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X-ray diffraction (XRD) measurements

The temperature dependent XRD measurements wefermped using a high temperature
stage with a dome over the sample, allowing a ftdwxygen during heating. Here we note
that the high temperature XRD measurements yieldedame results when heated in air or
vacuum and that several temperature cycles (upO® ) did not lead to a notable
degradation of the sample.

Temperature evolution of the monoclinic distortidn: Fig. Sla and b we present the
reciprocal space maps (RSM) for a 50 nm thick B#@ grown on LaAlQ as function of
temperature, with 25 °C €< 500 °C. The maps are taken through,d@8d the 113 family

of peaks. We extract the monoclinic angland thea/b ratio from the maps as follows: The
anglep is determined by the splitting of the triplet (tet) in g, i.e. 8 = tar*(4q/qy). The
a/bratio is determined by the ratio between the gemditions ingx. In Fig. S1c we show the
values forg for different samples as function of temperatditee black squares correspond to
the values extracted from Fig. S1 a and b for hem BiFeQ film grown on LaAIQ with a
very low miscut. The blue triangles correspondrigles extracted from RSMs taken on a 100
nm thick film, the red stars correspond to angldsaeted from RSMs taken on a 54 nm thick
film grown onto a 10 nm thick laSrsMnO; bottom electrode and the green circles
correspond to angles extracted from RSMs taken 48 am thick film grown 4.5° miscut
LaAlOs;. Important to note is that the values for the nulinc angle and for the/b ratio
measured on different films all coincide. The ageraf these values is shown in Fig. 2 a and
b of the manuscript.
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Fig. S1a: RSMs through the 1Q3%amily of peaks for a 45 nm thick BiFg@m as a function
of temperature frorm = 25 °C toT = 500 °C.
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Fig. S1b: RSMs through the 1t3amily of peaks for a 45 nm thick BiFg@m as a function
of temperature front = 25 °C toT = 500 °C.
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Fig. S1c: Monoclinic angl@g as a function of temperature determined for varisamples.
Black squares: 45 nm (103 peaks [closed] and 1B&gpfopen]); blue triangles: 100 nm
BiFeO; grown on very low miscut LaAlg103 peaksyed stars: 54 nm BiFedilm grown
on a La 7Sip3MnOz bottom electrode (103 peaks); green circles: 4@BitreO; film grown on
4.5° miscut LaAlQ (113 peaks).
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Temperature evolution of the S’ polymorphaps through the &' polymorph diffraction
peaks in the (001) direction as function of temperm were also measured, with results
shown in Fig. S2. Powder lines from the hot stdgwsup as horizontal “bands” of additional
scatter intensity in these maps. The intensityhef$:: polymorph decreases with increasing
temperature and fully disappears around D0

More accurate intensities for this phase can beetdd fromw line-scans (see Fig. S3).
The integrated intensities plotted in Fig. 2 clo tain text are determined from thadine-
scans taken through the (001);S(Fig. S3) and T peaks (Fig. S4) as a function of
temperature. To obtain the intensities we fitted line-scans and extracted the diffraction
peak areas (i.e. abundance) of thg &hd T'(Mc, Ma) phases. The line-scans for the T¢{M
Ma) phase show additional peaks tilted awawimvith respect to the LaAlPsubstrate (i.e.
tited T' phase). The positions and intensitiestlofse peaks allow a determination of the
amount of tilt and its abundance (Fig. 2c and thefmain text).
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Fig. S2: X-ray 6, w6 maps through the (00I) diffraction peaks of thep8ymorph for a
45 nm thick BiFe®@film as a function of temperature frofn= 25 °C toT = 500 °C.
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Fig. S3:w line-scans taken through the (001) diffractionksen of the S’ polymorph as a
function of temperature upon heating fraim= 25 °C toT = 400 °C and returning td =
150 °C.
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Fig. S4:w line-scans taken through the (001) TdMi,) diffraction peaks as function of
temperature.
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Piezor esponse force microscopy (PFM) and high temperature atomic force microscopy
(AFM)
PFM at room temperature confirm piezoelectric sitg in the BiFe@ films. A bias of
about 6-8 V had to be applied to switch the feeoklc polarization of the film, which is
originally poled with a “down” direction of the cwof-plane component. After poling several
squares with opposite polarization direction we iwwad the piezoresponse and the
topography. The PFM phase image in Fig. S5a shiowspbled regions. The images in
Fig.S5b,c and d display the corresponding PFM dogei, AFM topography and AFM
deflection signal respectively, clearly showing #ages of the poled regions (dark) and the
formation of the stripes consisting ofgSand Ty polymorphs at the ferroelectric domain
boundary.

The local switching behavior is illustrated by tmeasurement of displacement, phase,
and piezoresponse as shown in Fig. S5e. The typidgaérfly loop clearly shows that the
films can be switched. Switched domains remainistay at least several days.
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Fig. S5: a) PFM phase image after poling sevegibres of the film. b) Corresponding PFM
deflection for the same region. c) AFM topographyAdFM deflection of the same region.
The scan size for all images is 2 yu@. e) Piezoelectric switching behavior, displacetmen
phase and piezoresponse at room temperature.
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The high temperature AFM and PFM measurements wer&rmed in ultra-high
vacuum. Here we note that after multiple thermaley the conductivity of the film increased.
Loss of oxygen from the film may be the reasonthe observed increased conductivity at
room temperature after 4 cycles and eventually itability to switch the polarization.
However, this did not prevent us from reproducigyablishing a clear temperature regime in
which BiFeQ can be switched. We monitored the point-to-poimtching probability across
the sample as function of temperature by determginire number of successful loops at
multiple temperatures. In Fig. S6 we show typicahraples for loops that were fully
successful (i.e. the ability to reversibly switdietregion under the tip from the as-grown
down state to the up-state and back to the dowe)staops that switched only in one bias
direction (i.e. half loops) and loops for which switching was observed.
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Fig. S6. Typical loops taken @&t= 280 °C for locations where switching was sucad<ill
loop), for locations where switching only occuriadne bias direction (half loop) and for
locations where switching was not observed (nochinig).

We next investigate whether the inability to switthe BiFeQ film at elevated
temperature could be due to lack of conductivityha La 7SrthsMnO3z bottom electrode or
due to increased conductivity in the film. To dg s@ measured the lateral resistance of the
Lag.7Srh.3MnO3 bottom electrode as function of temperature olara @f the same sample that
was used for the switching experiments. The 2-po@distance measurement shows a
decrease of the resistivity with increasing temfpugeain the entire temperature range (25 —
500 °C, see Fig. S7a). Hence the 131, sMnO; electrode remains conducting throughout the
temperature range in which the switching experinvea$ performed. Furthermore, we also
measured the out-of-plane resistivity on the samk@®; film between a macroscopic top Pt
electrode and the bottom {.#r3MnO; electrode. The measured resistivity gradually
decreases with increasing temperature consistahtthe expected insulating behavior (see
Fig. S7b). Also, no significant hysteresis was meas upon thermal cycling. The lack of
sudden changes in the resistivity behavior cleemtijcates that the absence of switching at
elevated temperatures is not due to high condagwfithe BiFeQ.
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Fig. S7. a) Resistance versus temperature forrarilDa 7/StpsMnO3 bottom electrode. The
red line is a fit. b) Resistivity vs. temperatuceass a 44 nm BiFeQilm between a top Pt
electrode and the kaSr sMnO; bottom electrode upon warming and cooling. Both
measurements were performed in a pressure of 2Xafr.

Ultraviolet Raman spectr oscopy

Raman spectra of BiFgUilms with the thicknesses of 100 nm and 40 nmehéeen
measured in backscattering geometry normal toitheesiurface using a Jobin Yvon T64000
triple spectrometer equipped with a liquid nitrogemoled multichannel charge coupled
device detector. An ultraviolet excitation (325 hne of He-Cd laser) was used for excitation
in order to reduce the substrate contributtbiMaximum laser power density was 0.5
W/mn? at the sample surface, low enough to avoid anyceable local heating of the
samplé! Spectra were recorded in the temperature rang®500K using a variable
temperature closed cycle helium cryostat and a-teégiperature stage.

Bulk unstrained BiFe®is rhombohedral in its ferroelectric phase belbw .~ 1100
K. It has a 10-atom unit cell, which belongs to B8t space group. Vibrational spectra of
rhombohedral BiFe@have been characterized experimentally by R&taand infrareff™
spectroscopy, as well as first principles lattigmamical calculation8® The R3c primitive
cell contains two BiFe©formula units, resulting in 27 zone-center optiphbnon modes:
4A:+5A,+9E modes (the latter are double degenerate). Of tmeskes, 13 are Raman-active:
4 A; and 9E modes. Tetragonal phase of Bikd@as the space grolzmmwith 5 atoms per
unit cell. Lattice dynamical properties of tetragbBiFeQ have also been calculated from
first principlest*”! The zone center optical phonons afe 8B, + 4E (theE modes are doubly
degenerate), all of them can be Raman aéite!

BiFeQ; films commensurately grown on LaAdCsubstrates are subject to ~4.4%
compressive strain. According to the first-prinefpkalculationg? at small strain values, the
structure closely resembles the rhombohed®dt bulk phase, although the substrate
constraint causes a monoclinic distortion. Evenugffiothe symmetry is lowered froR8c to
Cc, the distortion is small, and the structure cdhtsta good approximation be described as
rhombohedral-like monoclinic. At strain values heghthan 4%, the density-functional
calculations predict the structure to become teinaglike with largerc/aratio. This structure
also hasCc symmetry, according to the first principles caltisias™ but can be
approximated by the tetragonBMmm symmetry. The unit cell ofCc structure is base-
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centered and contains four formula units, and thEm&h-active phonon modes are
13A" + 147" 5122 Raman selection rules for thR3c P4mm and Cc structures are
summarized in Refd*™! For backscattering from the (001) surface, Ehenodes of the
P4mm structure are forbidden, and only thg modes are expected in Raman spectra.
Therefore, one can expect the observation of anly fare 2, + B;) modes in Raman spectra
of the purely tetragon&4mmphase, while many more lines &3 14A") can be seen in the
monoclinic Cc) structure.

Temperature evolution of Raman spectra of the IfGkck BiFeQ film is shown in Fig. S8.
The film thickness is large enough to absorb the lijlit used for excitation almost
completely, and the signal from LaAdBubstrate is mostly blocked, only one peak (aB6 1
cm™* at room temperature) can be seen in the spedtiawAtemperatures, we have observed
at least 17 BiFe@phonon peaks at ~70, 88, 110, 154, 188, 237,285,317, 375, 415, 455,
495, 525, 560, 605, and 703 ¢rEven though some peaks are weak, they are nelesth
reproducibly detectable). Most of the peaks are hmatronger in parallel polarization
configuration. Such large number of phonon modedicates that the structure is
monoclinically distorted@c), although 13 most intensive peaks are consistéhtboth the

A' modes of the Cc structure, which are active iraltel polarization geomety” Therefore,
we assume the low-temperature phase of the filnbg tmonoclinic.

10



ADVANCED
Submitted tc MATERIAI.S

15_ ‘ -

25K

! - A Ji\100 K

A i %300»( 27 °C

. 350K
l : - . 400K| 127°C

450 K

intensity (arb. units)

500 Ki

. 550K] 277 °C
S i | 600K
- ‘_ | 650K
y 700 K| 427 °C

600 °C
650 °C

0 ll|lllllllllllllllllllllllllllll LA L Ll 4l

100 200 300 400 500 600 700 800
Raman shift (cm™)

Fig. S8 Raman spectra of a 100-nm-thick Big&lh on LaAlOs as a function of temperature.
Red dashed-dotted lines are guides to an eye inaijceew phonon lines disappearing upon
the T'(Mc)-T'(M ) transition; brown dotted lines show phonon pealdicative of the
transition to purely tetragonal phase above 70BIKck star and dashed line mark a line from
LaAlO3 substrate.

As can be seen from Fig. S8, with increasing teatpee, the intensity of several

phonon peaks of the BiFg@ims decreases, and the peaks disappear frorapibetra above
~400 K, while other peaks disappear at higher teatpee, ~700K. High-temperature spectra
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(above 700 K) contain two features at about 235 5l cmi'. This behavior indicates two
structural phase transitions, near 400 K and 700Ke data for the 400K-transition is
consistent with the monoclinic-to-monoclinic trare described in the main text. The higher
temperature phase (above 700K) is tetragonal, sineephonon peaks active P4mm
structure remain in the high-temperature Ramantspeghile the other peaks disappear. This
high-temperature phase is still polar (non-centmosyetric), because a centrosymmetric phase
would not have Raman active peaks at all.

The temperature of these phase transitions has Hetsrmined by plotting the
normalized Raman intensity as a function of temijpeeafor the peaks indicated by arrows in
Fig. S8. The intensities were normalized by theeBlastor n + 1 = (1 — e @/XT)~1 (here
n, k, o, and T are the Planck’s and Boltzmann’s constants, thenph frequency, and
temperature, respectively), and divided by thensity of the corresponding mode at 10 K.
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