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ABSTRACT

Increase in the Néel temperature (Ty) of the 10-nm thick Cr,03(0001) thin films by the lattice strain was experimentally investigated. Ty
was determined based on the zero-offset anomalous Hall measurements for the Pt/Cr,05/Pt epitaxial trilayer. The lattice strain was altered
by the Pt buffer layer thickness and was evaluated by the lattice parameters. Ty was increased from 241.5 to 260.0 K by varying the Pt buffer
layer thickness from 0 to 20 nm. For the film without the Pt buffer layer, the apparent critical exponent near Ty increased suggesting the dis-
tribution of Ty due to the inhomogeneous strain. The Ty value was weakly correlated with the axial ratio ¢/a and the lattice volume of the
Cr,0; layer V; Ty increases with decreasing c/a or increasing V. The increase in Ty by the reduction in ¢/a (or by increasing V) implies that
the exchange coupling between the nearest neighbor Cr>" spins has the significant role in the strain effect.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0116968

Antiferromagnetic (AFM) spintronics has been an area of active
pursuit, where a variety of unique features of antiferromagnet such as
the robustness against the external magnetic field and the ultrafast
spin precession are enjoyed." The Néel temperature Ty is a character-
istic temperature of antiferromagnet; below Ty, the AFM ordering
appears. In the viewpoint of the AFM spintronics devices, Ty limits
the operation temperature, and the increase in Ty is desired. Ty is
determined by the exchange coupling constants between the AFM
spins, and the strength of the exchange coupling constants depends on
the bond distance and/or the bond angle between the AFM spins.
Consequently, Ty can change depending on the lattice deformation by
an external/internal stress (or strain) and/or the lattice parameters.z‘3

There are examples of the attempts to alter Ty of the magneto-
electric (ME) Cr,0," " a promising candidate to realize the voltage-
driven AFM spintronic device."”'” In Fig, 1, the Cr’* alignment in the
(1120)-projection and the spin alignment within the Cr,O5 unit cell
are shown. Cr’* spins alternatively align along the c-axis in the hexag-
onal cell, which is (111) in the rhombohedral cell. J; and J,, the
exchange coupling between first and second nearest neighbor Cr’*
spins, respectively, has a significant role on the effective exchange J.

Although J, is about half of J; in magnitude, J, has a nonnegligible role
on J because the number of bonds for J, is more than that for J;; 1 for
Jy and 3 for J,, respectively.'” Historically, there are controversial
reports for the stress-effect on Ty of Cr,Os. Some reports showed the
increase in Ty under the hydrostatic pressure and the resultant com-
pressive lattice deformation”*'*"* and there are also the reports show-
ing the opposite result, ie., the reduction in Ty by the hydrostatic
pressure.”” Theoretical calculation also showed the controversial
results.”'*'>'* Kota et al. predicted the increase in Ty or J by the ten-
sile strain along the c axis, i.e., the increase in the axial ratio c/a, 10
whereas Mu and Belashchenko predicted the opposite trends, the
decrease in J, proportional to Ty with decreasing c/a."* Although
the previous experimental attempts were done for the bulk Cr,0O;, the
attempt for the Cr,O; thin film is more impressive for the device
application since one concern of the ME-control of AFM spin state of
the Cr,O5 thin film is the low operation temperature.'"'® In the epi-
taxial thin film, the strain can apply to the film via the lattice matching
with the adjacent layer. Previously, we fabricated the epitaxial Pt/
Cr,O5/Pt epitaxial trilayer and demonstrated that Ty could be detected
by the anomalous Hall effect (AHE)." In this paper, we alter the Pt
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FIG. 1. (1120)-projected Cr** arrangement with the spin orientation in the Cr,0s.
Exchange coupling constants for first and second nearest-neighbor Cr*+ spins, i.e.,
Jy and J, are also shown.
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buffer layer thickness to change the epitaxial strain applied to the
Cr,0; layer and investigated the influence on Ty. We demonstrate the
increase in Ty, ATy ~20K for the 10-nm-thick Cr,O; layer by chang-
ing the Pt buffer layer thickness.

Pt(2 nm)/Cr,O5(10 nm)/Pt(tp, nm) triyalers were used as the sam-
ple. tp, was varies as 0, 3, 8, 16, 18, and 20. The cleaned o-Al,03(0001)

8-nm Pt buffer 10-nm Cr,04

}
[11 iO]Subst-azimuth

M

[1 1 00]s pst-azimuth

[1 ﬁOO]Subst-azimuth
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single crystal was used as the substrate. The films were fabricated by
the DC magnetron sputtering system with the base pressure below
1 x 10~ %Pa. The detailed sample fabrication method can be found in
our previous report.'* Structural characteristics were evaluated by using
reflection high-energy electron diffraction (RHEED) and high-angle
x-ray diffraction (XRD). Typical RHEED patterns for each layer are
shown in Fig. 2. The equally spaced streaks are observed indicating that
the crystallographic orientation along the growth direction is aligned.
The appearance of streaks indicates the flat surface of each layer. Some
RHEED images, eg., Pt for [1100]sps-azimuth and Cr,O; for
[1120]supst-azimuth, are symmetric with respect to (00) streak indicting
the twin formation. Resultantly, the epitaxial relationship of each layer
is represented as

)
(||Pt(111)[112])|e~AL,O3(0001) [1120]
t(111)[110] || Cr,05(0001)[1T00]
([Pt(111)[110])|| AL O5(0001) [1T00].

Pt(111)[112] || Cr,05(0001)[1120]
P

The XRD measurements were done for the various configuration to
capture the off-axis x-ray diffractions from the Cr,Oj; layer to deter-
mine the lattice parameters, a and ¢ of the Cr,O5 layer. Magnetic prop-
erties were characterized based on the AHE measurements. For the
AHE measurements, the films were patterned into the Hall device
with 25 um length and 5 um wide by using the photolithography and
the Ar ion milling. After the patterning, the Au/Cr electrodes were
prepared by the lift-off technique. The AHE measurements were done
by the zero-offset method'” using the multiplexer. The optical micro-
scope image of the device and the schematic electric circuit are shown
in Fig. 3. For the temperature dependent measurements, the sample
was cooled from 310 to 10K with the applied field of +2. After

2-nm Pt cap

[1 150]3ub8t-azimuth

"

1 1 00]¢ pst-azimuth

FIG. 2. RHHED images of (a) Pt buffer layer, (b) Cr,0s layer, and (c) Pt capping layer. Electron azimuth was (1120) (top panel) and (1100) (bottom panel) of the
o-Al,05(0001) substrate, respectively. In this figure, the results for the case of ot = 8 nm are shown as examples.
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FIG. 3. Optical microscope image of the Hall device with the electric circuit used for
the zero-offset Hall measurements.

stabilizing temperature, the magnetic field was removed. Upon
increasing temperature, the AHE voltage was measured as a function
of temperature; the remanent AHE voltage, Vapg r, Was measured.
The applied magnetic field direction was perpendicular to the film
plane. The sense current I for the AHE measurements was 0.5 mA.
Resistivity of the Cr,O; layer was about 1 MQ-m at room temperature,
sufficiently high to expect the spintronic applications.

AHE for the Pt/Cr,05 system is a recent research subject, and
some possible origins are proposed.'” ** Characteristics of AHE for
this system is the nonlinear response as a function of the magnetic
field above Ty'” ' and the finite remanent AHE signal below Ty '’
We confirmed that both characteristics appeared in every film. The
nonlinear magnetic response above Ty is presented in the supplemen-
tary material. Figure 4(a) shows the temperature dependence of the
remanent AHE resistance, Rapg g = Vane_r/Is- The negative value of
Rapg r at the positive cooling field is obtained. According to our
adopted electric circuit shown in Fig. 3, the sign of Ryyg_r agrees with
the previous reports.*'? As a trend, |Rapg,_g| increases with increasing
temperature, shows the maximum, and decreases again. Finally,
Rang_gr becomes zero. The similar temperature dependence of Rayg_r
was reported in the previous reports for the Pt/40-nm thick Cr,O5/Pt
trilayer.'” The first increase in |Rapg,_g| in the low temperature regime
is most prominent for the film with #p, = 8 nm, wherein the sign rever-
sal of Ry _r takes place. This should not be simply attributed to the
temperature dependence of sublattice magnetization,””* but the simi-
lar feature has been observed in other system such as SrRuO; >
La;_,Sr,C005,”" and Mn;NiN,”® where the AHE is caused by the com-
plex mechanism involved by the Berry curvature or the spin-chiral tex-
ture. Moreover, the film with fp, = 8nm shows the steep dip of
Rapg g near Ty. Although the mechanism of this dip is not clear at
present, the similar phenomenon has been observed in SrRuO; and
SrosCag,RuO; *”*° Our results imply that the AHE in the Pt/Cr,0;
system below Ty is relevant to the emergence of the Berry curvature as
predicted in our previous report.”” The ME effect might be also

scitation.org/journal/apl
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FIG. 4. (a) Temperature dependence of Rane g for the films with tp; = 0 (black), 3
(red), 8 (green), 16 (orange), 18 (purple), and 20 (blue) nm. (b) Enlarged image of
(a) in the temperature range of 230-270 K. Open circles represent the experimental
results and the solid lines represent the fitted results. Gray and black lines for the
film with ty = 0 nm represent the fitted results using Egs. (1) and (2), respectively.
For other films, the fitting was done using Eq. (1). (c) Change in Ty with tp;.

relevant to the negative temperature coefficient of Rayyi as in the case
of the Faraday rotation of the bulk Cr,05” Unfortunately, the rela-
tionship between the AHE and the ME effect has not been so far
explored. Future exploration from both theory and experiments are
expected. In this paper, we do not go into the further details of the
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origin of AHE, and we focused on the change in Ty with tp, with the
hypothesis that the remanent AHE is relevant to the AFM order
parameter regardless of the detailed origin of AHE.

Ty was determined from the Rypg r—T curve by the power-law
expressed by

B
Rang, (T) = Ragg, (0) (1 - Tl> ; (1)
N

where Rypg(0) is the pre-factor and f is the critical exponent. In prin-
ciple, the AHE conductivity a,, = —p,,/ P’ should be used for the fit-
ting rather than Rapg r. Nonetheless, by restricting the temperature
regime for the fitting to sufficiently small where p,, is treated as con-
stant, Ty can be estimated. We confirmed that Ty and f values are
same if we used 0,,. According to Figs. 4(a) and 4(b), Rapg_r gradu-
ally changes for tp, = 0nm compared with other films. When we fit
the results simply using Eq. (1), f8 is estimated as 0.37 for tp, = 0nm
and ~0.13 for other tp. § ~ 0.13 is similar to the two-dimensional
(2D) Ising model, f = 0.125.”" This implies that the 2D behavior of
the interfacial Cr’* spins, e.g., the boundary magnetization (the sur-
face magnetization)’"** dominates the critical behavior. The gradual
decrease in Rypg r and the increase in the apparent f for tp, = 0 can
be alternated by assuming the distribution of Ty. As seen in Fig. 4(b),
the fitted results using Eq. (1) cannot reproduce Ryyg r Vvery near Ty
(gray line). Taking into account the Ty distribution,™ Eq. (1) is
replaced by the rounded power law

RynE, (0) ro /] (T —Ty)*
Raup (T) = =2 | thexp | —~———5—2 | dT.
AHE Vamor, Jo P T 2an |4

T
1—— forT<Ty
Ty :
0 forT > Ty

(2)

t():

The normal distribution is assumed as the distribution function of
Tx. As seen in Fig. 4(b), Eq. (2) well reproduces the skirt of Ryyg_gr

scitation.org/journal/apl

(black line). The fitting revealed that the mean Ty and the standard
deviation was 241.5 and 1.5K, respectively, for the film with tp,
= 0nm by assuming f# = 0.125. Figure 4(c) shows the change in
Ty with tp. Ty increases from 241.5 to 260 K with increasing tp;
from 0 to 20 nm. The Ty values are lower than the bulk value
(~310K)* and the 20, 130, 250, and 500-nm thick Cr,O; film
(~290-300K)."”** " In order to briefly address the reduction in
T, we checked Ty for the thick Cr,O3 (40 and 200 nm) films. The
estimated Ty were 284.7 £0.6 and 288.9 = 0.6K for 40 and
200 nm thick films, respectively (see the supplementary material).
Ty is going to recover the bulk value although they are still lower
than the bulk indicating that Ty gently decreases with the decreas-
ing Cr,O; thickness, and thus, the low Ty in the 10-nm thick
Cr,05 should be due to the thickness effect. We also briefly note
that the best fits for the thick films were obtained by assuming
= 0.325 as in the case of Refs. 17 and 18. The decrease in f in the
mainly used films implies that the 2D fashion is pronounced by
decreasing Cr,O; thickness. To obtain the deep insight on the
thickness dependence of Ty and the possible dimensional cross-
over, the detailed Cr,0; thickness dependence is required. This is
beyond the scope of this paper and will be discussed elsewhere.

In the following, we discuss the change in Ty with fp, in the view-
point of the lattice strain in the Cr,O; layer. The lattice strain is dis-
cussed based on the lattice parameters of the Cr,05(0001) layer.
Figures 5(a) and 5(b) show the in-plane XRD profiles, (20,/¢ profiles)
along [1120] and [1010] of o-Al,05(0001) substrate, respectively, for
some films. In the 20,/¢ profiles along [1120], the diffraction peaks
from the Cr,O; layer and the substrate are observed. The diffraction
peaks from the Pt layer are absent because the diffraction angle of the
possible {224} diffractions is in the high 20,/¢ regime, ~147°. In the
20,/¢ profiles along [1010], the diffraction peak originated from
Cr,05(3030) is observed. In this profile, the diffraction peak from
Pt(220) for the non-zero fp, and that from «-Al,05(3030) for tp,
= 0nm were also observed. The diffraction peak position for the
Cr,O; layer varies with fp, indicating that the lattice constants vary

(a) (b) _
Cr,0,4(1120) Cr,0,(2240) Cr,04(3030)  Pt(220)
L arALOy(1120)  /; 0-Al,05(2240) . /a-AlL04(3030)
107 ——rirr——tf— ——rt— 108 ~—H— T
I 1 I |
1 I
107
108 : :
| 108
z 10° )
c € 10°
=} S
S 10t 8 40t tey = 20 NmM FIG. 5. 20,/¢ profiles for the scattering
S 8 vector along (a) [1120] and (b) [1010] of
%, - % 10° 8 nm the «-Al,05(0001) substrate.
c c
i} 2
= € 102 3nm
10?
, 10'
10" A 0nm
L 10°
I 1
100 Al L1 11 Ll L 10.1
30 35 40 45 65 70 75 80 85 90 55 60 65 75 80

26, /p (degree)

20, /¢ (degree)
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FIG. 6. Changes in lattice parameters (a) a and (b) ¢ with p.

with fp,. For the precise determination of the lattice parameters, the
off-axis XRD measurements, such as (2426), (1216), and (2119) dif-
fractions, were carried out. Using various diffraction peaks, the lattice
parameters were estimated based on the Cohen’s method”” with the
error function proportional to cos® 0 sin 0. It should be noted that the
out-of-plane lattice spacing of Cr,0;(0001) is difficult to directly eval-
uate, especially for the film with the Pt buffer layer, from the conven-
tional out-of-plane 20/ scan because the lattice spacing of Pt(111) is
very near.

The changes in the lattice parameters of the Cr,O; layer with fp,
are shown in Fig. 6. a (c) increases (decreases) with the increasing tp;
up to 8nm. a (c) seems to gradually decrease (increase) above 8 nm
and approaches a (c) or the thick (200nm) Cr,O; on the Pt buffer
layer,” which suggests the partial relaxation of the lattice strain.
Although the lattice parameters for tp, = 0 nm are almost same as the
bulk lattice constants,”*” the errors mainly originating from the dis-
persion of the diffraction peak positions are large compared with other
films. This suggests the inhomogeneity of the lattice strain in agree-
ment with the rounded temperature dependence of Ry r and that
the steepening of Rypp r—T curve by the Pt buffer layer is relevant
to the homogenization of the lattice strain. Combining Figs. 4(c)
and 6, the relationships of Ty with ¢/a and lattice volume
V (=v/3a*c/2) are shown in Figs. 7(a) and 7(b), respectively. Ty
increases with decreasing c/a or increasing V. These trends are in
agreement with the recent theoretical prediction by Mu and
Belaschanko.'* They predicted that the lattice expansion along a-axis
and the compression along c-axis, i.e., the decrease in ¢/a would cause
the increase in J between the Cr>" spins, which yields the increase in
Tx. A 10% enhancement of ] by a 1% in-plane tensile stress was pre-
dicted, which seems to be comparable to the results shown in Fig. 7(b),
~10% increase in Ty by ~2% decrease in c/a.

In summary, we investigated Ty of the Cr,O3(0001) thin film in
the Pt/Cr,Os/Pt epitaxial trilayers based on the temperature depen-
dence of Ryyg_r. When the Cr,O; layer is deposited on the Pt buffer
layer, Rapr r steeply decreases in the vicinity of Ty, which gives rise
to the reduction in the critical exponent /3. The estimated f§ (~0.125)

scitation.org/journal/apl
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implies the 2D Ising behavior of the interfacial AFM moments. Ty
changes with the Pt buffer layer thickness and increases from 241.5 to
260.0 K with increasing tp. Ty seems to be correlated with the axial
ratio ¢/a and the lattice volume of the Cr,O; layer. The enhancement
ratio is comparable to the theoretical prediction.'* The results suggest
that the operation temperature of the magnetoelectric effect of the
Cr,0; layer can increase by the interface engineering, i.e., the suitable
design of the stacking structure.

See the supplementary material for AHE loops measured at
300K, ie., above Ty for the studied films are presented (Sec. 1) and
the supporting discussion of f§ for the thick Cr,O; films (Sec. 2).
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