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Modification of spin-ice physics in Ho2Ti2O7 thin films
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We present an extensive study on the effect of substrate orientation, strain, stoichiometry, and defects on
spin-ice physics in Ho2Ti2O7 thin films grown onto yttria-stabilized-zirconia substrates. We find that growth
in different orientations produces different strain states in the films. All films exhibit similar c-axis lattice
parameters for their relaxed portions, which are consistently larger than the bulk value of 10.1 Å. Transmission
electron microscopy reveals antisite disorder and growth defects to be present in the films, but evidence of stuffing
is not observed. The amount of disorder depends on the growth orientation, with the (110) film showing the least.
Magnetization measurements at 1.8 K show the expected magnetic anisotropy and saturation magnetization
values associated with a spin ice for all orientations; shape anisotropy is apparent when comparing in- and
out-of-plane directions. Significantly, only the (110)-oriented films display the hallmark spin-ice plateau state in
magnetization, albeit less well defined compared to the plateau observed in a single crystal. Neutron-scattering
maps on the more disordered (111)-oriented films show the Q = 0 phase previously observed in bulk materials,
but the Q = X phase giving the plateau state remains elusive. We conclude that the spin-ice physics in thin films
is modified by defects and strain, leading to a reduction in the temperature at which correlations drive the system
into the spin-ice state.
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I. INTRODUCTION

The quest for novel quantum phases that show collective
degrees of freedom and fractionalized excitations is one of the
central themes in condensed-matter physics. There has been
a strong focus recently on geometrically frustrated magnets,
which have been shown to host a number of cooperative
spin states [1], such as spin-ice and spin-liquid states. The
low-temperature state of the spin ice has been characterized
as a magnetic Coulomb phase [2–4], a classical spin liquid
in which fractionalized excitations (topological defects that
behave like magnetic monopoles) have been predicted and
experimentally realized [5–7]. Of particular interest are rare-
earth pyrochlores that belong to the spin-ice family, such as
Ho2Ti2O7, which display severe frustration that arises from a
combination of the lattice geometry, the sign of the nearest-
neighbor magnetic interactions resulting in local ice rules,
and a macroscopically degenerate ground state. One important
factor determining the ground-state selection in these systems
is the single-ion anisotropy [8,9].

Ho2Ti2O7 has a cubic structure (Fd 3̄m space group) and
can be envisioned as Ho3+ ions (each with a magnetic moment
of ∼10 μB) residing on a lattice of cornersharing tetrahedra
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[see Fig. 1(a)] [10]. In Ho2Ti2O7, the crystal-field doublet
ground state results in an Ising-like easy-axis anisotropy [see
Fig. 1(b)] with all the spins pointing along the local 〈111〉
axes, i.e., either in or out of the tetrahedra [10,11]. If the
system were dominated by antiferromagnetic nearest-
neighbor exchange interactions, it would tend to long-range
order with an all-in/all-out spin configuration on the tetra-
hedra. In fact, several theoretical and experimental studies
have mostly found antiferromagnetic exchange on geometri-
cally frustrated lattices; however, the first discovery of strong
frustration in Ho2Ti2O7, a ferromagnetic pyrochlore [12], has
challenged our understanding of cooperative magnetic phe-
nomena. The absence of long-range magnetic ordering down
to 50 mK in a Ho2Ti2O7 bulk crystal [12,13] was confirmed
by muon spin relaxation (μSR) and neutron-scattering exper-
iments, but the Curie-Weiss temperature θCW was estimated
to be around 2 K [12–15]. Furthermore, the measurement
of the electronic component of magnetic heat capacity [16]
has also revealed a broad magnetic peak at around 1.9 K,
indicating the buildup of magnetic correlations and removal
of magnetic entropy as the system is cooled. Apart from some
local spin dynamics [17], this leads to the spins freezing into a
state analogous to ice [18,19], a two-in/two-out configuration
on the tetrahedra below T = 0.65 K [20], while retain-
ing the nonzero Pauling entropy, S0 ≈ (R/2)ln(3/2), a key
thermodynamic characteristic of frustration and the spin-ice
state [15,16,18].
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FIG. 1. (a) Cornersharing tetrahedral network of Ho atoms in an Ho2Ti2O7 pyrochlore structure showing a two-in and two-out magnetic
configuration. The α and β chains are indicated in blue and red along with their respective crystallographic directions (similar to Ref. [11]).
(b) Anisotropic crystal field around an Ho atom leading to two inequivalent oxygen sites (O1 in a ring around the Ho and O2 as two apical
oxygen atoms along the 〈111〉) and a strong axial symmetry along the 〈111〉 local axis. Red atoms: Ho; blue atoms: Ti; green atoms: O1; violet
atoms: O2.

As described in [21,22], it is the competition between
classical nearest-neighbor dipolar interactions (Dnn) and
nearest-neighbor quantum superexchange interactions (Jnn)
that determines the degree of order (or frustration) in the
material. As reported by others, a pyrochlore material is a
spin ice when Jnn/Dnn > −0.91 and reverts to an unfrus-
trated ordered antiferromagnetic state for Jnn/Dnn < −0.91
(Ho2Ti2O7, Jnn/Dnn = −0.27, Dy2Ti2O7, Jnn/Dnn = −0.49)
[21,23–25]. Reports on chemical and hydrostatic pressure
studies indicate that the magnetic properties and monopole
density in pyrochlore single crystals [23,24,26] can be tuned
via structural means. Specifically, a tetragonal distortion has
been predicted to result in a symmetry-breaking transition out
of the Coulomb phase accompanied by a divergence of the
susceptibility [27], and uniaxial pressure studies performed
on single crystals of Dy2Ti2O7 showed that applying pressure
along the [001] and [110] crystallographic directions may
change the degeneracy of the ground state, inducing a 4%
increase in the magnetization at low field and a 1% decrease
in magnetization at high field for P, H ‖ [001], in line with
predictions [27,28].

Epitaxial strain is usually biaxial and is fundamentally
different from hydrostatic and chemical pressure. Therefore,
it can be used to lower the local symmetry and to apply
an effective transverse field, which should either push the
system to a more ordered state or, as predicted in Ref. [29],
introduce quantum fluctuations in this otherwise classical
system. It is interesting to note that from recent simulations
on model spin-ice thin films, it is clear that not only strain,
but also confinement, may impact spin-ice physics in thin
films. For films with surfaces perpendicular to the [001], the
existence of charges at the film surface has been predicted to
yield an emergent square ice [30]. While surface charges are
predicted for films with (001) surfaces, in films with (110)
and (111) surfaces, confinement leads to different behaviors
[31]. In other words, rich phase diagrams are expected for
strained and confined versions of the spin ice. Experimental
studies on thin films of Dy2Ti2O7 grown on (110) Y2Ti2O7

found evidence of a zero-entropy state at low temperature,
suggesting that epitaxial strain can be used to tune the physics
of frustrated pyrochlore magnets [32]. A study performed
on Ho2Ti2O7 thin films grown on yttria-stabilized-zirconia
(YSZ) substrates of various orientations showed a plateau in
magnetization (similar to behaviors observed in single crystals
[15,20,33–35]) when the field is applied along an in-plane
[111] direction, indicating that spin-ice physics was preserved
in those films [36].

In this paper, we present structural and magnetic charac-
terization of a thickness series of high-quality epitaxial thin
films of Ho2Ti2O7 grown on (111), (001), and (110) YSZ
substrates. We find that films grown on different orientations
of YSZ lead to different strain states in the films. However, it is
important to note that the relaxed portion of the films has very
similar lattice parameters as extracted from x-ray diffraction
(XRD) and transmission electron microscopy (TEM) mea-
surements, regardless of the film orientation and the film
thickness. Furthermore, this relaxed lattice parameter is, on
average, 0.70% larger than what has been previously reported
as the bulk lattice parameter (10.1 Å [37,38]). Several studies
have shown that the lattice parameter is quite dependent on
the presence of stuffing (replacing Ti+4 with Ho+3, taking
the system toward Ho2+δTi2−δO7−δ/2) [39–44]. To address the
questions of stuffing, valence state, and antisite disorder, we
have collected TEM images and performed X-ray photoemis-
sion spectroscopy (XPS) measurements on our thin-film sam-
ples and compared these results to those collected on a single
crystal. These measurements indicate the absence of stuffing
and the presence of antisite disorder and growth defects within
the films; the effect of such defects on spin-ice physics is
discussed here. We also present magnetization measurements
for all the orientations and find that in-plane and out-of-plane
behaviors are different, indicating that the shape anisotropy
inherent to thin films affects spin-ice physics. Furthermore,
while the hallmark spin-ice plateau is present in a film that has
the [111] direction in the plane of the film [for the (110) film],
for the films with the [111] direction pointing out of the plane,
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FIG. 2. (a) Synchrotron XRD θ − 2θ scans for (111) films ranging in thickness from 5 to 56 nm grown on YSZ substrates showing the
(111), (222), and (333) substrate peaks and the (222), (444), and (666) film peaks, which are labeled with HTO. (b) Extracted d spacing along
the [111] crystallographic direction as a function of film thickness for the same films shown in (a) (red star symbols). The line is a guide to
the eye. The error bars on each point are a result of the standard deviation in the calculated d spacings from each of the visible 〈111〉 film
reflections as well as the angular resolution in the measurements (0.01◦–0.02◦). Also shown are the d spacings for a 132 nm and a 400 nm film
grown on (111) YSZ, for both the strained (blue star symbols) and the relaxed (blue square symbols) portions, extracted from laboratory-scale
measurements (see Supplemental Material [45] for more information). The error bars were determined based on the fitted FWHM values of
the reflections. The d spacing for bulk (a = 10.1 Å) is indicated with the dashed line.

the plateau is not observed. The (110) film that shows the
hallmark plateau state also has less antisite disorder compared
to the other orientations. It has to be noted that the observed
magnetization plateau in the (110) film is somewhat washed
out at 1.8 K. We rule out misalignment of the field with the
[111] direction as a probable cause; hence, we conclude that
the spin-ice physics in the (110) films [and presumably in
the (111) and (001) films] is modified in that they exhibit a
reduction in the temperature at which correlations drive the
system into the spin-ice state. The observed antisite disorder
and the enlarged unit cell likely play a role.

II. EXPERIMENTAL DETAILS

Ho2Ti2O7 epitaxial thin films were grown on (111), (001),
and (110) YSZ substrates using pulsed laser deposition
(PLD). The laser (KrF excimer, λ = 248 nm) pulses were fo-
cused onto a rotating polycrystalline Ho2Ti2O7 stoichiometric
target with an energy density of ∼0.5 J/cm2 and repetition
rate of 4 Hz. The films were grown at an average growth
rate of about 0.030 nm/sec in a vacuum system with a base
pressure of 1 × 10-7 Torr in a 0.1 Torr oxygen background
pressure, while the substrate was kept at a temperature of
800 ◦C. After deposition, the films were cooled to room
temperature at a rate of 10 ◦C/min in the same background
pressure of oxygen. Atomic-force microscopy (AFM) using
an Asylum MFP-3D system [46] operated in tapping mode
was done on the substrates before growth and on the films
after growth (see Supplemental Material [45]). After growth,
the surface morphology of the films show the film surfaces
to be flat and smooth, with a fine grainy structure and a
root-mean-square roughness ∼1 nm, consistent with results

reported by others [36]. Film thicknesses were determined via
x-ray reflectivity measurements by fitting the thickness fringes
[47] (see Supplemental Material [45]).

The structural characterization of the (111) films with
various thicknesses was performed using synchrotron x-ray
diffraction at beam line 7-2 of the Stanford Synchrotron
Radiation Lightsource (SSRL) [Fig. 2(a)]. Reciprocal space
maps (RSMs) on (001), (110), and (111) films were performed
using a laboratory-based x-ray diffractometer at the Stanford
Nano Shared Facilities at Stanford University. Additional x-
ray diffraction measurements (coupled scans) were performed
at the National High Magnetic Field Laboratory. XPS spectra
were collected on single-crystal and thin-film samples using a
PHI 5100 Series XPS spectrometer [46]. XPS measurements
were performed using a nonmonochromatic Mg Kα radiation
source operated at 300 W with a 180 degree spherical sector
analyzer operating at a constant pass energy of 44.75 eV.
Measurements were collected at a base pressure of 1 × 10-10

Torr and at a take-off angle of 45◦. Neutron-diffraction ex-
periments on the (111) films were performed at the National
Institute of Standards and Technology Center for Neutron
Research (NIST-NCNR) at the Multi Axis Crystal Spectrom-
eter (MACS) [48] and the Spin Polarized Inelastic Neutron
Spectrometer (SPINS) beam lines. Elastic measurements on
MACS were made at a fixed neutron energy of 5 meV in
double-focusing mode with two cooled Be filters to eliminate
higher-order contamination to the beam. SPINS data were
collected at a fixed neutron energy of 5 meV in flat analyzer
mode using a 3He point detector with dual-cooled Be filters at
a collimation of 80’-s-80’. MACS and SPINS data reduction
were performed using the DAVE software package [49]. TEM
experiments were performed using a JEM-ARM200cF trans-
mission electron microscope [46]. The investigated samples
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were prepared with a Gatan Precision Ion Polishing System
(PIPS) [46]. Magnetization measurements in an applied field
of H = 1000 Oe as a function of temperature and as a
function of field at fixed temperature were performed in a
Quantum Design magnetic properties measurement system
(MPMS) [46].

III. RESULTS AND DISCUSSION

The results of the structural characterization done at SSRL
are presented in Fig. 2(a), which shows θ − 2θ scans near
the YSZ (111), (222), and (333) reflections for Ho2Ti2O7

thin films grown on (111) YSZ of varying thickness between
5 and 56 nm. Prominent thickness fringes can be observed on
all the major film peaks, displaying the high structural quality
and thickness uniformity of our films. A trend of decreasing
2θ position with increasing film thickness can be observed for
all film reflections, indicating an increase of the out-of-plane
(111) d spacing with increasing film thickness [see Fig. 2(b),
red symbols]. The d spacing for each film was determined
from the (111), (222), (444), and (666) film reflections.

To investigate the strain state of our films, RSMs were
measured on films grown on (111), (001), and (110) YSZ
substrates. The RSMs taken around the (226) diffraction peak
of Ho2Ti2O7 for a 56 nm (111) and a 50 nm (001) thin
film, and around the (662) for a 118 nm (110) thin film, are
presented in Figs. 3(a)–3(c). The previously reported lattice
parameter of bulk Ho2Ti2O7 is 10.1 Å [37,38], while the
lattice parameter of YSZ is 5.15 Å as extracted from our
synchrotron measurements presented in Fig. 2 and reported
by others [50,51]. This yields a lattice mismatch of about 2%
between film and substrate (tensile strain) with one Ho2Ti2O7

unit cell fitting onto a block of 2 × 2 YSZ unit cells. We find
that for the 56 nm film grown on (111) YSZ, most of the
scattering intensity from the film occurs at an in-plane value
of the scattering vector matching that of the substrate; in other
words, most of this film has in-plane lattice parameters that
are matched with the YSZ, i.e., this portion of the film is fully
strained. The film does show some signs of strain relaxation,
i.e., that the top layer of the film has relaxed (intensity appears
at different in-plane q values). The 50 nm (001) film displays
a strained interfacial layer, but it is clear that a significant
portion of the film exhibits in-plane values for the scattering
vector that are distinct from that of the substrate, indicating
the presence of considerable relaxation. Here we note that in
the previous work done [36], it was found that no intermediate
strained layer was observed for a 33 nm (001) film studied. In
Fig. 3(c), an RSM around the (662) Ho2Ti2O7 reflection of
a 118 nm film grown onto (110) YSZ is shown; this RSM
does not show evidence of a strained interfacial layer, but
only a single presumably fully relaxed film [see Supplemental
Material [45] for additional RSMs for a 132 nm (111) film and
for a 35 nm (001) film]. In each RSM, we have also shown the
position of where the bulk Ho2Ti2O7 reflection would occur
based on the previously reported lattice parameter of 10.1 Å.
It is clear that our films are not relaxing to this previously
reported bulk value. Using the q values from films grown
on each substrate orientation, we extract lattice parameter
values for both the strained and relaxed portions of the films
(see Table I and the Supplemental Material for more details
[45]). For comparison, in Fig. 2(b) we present the calculated

FIG. 3. (a) Reciprocal space map of the (226) diffraction peak
of Ho2Ti2O7 for a 56-nm-thick film grown on a (111) YSZ substrate.
(b) RSM of the (226) diffraction peak of Ho2Ti2O7 for a 50-nm-thick
film grown on a (001) YSZ substrate. The (113) diffraction peak of
YSZ is marked by the intensity at the bottom of each image. (c) RSM
of the (662) diffraction peak of Ho2Ti2O7 for a 118-nm-thick film
grown on a (110) YSZ substrate. The (331) diffraction peak of YSZ is
marked by the intensity at the bottom of the image. The red crosshairs
indicate the position of bulk Ho2Ti2O7 with a lattice parameter of
10.1 Å in each image. The diagonal streaks of intensity across the
substrate reflection in (b) and (c) are a result of the finite step size
of the one-dimensional detector used for the measurement. The film
peaks are indicated with the label HTO.
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TABLE I. Lattice constant summary. For the (001) film, the unit
cell is tetragonal with the c axis normal to the film plane, while the a
axis is in the film plane. For the (110) films, the c axis is an in-plane
direction, while the [110] direction points out of the film plane. The
lattice parameters for these films were determined from x-ray diffrac-
tion [assuming a tetragonal unit cell for the (110) film]. For the (111)
film, the c-axis and a-axis parameters are determined from (00l)
and (hh0) reflections from the TEM SAED patterns (assuming a
tetragonal unit cell) taken some distance removed from the substrate
interface; these parameters are likely associated with a partially or
fully relaxed region of the film. The error bars were determined based
on the FWHM values of the reflections (see Supplemental Material
for more details [45]).

Film Film c (Å) c (Å) a (Å) a (Å)
thickness normal (strained) (relaxed) (strained) (relaxed)

50 nm [001] 10.13(3) 10.17(2) 10.29(3) 10.21(6)
118 nm [110] 10.2(2) 10.18(1)
70 nm [111] 10.15(2) 10.13(6)

d spacing in the [111] direction for two additional films (blue
symbols), as determined from the RSM (for the 132 nm film)
and from a coupled scan (for a 400 nm film), both presented
in the Supplemental Material [45]. For each film, we show
the d spacing for the strained interfacial layer (d[111] < bulk)
and for the relaxed portion of the film (d[111] > bulk), both
of which are consistent with the other results. The lattice
parameters extracted from this analysis are similar to those
previously reported for stuffed variants of Ho2Ti2O7, when
30% of the Ti4+ sites have been replaced with Ho3+[39,40,42–
44]. However, these stuffed stoichiometries are reportedly
difficult to obtain [39] and have been synthesized previously
via a rapid-cooling method from temperatures much higher
than that employed in our growth routine.

Selected area electron diffraction (SAED) patterns were
collected using a TEM for films grown on each substrate
orientation. We find bright and well-resolved diffraction spots
in each case. The SAED pattern for a 70 nm (111) film is
shown in the Supplemental Material as a typical example
[45]. This SAED pattern was used to extract both the a-
and c-axis lattice parameters for the (111) film away from
the substrate interface. The extraction process is presented in
the Supplemental Material [45] and the resulting values are
presented in Table I along with lattice parameters extracted
from x-ray diffraction. The lattice parameters from SAED are
also consistent with an inflated unit cell compared to what
has been previously reported for bulk single crystals. For
the films grown on (001) YSZ, we can explicitly determine
that the unit cell is tetragonal. The films grown on (111)
YSZ are rhombohedral, while those grown on (110) YSZ
are orthorhombic. Using the values presented in Table I, it
was found that the rhombohedral angle deviates from 90◦ by
∼ + 0.2◦ in the (111) case, consistent with the in-plane tensile
strain, while in the (110) film, the angle between the a(b) axis
and the [110] direction was found to be ∼45.1◦.

In order to investigate whether these differences in lattice
parameter compared to the previously reported bulk value
could be due to deviating stoichiometry, or oxygen deficiency,

we have performed XPS measurements to confirm a 1:1 Ho:Ti
ratio in our films. The resulting XPS spectra of the Ti 2p
and Ho 4d regions of a Ho2Ti2O7 single crystal, a 400 nm
(001) thin film, and a 40 nm (111) thin film are presented
in Fig. 4. The Ti 2p 1

2
and Ti 2p 3

2
spin-orbital split doublet

was clearly observed for both the thin-film and single-crystal
samples, and binding energies are similar to those previously
reported for TiO2 [52–55]. The spectral contributions from
the Ti 2p 1

2
and Ti 2p 3

2
doublet were quantified utilizing a

mixture of Lorentzian and Gaussian curves for fitting. The
multiplet split spectra of Ho 4d have been observed for the
single-crystal and the thin-film samples. In each case, the
spectra, while yielding no well-defined peaks, are qualita-
tively similar to previous measurements reported on holmium
oxide with features occurring at similar binding energies to
those reported in the range from 200 to 160 eV [56–59].
The different spectral contributions from the Ho 4d multiplet
structure were determined by fitting six distinct Gaussian
peaks to each data set. Observed differences in the binding
energies between the single crystal and the thin films for
the two regions, though small, can be attributed to different
amounts of sample charging during each measurement. The
extracted areas from the fitting of the Ti 2p and Ho 4d peaks
as well as their respective sensitivity factors were used to
calculate the relative concentrations of Ho and Ti in each sam-
ple. The concentrations were found to be Ti: 50.25 ± 0.35%,
Ho: 49.75 ± 0.48% for the single crystal; Ti: 49.75 ± 0.43%,
Ho: 50.25 ± 0.48% for the 400 nm (001) thin film; and Ti:
49.67 ± 0.33%, Ho: 50.33 ± 0.41% for the 40 nm (111) thin
film. Here the error bars on each concentration are derived
from the fitting error on each extracted area. Hence, the films
look identical to the single crystal, i.e., they show 1:1 Ho:Ti
stoichiometry, and the Ti 2p peaks are consistent with Ti4+ for
all measured samples ruling out the mixed valence on the Ti
site. A detailed example of the curve fittings and concentration
calculations is presented in the Supplemental Material [45].

To further investigate the microstructure of the films,
we compare high-angle-annular-dark-field scanning TEM
(HAADF-STEM) images of a Ho2Ti2O7 single crystal and of
films grown on each substrate orientation [(111), (001), and
(110)]. Figure 5(a) shows an atomic resolution image of the
single crystal, while Figs. 5(b) and 5(c) show images from the
118 nm (110) Ho2Ti2O7 film, collected away from and close
to the substrate interface, respectively. All images are taken
viewed along 〈110〉 because, along this direction, columns of
pure Ho and pure Ti, as well as mixed Ho/Ti columns, can be
observed. The characteristic atomic column intensity profiles
along two different directions, i.e., across Ho-Ti columns (I)
and across Ho-Ho/Ti columns (II), for the single-crystal sam-
ple are shown in the inset in Fig. 5(a), i.e., the pure Ho (Z =
67) columns have a much larger intensity compared to the
pure Ti (Z = 22) columns.

From the images taken on the (110) film, we can easily
identify that the film has antiphase boundaries (APBs), typical
of those found in pyrochlore structures [60]; these are very
likely growth defects. In Fig. 5(d), we show the atomic column
intensity profiles for the (110) film for the two different
regions that were studied. Away from the substrate interface
[Fig. 5(b)], we present the profiles for a (111) APB [top
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FIG. 4. XPS spectra of Ti 2p peaks and Ho 4d peaks for a Ho2Ti2O7 single crystal, a 400 nm (001) thin film, and a 40 nm (111) thin film.
(a) Ti 2p region of the single crystal. (b) Ho 4d region of the single crystal. (c) Ti 2p region of the 400 nm (001) thin film. (d) Ho 4d region
of the 400 nm (001) thin film. (e) Ti 2p region of the 40 nm (111) thin film. (f) Ho 4d region of the 40 nm (111) thin film. The best fits for
each set of spectra are displayed along with the baseline subtracted data from the actual scan. For more details on baseline subtraction, see the
Supplemental Material [45].

panels in Fig. 5(d), across Ho-Ho/Ti and Ti-Ho/Ti columns]
and for a “perfect area” [center panel in Fig. 5(d), across
Ho-Ti columns and across Ho-Ho/Ti columns]. The profiles
of the perfect area show intensities very comparable to the
single crystal, clearly showing that a large region of the
(110) film shows a crystallinity and stoichiometry expected
for pristine Ho2Ti2O7. Figure 5(c) shows a region close to
the YSZ substrate. Two profiles (I and II, both taken across
Ho-Ti columns) are presented in the bottom panel of Fig. 5(d).
There is little intensity difference between Ho and Ti columns
along one [110] direction, unlike the alternating intensity of
the perfect area (center panel). This indicates that in addition

to the APBs, there is a clear presence of antisite disorder, as
illustrated by the intensity variations of the pure Ho and Ti
columns (see red arrows) in Fig. 5(d), bottom panel. In the
intensity line profile I (across Ho-Ti columns), one Ho column
has lower intensity than the adjacent Ho columns, indicating
quite a few Ti went into this column and, vice versa, the two
Ti columns have higher intensity, implying Ho went into the
Ti columns in line profile II. We have repeated a similar study
regarding APBs and antisite disorder on a (111) and on a (001)
film, which we present in the Supplemental Material [45].
A comparison of the three films to the single crystal clearly
indicates that the films have APBs and antisite disorder, but
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FIG. 5. (a) HAADF-STEM image of an Ho2Ti2O7 single crystal along [110]. The unit cell is delineated with a red rectangle. Pure Ho
atomic column indicated by red circle; Ho/Ti mixed column indicated by green polygon; pure Ti column indicated by blue rectangle. Insets:
Intensity line profiles of Ho-Ti (I) and Ho-Ho/Ti (II) columns [x axis: 0–3.0 nm; y axis: intensity (arbitrary units)]. (b) HAADF-STEM image
of the 118 nm (110) Ho2Ti2O7 film collected away from the film/substrate interface. (c) HAADF-STEM image of the 118 nm (110) film at
the film/substrate interface region. (d) Intensity line profiles from atomic columns indicated by yellow lines in (b) and (c). Top: Ho-Ho/Ti and
Ti-Ho/Ti line profiles from (111) APB of (b); middle: Ho-Ti and Ho-Ho/Ti line profiles from perfect area in film of (b); bottom: Ho-Ti line
profiles from (c) showing antisites disorder. Red arrow indicates Ti into Ho sites in (I) and Ho into Ti sites in (II).

the TEM data show no evidence of an appreciable amount of
stuffing, i.e., additional Ho on the Ti site.

A series of neutron-scattering measurements has been per-
formed on (111) Ho2Ti2O7 thin films with thicknesses ranging
from 40 to 400 nm [see Fig. 2(b) for the evolution of d spacing
with increasing film thickness] using the MACS and SPINS
instruments at the NCNR. Schematic representations of the
scattering map and the corresponding magnetic structure of
the Ho2Ti2O7 unit cell are depicted in Figs. 6(a) and 6(b).
Figure 6(c) shows a scattering map of the scattering intensity
of the (hhl) plane of the 400 nm film taken at T = 0.1 K
on MACS after field cooling the film in a 5 T field (applied
along the [11̄0] direction). Data taken at 25 K and 0 T are
used as background and subtracted to more clearly show the
magnetic contribution. With the field applied along the [11̄0]
direction of Ho2Ti2O7, as described in [12], the spin system is
separated into two sets of chains, i.e., parallel to the field (α

chains) and perpendicular to the field (β chains) [see Figs. 1(a)
and 6(b)]. The β chains can either be parallel or antiparallel
to one another. The parallel case gives scattering intensity at
Q = 0, while the antiparallel case, associated with a symmetry
lowering, will result in scattering intensity at the Q = 0 and
the Q = X positions [see Figs. 6(a) and 6(b)], with zone
boundary peaks reportedly increasing in intensity in applied
fields [11].

In the scattering map presented in Fig. 6(c), the intensity
near the (222̄) position is due to the (111̄) and (111) YSZ
structural reflections, respectively. The scattering intensities
at the (1̄1̄3̄), (113̄), (111), and (1̄1̄1̄) positions are from the
film and consist of both structural and magnetic contributions.
The magnetic component of each peak is strongly dependent
on the applied field as evidenced by the dramatic enhance-
ment of their respective intensities when a magnetic field is
applied; hence, the strong field dependence is attributed to
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FIG. 6. (a) A representation of the reciprocal space map for the pyrochlore lattice. The full circles show the positions of Bragg peaks for a
Q = 0 (zone center) magnetic structure, while the open squares show the Q = X positions (zone boundary) [12]. (b) The Ho2Ti2O7 unit cell
projected down the z axis. The component of each spin that is parallel to the z axis is designated by the + and − signs. The four tetrahedra
that make up the unit cell appear as the light-green squares. The gray square in the middle is not a tetrahedron, but its diagonally opposite
spins inhabit the same lattice plane. The schematic depicts the Q = X magnetic structure [antiparallel β chains (red) and polarized α chains
(blue)]. The large arrow along the [110] direction indicates the direction of the applied magnetic field. (c) Map of the scattering intensity of
the (hhl) plane of a 400-nm-thick Ho2Ti2O7 sample grown on (111) YSZ after field cooling the sample to T = 0.1 K in H = 5 T applied along
the [1-10] direction (in-plane) of the film. To obtain this map, the scattering intensity at T = 25 K and H = 0 T was subtracted as background.
(d) Integrated intensity of the [111] magnetic film peak as a function of applied field at T = 100 mK for a 400-, 70-, and 40-nm-thick (111)
film normalized to the intensity at 2 T. Inset: Unnormalized data from the 40 nm film to illustrate the small intensity increase with field. For
these neutron measurements, all error bars and confidence intervals are given by standard deviations of the Poisson distribution. Cuts taken
along the (00l) direction through the (e) (1̄1̄3̄) and (f) (111) reciprocal space positions integrated along (hh0) from (0.9 0.9 l) to (1.1 1.1 l) at
100 mK and 5 T (blue) for the data in (c) and for an equivalent data set taken at 100 mK and 0 T (red). The zero-field data set has the same
25 K and 0 T data set subtracted as background. (g) Cut taken along the (00l) direction through the (002̄) reciprocal space position integrated
along (hh0) from (−0.15 − 0.15 l) to (0.15 0.15 l) for the background-subtracted data set in (c).
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the magnetic order in the bulk of the film associated with the
polarized state. Figure 6(d) shows the scattering intensity of
the (111) film reflection as a function of applied field for films
of varying thickness taken on SPINS. The data are normalized
by the intensity measured at 2 T. The results indicate that the
films saturate into the high-polarized state under applied fields
and that lower saturation fields are needed for the thinner
films. The intensity at the (002) and (002̄) film positions
only shows up under applied field (consistent with the fact
that these peaks are structurally forbidden). Figures 6(e)
and 6(f) show cuts along the (00l) direction through the (1̄1̄3̄)
and (111) reciprocal space positions, respectively, integrated
from (0.9 0.9 l) to (1.1 1.1 l) at 100 mK at 0 T (red) and
at 5 T (blue), with the same 25 K and 0 T scans subtracted
as background. Figure 6(g) shows the same cut through the
subtracted (002̄) at 100 mK and 5 T. These illustrate the
dramatic magnetic enhancement at these reflections, as we see
no difference for the film nuclear peaks from 25 to 0.1 K in
zero field (i.e., no peak), but see clear peaks when the field is
applied. The (002)-like reflections in particular are not visible
at all in the unmagnetized state, indicating that these peaks are
magnetic in origin.

To summarize, the presence of only the (113)-, (111)-, and
(002)-like film peaks, i.e., Q = 0, after field cooling the film
in a 5 T field, and the absence of scattering at the Q = X
positions, indicate that the 400 nm film only shows parallel
β chains and polarized α chains [see Fig. 6(b)]. However,
the absence of scattering at these positions could be a result
of substrate background issues that hinder the observation of
diffuse scattering. Important to note is that the appearance of
the (002) is consistent with the Q = 0 magnetic structure as
previously reported [11,12,61].

Next, we investigate the anisotropy in each of the films by
discussing the magnetization as a function of applied field
measured at 1.8 K (see Fig. 7). It is important to emphasize
that all MPMS measurements were performed with the field
along the indicated crystallographic directions with a preci-
sion of about 2◦ (see Supplemental Material for further details
[45]). In Fig. 7(a), the magnetization is shown for a 85-nm-
thick film grown on (001) YSZ with the field applied along
the [100] in-plane direction (dotted curve), the [001] direction
(along the film normal, dashed curve), and along the [111]
direction (54.7◦ from the film normal). The horizontal dashed
lines indicate the expected saturation magnetization values
obtained from simulations of the dipolar spin-ice model when
the field is applied along each of the different crystallographic
directions of the sample (μ = 10 μB/Ho) [33]. We find that
for H ||〈100〉 and H || [111], the film shows the expected
M = 5.8 and 5 μB/Ho, respectively. Comparing the responses
when H || [001] and H || [100], it is clear that the film
saturates at significantly lower fields when the field is applied
in the film plane. This shows that the geometric anisotropy
intrinsic to the film may play a role in the modification of spin-
ice physics. The observed slow saturation of the film when
H || [111], which has a significant component along the
film normal, may be a result of the same shape effect and
likely plays a role in obscuring the magnetization plateau.
The effect of shape anisotropy on the magnetic properties
of Ho2Ti2O7 thin films is also evident from temperature-

FIG. 7. Magnetization plotted as a function of applied field (a)
For a 85-nm-thick (001) thin film with H applied along the [001]
(out-of-plane), [100] (in-plane), and [111] (54.7◦ from the film
normal) directions. (b) For a 135-nm- and a 40-nm-thick (111)
thin film with H applied along the [111] (out-of-plane) and [11̄0]
(in-plane) directions. (c) For a 118-nm-thick (110) thin film with the
field applied along the [001], [11̄0], and [11̄1] in-plane directions.
The error bars (±5%) on each curve are a result of the error in the
fitted thickness from the x-ray reflectivity results (see Supplemental
Material [45]) and are representative of the error bars for the (111)
and (001) samples as well. The expected values for the saturation
magnetization from simulations of the dipolar spin-ice model are
displayed as the black dashed horizontal lines in each figure (μ =
10 μB/Ho, μB/Ho = 927.4 × 10−26 J T−1/Ho). All measurements
were performed at T = 1.8 K. The curves are corrected for their
individual substrate contributions.
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dependent susceptibility measurements. Below 10 K, the
temperature-dependent magnetization shows a clear linear
regime observed only for in-plane directions, very similar to
observations by others in single crystals [22], while a more
parabolic shape is observed for out-of-plane directions (see
Supplemental Material for more details [45]).

In Fig. 7(b), the magnetization is shown for a 40 nm and a
135 nm thin film grown on a (111) YSZ substrate. For each
film, data are shown for the field applied along the [111]
out-of-plane direction and for the [11̄0] in-plane direction.
We find that the saturation magnetization values correspond to
the expected values for bulk (for H ||[11̄0], M = 4.1 μB/Ho).
For this orientation, we again find that the films have a hard
time saturating when the field is applied in the out-of-plane
direction. For these (111) films, there is no evidence of a
plateau state. While shape anisotropy may play a role in
how easily the films are saturated, interestingly, no thickness
dependence is observed in the magnetization measurements;
the 40 nm film, in which the strained layer makes up a
significant portion of the film, and the 135 as well as the
400 nm films, which are mostly relaxed, show magnetization
curves that are virtually indistinguishable (see Supplemental
Material [45]). This lack of thickness dependence and the lack
of a plateau state have been observed for both (001) and (111)
films (see Supplemental Material for more details [45]).

In Fig. 7(c), we show the response for a 118 nm (110)
film, which has the [111] direction in the plane of the film.
Here measurements with H || [001], [11̄0], and [11̄1] are
all in-plane directions and saturate rapidly with increasing
field in a way very similar to bulk observations [20,33]. The
error bars on each curve are a result of the error in the fitted
thickness from the x-ray reflectivity measurements collected
for the sample. This error encompasses a ±5% range around
the fitted values and is representative of the error expected for
the other samples grown on (111) and (001) substrates as well.
Although the plateau state is quite weak at this temperature
(1.8 K), it is clearly visible for the [111] direction in this film.

To further highlight the presence of the plateau state in
the (110) film, we present the derivatives ( dM

dH ) of all four
films with H || [111] in Fig. 8(a). For comparison, we also
show the derivative of a measurement performed on a sin-
gle crystal. The development of an intermediate plateau at
around 3.33 μB/Ho, with the onset of a magnetic transition
and saturation to around 5.0 μB/Ho, is clearly visible in our
single crystal, consistent with reports by others [15,20,34,35]
and with expectations from Monte Carlo simulations of the
dipolar spin-ice model [33]. For the single crystal, we have
investigated the effect of misalignment of the field with the
[111] direction. Magnetization vs field curves for a single
crystal, in which we purposely misaligned the field away from
the [111] direction by 4◦ (both toward the [110] and [001]
directions) and by 10◦ (towards the [001]), show that mis-
alignment of well over 4◦ is needed to significantly diminish
the plateau. Note that the crystal was measured using the
same system and alignment procedure as is used for the films.
Furthermore, we find that the plateau in the single crystal
diminishes quickly as the temperature is increased from 1.8
to 3 K (see Supplemental Material for more details [45] on
the temperature dependence and the misalignment study).
To confirm the disappearance of the plateau with increased

FIG. 8. (a) Derivative dM/dH as a function of applied field
along the [111] direction for films grown on (001) YSZ, (110) YSZ,
and (111) YSZ. The measurement of a single crystal with H || [111]
is displayed for comparison. All measurements were performed at
T = 1.8 K. (b) Derivative dM/dH as a function of temperature for
the (110) film with H || [111]. The vertical axis in each figure has
been normalized and is plotted on a logarithmic scale to highlight
the presence of a plateau in M vs H.

temperature, we show a temperature-dependent study of the
(110) thin-film plateau state in Fig. 8(b), which clearly shows
that the plateau disappears when the temperature is increased
by about 1 K. Based on these results, misalignment in the
measurement can effectively be ruled out as a cause for the
smudged plateau in the (110) thin film. Therefore, we could
conclude that the spin-ice physics is modified in the films,
leading to slight suppression of the temperature at which the
spin-ice state gets locked in.

Based on the results presented here, it is clear that the
spin-ice state is perturbed in our thin films, which is due to
the strained unit cell and disorder in the form of antisites. It is
interesting to compare our results to those presented by others.
Leusink et al. [36] report on Ho2Ti2O7 films grown on YSZ
substrates, with magnetization measurements showing the ex-
pected anisotropy and the hallmark plateau for films grown on
(110) YSZ, indicating that the spin-ice physics was preserved
in their films. In our films, the plateau state is smudged due
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to the presence of antisites and a distorted unit cell. In Bovo
et al. [32], magnetization measurements on Dy2Ti2O7 thin
films show the presence of the expected magnetic anisotropy
of the spin-ice state. Furthermore, based on temperature-
dependent susceptibility and specific-heat measurements, the
spin-ice state in those films was reportedly perturbed due to
a strain-induced structural distortion, leading to an estimated
change in nearest-neighbor superexchange interaction �Jnn of
∼0.1 K. Thus, for comparison, we used our lattice parameters
determined from x-ray diffraction and TEM measurements to
estimate rough values of �Jnn for our films (see Supplemental
Material for more details [45]). The obtained values in our
films range from 0.02 to 0.1 K. Direct comparisons between
the values for �Jnn would lead to the conclusion that the
spin-ice state in our films is exposed to a perturbation of
similar magnitude as in Ref. [32]. While it is possible that the
third law is also restored in our films, it is unclear how antisite
disorder and APBs would affect this; it would be interesting
to attempt specific-heat measurements in the future to probe
the effect of disorder on the residual entropy.

IV. CONCLUSIONS

We have grown high-quality epitaxial thin films of the
pyrochlore titanate Ho2Ti2O7 and find that the orientation of
the substrate plays a key role in determining the strain state
and the relaxation rate of the films. Elastic neutron-scattering
experiments on (111) films clearly showed the presence of
the Q = 0 phase in films of varying thickness, but observa-
tion of the Q = X phase (the plateau state in magnetization
measurements) in the films remains elusive. XRD and TEM
measurements show that our films have an enlarged unit cell
compared to the expected 10.1 Å. The TEM measurements
show that appreciable stuffing is not present, but there is a
clear presence of antisite disorder and APBs in the films.
The increased lattice parameters are likely due to strain and
the disorder in the films. Magnetization measurements fur-
ther support that we have stoichiometric Ho2Ti2O7. In our
extensive magnetization studies, we find a diminished, but

clearly observable plateau for the (110) film (i.e., when the
[111] direction is an in-plane direction) and an absence of
the plateau states in the (001) and (111) films. It is unlikely
that misalignment is responsible for the absence of the plateau
states in these orientations. We find that for the single crystal,
a misalignment of well over 4◦ is necessary to start losing the
plateau. Looking at the similarities between the single-crystal
M vs H measurement at 3 K and our thin-film measurement at
1.8 K for the (110) film, it seems plausible that the diminishing
of the plateau is due to a suppression of the temperature at
which correlations drive the system into the spin-ice state.
This suppression is likely due to the presence of defects in
the films and perhaps the slightly larger separation of the Ho
ions in the films due to the inflated unit cell.
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