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Imaging Local Effects of Voltage and Boron Doping on Spin
Reversal in Antiferromagnetic Magnetoelectric Cr,O; Thin

Films and Devices

Adam Erickson, Syed Qamar Abbas Shah, Ather Mahmood, Pratyush Buragohain,
llja Fescenko, Alexei Gruverman, Christian Binek,* and Abdelghani Laraoui*

Chromia (Cr,0;) is a magnetoelectric oxide that permits voltage-control of
the antiferromagnetic (AFM) order, but it suffers technological constraints due
to its low Néel Temperature (T 307 K) and the need of a symmetry-breaking
applied magnetic field to achieve reversal of the Néel vector.

Recently, boron (B) doping of Cr,O; films led to an increase Ty >400 K and
allowed the realization of voltage magnetic-field free controlled Néel vector
rotation. Here, the impact of B doping is directly imaged on the formation

of AFM domains in Cr,0O; thin films and elucidates the mechanism of
voltage-controlled manipulation of the spin structure using nitrogen-vacancy
(NV) scanning probe magnetometry. A stark reduction and thickness
dependence of domain size in B-doped Cr,0; (B:Cr,0;) films is found,
explained by the increased germ density, likely associated with the B doping.
By reconstructing the surface magnetization from the NV stray-field maps,

a qualitative distinction between the undoped and B-doped Cr,O; films is
found, manifested by the histogram distribution of the AFM ordering, that is,
180° domains for pure films, and 90° domains for B:Cr,O; films. Additionally,
NV imaging of voltage-controlled B-doped Cr,O; devices corroborates the 90°
rotation of the AFM domains observed in magnetotransport measurement.

1. Introduction

and ordinary and quantum spin Hall
effects.®”] This research has accelerated
with the development of magnetic tun-
nel junctions!'*-'?l_key devices for modern
spintronic technologies, such as magnetic
random-access memory (MRAM), which of-
fer non-volatile storage but have a draw-
back of high writing energy. This is due to
the large current densities (>10° A cm™?)
needed to reverse the magnetization of
the ferromagnetic layer®”] It would be
desirable to provide non-volatility of the
device state variable while being able to
switch it with low power and high speed.
The latter requirements can be achieved
by employing antiferromagnetic (AFM)
spintronics,!*] where the state variable is
represented by the Néel vector. Electri-
cal control and detection of the Néel vec-
tor in collinear AFM materials, such as
Mn,Au and CuMnAs,'*®] have changed
the perspective of using these materi-
als in spintronics applications.[**] Switch-
ing the Néel vector can be performed at
ultra-fast speeds, potentially reaching the

Many remarkable discoveries in spintronics!’?! have been
achieved in the last three decades including the giant magnetore-
sistance effect,[**! current-induced magnetization switching,!®”]

THz regime (i.e., nearly three orders of magnitude faster
than in ferromagnets).l'’! In addition, AFM materials are pro-
tected from external magnetic fields due to their zero net
magnetization.'’]
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Figure 1. Characterization of pure and boron-doped Cr, 05 films. a) Expected collinear antiferromagnetic spin ordering for undoped Cr, 05, with un-
compensated surface termination giving rise to a parasitic magnetic moment. The isothermal 180° rotation of the Néel vector requires the application
of a supercritical product of electric and magnetic field. b) Predicted spin configuration of B:Cr,O; with 90° between Néel vector stability. (Inset) The
presence of polar nano-regions allows for voltage-only switching between antiferromagnetic states via strain coupling to the magnetic order. ¢,d) XRD
spectrum of pure (c) and B doped (d) Cr,0O; films. e,f) Topographic images acquired on 150 nm pure (e) and B doped (f) Cr,O; films.

Chromia (Cr,0;) is an AFM oxide, which exhibits a magneto-
electric (ME) response and hosts a surface magnetization of un-
compensated spins rigidly coupled to the underlying Néel vector,
Figure 1a.['-20] When this surface magnetization is coupled to
an adjacent ferromagnetic layer, voltage-controlled exchange bias
(EB) emerges due to the electric 180° switching of the Néel vec-
tor and its accompanying boundary magnetization.!*!) Techno-
logically, the utility of these EB-based systems is still diminished
by the necessity of a magnetic field to utilize the linear magneto-
electric effect for electrical switching,!*!l as well as the low Néel
temperature (Ty) of Cr,0; (%307 K).*”) Consequently, it is of in-
terest to rectify these limitations in order to reap the full benefits
of this materials’ functionality.

First principles simulations have shown that substitutional
boron doping (=3%) can increase the exchange energies between
Cr spins (Figure 1b), increasing the Ty and affecting magnetic
anisotropy.[?! Very recently, AFM order up to 400 K and above
was demonstrated experimentally in B:Cr, O, films.l'?*] Further-
more, from magnetotransport measurements, B:Cr,O, was pre-
dicted to exhibit a modified bistability of the entrained Néel vec-
tor, which supports both in-plane and out-of-plane AFM order-
ing, and leads to a 90° rotation of the Néel vector when switched
by an applied electric field.[') The underlying mechanism was
attributed to polar nanoregions (PNRs), which possess an elec-
trical dipole moment and can be aligned by an electric field in-
ducing macroscopic polarization. The polarization is accompa-
nied by piezoelectric straining which, via magnetoelastic cou-
pling, changes the magnetic anisotropy and thus leads to a re-
alignment of the magnetic easy axis.!'®! However, there has been
no direct evidence of this phenomenon, in which the magnetore-
sistance can be correlated with the 90° rotation of the surface
magnetization.

Adv. Funct. Mater. 2024, 2408542 2408542 (2 of 9)

Magnetic microscopy based on nitrogen-vacancy (NV) centers
in diamond has become a prevalent tool to study antiferromag-
nets due to the high spatial resolution, high sensitivity to mag-
netic field, and lack of magnetic back-action.[??2263% [n this
work, we use NV scanning probe magnetometry (NV-SPM)[31321
to study the effect of boron doping and thickness on the emer-
gent AFM domain structure (see Figures 1a,b) in Cr,O; films (50
— 300 nm thick) grown on Al,O, substrates with V,0; bottom
electrode. By analyzing the reconstructed surface magnetic mo-
ment density maps, we find a trend for AFM domain size with
respect to the film thickness, which is interpreted phenomeno-
logically through a simulated magnetic phase transition follow-
ing the tenets of Avrami kinetics of crystalline solids.**] Further-
more, we demonstrate 90° rotation of the Néel vector in B:Cr,0;,
contrary to pure films with 180° rotation. This is the first direct
imaging of such behavior and supports the proposed mechanism
of earlier magnetotransport measurements.!'2!] Finally, a spa-
tially resolved voltage-induced switching effect of the Néel vector
in B:Cr, O, is demonstrated. Our study provides useful details for
the implementation of B:Cr,0; in functional AFM spintronics
devices.

2. Results and Discussion

2.1. Characterization of Pure and B-doped Cr,O, Films

The structural properties of Cr,0, and B:Cr,O; of various thick-
nesses (50-300 nm) grown on V,0; (20 nm)/sapphire (Al,O,)
substrates were characterized by using X-ray diffraction (XRD).
Representative XRD spectra for 150 nm Cr, O, film and B:Cr,0,
are shown in Figure 1c,d, respectively, with clearly distinguished
peaks corresponding to the (006) and (0012) planes of the V,0;,
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Figure 2. Effect of boron doping on AFM domain size. a) Schematic of films heterostructure and sketch of NV-SPM measurement configuration. Stray
magnetic fields (yellow lines) are measured via the ODMR of the NV center implanted at the apex of the diamond pillar. The coordinate system defines
the sensing axis, Gy, onto which the measured vector field is projected. b) B, map of 150 nm pure Cr,05. c) Reconstructed ¢, map calculated from

Bstr map in (b) d) Bstr

map of 150 nm B-Cr,O3. €) Reconstructed ¢, map calculated from B

. map in (d). f) Histogram of the mean radius of individual

domain boundaries as estimated through binarization and fitted by the lognormal distribution.

Cr,0;, and Al, O, layers. XRD measurements did not reveal sig-
nificant structural changes between the pure and B-doped Cr, O,
films, which is likely due to the small B doping percentage
(~3%).1162334 Atomic force microscopy imaging on the same
Cr, O, (Figure le) and B:Cr,0, (Figure 1f) films showed low sur-
face roughness with a root mean square (rms) of ~0.292 nm. In
previous theoretical®>*] and experimental studies,?>?’! the sur-
face magnetization was found to be largely roughness insensi-
tive, that is, the surface magnetization represents the underly-
ing order parameter despite small changes in the topography. To
investigate the effect of thickness and B doping on the result-
ing AFM domains in Cr,O;, a set of pure and boron-doped films
with thicknesses of 50, 100, 150, 200, and 300 nm were grown
on V,0,/Al, O, substrates. The films were characterized by XRD
(Figure S1.1, Supporting Information) to verify crystallinity, and
atomic force microscopy to ensure low surface roughness (Figure
S1.2, Supporting Information), see Note S1 (Supporting Infor-
mation) for further details.

2.2. NV Magnetometry of AFM Domains in Pure and B-doped
Cr,0, Films

Imaging the magnetic states of AFM materials via traditional
techniques, such as magnetic force microscopy (MFM), is highly
challenging due to their zero net magnetization. In MFM, ap-
parent contrast due to magnetic forces is often affected by other
long-range forces associated, for instance, with surface charges
that make it hard to quantitatively interpret the measured mag-
netic signals.’’ Only a handful of techniques are used to study
AFM materials, such as X-Ray Magnetic Circular Dichroism and

Adv. Funct. Mater. 2024, 2408542 2408542 (3 of 9)

X-Ray Photo Emission Electron Microscopy (PEEM).*”] However,
these experimental tools tend to suffer from low spatial resolu-
tion (>50 nm in PEEM)P*®l or are expensive and require com-
plex equipment. Recently, an alternative technique for measuring
magnetic fields at the nanometer scale based on optical detection
of the electron spin resonances of NV centers in diamond has
emerged.?*] Negatively charged NV centers, comprised of a
substitutional nitrogen atom adjacent to a vacancy site, are bright,
photostable emitters that exhibit optically detected magnetic res-
onance (ODMR).

Magnetic images of the magnetic stray field produced at the
AFM domain boundaries were obtained by NV-SPM (Figure 2a).
Here, the scanning diamond probe is optically addressed with a
532 nm laser, and the spin-dependent fluorescence signal (650 —
750 nm) is collected in the epifluorescence configuration.[274445]
The application of a bias magnetic field (40 Oe) does not influ-
ence the AFM domains of the film, and allows for sign-sensitive
measurement of the stray field.[?”] The NV-measured value of
the stray field at a distance z can be described by B, = B - fiy,
where B, is the projection of the vector field, B, on to the sens-
ing axis, defined by the NV symmetry axis, and represented by
the unit vector, iy, . For this study, a (100) grown diamond probe
was used with the NV axis along [111] orientation. Figure 2b dis-
plays B, map of 150 nm Cr,O; in which the regions of the AFM
domains are defined by sizeable demagnetization fields present
at the boundary between surface magnetization orientations. By
using the values of the calibrated NV sensor geometry (z=50nm,
0 = 48°, and ¢ = 92°), the surface magnetic moment density
6, can be reverse propagated””*!l from B, maps. The acquired
o, image on 150-nm-thick undoped Cr,O; film confirms the

presence of homogeneously magnetized domains, as signaled by
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puOQ) put Swid I, 34y 39S “[$707/80/20] U0 AIBIqIT SUIUQ AO[1AN UI0OUIT BASEAGIN JO ANSIOAIUN KQ THSSOPZOT WPE/Z001°0 1 10p/wi0d"K[m AIeaqijaut|uo//:sdny Wwosy papeoumod 0 ‘8209191

“sdu)

10)/W09° K[ 1A,

pue-s

ASULII suowo)) aanear) ajqeorjdde ayy £q pauroAoS ale sad1LIE Y (2SN Jo SN 10J KIeIqI] dul[uQ) A[IAN UO (SUOnIp


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

[ ]
[
u
® Pure
i m B doped

5 100 _ 150 200 250 . 300
Thickness (nm)

b g
P » x_ -2
6 i ‘f ’.\‘;'.: 2
3 ¥ LR/
LN . . “»
(%) ‘re y .i ' 'l"'r e
o A o Uy ',Aé"'. “.'o.i.' ;
TN T (AT S h

www.afm-journal.de

d e f
o AGD: 1% = B doped ® Pure

. - £
® AGD =0.2% *1— + | &
(e)
| ’gZOO L] [s2]
100 _'/ é
100 200 300
= Thickness (nm) o
(] [=)
gaoo - o &
£
4 ° g
200} S

50 nm

100 200
Thickness (nm)

300 AGD =1% AGD =0.2%

Figure 3. Thickness dependence of AFM domains in Cr,O5 and B:Cr,O5. Representative o, reconstruction for several thicknesses of pure a) (scale bar
1 um) and B-doped. b) (scale bar 500 nm) chromia. ) R, plotted as a function of the film thickness. Shaded regions represent the IQR of the size
distribution associated with each thickness. d) Average R, as a function of the simulated thickness for different areal germ densities. The shaded area
represents the IQR of the size distribution. Inset in (d) Experimentally obtained size versus thickness for reference. Resulting domain structure when
simulating AGD of 1%. e) and 0.2% f) for various thicknesses. The scale bar is 1 um.

areas of positive (red) or negative (blue) o, with sharp domain
walls, Figure 2c.

A similar approach was used to extract o, map (Figure 2e) from
B, map (Figure 2d) in 150 nm thick B:Cr,O;. There is a visible
difference in the size of the AFM domains present in B:Cr,0O,
films in comparison to the pure films (note that the scale bars
in Figure 2d,e are 0.5 pm versus 1 um in Figure 2b,c). Com-
pared to the pure films, the AFM domains appear blurrier due
to the higher frequency components of the image being filtered
by the Hanning window (see Note S2, Supporting Information)
which is implemented to enforce the resolution defined by the
distance z between the NV sensor and the chromia surface.l?2%’]
The sizes of individual AFM domains are characterized by a
mean radius of the amorphous boundary magnetization (Figure
S2.2, Supporting Information) and plotted as a histogram for
both pure and doped films (Figure 2f). The distributions of do-
main sizes are fitted with a lognormal function. The pure Cr, 0O,
films are characterized by a much broader distribution, and host
larger domains in the hundreds of nanometers. By compari-
son, the distribution of domain sizes for the B:Cr, O, film shows
a tighter grouping with a significantly smaller average radius
(<100 nm).

2.3. Effect of Thickness and B-Doping on AFM Domains in Cr,0O,
Films

To investigate further the effect of B doping on the size of the
AFM domains, NV-SPM measurements were performed on a
series of pure and boron-doped Cr, O, films, which were grown
at different thicknesses. Figure 3a shows the magnetic moment
density, o, maps of 50, 150, 200, and 300 nm pure Cr,O; films,
characterized by large AFM domains of well-defined magnetiza-
tion regardless of the thickness of the film. Some of the Cr,0O,
films (e.g., 200 nm) exhibit a larger number of small domains,

Adv. Funct. Mater. 2024, 2408542 2408542 (4 of 9)

which may be related to the subtle fluctuations in the quality of
structure from film to film. Figure 3b shows the o, maps of 50,
100, 150, and 200 nm of B:Cr, O, films. As with the case 0of 150 nm
thin films discussed above (Figure 2f), there is clear correlation
with B doping and film thickness on the domain size of Cr,0,
films.

To visualize the empirical relation between the thickness and
the AFM ordering, we performed size analysis of binarized mag-
netization maps and plotting the average mean radius, R, for
the population (Figure 3c). Plotted as a shaded area, the interquar-
tile range (IQR) is the difference of the median of the upper and
lower half of the logarithmic data set, which is much higher for
the pure films due to the tendency to form domains that are or-
ders of magnitude wider than the thickness of the film itself.
The B:Cr,0; films exhibit a larger correlation between the re-
sulting AFM domain size and the thickness of the film. It has
been shown via micromagnetic simulations that the exchange
energies associated with the grain boundaries can serve to drive
the formation of much smaller domains when dominated by fer-
romagnetic coupling.l*’! Conversely, when the antiferromagnetic
exchange is dominant, large domains of homogeneous order pa-
rameter emerge. Furthermore, the uniaxial anisotropy orienta-
tion can also be a determinant of the resulting domain struc-
ture. In our earlier work, which predicted the effect of the boron
doping on the density of states of Cr,0,, the increase of T\ was
mostly attributed to the modification of the local ferromagnetic
exchange energy due to the hybridization geometry.>**’] While
the notion that the enhancement of the exchange energy due to
boron doping!?*! results in more fragmented AFM domains is in
accordance with micromagnetics,[*°! it does not encapsulate the
thickness dependence of the resulting domain structure. Further-
more, the magnetic phase transition from paramagnetic to anti-
ferromagnetic when cooling through T depends on the density
of nucleation sites,!?*?”] which are attributed to defects primarily
located at the interfaces and grain boundaries.
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Figure 4. Effect of B doping on the bistability of the Néel vector. By, map (a) and o, map (b) of 200 nm Cr,O; film. c) Histogram of o, for image (b),
displaying near symmetry of distinct moment populations about zero. B, map (d) and o, map (e) of 200 nm B-Cr,O;. f) Histogram of ¢, for image
(e), revealing the coexistence of an out-of-plane magnetization as well as a population with zero average, suggesting in-plane moment. The scale bar for

all images is 500 nm.

In order to investigate the role of the Néel transition on
the final domain configuration, we modeled the paramagnetic
to antiferromagnetic phase transition using the principles of
Avrami phase kinetics.*)] The results of Monte-Carlo Avrami
simulations (see Experimental Section 4) are summarized in
Figure 3d, where R,, is plotted for different thicknesses of films
containing a higher areal germ density (AGD) of 1% or a lower
AGD of 0.2%. Linear fits of the trends in the domain size versus
the thickness reveal a greater slope for the films with AGD of 1%.
The inset of Figure 3d displays the experimental data set which
demonstrates similar scaling factors when comparing the pure
and doped films. The shaded region again displays the IQR for
the distribution associated with each thickness. Such distribu-
tional widths also capture the large variation of resulting sizes as
were measured experimentally. The top layers of the simulations,
akin to the surface magnetization, were plotted in Figure 3e,f.
The spatial morphology of the resulting domain structure, while
qualitatively similar, lacks the influences of magnetostatic energy
minimization. In previous investigations of the structural influ-
ence of boron doping in Cr,0, using density functional theory
and electron energy loss spectroscopy, BCr, tetrahedra and BO,
triangles were identified as stable defect sites. In the context
of the Néel transition, the modification of the local exchange
energy due to magnetically active BCr, sites, as well as the lattice
distortion caused by various BO; structures, may be the source
of increased density of nucleation centers when compared to
undoped Cr,0,.[*8]

2.4. Direct Visualization of the AFM Domains Orientation in Pure
and B-Doped Cr,O, Films

Along with the analysis of size, directional analyses of the
reconstructed surface magnetic moment density were carried
out for Cr,O; films, which hosted relatively large magnetization

Adv. Funct. Mater. 2024, 2408542 2408542 (5 of 9)

patterns, ensuring high fidelity. We compared the reconstruc-
tions of o, for 200 nm Cr, O, (Figure 4b) and B:Cr, 0O, (Figure 4e)
based on the measured stray field maps for each film shown in
Figure 4a,d, respectively When plotted with a symmetric
color scale, the o, map of the pure Cr,0, film consists
of roughly equal regions of positive and negative mo-
ment density whereas the o, map of B:Cr,0; film shows
mostly red regions (up to 2.5 pg/nm?) with other do-
mains of white or faint blue indicating a near zero value
ofo,.

The effect of doping is more easily interpreted from the his-
togram representation of ¢, maps. For Cr,0; (Figure 4c), the
histogram is centered around zero, which is an established prop-
erty of Cr,0; arising from the antiparallel alignment of the sta-
ble Néel vector.?2?] This fits well by a bimodal distribution,
which describes the two stable populations of AFM order. The
histogram of the reconstructed o, for the B:Cr,0, (Figure 4f) is
shifted positively in the moment axis compared to the pure dis-
tribution. When fitted by the bimodal distribution, two popula-
tions are identified. There is one population present at a mean
value of ~1 py/nm? like in the pure films, and one which has
a mean value of zero not observed in undoped Cr,O5. This im-
plies that the latter AFM domain population can be described ei-
ther by a lack of antiferromagnetic ordering and thus the loss
of the surface magnetization altogether,[*! or by the rotation
of the Néel vector to an in-plane orientation (90° rotation),!°]
such that the projection of the moment density onto the z-
axis would yield zero on average. The coexistence of magneti-
cally long-range ordered and disordered regions in a homoge-
neous single-phase material would be a thermodynamic curios-
ity that is highly unlikely to occur. In contrast, the presence of a
canted Néel vector in B:Cr,0; with 90° rotation was earlier pro-
posed as a model to explain the asymmetric magnetic field free
voltage-induced switching results from the magnetotransport
measurements.!°]
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Figure 5. Reorientation of the AFM ordering upon application of electric field. a) Schematic for the application of voltage pulses through FIB fabricated
capacitor structure. The voltage is applied via a conductive atomic force microscope probe. b) SEM image of the FIB milled capacitor structures. The
imaged capacitor is denoted by the red dashed square. c) PL image obtained simultaneously during ODMR imaging, revealing the outline of the capacitor
due to the lack of quenching associated with the etched platinum region. Reconstructed o, map (d) and histogram (e) prior to the application of electric
field. PL (f), reconstructed ¢, map (g), and histogram (h) of o, after the application of =11V, respectively. The scale bar in (c, d, f, and g) is T um.

2.5. Magnetic Field-Free Switching of the Néel Vector

Voltage-controlled switching of the Néel vector enables dissipa-
tionless control of remnant magnetic states for nonvolatile data
storage.l”!l Due to the symmetry-protected boundary magnetiza-
tion at the interface of ME AFMs,[?%#1 single-phase ME is very
promising for voltage-controlled spintronics.['*! In sharp con-
trast to spin-torque transfer MRAM, which is energy-expensive
and limited to a nanosecond switching speed, the ME interface
can lead to energy-efficient (attojoule) and ultrafast (THz) de-
vice operation.l’! In previous studies, a robust and determinis-
tic switching of boundary magnetization in Cr,0, was demon-
strated well above RT using voltage while a symmetry-breaking
magnetic field was applied to activate the magnetoelectric energy
contribution to the free energy which is proportional to the prod-
uct of electric and magnetic field, and thus zero in zero magnetic
field.") Tt was also found that B:Cr,O; film adjacent to a non-
magnetic patterned Pt Hall bar exhibits a hitherto little explored
switching mechanism that eliminates the need for an applied
magnetic field. The Hall bar enables readout of the AFM inter-
face (boundary) magnetization through detection of a transverse
voltage signal, V,, in response to in-plane current density J, (see
ST Note 3). The Hall-like signal V., is widely believed to origi-
nate from spin Hall magnetoresistance and from the anomalous
Hall effect caused by the proximity induced in the Pt Hall bar
by the exchange field of the boundary magnetization. The ap-
plication of a voltage, V., across the film switches the film be-
tween distinct non-volatile AFM states associated with V, ~0
and V,,>—10 mV and suggests 90° rotation of the Néel vector
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in sharp contrast to Hall signals observed for 180° switching in
undoped Cr, O, films. Rotation of the Néel vector by 90° is consis-
tent with the non-broken time-reversal symmetry by an electric
field.l®)

To further understand the switching mechanisms in B:Cr,0;,
we fabricated a few-micrometer square capacitor structures by
milling top electrodes from the deposited Pt layer using focused
ion beam (FIB). Figure 5b shows a scanning electron microscope
(SEM) image of the Pt (2.5 nm)/ B:Cr, 05 (200 nm)/V,0; (20 nm)
devices. The electric field was applied through the capacitor struc-
ture by a biased conductive atomic force microscope probe in di-
rect contact with the top electrode (Figure 5a). By fabricating top
electrodes of different sizes, we were able to iteratively determine
the voltage application limits corresponding to the leakage break-
down of the device. Details regarding the device fabrication and
characterization are found in Note S3 (Supporting Information).
Prior to the application of a voltage pulse, capacitor structures
were imaged by NV-SPM, during which the NV photolumines-
cence (PL, Figure 5c) and ODMR were captured simultaneously.
Due to the milling of the thin Pt layer by FIB, the B:Cr, 0, layer
is exposed, which generates a clear quenching contrast in the PL
channel and serves to identify the boundary of the top electrode.
The reconstructed o, map for the pristine condition is shown in
Figure 5d. A histogram of o, values for the dashed area is pre-
sented in Figure Se, which corresponds to the boundaries of the
FIB milled Pt. This distribution also provides independent confir-
mation of the asymmetrically distributed moment as in Figure 4f.
Only the area directly under the top electrode in the capacitor
structure is considered for a comparison of the switched volume,
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as surrounding locations will have experienced an E-field that de-
viates from out of plane. Following the application of a-11V, 100
us pulse, the same region was imaged again (Figure 5f,g). The
o, histogram after voltage application (Figure 5h) reveals a shift
in the relative populations, favoring the out of plane component,
suggesting 90° rotation of the Néel vector. After the application
of the voltage pulse, it can also be seen that regions outside of the
capacitor structure were also switched, due to the surrounding in-
homogeneous E-field.'®] There are also regions within the area of
the top electrode which did not switch, suggesting that there may
be pinned domain structures, induced from FIB residue, which
do not participate in switching.[?”]

3. Conclusion

To conclude, we have studied the effects of boron doping on the
formation of antiferromagnetic domains in Cr,0, films using
NV magnetic microscopy. A significant reduction and thickness
dependence of the AFM domain size upon doping with boron
was found and simulated by the paramagnetic to AFM phase
transition based on Avrami theory. From the reconstructed sur-
face magnetic moment density maps from NV stray-field mea-
surements, we observe a 90° rotation between the stable Néel
vector states in B:Cr,O;. The result gives a strong corrobora-
tion to the model for the asymmetric spin Hall magnetoresis-
tance measurements, explained by voltage-induced 90° rotation
of the Néel vector.['®] Finally, the demonstration of the reorienta-
tion of the surface magnetization upon application of an electrical
field/voltage provides even more salient evidence of this behavior,
although this is just a preliminary result toward the development
of reliable AFM spintronics devices.'’]

Indeed, further studies, that directly correlate modulation of
V,, to the component-resolved magnetization in the same de-
vice, will help reveal the exact mechanisms of functionality. Fur-
thermore, initial piezoresponse force microscopy (PFM) mea-
surements showed that application of voltage can induce a po-
larization manifested via observation of the PFM butterfly hys-
teresis loops in B:Cr,0;/V,0; devices,!'®] not observed in the
undoped Cr,0; films. A critical hypothesis to be tested is that
the induced polarization may couple to the AFM order. The in-
duced polarization is explained by electric field-induced align-
ment of dipole moments in PNR regions, which are not yet de-
tected experimentally. Future correlative PFM, transmission elec-
tron microscopy, magnetotransport, and NV magnetometry mea-
surements on B:Cr,0,/V,0, devices may reveal the presence
of PNRs, understand the dynamics of induced polarization, and
provide a comprehensive description of the polarization coupling
to the Néel vector and surface magnetization.

4. Experimental Section

Film Growth: Both Cr,0O3 and B:Cr,O; of various thicknesses (50—
300 nm) were grown on sapphire single crystalline substrates (c-plane)
by using the pulsed laser deposition (PLD) in an ultrahigh vacuum with
a base pressure of 5.0 x 107 Torr (7.0 X 107 Pa). The sapphire
substrates were cleaned using a modified Radio Corporation of America
protocol.’'1 A (0001) oriented V, 05 film directly grown on a sapphire sub-
strate serves as a bottom electrode, followed by the growth of Cr,O5 (and
B:Cr,03) films. The substrates were heated to 830 °C during V,0; de-
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position. A KrF excimer laser with pulse energies of 200 m), a spot size of
~6 mm?, and a pulse width of 20 ns (at a repetition rate of 10 Hz) was used
to abate V,O; target. The target-to-substrate distance was kept at #9 cm
and the substrate rotation rate was 4 rpm. The growth rate of V,0; was
~0.017 nm s~', and the thickness was maintained at 20 nm. The Cr,O,
(and B:Cr,0;) films were then grown at 800 °C on the resulting substrates
(described above) using PLD. The pulse energy of 190 m) and a frequency
of 10 Hz is used to ablate the Cr,O; target. The B:Cr,O5 films deposi-
tion takes place in the presence of a decaborane (B;yH;,) background
gas with a vapor pressure of 1.0 X 107* Pa. Various thicknesses of Cr,O,
and B:Cr, O, films were grown at a growth rate of ~0.025 nm s~'.

NV Magnetometry Measurement: A home-built NV-SPM hosting
tuning-fork-based atomic force microscope and optical confocal micro-
scope was used.[?”] The unique capabilities of the system allow imag-
ing of various magnetic materials at variable temperature (290-400 K)
and magpnetic fields up to 30 mT using permanent magnets along [111]
NV orientation in (100) diamond. The challenge of integrating the tip
in the tight space between the objective and magnetic sample was
solved by using a long working distance (6 mm) Mitutoyo objective (0.7
NA). The self-sensing SPM modality of the tuning fork-based feedback
negates the need for laser excitation, which would conflict with NV flu-
orescence measurements. The tuning fork is attached to the Attocube
stack with 3-axis positioning for coarse approach and fine positioning.
An additional piezo-based xyz scanner (Npoint) provides a scan range of
100 um x 100 um x 20 um. The NV-SPM is integrated with a freestand-
ing microwave antenna (MW) to measure NV spin transitions. NV ODMR
measurements were performed by sweeping the MW frequency along the
NV transitions [mg = 0) to |mg = =+ 1) at a given applied magnetic field
Bypp- The Hamiltonian of the system is:[0]

H = DS?
I ai% (Sx(Bapp,x + Bstr,x) + Sy (Bapp,y + Bstr,y) + sz(Bapp,z + Bstr,z)) (1)

where yyy = 28 GHz/T is the gyromagnetic ratio of the electron spin.
The second term of the Hamiltonian is the Zeeman splitting term. By
increasing/decreasing the amplitude of B,,,, the resonance of the |mg
=0) to|mg= —T)and|mg=0) to|mg = + 1) transition peaks
shift to higher/lower frequencies. By monitoring the NV fluorescence in-
crease/decrease, it can measure the magnetic field strength generated by
the magnet and the additional local stray field B, generated from scan-
ning across the AFM spin textures in pure and B-doped Cr,O; films. This
is the basis of DC magnetic sensing scheme of NV magnetometry.[*°]

Avrami Modeling of Magnetic Domains: A 3D matrix was defined to
serve as the simulation meshwork of the thin film system undergoing the
Néel transition. The simulation size for this work is 300 x 300 x (¢/10),
where t is the thickness of the film, and such that the voxel size is 10
x 10 X 10 nm3. Germs representing the nucleation centers of two sta-
ble antiferromagnetic orders are randomly distributed through the para-
magnetic medium at a prescribed areal germ density. For each time step
of an iteration sequence, the germs grow with spherical wavefronts, and
growth stops at points where domains of opposite ordering contact one
another. The resulting surface magnetization states were then subjected to
the same size analysis performed on the experimentally obtained moment
density reconstructions.
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