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MnN is a centrosymmetric collinear antiferromagnet belonging to the transition-metal-nitride family
with a high Néel temperature (660 K), a low anisotropy field, and a large magnetic moment (3.3μB per
Mn atom). Despite several recent experimental and theoretical studies, the spin symmetry (magnetic point
group) and magnetic domain structure of the material remain unknown. In this work, we use optical
second-harmonic generation (SHG) to study the magnetic structure of thin epitaxially grown single-crystal
(001) MnN films. Our work shows that spin moments in MnN are tilted away from the [001] direction and
the components of the spin moments in the (001) plane are aligned along one of the two possible in-
plane symmetry axes ([100] or [110]), resulting in a magnetic-point-group symmetry of 2/m1’. Our work
rules out magnetic-point-group symmetries 4/mmm1’ and mmm1’ that have been previously discussed
in the literature. Four different spin domains consistent with the 2/m1’ magnetic-point-group symmetry
are possible in MnN. A statistical model based on the observed variations in the polarization-dependent
intensity of the second-harmonic signal collected over large sample areas puts an upper bound of 0.65 μm
on the mean domain size. Our results show that SHG can be used to probe the magnetic order in metallic
antiferromagnets. This work is expected to contribute to the recent efforts in using antiferromagnets for
spintronic applications.
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I. INTRODUCTION

Antiferromagnetic (AF) materials have attracted consid-
erable attention recently due to their potential for applica-
tions in spintronics [1,2]. The transition-metal nitrides are
particularly interesting in this context because of the exten-
sive range of electronic and magnetic properties that they
display [3]. Mn-containing nitrides are especially interest-
ing, because they form a variety of stoichiometric phases
with Mn ions in various valence states. Among these
phases one finds both antiferromagnets and ferrimagnets
[4–9]. The diversity of magnetic orders, combined with the
ability to epitaxially grow high-quality single-crystal films
[10], makes Mn nitrides attractive for spintronics [11,12].

Spin-torque switching of the Néel order has been
reported for several metallic and insulating AF materi-
als [13–17]. Recently, electrical spin-torque switching has
also been reported for MnN stacked with spin Hall metal
Pt [12]. In many of these experiments, the electrical read-
out schemes to detect the Néel order and its switching
are weak. Various optical, x-ray, and thermal schemes
have been proposed and used to investigate the Néel order
[18–21]. Linear optical techniques, such as Faraday and
Kerr rotation or linear and circular dichroism, do not
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generally work in fully compensated AF materials other
than in special cases where dc electric (or magnetic) fields
can be applied to generate a linear optical response in AF
materials lacking inversion (or time-reversal) symmetry
[22] or where the magnetic order in the AF material is
strongly coupled to the crystal structure and lattice strain
[19,20,23]. Nonlinear optical techniques, and SHG in par-
ticular, have been shown to be sensitive to the Néel order
and magnetic domain structure in AF materials [24,25] as a
result of the magnetic dipole and electric quadrupole tran-
sitions in these materials. In this work, we use SHG to
determine the magnetic-point-group symmetry and mag-
netic domain structure of epitaxially grown θ -phase MnN
films.

θ -phase MnN has a tetragonally distorted rock-salt
crystal structure. The Mn spin moments within a (001)
plane are known to be aligned ferromagnetically and they
are antiferromagnetically aligned in different (001) planes
[4–9] [see Fig. 1(a)]. The exact orientation of the spin
moments (and the magnetic point group) remains uncer-
tain. Neutron diffraction studies have yielded conflicting
results. Spins pointing within the (001) plane (mmm1’
magnetic-point-group symmetry) have been reported by
Suzuki et al. [4] and spins pointing in a direction tilted
67◦ out of the (001) plane (2/m1’ symmetry) have been
reported by Leineweber et al. [5]. In addition, spins
pointing along the [001] direction (4/mmm1’ symmetry)
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FIG. 1. (a) The unit cells and magnetic ordering in MnN
(2/m1’ symmetry). Both the fcc (unprimed axes) and bcc (primed
axes) unit cells of the tetragonal crystal are depicted. (b) An
AFM scan of the surface of epitaxially grown (001) MnN. The
rms surface roughness (SR) is 0.6 nm. (c) The x-ray diffrac-
tion pattern of epitaxially grown MnN. (d) A room-temperature
out-of-plane magnetic hysteresis study of a 500-nm-thick MnN
sample (grown on (001) MgO).

have been predicted theoretically [26] and have also been
reported in measurements done at high temperatures [5].
MnN unit cells with different magnetic-point-group sym-
metries are depicted in Figs. 2(a)–2(c). The four Néel
vectors �L corresponding to the four different magnetic
domains consistent with the 2/m1’ symmetry are shown
in Fig. 2(d). Note that the magnetic-point-group sym-
metry remains unchanged if the components of the spin
moments in the (001) plane are aligned along either one
of the two sets of symmetry axes, < 100 > and < 110 >.
In specifying the magnetic point groups, we use the con-
vention that in an antiferromagnetically ordered periodic
crystal, the magnetic point group consists of all crystal-
point-group operations, together with the time-inversion
operation, that leave the crystal (including the magnetic
order) invariant to within a translation [27]. Mn:N ratios in
the 6:5.85 to 6:5.95 range have been reported for θ -MnN
in the literature [5]. However, no long-range order or struc-
ture has been found corresponding to the missing nitrogen
atoms [5]. The nitrogen vacancies are thought to stabi-
lize the rock-salt structure over the competing zinc-blende
structure [9].

II. MATERIAL GROWTH AND
CHARACTERIZATION

The MnN samples used in this study are grown using
plasma-assisted molecular-beam epitaxy (MBE) on (001)
MgO substrates. A high-purity elemental Mn effusion cell
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FIG. 2. A MnN unit cell with different spin structures corre-
sponding to (a) 4/mmm1’, (b) mmm1’, and (c) 2/m1’ magnetic-
point-group symmetries. (d) The Néel vectors �L for different
magnetic domains consistent with 2/m1’ symmetry. (e) The
measured SH signal from a MnN sample, showing a quadratic
dependence on the pump power (T = 300 K). (f) The experimen-
tal setup for measuring SHG. φp , φa, and φL are the angles of
the polarizer, analyzer, and the in-plane component of the Néel
vector �L with respect to the crystal [100] axis.

supplies the metal flux and ultrahigh-purity nitrogen gas is
supplied through a plasma source. Growth is carried out at
a thermal couple temperature of 425 ◦C. A Mn beam equiv-
alent pressure (BEP) of 10−7 Torr and a nitrogen plasma
operating at 450 W with a N2 gas flow rate of 3.2 sccm
are used for MnN layer deposition. A symmetric 2θ/ω

x-ray diffraction (XRD) scan is shown in Fig. 1(c). The
observation of only integer orders of MnN (002) and MgO
(002) peaks suggests that the MnN layers are single crys-
tal, with the c-axis out of plane, and have no appreciable
alien-phase inclusion. Atomic-force-microscopy (AFM)
measurements [Fig. 1(b)] on a 500-nm-thick MnN sam-
ple reveal a smooth surface with 0.6-nm root-mean-square
(rms) roughness. A resistivity of 90 μ� cm, a carrier con-
centration of 4 × 1021 cm−3, and a carrier mobility of
17 cm2 V−1 s−1 obtained from Hall measurements reveal
metallic properties. The sign of the charge of the charge
carriers is found to be negative, consistent with the com-
puted electronic band structure of antiferromagnetic MnN
[7]. Vibrating sample magnetometry (VSM) with the mag-
netic field applied in the out-of-plane direction exhibits no
hysteresis loop up to 6 T [Fig. 1(d)], ruling out the inclu-
sion of ferrimagnetic precipitates, such as Mn4N, in the
films.

III. OPTICAL SECOND-HARMONIC
GENERATION

Second-harmonic (SH) measurements are conducted
using an ytterbium laser with a 1032-nm center wave-
length, a 150-fs pulse width and a 100-MHz repetition
rate. All measurements are performed with 6 mW average
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power at room temperature. To minimize sample heating,
the pump is mechanically chopped at 100 Hz with 30%
duty cycle. The pump is focused down to an 2.5-μm-
diameter optical spot on the sample at normal incidence.
The SH signal is collected in a reflection geometry. The
quadratic dependence of the collected SH intensity on the
pump power is confirmed [Fig. 2(e)]. The polarization
angles of the incident pump (polarizer angle) and the col-
lected SH signal (analyzer angle) are selected using a set
of half-wave plates and Glan-Thompson polarizers [see
Fig. 2(f)]. Figure 3 shows the SHG signal dependence on
the polarizer and analyzer angles in eight different config-
urations. First, the polarizer is fixed at (a) 0◦, (b) −45◦, (c)
−90◦, and (d) −135◦ while the analyzer is rotated through
360◦. Second, the polarizer is rotated through 360◦ while
the analyzer is fixed at (e) 0◦, (f) −45◦, (g) −90◦, and (h)
−135◦. All angles indicated are with respect to the [100]
axis. The SH data are collected at a large number of points
in a 100-μm2-area grid on the samples. Two important fea-
tures visible in the data in Fig. 3 are as follows: (i) the SH
measured is always polarized perpendicular to the pump;
and (ii) the peak SH intensity is independent of the pump
polarization. The data shown in Fig. 3 are obtained from a
500-nm-thick MnN sample. Thinner samples exhibit sim-
ilar features. In the sections that follow, we analyze these
results, propose a model to explain the observed features,
and relate the observations to the magnetic structure of the
MnN films.

IV. THEORETICAL MODELING AND
DISCUSSION

Although the centrosymmetric structure of MnN does
not allow SHG (of pure electric dipole origin) in the bulk,
broken-inversion symmetry at the surface could generate a
strong electric dipole SH signal that can be stronger than
the bulk SH signal. We first note that the (001) surface
of MnN has an in-plane C4v symmetry (in the absence of
any surface magnetic order), which does not allow surface-
normal electric dipole SHG. To make the case stronger
against the measured SH signal coming from the surface
and rule out the possibility of the surface magnetic order
contributing to the measured SH signal, we characterize
samples with different thicknesses. Thicker samples gener-
ate more SH signal than thinner samples. The dependence
of the measured SH intensity on the sample thickness d is
fitted with the approximate relation 1 − exp(−2α(ω)d −
α(2ω)d) with the combined fundamental and SH loss,
2α(ω) + α(2ω), equal to 7.5 × 107 1/m. For example, a
20-nm-thick sample generates, on average, approximately
15% more SH signal intensity than a 15-nm-thick sample.
We, therefore, rule out any significant surface contribu-
tion to the measured SH signals. The presence of a large
number of nitrogen vacancies in θ -MnN, as reported previ-
ously [5], can contribute to the breaking of local inversion
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FIG. 3. SH photon counts plotted as a function of the analyzer
angle while the polarizer angle is fixed at (a) 0◦, (b) −45◦, (c)
−90◦, and (d) −135◦. Also shown are the SH counts as a function
of the polarizer angle (α) while the analyzer angle (β) is fixed at
(e) 0◦, (f) −45◦, (g) −90◦, and (h) −135◦. Experimental data
from a single representative spot are shown is shown in red dots.
The data shown in the figure are obtained from a 500-nm-thick
sample. Thinner samples exhibit similar features. Results from
our theoretical model, discussed in the text, are also shown (solid
lines). I1, I2, I3, and I4 are the peak intensities.

symmetry in the bulk. However, given the lack of any
long-range order or structure in the positions of the miss-
ing nitrogen atoms [5], inversion symmetry is expected
to remain a good symmetry (on the scale of the optical
wavelength) as far as SHG is concerned.

We assume that the Néel vector in the bulk is �L = �m1 −
�m2 and its component in the (001) plane is �L‖. SHG in the
centrosymmetric bulk due to magnetic dipole and electric
quadrupole transitions can be expressed as

Pi(2ω) = {χ eem
ijk + γ eem

ijk (�L)}Ej (ω)Hk(ω)

+ {χ eee
ijkl + γ eee

ijkl (
�L)}Ej (ω)∂lEk(ω). (1)
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Here, the first two terms describe a second-order process
in which one of the intermediate transitions is of mag-
netic dipole origin [25] and the next two terms describe
a process in which one of the intermediate transitions is
of electric quadrupole origin. The rationale for selecting
magnetic dipole and electric quadrupole intermediate tran-
sitions are discussed later. When allowed, both magnetic
dipole and electric quadrupole transitions can be of com-
parable strengths in transition-metal ions and compounds
[28]. The components of the susceptibility tensors that do
not vanish as a consequence of the crystal and magnetic
symmetries can be determined as follows. χ eem

ijk and χ eee
ijkz do

not depend on the magnetic order and their nonzero com-
ponents are determined by the 4/mmm structural symmetry
of the crystal. Both these tensors have no nonzero com-
ponents that can contribute to SHG in the surface-normal
direction. The nonzero components of γ eem

ijk and γ eee
ijkz are

determined by the magnetic-point-group symmetry of the
crystal. Assuming a surface-normal direction of the pump,
in the case of both 4/mmm1’ and mmm1’ magnetic-point-
group symmetries [Figs. 2(a) and 2(b)], γ eem

ijk and γ eee
ijkz have

no nonzero components that can generate a SH signal in
the surface-normal direction. If the magnetic-point-group
symmetry is 2/m1’ [Fig. 2(c)], both γ eem

ijk and γ eee
ijkz have

four nonzero components that can contribute to a SH sig-
nal in the surface-normal direction. Assuming that �L‖ is
along the [100] direction, these components are: (i) γ eem

yxx ,
γ eem

xyx , γ eem
xxy , and γ eem

yyy and (ii) γ eee
yxyz, γ eee

xyyz, γ eee
xxxz, and γ eee

yyxz.
If �L‖ is along any other direction (e.g., [110] or [010]),
the nonzero tensor components can be obtained by a rota-
tion of the coordinates [29]. The analysis here shows that
nonzero susceptibility-tensor components that contribute
to the SH signal in the surface-normal direction result from
the reduced symmetry generated by the magnetic order and
are therefore a good probe of the magnetic order. We also
experimentally correlate the magnetic order to the SH sig-
nal in the temperature dependent results presented in the
Appendix.

We should point out that symmetry in many cases allows
nonzero tensor components that generate a surface-normal
polarization Pz(2ω). Although Pz(2ω) does not contribute
to SH in the strictly surface-normal direction, it can con-
tribute to SH at nonzero angles from the surface normal.
The amount of SH signal generated by Pz(2ω) that is col-
lected in a surface-normal reflection-based measurement
setup such as ours is determined by the numerical aper-
ture (NA) of the objective. SH generated by Pz(2ω) itself
exhibits an intensity that is independent of the analyzer
angle. Interference with other in-plane polarization com-
ponents could result in asymmetric lobes in the patterns
displayed in Fig. 3. However, in our experiments, the
use of collection objectives with different numerical aper-
tures (NAs in the 0.1–0.6 range) result in no discernible
changes in the patterns displayed in Fig. 3. Note also that
in the case of 4/mmm1’ and mmm1’ magnetic-point-group

symmetries, any contribution to the SH signal from Pz(2ω)

would have resulted in the SH intensity being independent
of the analyzer angle, in disagreement with the measured
results in Fig. 3. Next, we show that the nonzero compo-
nents of γ eem

ijk and γ eee
ijkz , assuming 2/m1’ magnetic-point-

group symmetry, can explain all our SH data provided
that a statistical mixture of domains is assumed within the
pump spot size.

We first focus on the tensor γ eem
ijk and assume that �L‖ is

along the [100] axis. Since the measured SH is always per-
pendicular to the pump, we require that γ eem

xxy = γ eem
yyy = 0

and γ eem
yxx = −γ eem

xyx . We are then left with only one indepen-
dent component for the γ eem

ijk tensor that can contribute to
surface-normal SHG. Assuming a single magnetic domain,
if the angles with respect to the [100] axis of �L‖, the
analyzer, and the polarizer are φL, φa, and φp , respec-
tively, then the SH intensity in the surface-normal direction
comes out to be proportional to

sin2(φa − φp) sin2(φL − φp). (2)

The SH signal obtained above exhibits a single lobe polar-
ized perpendicular to the pump and the SH intensity goes
to zero when the pump is polarized parallel to �L‖. In princi-
ple, SHG can therefore be used to detect the orientation of
the in-plane component �L‖ of the Néel vector provided that
the sample consists of a single domain. In experiments, the
SH signal is always found to be polarized perpendicular to
the pump, consistent with the model [see Figs. 3(a)–3(d)].
However, the peak SH intensity is seen to be indepen-
dent of the pump polarization. The experimental results
can be explained by assuming many magnetic domains
within the pump optical spot size of 2.5 μm. The Néel
vectors of the four possible magnetic domains consistent
with 2/m1’ magnetic-point-group symmetry are shown in
Fig. 2(d) and correspond to φL values of 0, ±π/2, and
π . We assume, for simplicity, that the sizes of individ-
ual domains are much smaller than the pump spot size
and the SH wavelength. This assumption is relaxed later
when we present results from the computational model.
We assume that the pump is polarized at an angle φp with
respect to the sample [100] axis. The far-field SH inten-
sity ISH (φa, φp , θ , φ) in the (θ , φ) direction, collected by
the objective, and after passing through the analyzer fixed
at angle φa, can be obtained by coherently superposing the
SH field emitted by all the domains within the pump spot
size. The spherical coordinate angles θ (φ) are measured
with respect to the [001] ([100]) axis. The result, for small
values of θ , can be written as

ISH (φa, φp , θ , φ)

∝ sin2(φa − φp)
∑

m,n

sin(φm
L − φp)

× sin(φn
L − φp)e−ik sin θ [(xm−xn) cos φ+(ym−yn) sin φ]. (3)
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The sum over m/n is over all the N domains located at
coordinates (xm/n, ym/n) in the sample within the pump spot
size. If the domains are much smaller than the pump spot
size and the SH wavelength, the terms in this sum interfere
with each other strongly and the sum is then dominated by
the diagonal terms for which m = n. Keeping only these
terms gives the approximate expression

ISH (φa, φp , θ , φ) ∝ sin2(φa − φp)
∑

m

sin2(φm
L − φp)

≈ N
2

sin2(φa − φp). (4)

The above result corresponds to a single-lobe SH signal
polarized perpendicular to the pump, the peak intensity
of which is independent of the pump polarization. The
expression in Eq. (4), plotted as a solid line in Figs.
3(a)–3(h), is seen to match the SH data very well for all
polarizer and analyzer angles. Note that if �L‖ is assumed
to be along the < 110 > direction (which is also con-
sistent with a 2/m1’ magnetic point group) and φL has
values ±π/4 and ±3π/4, the result in Eq. (4) remains
unchanged. Therefore, if the magnetic domains are much
smaller than pump spot size and the SH wavelength, our
measurements cannot distinguish between < 100 > and
< 110 > orientations of �L‖.

We make two remarks about the analysis presented
above. First, in actual experiments, the SH signal is col-
lected within a cone determined by the NA of the collec-
tion objective and the values of θ for which the SH signal
is recorded are not always very small. Second, suppose
that the domain sizes increase from very small values to
sizes comparable to the pump spot size and the SH opti-
cal wavelength (0.5 μm). One then ought to observe larger
fluctuations in the measured SH intensities as one collects
SH signal from different spatial spots on the sample. This
is noteworthy because the strength of the measured fluc-
tuations in the SH data collected from a large number of
spots on the sample can be used to place an upper limit on
the domain sizes in the sample. To model this phenomenon
more carefully, we develop a finite-element computational
model in which we divide the sample area within the pump
spot size into different square-shaped magnetic domains
of a given size and the divided each domain further into
smaller pixels of size 10 nm. We then compute the SH far
field from the bulk SH polarization P(2ω) in every pixel.
The SH field within the collection light cone (the cone
angle determined by the NA of the objective is assumed to
be 0.5) is collimated and squared to obtain the SH intensity.
The SH intensity thus obtained is ensemble averaged. A
typical ensemble consists of 500 different magnetic domain
configuration within the pump spot size, corresponding
to φL values of 0, ±π/2, and π . The results obtained
are shown in Fig. 4, which plots the normalized aver-
age [Fig. 4(a)] and the normalized variance [Fig. 4(b)]
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FIG. 4. The calculated (a) normalized average and (b) normal-
ized variance of the peak SH intensities I1, I2, I3, and I4 (for
different pump polarizations; see Fig. 3), plotted as a function
of the magnetic domain size.

of the peak SH intensities I1, I2, I3, and I4 (for differ-
ent pump polarizations, see Fig. 3) as a function of the
magnetic domain size. The normalized average e[Ij ] and
variance v[Ij ] are defined as e[Ij ] = E[Ij ]/

∑
j E[Ij ] and

v[Ij ] = (E[I 2
j ] − E[Ij ]2)/E[Ij ]2. In the limit of very large

domain sizes, one expects v[I2/4] to go to zero and v[I1/3]
to approach unity, given the two nonzero components of
the susceptibility tensor γ eem

yxx = −γ eem
xyx . The computation

shows that the fluctuations in I1/3 become large once the
domain sizes exceed the SH wavelength (0.5 μm). In
experiments, ensemble averaging is performed by record-
ing the SH signal from different spots on the sample. The
experimental value of e[Ij ] is approximately 0.25 for all
Ij , in very good agreement with the computational model.
The experimental values of v[Ij ] are found to be smaller
than .02 for all Ij . This value is slightly smaller than the
smallest computed values for v[I2/4] of 0.04 and for v[I1/3]
of 0.07 that occur for a domain size of approximately
0.45 μm. This small discrepancy can be attributed to our
use of the same domain shape and size in all ensembles.
A more complex model that uses domains of slightly dif-
ferent shapes and sizes within the same ensemble would
be closer to reality and is expected to reduce the computed
variance in the limit of small domain sizes. The compari-
son between experiments and the model enables us to place
a rough upper bound on the domain sizes in our samples
of 0.65 μm, given that the variances v[I1/3] become large
for larger domain sizes. This procedure does not provide a
tight upper bound.

Next, we focus on the nonzero components of the tensor
γ eee

ijkz that result from an electric quadrupole intermediate
transition. The symmetry properties of γ eee

ijkz are very simi-
lar to those of γ eem

ijk and, quite remarkably, the assumptions
γ eee

xxxz = γ eee
yyxz = 0 and γ eee

yxyz = −γ eee
xyyz can explain our data

just as well as the tensor γ eem
ijk discussed above. To explore

the origin of the SHG in our samples and possibly single
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out one tensor responsible for the SHG, we look at the elec-
tron energy levels of d orbitals in Mn3+ (3d4) in the MnN
environment [30,31].

V. OPTICAL TRANSITIONS AND THE ORIGIN OF
SH POLARIZATION

The bands near the Fermi energy in MnN are formed
by weakly coupled d orbitals of adjacent Mn atoms. The
nitrogen p orbitals in MnN have been found to be lower
in energy [6,9]. It is therefore reasonable to assume that
the selection rules for optical transitions can be determined
from the symmetries of the energy levels of a Mn3+ ion
in the tetragonal 4/mmm environment. Since the tetrago-
nal distortion in MnN is small (the Mn—N bond length is
2.128 Å (2.095 Å) along the a-axis (c-axis) [8]), the local
environment of each Mn atom can be approximated by the
octahedral (Oh) group rather than the D4h group without
affecting the main results that follow. The lowest energy
levels, and their symmetries, of Mn3+ in an octahedral
environment are depicted in Fig. 5. The lowest occupied
level has 5�+

3 symmetry and in an octahedral environ-
ment 5�+

3 = ∑5
i=1 ⊕�+

i . The magnetic dipole transition
operator has the symmetry �+

4 and since 5�+
3 ⊗ �+

4 =
�+

1 ⊕ �+
2 ⊕ 2�+

3 ⊕ 4(�+
4 ⊕ �+

5 ), magnetic dipole transi-
tions are allowed between 5�+

3 and all multiplets of the
higher-energy 5�+

5 level. The electric quadrupole transi-
tion operator has the symmetries �+

5 (off-diagonal compo-
nents) and �+

3 (diagonal components). Also, since 5�+
3 ⊗

�+
5 = �+

1 ⊕ �+
2 ⊕ 2�+

3 ⊕ 4(�+
4 ⊕ �+

5 ) and 5�+
3 ⊗ �+

3 =
�+

1 ⊕ �+
2 ⊕ 3�+

3 ⊕ 2(�+
4 ⊕ �+

5 ), electric quadrupole tran-
sitions are allowed between 5�+

3 and all multiplets of the
higher-energy 5�+

5 level. Two possibilities behind the ori-
gin of SHG in MnN are depicted by the transition diagram
in Fig. 5, which shows that one intermediate transition,
involving the ground state, of the second-order nonlin-
ear process is either of magnetic dipole or of electric
quadrupole origin and the other two transitions, involv-
ing higher-energy states, are of electric dipole origin. The
rationale for assigning transitions in this way is as follows.
The transition from 5�+

3 to 3�+
4 , and also transitions from

5�+
3 and 5�+

5 to other higher energy levels, require a spin
flip and are expected to be weak. Since even spin-allowed
magnetic dipole and electric quadrupole transitions are
weak (much weaker than electric dipole transitions) [28],
we expect the 5�+

3 to 5�+
5 spin-allowed transition to be of

magnetic dipole or electric quadrupole character. Electric
dipole transitions involving higher energy levels, although
spin and dipole forbidden at the level of a single Mn ion,
are expected to be strong and made possible by the larger
coupling between d orbitals of adjacent Mn atoms at higher
energies, enhanced d-p coupling at higher energies, and
the presence of spin-orbit coupling [6,28,31]. Finally, since
the pump and SHG photon energies in our experiments are
approximately 1.2 eV and 2.4 eV, respectively, we do not

5D

3H

3P

3
3

5F

~2.5 eV

~1.3 eV

3d4 Mn+3

ion
Crystal field Spin-orbit 

coupling
Exchange 
splitting 

:ED E (w)
:ED

P (2w)

3
4

3
4

5
5

5
3 4

41 5

5
3

3
3

4 5

21 3

:
or

:

MD H (w)

EQ E (w)

FIG. 5. The energy levels of Mn3+ in MnN [30,31]. Both mag-
netic dipole (MD) and electric quadrupole (EQ) transitions are
allowed between the lowest-energy 5�3 multiplets and the mul-
tiplets of the upper 5�5 level. Energy-level splittings due to the
small tetragonal distortion in MnN are ignored. The energy-level
splittings shown are not drawn to scale. ED, electric dipole.

expect any one of the transitions contributing to SHG in
our experiments to be fully resonant.

VI. CONCLUSIONS

In conclusion, the SHG measurement scheme is found
to be sensitive to the antiferromagnetic order in MnN
and enables the selection of 2/m1’ as the magnetic-point-
group symmetry of MnN from among other competing
candidates. Our work shows that SHG can be used to
place a loose upper bound on the domain sizes. Our work
also shows that SHG can be used to probe the magnetic
order in bulk metallic antiferromagnets. Previously, this
technique has been used to probe the magnetic order in
bulk insulating antiferromagnets [24,25]. We expect that in
single-domain MnN samples, this technique can be used to
detect the in-plane orientation of the Néel vector and also
its switching in response to stimuli such as the spin-transfer
torque [1,2,12]. Nonlinear optical techniques can thus play
an important role in antiferromagnetic spintronics.
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APPENDIX: TEMPERATURE DEPENDENCE OF
THE SECOND-HARMONIC INTENSITY

In the discussion following Eq. (1), we argue that the
only contributions to the measured SH intensity in the
surface-normal direction can come from the components
γ eem

ijk (�L) and γ eee
ijkl (

�L) of the susceptibility tensor that explic-
itly depend on the Néel vector �L. Since in antiferromagnets
the magnitudes of the Néel-vector components are temper-
ature dependent [32], one would expect the measured SHG
intensity to be temperature dependent as well. Figure 6
shows the measured SH intensity as a function of the tem-
perature. The small spread in the data is attributed to ther-
mal expansions or contractions in the sample mount inside
the cryostat with temperature changes that are expected to
result in a shift of the optical focus spot by tens of nanome-
ters, and perhaps a few hundred nanometers, which are
comparable to the domain sizes in the sample. The data
shows that the SH intensity decreases as the temperature
increases. Due to the limitations of our experimental setup,
data beyond room temperature cannot be obtained.

To explain the data, we assume the simplest model,
that in which the decrease in the sublattice magnetization
is caused by excitation of the antiferromagnetic magnons
[32]. If the magnons have a spin gap 
, as is often the case
in antiferromagnets with anisotropy [32], then for temper-
atures lower than 
/(3kB), the temperature dependence of
the Néel vector is given as [33]

Lj (T) ∝
[

1 − Ae−
/kBT
(

T
TN

)3/2
]

, (A1)

where A is a constant, and for temperatures higher
than 
/(3kB) but smaller than 0.5TN , the temperature

SH
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FIG. 6. The measured SH intensity (for polarizer and analyzer
angles that yield the maximum SH intensity) for MnN, plotted as
a function of the temperature T (circles). The solid and dashed
lines show the fit obtained using the models discussed in the text,
valid for 0 < T < 0.5TN and 0.5TN < T < TN , respectively.

dependence of the Néel vector is described by [32,33]

Lj (T) ∝
[

1 − B
(

T
TN

)2
]

. (A2)

Here, B ≈ 0.57. Since the spin gap 
 is no larger than
a few millielectronvolts in almost all metallic antiferro-
magnets, we expect the expression in Eq. (A2) to bet-
ter describe the temperature dependence of our data for
10K < T < 0.5TN . For even higher temperatures, 0.5TN <

T < TN , the temperature dependence of Lj (T) has been
shown to be given by [34]

Lj (T) ∝
[

1 − T
TN

]β

, (A3)

where the critical exponent β is close to 1/3 [34]. To relate
the temperature dependence of �L(T) to the temperature
dependence of the SH intensity, we proceed as follows.
The tensors, γ eem

ijk (�L) and γ eee
ijkl (

�L), can both be expanded
as follows:

γijk(�L) = γ
(1)

ijkr Lr + γ
(2)

ijkrsLrLs + . . . (A4)

Since �L → −�L is a symmetry of the MnN crystal (up to
a lattice translation), the first term in the above expansion
that contributes to the SH intensity in MnN is the second
term, with a quadratic dependence on the Néel-vector com-
ponents. Ignoring 
 for simplicity (since 
 is expected
to be very small), the temperature dependence of the SH
intensity I(T) in MnN, for T < 0.5TN ought to be

I(T) ≈ I(T = 0)

[
1 − B

(
T

TN

)2
]4

. (A5)

The fit to our data obtained by using the above expression
is shown by the solid line in Fig. 6. The fit assumes a Néel
temperature TN of 660 K. The data are seen to match the
model very well for temperatures below room temperature.
The decay of the SHG intensity with temperature as T2

is expected to be valid for T << TN and our data are in
agreement with this behavior.
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