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Interaction of Frustrated Magnetic Sublattices in ErMnQO3
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A spontaneous or field induced “hidden” phase transition with antiferromagnetic-to-ferromagnetic re-
ordering is disclosed in multiply frustrated hexagonal ErMnOs. It is revealed by Faraday rotation and
second harmonic generation as sublattice-sensitive probes to the Er and Mn systems. The acquired phase
diagram in the magnetic-field—temperature plane is shown to be a consequence of a broken geometric
frustration between the Er and Mn lattices, giving way to anisotropic superexchange between the 3d and

4f ions.
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Phase transitions and critical phenomena of frustrated
magnetic systems have been a central issue of statistical
physics for many years [1,2]. Because of the extra degree
of freedom arising from the degeneracy of its classical
ground state, the nature of magnetic phase transitions in a
frustrated compound can be entirely different from that of
a nonfrustrated compound. In particular, mechanisms lift-
ing the degeneracy determine the phase diagrams and other
physical properties. For instance, orbital frustration can
lead to insulator-metal transitions [3]. The 120° orientation
of spins which overcomes the frustration of a triangular-
lattice antiferromagnet can lead to new universality classes
of critical exponents with chirality as additional degree of
freedom [2,4]. Frustration leads to the development of
new, nonperturbative approaches in solid-state theory since
perturbative methods fail to describe it [5].

As these examples demonstrate, frustration and its
breaking have a strong potential for novel physics. In this
Letter, an unusual “hidden” magnetic phase transition is
disclosed in multiply frustrated hexagonal ErMnOs;. A
first-order phase transition of the Mn lattice is obscured by
magnetic ordering of the Er lattice and difficult to observe
by magnetization measurements. However, it is clearly
revealed by Faraday rotation (FR) and second harmonic
generation (SHG) which act as sublattice-sensitive probes
to the Er and Mn systems. The transition is a consequence
of the breaking of geometric frustration in and between the
sublattices which gives way to anisotropic superexchange
between the 3d and 4f ions. Although our discussion is
limited to the case of ErMnQs3, similar behavior was ob-
served in other rare-earth manganites.

With many competing magnetic inter- and intrasub-
lattice interactions, hexagonal ErMnQOs is a strongly corre-
lated system. The ions forming the Mn3*(34*) sublattice
are all located at 6(c) positions with the local symmetry
m. The ions forming the Er’" (4f!!) sublattice are located
at 4(b) and 2(a) positions with the local symmetry 3 and
3m, respectively [6]. Because of the triangular geometry
shown in Fig. 1, frustration occurs not only in but also in
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between the Mn and Er sublattices since the local mag-
netic moments of the Mn spins at the positions of the Er
ions cancel.

The magnetic ordering of the Mn sublattice is domi-
nated by antiferromagnetic in-plane Mn—O—Mn super-
exchange and supplemented by a 2 orders of magnitude
weaker interplane Mn—O—O—Mn exchange in the

FIG. 1. (a) Top and (b) stereoscopic view of the unit cell of
ErMnO; with Mn spins for antiferromagnetic coupling between
planes at 0 and ¢/2. For ferromagnetic coupling the spins la-
beled with an underbar have to be reversed. (c) Sections show-
ing the dominant contributions to the Mn>*-Er** superexchange
with their exchange matrices 2\3’", A3 s A3m, A3. Crosses (dots)
denote O ions lying 0.025a below (0.033a above) the depicted
plane.
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stacked triangular lattice [7]. Below Ty = 79 K, a 120°
arrangement of Mn spins in the basal plane breaks the tri-
angular frustration [8]. The Mn spins orient along the crys-
tallographic y axes with P6;cm as magnetic symmetry [9].
Note that the upper and the lower half of the magnetic unit
cell can be transformed into each other by the operation
6(0,0,c/2), i.e., a rotation by 60° around the hexagonal
z axis in combination with time reversal and a translation
by half a unit cell along z. The time-reversal operation
indicates that the Mn planes at z = 0 and z = ¢/2 are
coupled antiferromagnetically by the Mn—O—O—Mn
exchange [10]. Below 6 K, a weak spontaneous magnetic
moment and discontinuities of the dielectric and the mag-
netoelectric functions indicate ordering of the Er spins
[11-13]. However, details of the magnetic structure and
interactions of the Er lattice are unknown.

In the experiment, linear and nonlinear magneto-optical
techniques were applied. FR couples to a magnetic field
H or to a sublattice magnetization M by

Pi(w.k) = eox[RBj(0)Ex(w,k), (1)

in which the polarization P(w.,k) induced by B=
,u,o(IjI + M) leads to a rotation of the polarization of
the incident light with frequency w and wave vector k.
Here, the FR from the Mn d-d transitions is employed to
monitor the Er ordering.

Further, SHG couples to the magnetic ordering by

Pi2w,2k) = eoxii Ej(0, DE(w,k),  (2)

where E (w, 12) and f’(Zw, 27{) represent the incident
light at the frequency @ and the polarization induced in
the material at the frequency 2w. The set of nonzero
tensor components )(;?Eg corresponds to the magnetic
structure: The antiferromagnetic coupling between neigh-
boring Mn planes along z leads to P,(2w,2k;) # 0 and
P.2w,2k,) = 0 in Eq. (2) (p denoting vector compo-
nents in the xy plane), whereas for ferromagnetic coupling
one gets P,(2w,2k;) = 0 and P,(2w,2k,) # 0 [9].

The ErMnOs crystals were grown from the flux or
by the floating-zone method and prepared into polished
~100 um thick z or x oriented platelets, respectively.
They were excited with 5 ns light pulses from an optical
parametric oscillator with photon energies up to 1.55 eV.
The FR was determined from the polarization of the
linearly polarized light transmitted through the sample.
The total intensity of the SH signal was recorded after
suppressing the fundamental light wave with optical filters.
A charge-coupled device camera or a photomultiplier was
used as a detector in all experiments.

Figure 2 shows the FR (®f) in EtMnOs3 for a magnetic
field H || z. At the chosen photon energy (1.35 eV), the
sensitivity to H is large due to the proximity of a d-d tran-
sition (°T"; — °T's) of the Mn at 1.62 eV [14] without yet
being obscured by dichroitic contributions. At2 K, ®r(H)
reveals a typical ferromagnetic hysteresis. The rotation
consists of a linear contribution ®r(H) o« H from the ap-
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FIG. 2. FR (®f) of ErtMnO; at E = 1.35 eV in a magnetic
field H || z (open circles: virgin curve). Scaling is the same in
panels (a)—(c). The splitting AH is defined graphically in (b).
Its temperature dependence is shown in (d). For comparison,
®r of YMnO3; is shown by crosses in (a).

plied field and a ferromagnetic hysteresis M (H) which is
due to an Ising-like ferromagnetic magnetization of the two
Er sublattices along z. This is confirmed by experiments on
the nonmagnetic Y** sublattice of YMnO3 which shows
only a slope, but not a hysteresis of ®r(H) in Fig. 2a.
Magnetization measurements [13] point to an antiparallel
orientation of the Er(4b) and the Er(2a) spins along z. In
total, this leads to ferrimagnetic Er ordering with the un-
compensated magnetization along z breaking the geomet-
ric frustration of the basal plane.

At 6 and 10 K induced ferrimagnetic ordering is ob-
served which has not been reported before for ErMnOs.
It is indicated by a double hysteresis and defines the Curie
temperature 7¢ as the temperature where the spontaneous
is replaced by induced ordering. Above T¢ the system
has to be subjected to the field at least once in order to
encounter the long-range ordered phase. Figure 2d shows
how the value T¢ = (5.26 * 0.07) K is determined. Ex-
cellent agreement with 7¢ = 5.3 K in [12] confirms the
suitability of FR as an optical probe for the magnetic prop-
erties of the Er sublattice.

Figure 3a shows the SH intensity for linearly polar-
ized light incident onto a z cut crystal which was cooled
to 6 K in zero magnetic field. The SH intensity /sy
IPp Quw, 2kz)|2 was measured in dependence of a magnetic
field H || z. Around 0.35 T, the SH intensity abruptly
drops to zero in the whole investigated spectral range and
does not recover upon field removal or reversal. Simulta-
neously, an irreversible increase of P,(2w, 2k, ) by 50% is
observed for the y,., component of an x-cut ErMnOs crys-
tal with H || z. (Slightly different critical fields in Figs. 3a
and 3b are due to the different growing techniques for the
two samples.)

The broad hysteresis of the effect shown in Fig. 3 points
to a first-order phase transition. Disappearance of mag-
netic SH contributions at P, (2w, 2k;) in combination with
new magnetically induced contributions at P,(2w, 2k,) is
compatible only with a change from antiferromagnetic to
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FIG. 3. SH intensity from (a) ., and (b) x.., in dependence
of a magnetic field H || z. The SH energies are determined
by the maxima of the corresponding SH spectra [14]. Light is
incident along z in (a) and along y in (b). Closed (open) circles
and arrows denote the field increasing (decreasing) run. Lines
are fits.

ferromagnetic coupling between adjacent Mn planes along
z. This reorientation is quite unexpected since at B = 0
the antiferromagnetic coupling is very stable, being the
only form of ordering observed in any of the hexagonal
manganites, regardless of their structural and magnetic dif-
ferences. In spite of the reorientation, all Mn spins remain
aligned along local y axes. Only for this case a magnetic
symmetry P63cm leads to new magnetic SH contributions
with x2%¢ # 0 which interfere with the already existing
nonmagnetic contributions, thus leading to the observed in-
crease of SH intensity in Fig. 3b [9]. Therefore, the rela-
tive orientation of Mn spins in adjacent basal planes is
reversed while the order inside the basal plane is left un-
changed. This is in agreement with the fact that the in-
terplane correlations are much weaker than the in-plane
correlations. For the same reason, ferromagnetic ordering
of all Mn spins along z can be excluded as explanation for
the result in Fig. 3. As expected, a 7 T field applied in
the basal plane could not change the magnetic structure of
ErMnOs.

Because of the subtlety of the phase transition which
affects only the third-order magnetic exchange in one di-
mension, it is difficult to be observed with conventional
methods probing magnetism. The magnetic susceptibility
of the Mn sublattice should be the same for antiferromag-
netic or ferromagnetic coupling between adjacent planes.
The transition is further obscured by the simultaneous or-
dering of the Er sublattice. Note that the FR in Fig. 2 and,
thus, the magnetization measurements indicate only order-
ing of the Er spins while being insensitive to the hidden
transition of the Mn lattice. It is revealed only because
SHG is sensitive to subtle differences in the magnetic
structure without being hampered by the Er ordering.

Temperature dependent measurements of the FR and the
SHG as shown in Figs. 2 and 3 reveal the phase diagram
for the magnetic sublattices of Er and Mn as shown in
Fig. 4. The data points for Er were derived from the turn-
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FIG. 4. Phase diagram of ErMnO; for a magnetic field H || z.
The right (left) border of the gray region with closed (open)
circles and lines in gray marks the reorientation of the Mn
lattice in the field increasing (decreasing) run. Closed (open)
circles and lines in black mark the transition of the Er lattice
into (out of) a single-domain state upon increase (decrease) of
H. AFM — antiferromagnetic; FM — ferrimagnetic; PM — para-
magnetic; = (==)— antiferromagnetic (ferromagnetic) coupling
between adjacent Mn planes along z.

ing point of the virgin curve of ®(H). The data points for
Mn were derived from the turning point of the Boltzmann
function fitting the field dependence of the SHG in Fig. 3a.
All values except that at Ty were gained from field increas-
ing and decreasing runs at a fixed temperature. Tempera-
ture dependent measurements at selected magnetic fields
revealed identical phase boundaries for Mn within a mar-
gin of =1 K. Up to about 80% of Ty, the critical field
for the magnetic phase transitions increases approximately
linearly with T. Because of a hysteresis of up to 2 T, the
high-field state of the Mn lattice is maintained persistently
below 27 K. Close to T, backbending of the hysteresis
occurs until the critical field reaches zero at 7. Note that
below 1.5 K the phase transition of the Mn lattice occurs
spontaneously.

The most remarkable feature of Fig. 4 is the coincidence
of phase boundaries for the (re-) ordering of the Er and the
Mn spins upon field increase. Obviously, the magnetiza-
tion of the Er lattice perpendicular to the direction of the
Mn spins triggers the antiferromagnetic-to-ferromagnetic
phase transition of the Mn lattice. The microscopic origin
of this unusual behavior can be understood by calculating
the anisotropic exchange interaction between the Mn and
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Er sublattices. The interaction is given by
4(k=3)
2(k=3m)

6
Heo = Z Z Z SEr (i) A koinoj GMn () (3)
k=3m3 =1 j=I

with SE" and SM® as spin vectors and A as the 3 X 3 ex-
change matrix. The summation in k includes the two Er
sites with 3 and 3m symmetries. The summation in i
includes all Er ions at k sites in the unit cell. There are
two ions if £ = 3m and four ions if ¥ = 3. The summa-
tion in j includes the six Mn ions neighboring each Er ion.
Exchange paths other than those shown in Fig. 1 can be
neglected due to large distances between the ions or unfa-
vorable bgnd angles [15]. R

With SE = (0,0, £SF") and SM" = (¥, SM,0),
the only relevant tensor components of any tensor A are
A, and A;,. The exchange contributions from the nearest
Mn neighbors below each Er ion at a site k are equal and
denoted by A*. There are six such tensors if k = 3m and
twelve if £ = 3. The same arguments hold for the contri-
butions from the nearest Mn neighbors above each Er ion.
They are denoted by Ak. One finds SMM = §Mn(Q, 1,0)
for Mn ions 1, 1/, 1, 1/; SM» = $Mn(—/3/2 —1/2,0)
for Mn ions 2, 2; and SMM = SMn(/3/2, —1/2,0) for
Mn ions 3, 3/, 3, 3’ in Fig. 1 for antiparallel coupling
between basal Mn planes. For parallel coupling, the spins
of ions labeled with an underbar have to be reversed.
The rare-earth spin for ferrimagnetic ordering of the Er
sublattices is given by §3 = —S§¥ = (0,0, SE).

With these relations one finds that as a consequence of
the antiferromagnetic coupling between basal Mn planes
the exchange contributions from ions in the lower half
of the unit cell (labeled with an underbar) cancel out
those from the ions in the upper half (no bar) which leads
to He (=) = 0. However, for ferromagnetic coupling,
one gets

HE (=) = 66SETSMUL(AL" + AT + (AL, + AL)].
@)

where £ = *1 denotes the two 180° domains of the pla-
nar triangular ordering. A lowering of the ground state for
one of the no longer degenerate 180° domains of the Mn
lattice is thus expected. Therefore, the reorientation of the
Mn lattice is observed upon ferrimagnetic ordering of the
Er*" spins along z. The applied field H || z increases
the alignment of the Er’™ spins along z, thus strengthen-
ing the exchange with the Mn®" spins and supporting the
phase transition. Once the high-field state has been en-
countered, it is stabilized by the Mn-Er exchange even in
the absence of long-range Er ordering which leads to the
broad hysteresis in Fig. 4.

A phase diagram similar to that shown in Fig. 4 was
observed in all hexagonal RMnO3 samples with a par-
tially filled 4f shell (R = Ho, Er, Tm, Yb), but not in
the compounds with R =Y, Sc, Lu. Along with the
comparison in Fig. 2a, this stresses the importance of a
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strong R(4f) — Mn(3d) exchange. A phase transition at
zero magnetic field was observed only in HoMnOs3 and
ErMnOj3, the compounds with the largest effective mag-
netic moment of the rare-earth ion.

In conclusion, the combination of FR and SHG as
complementary optical techniques was used to reveal a
hidden first-order magnetic phase transition in hexagonal
ErMnOs. The spontaneous or field induced transition roots
in the breaking of inter- and intrasublattice frustration by a
spontaneous or induced Ising-like Er magnetization which
is oriented perpendicular to the plane of the dominating
superexchange between the Mn ions. This leads to a situa-
tion in which the much weaker anisotropic third-order and
Er-Mn exchange processes dominate the magnetic proper-
ties of the system. The observed phase transition demon-
strates in an impressive way how multiple disorder arising
from magnetic frustration on several levels finally leads to
a highly ordered and correlated state with interesting per-
spectives for a better understanding of magnetic frustra-
tion and its consequences.
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