaxation updates [23–26], followed by
the equation-of-motion method [27], and averaged over 50
disorder realizations (see Supplemental Material [19] for
details). The calculated spin-wave spectra are displayed in
Figs. 4(a) and 4(b) for p = 0 and p = 0.1, respectively. Note
that the spin-wave intensities for p = 0 in Fig. 4(a) do not
change with Q. This is indeed as expected from linear spin-

wave theory, where the dynamic spin structure factor has
the form S (Q, ω) = 2πSδ(ω − ωQ), ωQ being the dispersion.
This further confirms that our combined Monte Carlo and
equation-of-motion approach is valid. A strong broadening
in the spin-wave intensity is observed for nonzero p, while
the zone-boundary energy remains approximately constant.
This is in qualitative agreement with our data. Experimentally,
we cannot rule out the possibility that the La ions cluster
together. If such clustering were present, one would expect
that the local Ti-O-Ti bond angle closely resembles that of
LaTiO3 and hence leads to an AFM spin exchange between
the neighboring spin- 1

2 Ti3+ ions. However, too much cluster-
ing of the La ions is not very likely because La has the same
charge as Y and the perovskite structure is rather flexible in
accommodating different cations on the R site. If we assume
clustering at the level of 4 × 4 × 4 unit cell volume, we can
expect one AFM spin-exchange bond for every two La ions.
Motivated by this feature, and to make the comparison with
experiment more quantitative, we relate p and x according to
p ≈ x/2. Despite the simplicity of the model, it qualitatively
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FIG. 5. Calculated FM moment
√

[〈m2〉]av obtained for the dis-
ordered Heisenberg model with L = 16 and T/J = 0.1 (the error
bars are smaller than the symbol size), compared with prior data for
Y1−xLaxTiO3 (from Ref. [28]). We set p = x/2 for the comparison.
The FM moment values are normalized to the value at x = p = 0.

captures the key experimental observations with increasing x:
(i) minimal changes in the spin-wave dispersion [Fig. 4(c)];
(ii) a strong decrease of the spin-wave amplitude [Fig. 4(d)];
(iii) a strong reduction in the spin-wave lifetime [Fig. 4(e)];
and (iv) a strong decrease in the FM ordered moment with
increasing x (Fig. 5). Although the experimental trends are
reasonably captured by our model, there are quantitative de-
viations. For instance, the experimental spin-wave amplitude
falls off more strongly than the calculations [Fig. 4(d)]. The
deviation near the zone boundary is particularly severe, most
likely due to magnon-phonon crossing [17], which is not con-
sidered in our model. A more detailed theoretical description
is beyond the scope of this work in light of the experimen-
tal constraint of low signal-to-noise ratios even with a large
sample mass. Nevertheless, given the good qualitative agree-
ment of the calculations with the data, we can conclude that

the magnetic properties of Y1−xLaxTiO3 in the La substitu-
tion range up to x ∼ 0.2 are dominated by effective AFM
spin-exchange disorder introduced by the La substitution. In
prior theoretical work on FM systems with admixed AFM
interactions, it was suggested that local AFM spin waves
form [14]. Attempts to find such local modes experimentally
at the zone boundary were unsuccessful [19]. However, we
cannot rule out the possibility that such spin waves are too
weak in amplitude to be observable in our measurements.

V. CONCLUSIONS

To summarize, we used neutron scattering to measure spin
waves in the 3D Heisenberg ferromagnet Y1−xLaxTiO3. No
significant changes are observed in the spin-wave dispersion.
In contrast, a strong broadening and weakening of the spin-
wave intensity is observed with increasing La concentration.
We find good qualitative agreement with calculations for an
isotropic nearest-neighbor FM Heisenberg model with ran-
domly admixed AFM spin exchange. We therefore conclude
that, at substitution levels up to x ≈ 0.2, Y1−xLaxTiO3 is a
model 3D Heisenberg ferromagnet with AFM spin-exchange
disorder.
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