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We report on the successful fabrication of (111) oriented thin films of pyrochlore iridate

Y2Ir2O7 by means of solid phase epitaxy. Essentially, we developed an entirely in-situ

annealing protocol, which is superior to the conventional ex-situ routine that requires multi-

hour annealing to stabilize the proper pyrochlore structure. The morphological quality of

the films has been confirmed by x-ray diffraction, reflectivity, and reciprocal space mapping,

demonstrating their high crystallinity with pure pyrochlore phase and expected epitaxial

relation to the substrate. Strikingly, below the magnetic phase transition, the temperature

dependence of resistivity shows a power-law behavior with the power exponent of ∼3/2,

characteristic of a Weyl semimetal in the presence of impurities and electron-electron

correlations. Below 10 K, the magneto-transport measurements reveal the emergence of a

non-saturated negative magnetoresistance up to 9 T with a small “valley” around zero field.

These findings are further interpreted in relation to the weak anti-localization effect and the

non-collinear antiferromagnetic ordering on the Ir sublattice.
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Searching for quantum materials with non-trivial topological phases is of vigorous current

interests in both condensed matter physics and materials science1. Among the variety of unusual

states predicted by theory, of particular interest is the three-dimensional topological Weyl semimetal

(WSM) with long-sought Weyl fermions realized in a solid state2. Most vividly, WSMs are

characterized by the presence of linearly dispersing bands around the Fermi edge (often termed

as Weyl points), and the “Fermi arc” surface states induced by the special topology of their band

structures2–4. Establishment of a WSM requires the breaking of either the time-reversal symmetry

or the inversion symmetry of a system, which accordingly define WSMs into two classes, namely,

noncentrosymmetric WSM and magnetic WSM5. To date, while a few representative compounds

have been experimentally identified as the noncentrosymmetric WSMs, the search for definitive

candidates of the magnetic WSMs still remains ongoing5–9.

Among a handful of examples of magnetic WSM candidates, Y2Ir2O7 (YIO) has gathered

significant interest since its prediction10. The prime charm of this compound is the interplay

between comparable strength of the electronic correlations and the spin-orbit coupling on Ir ions,

which results in the rich phase diagram; thus, great efforts have been made to experimentally

stabilize and verify the WSM phase11–19. Nevertheless, due to the practical issues on fabricating

clean and sizable single crystals, the vast majority of current studies were performed on YIO

powders or polycrystals11,12,15,18–22. On the other hand, very recently, theoretical work on the (111)-

oriented thin films of pyrochlore iridates has revealed great opportunities for hidden topological

states, not accessible in bulk. Particularly, besides the WSM, a variety of topological phases such

as Chern metal, chiral magnetic metal, exotic magnetic insulator, unconventional superconductivity,

etc. have been proposed to emerge en route from the three- to two-dimensional limit23–28. For these

reasons, it naturally provides strong motivations for the synthesis of high-quality single-crystalline

(111) pyrochlore iridate thin films.

From the materials synthesis standpoint, however, the fabrication of these films turned out to be

extremely challenging due to several entwined issues. Consequently, as of today, the highly desired

layer-by-layer growth is yet to be demonstrated29. As an alternative approach, sufficiently high-

quality films with a few tens of nanometers were achieved by the “solid phase epitaxy” (SPE)30–38.

Specifically, in this method, an amorphous film of the proper chemical stoichiometry is first

deposited at reduced temperatures, followed by multi-hour post-annealing at elevated temperatures

to crystallize the amorphous film into the desired pyrochlore structure. It is important to note, that

this two-step protocol requires the exploration of a large phase space with meticulous parameter
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optimization, and it has succeeded only in a limited number of the pyrochlore iridates30,37,39–41.

As for the archetypical compound, fabrication of (111)-oriented YIO thin films remains largely

unexplored thus far.

In this Letter, we report on the successful fabrication of high-quality and single-crystalline (111)

YIO thin films using a modified “solid phase epitaxy” protocol. In particular, we found a completely

in-situ crystallization method. Compared to the conventional SPE, which requires post-annealing

in air for multiple hours, in our new method the proper pyrochlore structure can be achieved

by annealing in O2 for only a few minutes. The quality of the films has been investigated by

x-ray diffraction, reflectivity, and reciprocal space mapping, demonstrating their high crystallinity

with pure pyrochlore phase, and expected epitaxial relation to the substrate. Strikingly, in a wide

range below the magnetic phase transition, the temperature dependence of resistivity shows a

power-law behavior with the power exponent of ∼3/2, characteristic of a WSM in the presence of

impurities and electron-electron correlations. Below 10 K, the magneto-transport measurements

reveal the emergence of a non-saturated negative magnetoresistance with a small “valley” around

zero field. These findings are further interpreted in relation to the weak anti-localization effect and

the non-collinear antiferromagnetic ordering on the Ir sublattice.

YIO belongs to the family of pyrochlore iridates R2Ir2O7 (R = Y and rare-earth elements), where

the pyrochlore lattice consists of the nested corner-sharing tetrahedra of each R and Ir ion, shifted

from each other by half of a unit cell. As shown in Fig. 1(a), starting from Lu, the compounds of

this family exhibit a systemic decrease in the metal-insulator transition (MIT) temperature with

increasing the ionic radius of R, reaching a purely metallic phase at R = Pr42–44. Concurrent with the

MIT, the paramagnetic state transits into the non-collinear antiferromagnetic (AFM) state, where all

of the four spins located on the vertices of each Ir tetrahedron point in or out of its center, forming

a peculiar “all-in-all-out” (AIAO) configuration44 [Fig. 1(b)-(c)].

The (111)-oriented epitaxial YIO thin films were grown on 5×5 mm2 (111) yttria-doped ZrO2

(YSZ) substrates by pulsed laser deposition. An iridium enriched phase-mixed ceramic target

(Y:Ir = 1:3) was ablated using a KrF excimer laser (λ = 248 nm, energy density ∼6 J/cm2) with

a repetition rate of 10 Hz. The deposition process was performed at the substrate temperature of

480-520 ◦C, under 50-100 mTorr atmosphere of mixture of Ar and O2 gases (partial pressure ratio,

Ar:O2 = 10:1). After the deposition, the film was post-annealed in two different approaches to

obtain the proper pyrochlore structure. (1) Similar to the previously reported procedure applied to

other members of the R2Ir2O7 compounds, we annealed the sample ex-situ in an electric furnace in
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FIG. 1. (a) Phase diagram of pyrochlore iridates R2Ir2O7 (R = Y and rare-earth elements). (b) Conventional

unit cell of YIO. The corner-sharing tetrahedral framework of the Ir sublattice is illustrated on the figure. (c)

The all-in-all-out antiferromagnetic spin configuration on the Ir sublattice below transition.

air for 1-4 hours; and (2) Following our protocol, we annealed the sample in-situ in pure O2 for

1-20 minutes.

The crystallinity of the film at each stage was investigated by high-resolution x-ray diffraction

(XRD). As shown in Fig. 2 (black curve), wide angle 2θ -ω scans reveal that other than those

sharp peaks from the YSZ substrate, no Bragg reflections expected for the pyrochlore structure are

developed in the as-deposited film. Rutherford backscattering spectroscopy (RBS) measurements

confirm the proper chemical stoichiometry of the amorphous film (Y:Ir = 1:1). Next, ex-situ post

annealing of the film at 1000 ◦C for 2 hours in the air eventually gives rise to the formation of

crystallized (111)-oriented single pyrochlore phase, as evidenced by the appearance of a series of

the (111) reflections, especially the odd-index ones shown in Fig. 2 (blue curve).

In contrast to the ex-situ prolonged annealing period, equivalent or even superior quality can be

achieved by annealing the samples inside the deposition chamber. As shown in Fig. 2 (red curve), it

is rather striking that in-situ annealing of the sample at 900-950 ◦C for 8-10 minutes under 650 torr

atmosphere of pure O2 was sufficient to create the (111)-oriented crystallized pyrochlore structure.

We stress that films developed within a shorter period of annealing possess worse crystallinity,
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FIG. 2. Wide angle x-ray diffraction 2θ -ω scans on prototypical YIO films at different stages of the growth.

Reflections of the YIO films are labeled on the figure.

while those within extended annealing time show good crystallinity but worse surface roughness.

More details about the morphological characterizations of the in-situ fabricated YIO thin film

are shown in Fig. 3. First, we investigate the film thickness before and after the annealing process

by x-ray reflectivity (XRR). As seen in Fig. 3(a), both scans exhibit well-defined thickness fringes,

with a similar periodicity of oscillations. Fitting of both reflectivity data yields the same film

thickness of ∼42 nm with the surface roughness of ∼2 nm. These results demonstrate that in spite

of its amorphous nature, the as-deposited film layers are uniformly distributed on the substrate.

In order to gain more insight into the film structure and crystallinity, synchrotron-based x-ray

diffraction measurements were carried out on beamline 6-ID-B and 33-BM-C of the Advanced

Photon Source in Argonne National Laboratories. As shown in Fig. 3(b), the (111) reflection of

YIO is clearly seen with distinct interference fringes, indicating the formation of well-defined

layered structures in the film. The film thickness estimated from the positions of adjacent fringes

is ∼43 nm, agreeing well with that obtained from XRR. This result also demonstrates that a high

degree of crystallinity has developed throughout the whole film. The calculated lattice parameter of

YIO film at 300 K is ∼10.16 Å, which is very close to the bulk value of ∼10.17 Å45. In addition, as

shown in Fig. 3, a rocking curve scan of the YIO (666) reflection (FWHM = 0.11◦) yields a rough
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FIG. 3. (a) X-ray reflectivity with fitting of YIO film before and after annealing. (b) Coupled L-scan (in YSZ

reciprocal lattice unit) around the YIO (111) reflection. (c) Rocking curve of the YIO (666) reflection, with

the full width at half maximum (FWHM) ∼0.11◦. (d) Azimuthal φ -scans around the YSZ (1-11) and YIO

(2-22) reflections, respectively. Both reflections exhibit three-fold symmetry. (e) Reciprocal space mappings

in the vicinity of YSZ (331) reflection. The YIO (662) and YSZ (331) reflections are labeled on the figure.

estimate of the lateral coherence length ≥0.6 µm.

To further explore the film-substrate epitaxial relationship and strain, we performed azimuthal

scans and reciprocal space mappings (RSM) around the asymmetric reflections. As shown in

Fig. 3(d), the φ -scan around the YIO (22̄2) reflection (red) exhibits the same three-fold symmetry as

that around the YSZ (11̄1) reflection (black), indicating that within the precision of the experiment,

our films contain neither mis-oriented domains nor stacking faults. In addition, we measured the

RSM in the vicinity of the YSZ (331) reflection. As seen in Fig. 3(e), the YIO (662) reflection is

clearly observed, confirming the expected epitaxial relationship to the substrate, i.e. YIO (111)[112̄]

// YSZ (111)[112̄]. Finally, the lattice parameter calculated from the YIO (662) reflection is also

∼10.16 Å, which agrees well with the value obtained from the (111) reflection, implying a nearly

complete relaxation of strain.

After demonstrating the high quality of the film, we turn our attention to its electronic properties.

Electrical and magneto-transport measurements were performed with the Van der Pauw geometry
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using a 9-Tesla physical property measurement system (PPMS, Quantum Design). As shown in

Fig. 4(a), the temperature dependence of resistivity was measured from 300 K to 2 K in both cooling

and heating sequences. Notably, the resistivity increases monotonically with decreasing temperature

throughout the whole T-range, and shows the absence of a thermal hysteresis. However, the ρ(T )

curve of (111) YIO thin film neither follows the simple thermally activated model ρ ∝ exp(∆/kBT ),

nor can it be described by a variable-range hopping (VRH) model ρ ∝ exp(T0/T )α (e.g., α = 1/2,

1/3, and 1/4)46. These observations are consistent with the previous transport studies on bulk YIO,

signifying that the electronic structure of YIO is markedly different from a conventional band

insulator or semiconductor19,45,47.

It is noteworthy that in the wide temperature regime between 12 K and 85 K, ρ(T ) is dominated

by an unusual power-law relationship, ρ(T ) = ρ0T−3/2, as demonstrated in Fig. 4(a) (the ‘ln-ln’

plot inset). Such a power-law behavior ρ(T ) = ρ0T−β was predicted in the context of the WSM

state, and has been observed in bulk YIO samples with various β ≤ 4, depending on the levels of

defects19,45,47,48. More precisely, in the case of a clean WSM with the presence of strong electronic

correlations, the dc resistivity is expected to exhibit ρ(T ) ∼ T−149. On the other hand, in the

noninteracting and doped case, the ρ ∼ T−4 behavior was proposed to appear at low temperatures

due to the scattering from screened charged impurities50,51. Unsurprisingly, an intermediate value of

β can be interpreted as a result of the interplay between these two factors. Note, the power-exponent

of 3/2 is also rather ‘stable’ as evidenced by the extended temperature plateau shown in Fig. 4(b),

which starts gradually increasing only below 10 K; This effect is possibly linked to the breakdown

of the thermal screening of impurities51.

To get further insights into the electronic properties of the (111) YIO thin film, we measured

the magnetoresistance (MR) up to 9 T at three representative temperatures. As shown in Fig. 4(c),

in the high and medium temperature regimes (150 K and 30 K), a rather weak positive MR (less

than 1%) with the ordinary parabolic dependence of H is observed, due to the cyclotron motion of

carriers by Lorentz force. Notably, the MR becomes negative and much more profound in the low

temperature regime (10 K), which is consistent with the previously reported results in bulk YIO19,47.

Another interesting observation is that the MR exhibits a small “valley” at lower fields, which falls

off rapidly at higher fields. This result is reminiscent of the weak anti-localization (WAL) effect in

a mildly disordered system with spin-orbit coupling, where the destructive quantum interference

of carriers’ wave functions along a loop leads to lowering the net resistivity52. This interpretation

is also consistent with the ρ(T ) results, which indicate the presence of charge impurities on the
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FIG. 4. (a) Temperature dependence of resistivity of the (111) YIO thin film. In the range of 85 K - 12 K,

the ρ(T ) curve follows a peculiar power-law relation with respect to 1/T , as fitted by the red line. The inset

exhibits the same data in the “ln-ln” plot. (b) Slope of the “ln-ln” plot as a function of temperature. The red

dashed line refers to the power-exponent of -3/2 of the medium temperature plateau. (c) The normalized

magnetoresistance [MR = (ρ(H)−ρ(0))/ρ(0)×100%] measured at 150 K, 30 K, and 10 K, respectively.

The magnetic field was applied along the [111] direction.

moderate level. At higher magnetic fields up to 9T, the negative MR at 10 K shows no sign of

saturations. Note, such an overall negative MR behavior is rather common and has been observed

in (111) Eu2Ir2O7, Tb2Ir2O7, and Nd2Ir2O7 thin films at low temperatures30,33,35. Recall that since

YIO hosts the non-collinear AIAO AFM ground state, the spins can be canted collectively in the

presence of high magnetic fields along the [111] direction. This in turn gives rise to a finite net

magnetic moment, which likely can reduce the spin-flip scattering and lower the resistivity30.

In summary, we developed an all in-situ approach to fabricate (111)-oriented YIO epitaxial thin

films. This protocol allows to bypass the multi-hour ex-situ annealing process in air and results in

high-quality and single-crystalline films by in-situ annealing in pure O2 for a few minutes. The

transport properties exhibit an overall bulk-like behavior, characteristic of a WSM state in the

presence of impurities and electron-electron correlations. Our findings open an alternative route to

the growth of pyrochlore iridate thin films, and provide unique opportunities for surface sensitive

probes to in-situ examine their electronic properties.
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