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Giant temperature dependence of the spin reversal field in magnetoelectric
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Magnetic field-induced reversal of surface

spin polarization for the magnetoelectric

antiferromagnet chromia is studied via magnetometry in (0001)-textured thin films of various
thicknesses. Reversal solely by magnetic means has been experimentally evidenced in sufficiently
thin films. It sets the field-response of chromia films apart from bulk behavior, where switching
between time-reversed single domain states requires the simultaneous presence of electric and
magnetic fields. In our detailed experiments, we furthermore observe a giant sensitivity of the
coercive field on temperature, thus, indicating the potential of magnetoelectric antiferromagnets as
promising candidates for energy assisted magnetic recording media. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4861780]

The antiferromagnetic (AFM) insulator «-Cr,O3 (chro-
mia) is an archetypical magnetoelectric (ME) material. In
magnetoelectrics, an applied electric field, £, can induce
magnetization and conversely an applied magnetic field, H,
can induce electric polarization.' Recently, strong interest
in ME antiferromagnets revived, which was fueled by their
potential for ultra-low power dissipation spintronic devi-
ces.> A series of breakthroughs in the widely studied oxide
o-Cr,03 helped overcoming the fundamental problem that
spin-orbit coupling and thus, the linear ME effect are small.
Key experiments utilized the exchange bias effect in hetero-
structures, in which a ferromagnetic thin film was coupled
via the quantum mechanical exchange interaction to an adja-
cent chromia pinning layer.”® In particular, the pioneering
experiment reported in Ref. 5 explored the effect that ME
annealing has onto the sign of the exchange bias field. ME
annealing is a protocol whereby the exchange bias system is
cooled to below chromia’s Néel temperature, Ty, in the si-
multaneous presence of £ and H.” ME annealing provides
control over the sign of the exchange bias field, i.e., the sign
of the shift of the hysteresis loop along the magnetic field
axis, through experimental control over the sign of the field
product EH.” Later, isothermal switching of the exchange
bias field was demonstrated exploiting magnetoelectricity in
the nonlinear regime.® Here, a field-product above a critical
threshold (EH). switches the sign of the exchange bias field.

The physical mechanism of the voltage-controlled
exchange bias effect is based on the phenomenon of bound-
ary magnetization (BM) emerging at the surface or interface
of a ME antiferromagnet. The peculiar symmetry of ME
antiferromagnets, in general, and chromia, in particular,
gives rise to a spin-polarized surface or BM if the antiferro-
magnet is in one of its two degenerate 180° domain state.®”
BM is a symmetry enabled equilibrium property and there-
fore robust against the potential presence of surface
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roughness. This property is theoretically and experimentally
well-established.®®*~'° It is in sharp contrast to surface mag-
netic states of conventional antiferromagnets such as Cr
where step-terraces at the (001) surface create alternating
local magnetization and, hence, vanishing net surface
polarization.''

The inset of Fig. 1 shows a cartoon highlighting the
major qualitative properties of the AFM spin structure of
c-oriented chromia with BM at its (0001) surface. The sur-
face layer of Cr’" moments shows uniformly aligned spins
constituting the BM. For simplicity an ideal surface is
depicted. Note that stepped surfaces remain spin-polarized as
long as the underlying AFM spin structure is single domain.®
The cartoon of Fig. 1 indicates the AFM single domain state
via two representative layers of Cr’" moments below the
surface. As an example, the case of a positive AFM order pa-
rameter and positive BM is depicted. The degenerate time
reversed spin structure with negative AFM order parameter
has the corresponding negative BM. Exchange coupling
links the BM intimately with the bulk AFM spin structure.
Up to now, switching of BM has only been documented in
the presence of electric fields. This holds for isothermal
switching via the critical field product (EH). and for the ther-
mally assisted selection of the orientation of the BM via ME
annealing in the simultaneous presence of E and H on
cooling.

In this Letter we show that, in the case of chromia
(0001) thin films, a moderate magnetic field can suffice to
select and switch between the AFM single domain states and
their corresponding BM. This reversal of the BM and the si-
multaneous reversal of the underlying AFM spin structure by
pure magnetic means becomes possible because the Zeeman
energy of the surface spins make a sizable contribution to the
total magnetic energy in ME thin film. In the bulk, magnetic
surface energies contribute only marginally to the total mag-
netic energy. Therefore, a potential reversal of the BM leaves
the bulk AFM spin structure virtually unaffected. This, in
turn, implies that a field-induced reversal of the BM is not
stabilized in zero field by the AFM spin structure in bulk

© 2014 AIP Publishing LLC
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FIG. 1. Field cooling m vs. T data for sample 1 measured in a magnetic field
of 10mT applied normal to the film.'” The horizontal line is the zero-level
after linear background subtraction resulting in m =0 for 7> Ty. The inset
shows a schematic of the sample spin structure at 7 < Ty in an AFM single
domain state (lower two layers of arrows represent AFM structure of Cr*"
spins in the bulk), which is accompanied by a positive boundary magnetiza-
tion (top layer representing the surface).

type samples. In addition to pure magnetic field switching,
our magnetometric investigations of thin film samples fur-
thermore show that the specific spin reversal field, which
switches between up and down BM, hereafter called the co-
ercive field H., depends extremely sensitive on temperature
and film thickness. This dependence can be quantified by the
parameter'? |OuoH./OT| which, to the best of our knowl-
edge, is at least an order of magnitude larger than any prior
observation. Together with material properties, such as ther-
mal conductivity and grain size, it constitutes the figure of
merit of magnetic media for the emerging technology of heat
assisted magnetic recording (HAMR)."?

Cr,05 thin films of d =26, 50, and 60 nm thickness sub-
sequently labeled samples 1, 2, and 3 were deposited on
Al,O3 (0001) substrates by RF magnetron sputtering from a
Cr,0; target. Before deposition, the substrates were ultra-
sonically cleaned using acetone, methanol, and deionized
water in consecutive cleaning steps. Samples were grown at
room temperature by RF-sputtering at 200 W power in an Ar
gas atmosphere of 3.9 x 107" Pa. XRD 0-20 (PANalytical
X’Pert Pro with Cu Ko radiation) patterns of all three
as-prepared samples show a broad peak at 20 =37.9° with a
FWHM of 5.2°, characteristic for the orthorhombic CrOj
phase with (112) orientation. Post deposition, the films were
thermally annealed at 1000 °C in vacuum (3Pa) for 1h.
Thermal annealing transformed this initial phase into (0001)
oriented Cr,O3 (chromia) characterized by a peak at
20 =139.75° (0006) with a FWHM of 0.57° (sample 1), 0.54°
(sample 2), 0.43° (sample 3) and one at 20 = 85.7 (00012)."*

XRD ®-scans of the (10-14) reflection revealed the for-
mation of twin domains, which is known to accompany the
thermal annealing.'” It is the (0001) surface layer of the
Cr,0; films, that is Cr terminated and has its surface spin
alignment rigidly coupled to the AFM spin structure of the
film, thus originating the BM.® Due to the twin domains, a
different magnetic sublattice appears at the (0001) surface
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and thus, the BM depends on the ratio of the twin domains.'®
Magnetic measurements have been performed using a com-
mercial Quantum Design SQUID-VSM magnetometer,
equipped with Evercool closed cycle refrigeration.

Fig. 1 shows the temperature dependence of the out-of-
plane magnetic moment, m, of the sample 1 upon field-
cooling (FC) in an applied axial magnetic field of
toH=0.01T."” A field of 0.01 T suffices to saturate the BM
while keeping perturbations of the AFM order at a minimum.
This has been concluded from zero field-heating (ZFH)
measurements (not shown) obtained after FC in an axial
magnetic fields of increasing strength. Note that the BM is
also measured as remnant magnetic moment on ZFH, which
implies that FC in positive H selects an AFM single domain
state with positive AFM order parameter (see inset Fig. 1).
The AFM spin structure and its corresponding BM have
been energetically favored by the Zeeman energy via the
magnetic field-induced alignment of the surface spins. The
growth kinetics of the spin structure of the film is determined
by the surface. Here, due to reduced interaction neighbors,
spins are aligned preferentially parallel to the applied field
and act as a two dimensional defect before AFM long range
order is fully established. Condensation of the AFM order
evolves from the surface with preferential single domain
growth in successive layers due to strong coupling between
the BM and the AFM order parameter. The smallness of the
Zeeman energy of the BM in an applied field renders this
mechanism ineffective if the ratio of surface-to-bulk spins
becomes small in the limit of bulk chromia. We find that the
pure magnetic FC remains an efficient selection mechanism
of a particular domain in chromia thin films up to about
60nm thickness even though rapidly increasing magnetic
fields are required with increasing film thickness.

All our thin films show reduced Néel temperatures rela-
tive to the bulk critical temperature Ty""* =307 K. Such a
thickness dependence of the critical temperature is
well-known from the literature, and it is important to note
that in the regime 26 < d < 60nm this reduction is not the
result of finite-size scaling but rather defect induced.'® The
critical temperatures of our sputtered thin films Ty ~ 297K
(d=26nm), 299K (d=50nm), and 300K (d=60nm) are
remarkably close to """ =307 K in comparison with thin
film critical temperatures reported in the literature, indicating
excellent sample quality.'®

Figs. 2(b) and 2(c) shows the experimental protocol,
which allows to reverse the BM and the AFM order parame-
ter by pure magnetic means. Conceptually, reversal of BM is
most clearly measured via an isothermal m vs. H hysteresis.
However, in the case of our AFM thin films, magnetometry
in large applied magnetic fields is plagued by an ill-defined
background signal which masks the low moment of the BM.
Therefore, we conducted the more elaborate 7- and H-
dependent protocol visualized in Figs. 2(b) and 2(c). For
each sample, this protocol allows to determine the T-depend-
ence of the specific magnetic field where reversal of the BM
sets in.

In an initializing step, we cooled the sample from
T=350K to T=100K in a positive magnetic field (0.01 T
for sample 1, see pyH vs. time protocol in Fig. 2(c)) to polar-
ize the surface spins and thus establishing the AFM single
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FIG. 2. (a) ZFH m vs. T data of sample 1 after applying the field-
temperature sequence shown in (b) and (c) with poHr = —3 T and tempera-
tures 7% =290.6 (circles), 290.8 (open-hexagons), 291.1 (triangle), 291.2
(open-thombi), and 292.0K (pentagons). The solid lines are guides to the
eye. A linear background has been subtracted from the data sets. (b) and
(c) experimental protocol showing temperature variation vs. time (b) and the
simultaneous magnetic field variation vs. time (c) for one particular example
of T* and reversal field uoHg. The dashed rectangular regions indicate the
ZFH part of the sequence, where the data in (a) were measured.

domain state. The FC procedure is followed by applying the
reversal magnetic field, upHg at T= 100K and FH to a vari-
able target temperature 7*. Here, the system is maintained in
thermal equilibrium for a waiting time of 2 min. After the
sample has been equilibrated at 7%, it is field-cooled again in
the presence of the uoHgr down to T=100K. Note that T*
does not exceed the magnetic ordering temperature, and nei-
ther does the protocol allow for the sample temperature to
overshoot upon approaching 7*. The protocol ensures that
AFM long-range order is maintained at all times without
crossover into the paramagnetic phase. After FC from T*
back to 100K, a ZFH curve has been measured to study the
temperature dependence of the remnant BM. Note that true
ZFH conditions have been achieved by quenching the super-
conducting magnet to eliminate any non-hysteretic magnetic
background contribution. Some details of the experimental
protocol outlined above are particularly crucial for the con-
sistent interpretation of our data. It is of paramount impor-
tance to keep in mind that the data displayed in Fig. 2(a) are
ZFH data and that the applied reversal fields of substantial
magnitude have negative sign, while the remnant moment of
the sample has positive sign until reversal through thermal
activation is achieved. These facts eliminate the possibility
that the measured moments are field-induced residuals of fi-
nite susceptibility or the result of long-range ordered FM
impurities. Fig. 2(a) shows selected ZFH curves for
T#=290.6 (circles), 290.8 (open-hexagons), 291.1 (trian-
gle), 291.2 (open-rhombi), and 292.0K (pentagons), respec-
tively, after having previously applied a reversal field of
toHr = —3T. As one can clearly see from these data sets,
the temperature dependent magnetic switching of the BM
takes place in a small temperature range around 7g =291 K.
At T < Tp, the single domain state and its accompanying

Appl. Phys. Lett. 104, 022403 (2014)

positive BM are virtually unperturbed by the presence of the
negative reversal field. However, upon approaching and ulti-
mately exceeding Tg=291K the BM and with it the AFM
single domain state are reversed. This takes place because
the Zeeman energy of the BM and its coupling to the AFM
order parameter lifts the degeneracy of the two AFM single
domain states. At 7* thermal excitations reduce the free energy
barrier separating the two AFM domain states. Thus, upon
reaching a sufficiently high 7%, the applied reversal field
switches the entire film into the energetically favored spin
structure, which becomes a stable degenerate state in zero field.
Fig. 3 shows the result of numerical integration

| (300K
(myp = 0K LsoK m(T)dT, (1)
of the ZFH data m vs. T of sample 1 for different reversal
magnetic field values pyHr =—7T (circles), =5 T (squares),
and —3T (triangles), respectively. Vertical bars represent
the average standard deviations of the m-data for 250 < T
<300 K. The dependence of (m); on T* is used to define
the flipping temperature Tr(poHg,d). In the hypothetical ab-
sence of noise, magnetization reversal of the BM could be
deduced from a single data point m. However, in order to
take advantage of statistics, the average defined via Eq. (1)
has been introduced. Although the integration interval has an
element of arbitrariness the results of our analysis do not
depend on details of the definition of (m);. The (m); vs. T*
data illustrate that switching between the two AFM + BM
domains of Cr,0Oj3 takes place at a reverse field dependent
T* =Tg, where Tr is defined by the inflection point of (m),
vs. T* indicated by dashed horizontal lines in Figures
3(a)-3(c). The applied reversal field favors reduction and
ultimately reversal of (m), while the bulk AFM order stabil-
izes its initial orientation. In successive measurements, the
reversal field is applied at ever increasing temperature 7*.
With increasing T* the stabilizing effect of the AFM order
parameter decreases and (m), ultimately reverses at 7% = TF.

The center panel of Fig. 3 depicts the cartoon with posi-
tive BM and positive AFM order parameter on the left and
the switched state on the right. The data sets in Fig. 3 show
that Tr(poHg = uyH.,d) increases with decreasing absolute
value of the coercive field pyH,. Also, it is worth to mention
that with increasing T the transition from positive to nega-
tive BM becomes increasingly sharp.

Fig. 4 represents a summary of our extensive magneto-
metric investigations and allows deducing their relevance for
application in potential future magnetic recording media.
Triangles, squares, and circles show —puyH. vs. Tr for sam-
ples 1, 2, and 3, respectively. Horizontal bars quantify the
transition width of the reversal of the BM determined from
the full width at half maximum of df{}lzT. Extrapolation of
—uoH,. vs. Ty towards the interception with the 7" axis defines
Tr(uyH. = 0,d). At this temperature an infinitesimal small
magnetic field suffices to reverse the BM. Although BM and
AFM order parameter are substantially reduced in magnitude
due to thermal excitation they both remain finite at
Tr(uoH: = 0,d). Breaking of the AFM order requires
T > Tn. Tr(poH. = 0,d) increases with increasing thickness
of the Cr,03 layer and is expected to approach asymptoti-
cally the bulk Néel temperature. In addition, the steepness of
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FIG. 3. Numerical integral (m)t calculated from ZFH curves m vs. T for
250 <T < 300K and plotted vs. T* for three different reversal fields
toHgr = —3 T (triangle), —5 T (squares), and —7 T (circles). The dashed lines
indicate the respective Tk defined as inflection point of (m)t. vs. T%. The
two insets show schematics of the two AFM single domain states with corre-
sponding surface magnetization of opposite sign.

—uoH.vs. Tr increases with increasing film thickness.
This is quantified by the thickness dependence of |y, ZZ;[F
~ 1.10 T/K (60 nm), 0.78 T/K (50 nm), and 0.56 T/K (26 nm).
Comparison of |z, ‘[% for chromia thin films with presently
investigated magnetic media materials that are optimized for
energy assisted magnetic recording reveals the enormous
potential of magnetoelectric antiferromagnets with switch-
able BM for magnetic recording media, because values of
only up to 0.09T/K, i.e., one order of magnitude smaller
than measured here, have been reported so far.'? Also the
fact that it is the ferromagnetic surface layer that responds to
the externally applied field, makes these materials especially
suitable for utilization in magnetic recording schemes, as
this would allow for an ideal minimization of the effective
head-media spacing. In order to develop chromia thin films
into practical heat assisted recording media, tuning of the
Néel temperature towards higher ordering temperatures is a
necessary prerequisite. Currently, there are multiple path-
ways being explored to achieve this goal, which include
straining and doping chromia films."?°

In conclusion, we have shown that the magnetoelectric
antiferromagnet chromia shows a hitherto unreported effect
when geometrically confined in the form of a thin film.
Surface spin polarization, which is a generic property of mag-
netoelectric antiferromagnets in a single domain state, can be
reversed solely by magnetic means. This finding is in strong
contrast to bulk chromia where, in the generally accepted pic-
ture of boundary magnetization, a simultaneous presence of
electric and magnetic fields is necessary to achieve reversal of
the surface magnetization and the underlying AFM spin struc-
ture. The coercive fields of the chromia thin films show a giant
temperature sensitivity. It is an at least ten-fold increase over
the temperature dependent change in coercivity known from
materials currently investigated as media for energy assisted
magnetic recording. This property of chromia thin films sug-
gests magnetoelectric  antiferromagnets as  promising

Appl. Phys. Lett. 104, 022403 (2014)

7+ A o J
b I o]
E 5+ ] a ol -
T’ W .
o
=4
v 3F | L] ol 7
= ) L]
m t=26 nm
1L A t=50nm i
e t=60nm H 8 H

280 284 288 292 296 300
T, (K)

FIG. 4. Coercive field, — poHc, versus T for sample 1 of 26 nm (squares),
sample 2 of 50nm (triangle), and sample 3 of 60nm thickness (circles).
Horizontal bars quantify the transition width of reversal determined from the
full width at half maximum of d(m)/dT*.

candidates for HAMR by means of storing magnetic bits via
the surface magnetization of otherwise antiferromagnetically
ordered films.
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