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Strain-engineered incommensurability in epitaxial Heisenberg antiferromagnets
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Neutron-diffraction studies of ZnTe/MnSe strained-layer superlattices show the formation of an in-
commensurate helimagnetic phase below 70 K. The incommensurate ordering is characterized by a
wave vector that can be tuned by both strain and dimensionality. Furthermore, the incommensurate hel-
ical pitch varies smoothly with temperature, without locking in at any commensurate values.

Epitaxially layered magnetic systems fabricated using
vacuum deposition techniques such as molecular-beam
epitaxy (MBE) continue to attract interest because they
allow the manipulation of magnetic properties through a
systematic control of parameters such as dimensionali-
ty,? strain,® and interlayer interactions. Among the
wide variety of different magnetic multilayers fabricated
so far, magnetic semiconductor (MS) superlattices occupy
a unique niche as examples of frustrated multilayer
Heisenberg antiferromagnets® and spin glasses' dominat-
ed by short-ranged exchange. While magneto-optical
phenomena in MS superlattices have been investigated in
great detail in recent years,>® the magnetic properties of
these systems have only just begun to be understood.

For example, thin MnSe layers stabilized in strained-
layer superlattices such as ZnSe/MnSe provide a model
system in which to study the effects of strain and dimen-
sionality on a face-centered-cubic (fcc) Heisenberg anti-
ferromagnet. The fcc Heisenberg antiferromagnet itself
is a problem that continues to attract contemporary in-
terest’ despite several decades of study.® Recent
neutron-diffraction studies of ZnSe/MnSe superlattices®
have shown that the MnSe layers exhibit a continuous
phase transition to a commensurate antiferromagnetic
phase characterized by a type-III tetragonal magnetic
unit cell.® The in-plane compressive strain experienced
by the MnSe layers results in the stabilization of a single-
domain type-III order in which the tetragonal axis of the
magnetic unit cell is parallel to the growth direction. In
this paper, we show how one can dramatically alter the
magnetic behavior of such layered antiferromagnets by
simply modifying the strain configuration in which they
are placed. We find that if MnSe layers are subject to in-
plane tensile strain instead of compressive strain, the sys-
tem is driven into an incommensurate helimagnetic phase
that exhibits at least two qualitatively new aspects: first,
that in-plane tensile strain can induce incommensurate
helical states in a system which is a commensurate anti-
ferromagnet under unstrained and in-plane compressive
strain conditions; second, that the incommensurability of
the ordered phase can be “‘tuned” by changing the strain
and the dimensionality (thickness) of the magnetic layers.
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Modulated magnetic structures that are incommensu-
rate (IC) (or high-order commensurable) with the under-
lying crystalline lattice have been known for several de-
cades, ! and are still the focus of substantial theoreti-
cal'? and e:xperimentall3 interest, because of predictions
of new universality classes. However, as pointed out re-
cently,!? much of the experimental data giving the tem-
perature variation of the incommensurability as well as
the critical exponents are still not understood. It is hence
important to identify new classes of systems in which in-
commensurate phases may be found—particularly those
that may be easy to model theoretically. IC magnetism
typically arises from competing ferromagnetic and anti-
ferromagnetic interactions or is the result of anisotropic
spin-orbit interactions. In any case, the properties that
lead to IC behavior are usually a “given” for a particular
material and cannot be continuously tuned. The system
described in our study represents a different class of
magnetism in which the magnetic phase of a material can
be artifically tuned through ‘‘strain-engineering” to ex-
hibit either commensurate behavior or incommensurate
behavior. The ability to vary the magnetic layer thick-
ness also allows the study of finite-size effects on the in-
commensurability exhibited by the system.

We focus here on ZnTe/MnSe superlattices in which
strained zinc-blende layers of MnSe are sandwiched be-
tween nonmagnetic layers of ZnTe. The nonmagnetic
layers are thick enough that the MnSe layers are magnet-
ically isolated; the only reason to use a superlattice struc-
ture is to provide enough magnetic material for the ex-
perimental measurements. The magnetic layers in these
strained ZnTe/MnSe superlattices are subject to an in-
plane tensile strain and a perpendicular compression
since the unstrained lattice parameters of the ZnTe and
MnSe are 6.099 A and 5.92 A, respectively. As the in-
plane lattice parameters match up, the MnSe parameter
in the growth direction shortens to diminish the change
in the unit-cell volume. The superlattices used in this
study are grown by MBE on (001) GaAs wafers (typical-
ly, 2-3 cm® in area) at a substrate temperature of 320°C,
after first depositing a 2-um buffer layer of ZnTe. The
structure of the samples studied is described by the
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TABLE I. Diffraction data from ZnTe/MnSe samples.

ZnTe layer MnSe layer
Sample thickness thickness
No. (in monolayers) (in monolayers) —yv=1—c/a A/a
1 23 17 0.062510.0005 3.421+0.01
2 19 13 0.06151-0.0005 3.21+0.01
3 17 10 0.0595+0.0005 2.92+0.01
4 28 10 0.0675+0.0005 3.26+0.01

specific parameters listed in Table I. We will refer to the
growth direction as [001]. The sample surface is moni-
tored during growth by in situ reflection high-energy
electron diffraction (RHEED) at 10 keV. By monitoring
oscillations in the intensity of the specular spot in the
RHEED pattern along the [011] azimuth, superlattice
periods can be precisely timed in integral numbers of
monolayers.

Neutron-diffraction experiments are performed at the
20-MW reactor at the National Institute of Standards
and Technology using a triple-axis spectrometer operated
in the elastic diffraction mode, with a pyrolitic graphite
(PG) monochromator and analyzer, and with a 5-cm PG
filter in the incident beam. The energy of the incident
neutron beam is 14.8 meV, and the angular collimation is
40’ throughout. Scans along the [001] direction in the vi-
cinity of Bragg reflection positions for bulk unstrained
materials produce characteristic diffraction patterns from
the superlattice crystal structure, with harmonic peaks
occurring at regular intervals 27 /L in Q-space (where L
is the bilayer thickness). The period L determined from
these peaks is in very good agreement with that expected
from RHEED oscillations. The superlattice reflections
show only a slight broadening, and their deconvoluted
widths indicate that the range of crystalline coherence in
the samples in the growth direction as well as in the
growth plane is >1000 A. From a straightforward
analysis of nuclear diffraction data, we are able to mea-
sure both the in-plane and out-of-plane lattice parameters
(a and c, respectively) of the strained MnSe layers. This
analysis is summarized in Table I, where we represent the
lattice distortion in terms of the distortion parameter y,
which is defined as y =(c /a —1). Table I shows that the
lattice distortion changes from sample to sample depend-
ing on the ratio of the MnSe to ZnTe thickness.

At low temperatures, diffraction scans in the (010) and
(001) planes in Q-space reveal distinct maxima at
(£5,0,1),(2+8,0,1), . . . (where [ is an odd integer), and
at (1£4,/,0),(3+£8,1,0),..., and symmetry equivalent
pairs (Fig. 1). The temperature behavior of these peaks
and their Q dependence clearly indicate their magnetic
origin. Namely, these peaks only appear below a charac-
teristic Néel temperature (typically around 70 K) and in-
crease in intensity as the temperature is further lowered.
Measurements at larger values of Q show the characteris-
tic suppressing of intensity by the magnetic form factor
f(Q). The relative intensities of various (hkl) reflections
allows us to deduce that the spin directions are confined
to the (100)-type planes perpendicular to the multilayer
plane. The peaks are clearly shifted from low-order com-

mensurate lattice positions [e.g., (%,1,0)] and the incom-
mensurate helimagnetic structure deduced from the
diffraction data is shown in Fig. 2. Two equivalent heli-
cal domains exist, directed along the [010] and [100]
directions. The deconvoluted widths of scans along [010]
and [100] indicate that the helical order is long ranged
(>1000 A) within the layer plane, while scans parallel to
the growth direction show the order in that direction to
be essentially limited by the layer thickness. Hence, the
helical domains consist of (100) [or (010)] “bands” of anti-
ferromagnetically coupled spins, with the direction of the
spins rotating by an angle ¢ for successive bands as
shown in Fig. 2.

The reflection index § is related to the angle ¢ and the
helix period A through 8=¢/7=a/A. Note that for
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FIG. 1. Neutron-diffraction scans for a ZnTe/MnSe superlat-
tice along the (£,1,0) line in Q-space showing pairs of magnetic
reflections at (1+3,1,0) for different temperatures below the
Néel temperature. The reflections correspond to incommensu-
rate helical order, with a period A given by §=a/A. The verti-
cal arrows show the peak positions corresponding to commens-
urate helices with A=3a and 4a4. The signal was counted
against a fixed incident-beam monitor rate, and the counting
time per data point was approximately 4 min.
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FIG. 2. Helimagnetic structure deduced from the scans in
Fig. 1. Note that the helical axis is oriented along [100] (or
equivalently [010]) and hence lies within the epitaxial layer
plane. Since the magnetic order is limited by the MnSe layer
thickness in the growth direction ([001]) but is long ranged
along [010] and [100], we obtain (100) and (010) “bands” of anti-
ferromagnetically ordered spins, with the spins on adjacent
bands rotating by an angle @ about the helix axis. For ¢ =0, the
structure is identical to the well-known type-I ordering, while
for =90, we obtain the so-called “Keffer” structure.

@=0, which corresponds to a helix with an infinite
period, this order is identical to the well-known collinear
type-I structure,’ while for @=90° (i.e., A=2a), the heli-
cal structure becomes identical with the canted type-III
order which is usually referred to as the Keffer struc-
ture.'* In all the samples studied in this paper, the angle
@ lies in the range between 45° and 62°, and does not
show any tendency to lock in at values corresponding to
low-order commensurable order. As the temperature is
lowered from the Néel temperature, the helix period de-
creases and then saturates below around T=20 K (Fig.
3). The saturation values of the modulation period for
each sample expressed in reduced units (A/a =m/¢) are
given in Table I. This table clearly shows that the incom-
mensurable helix period is a function of both the strain
and the thickness (or dimensionality) of the magnetic lay-
ers.

The above results may be understood to a first approxi-
mation using a simple energy-minimizing argument to
determine the zero-temperature magnetic order for the
strained MnSe layers. The low-temperature saturation
value of the helix period may then be related to parame-
ters such as layer thickness and tetragonal distortion.
The temperature dependence of the helical modulation
requires a more sophisticated theoretical treatment and
will not be addressed in the present paper.

We assume that the tetragonal distortion of the MnSe
layers leads to different exchange interactions parallel to
the growth direction. Let J, and J, denote the antiferro-
magnetic (AF) nearest-neighbor (NN) and next-nearest-

Temperature (K)

FIG. 3. Temperature dependence of the incommensurate
helix period for three different ZnTe/MnSe superlattices. The
dashed lines correspond to low-order commensurable periods,
showing that there is no tendency to lock-in at such values of
the helix period.

neighbor (NNN) exchange integrals, respectively, for an
undistorted MnSe lattice. The NN exchange constants
parallel and perpendicular to the growth direction for a
strained lattice, are denoted by J,, and J, |, respectively.
In a first approximation, we neglect the anisotropy in the
NNN coupling. The strain configuration of interest to us
is that in which ¢ /a < 1. Since the out-of-phase NN’s are
closer than those in-plane, it is reasonable to assume that
Jy1>J,;. The total magnetic energy per spin for a
strained MnSe layer of finite thickness in the helimagnet-
ic state shown in Fig. 1 is then

Ulp)=E;+[8AJ,—(8/N)J |, Jcosp—4J,co82¢p , (1)

where N is the number of magnetic monolayers constitut-
ing the MnSe layer, and where AJ, =J,; —J,. The first
of the right-hand terms, E,), is the “interband” coupling
energy, which is not sensitive to the stacking order of the
AF planes, i.e., to the value of ¢. The second term de-
scribes the energy of interactions between the spins and
their neighbors located in adjacent bands. The 8J,, /N
arises because the spins belonging to the lowermost and
the uppermost rows in each band do not have a full set of
NN’s, and hence directly leads to finite-size effects. Fi-
nally, the last term in Eq. (1) is the energy of interactions
with the NNN’s located in the second-nearest bands to a
given spin.

Minimizing the energy with respect to ¢, we find that
for 0= =<90°, the ground-state helical configuration is
given by

AT, —(1/N)J,

2, (2)

@| 4 = min=arccos

where we have assumed that the strain-induced anisotro-
py AJ, is small in comparison with the exchange integral
J, for an undistorted system, so that J, =J,. The
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energy-minimizing value of ¢ and the minimum-energy
value are both functions of the dimensionless parameter
AJ,/J,. A straightforward analysis shows that, for
0=<AJ,/J, =2, the helical configuration leads to a lower
magnetic energy than the type-I or type-III order.
Finally, we attempt to relate measurements of the heli-
cal pitch as a function of lattice distortion to known ex-
change parameters. We assume that the exchange in-
tegral J, in these compounds is a scalar function of the
ion-ion distance R, and that in the relevant range of the
variation in R, J,(R) can be approximated by a linear
dependence. Equation (2) can then be recast in the form

J1n
2

@ | pelix = aTCCOS
helix 2 dr N

di
L_ZL__I_l’ 3)

where J,,=J,/J,. The parameters j,=J,/J9 and
r;=R,/RY are the nearest-neighbor exchange and the
ion-ion distance normalized to their respective values for
an undistorted lattice. We now use our experimentally
observed value of @, lattice distortion parameter ¥, and
the number of magnetic monolayers N, to deduce values
for both the ratio of the NN to NNN exchange and for
the variation of the exchange integral with ion-ion dis-
tance. The self-consistency of the results obtained from
such an analysis (Table II) indicates the essential correct-
ness of our simple mean-field model. However, the value
of dj, /dr, obtained from our fits (=9.5) is ~50% larger
than values presented in earlier theoretical’® and experi-
mental work.!®!” This disagreement probably arises be-
cause our simple model ignores the effect of the angular
change in the Mn—Se—Mn bonds on the exchange in-
tegral.
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TABLE II. Fit of Eq. (3) to measured data.
Sample Input data A/a values

No. N -y Fitted Measured

1 17 0.0625 3.423 3.42+0.01

2 13 0.0615 3.191 3.21+0.01

3 10 0.0595 2.938 2.92+0.01

4 10 0.0675 3.271 3.26+0.01
Fitted

parameter dj,/dr=9.4 J /Iy, =3,=53

values

In summary, we have shown that the magnetism in
thin epitaxially grown Heisenberg antiferromagnets such
as MnSe can be controlled using ‘“‘strain-engineering.”
The observed behavior is predicted within a simple
mean-field model—but a more sophisticated theoretical
treatment of the problem is clearly warranted. Finally,
we note that a recent phenomenological theory within the
Landau-Ginzburg framework produces qualitative agree-
ment with our experimental findings and it is anticipated
that further theoretical work will help us understand the
obselrgved temperature dependence of the helical order-
ing.
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