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A combination of density functional theory calculations, many-body model considerations, mag-
netization and electron spin resonance measurements shows that the multiferroic FeTeoOsBr should
be described as a system of alternating antiferromagnetic S = 5/2 chains with strong Fe-O-Te-O-
Fe bridges weakly coupled by two-dimensional frustrated interactions, rather than the previously
reported tetramer models. The peculiar temperature dependence of the incommensurate magnetic
vector can be explained in terms of interchain exchange striction being responsible for the emergent

net electric polarization.

PACS numbers: 75.10.Jm; 75.85.4+t; 71.15.Mb; 76.50.4-g

I. INTRODUCTION

Frustrated low-dimensional spin systems exhibit a
plethora of exotic magnetic ground states, which
are an exciting challenge both for theorists and
experimentalists.! Since quantum fluctuations enhanced
by frustration tend to destabilize classically ordered
states, such systems often develop complex orders with
broken inversion symmetry thus fulfilling the fundamen-
tal condition for multiferroicity. This can lead to strong
magnetoelectric (ME) coupling,>* most spectacularly
observed as reversal of the electric polarization with the
magnetic field.® So far, strong ME coupling has been al-
most exclusively associated with transition metal (TM)
oxides.

Unconventional magnetic ground states and multifer-
roicity have been recently found also in TM selenium
compounds®” and tellurite oxohalides.® 1% The pecu-
liarity of these compounds lies within their exchange
network, because TM ions are coupled through com-
plex pathways that involve several atoms, including
tellurium!'"'? and selenium.'®'* This makes determina-
tion of the exchange pathways much less intuitive'®'7 as
opposed to the TM oxides, where dominant TM-O-TM
exchange interactions can be guessed from the bonding
angles.'® The structural complexity thus impedes the
understanding of the microscopic picture of the exchange
interactions and hence blurs the ME coupling mecha-
nism, which both are yet to be established for this rapidly
growing class of materials.

As a prominent example we refer here to
FeTe;O5Br,'%!!  which adopts a layered structure
of [FesO16]?°~ tetramer clusters connected via Te**
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FIG. 1. (Color online) (a) Crystal structure of FeTe;OsBr
along the bc plane where light yellow polyhedra denote
[Fe4016}20_ tetramer units. For clarity only Fe and Te atoms
are shown. (b) The DFT magnetic exchange network, where
the strongest J» and J4 (thick lines) form alternating spin
chains coupled by weaker frustrated interactions (thin lines).
The marked unit cell contains 8 magnetic Fe3* ions.

ions [Fig. 1(a)]. The negative Curie-Weiss temperature
Tew = —98 K implies strong antiferromagnetic (AFM)
interactions between the Fe3* (S =5/2) moments, while
the system develops long-range magnetic order at a
considerably lower temperature Ty = 11 K.10:11:20 Only
0.5 K below, at T2 =10.5K, the second transition to a
predominantly amplitude modulated magnetic ground



state with the incommensurate (ICM) magnetic vector
arcm=(30.4630) occurs’® and is accompanied by a
spontaneous electric polarization pointing perpendicular
to the magnetic moments and to qyoas. The magnetic
susceptibility was explained originally by assuming
dominant interactions within tetramers.!’ However,
the tetramer model cannot explain the observed ICM
magnetic structure, essential for the ME effect in
this system. The ambiguity obviously stems from
structural complexity and therefore calls for additional
experimental and theoretical investigations.

In this article, we disclose the underlying microscopic
model for FeTe;O5Br by a combination of density func-
tional theory (DFT) calculations, many-body model con-
siderations, magnetization and electron spin resonance
measurements. Our DFT results surprisingly reveal
that long Fe-O-Te-O-Fe super-superexchange bridges are
stronger than some shorter and more direct Fe-O-Fe ones.
Consequently, a quasi-one-dimensional model of alternat-
ing AFM Fe chains weakly coupled by frustrated two-
dimensional interactions has been derived and verified by
experiments. In this picture, the ICM magnetic structure
appears naturally. It also reveals a direct effect of the in-
terchain Fe-O-Te-O-Fe exchange pathways on the ICM
component of the magnetic vector along the crystallo-
graphic b-axis, ¢7.,,;. Close resemblance of its temper-
ature dependence®’ to that of the electric polarization!®
emphasizes the importance of the exchange striction on
the interchain bonds that host easily polarizable Te**
lone-pair electrons, thus revealing the microscopic origin
of the ME effect. A similar mechanism is expected to be
active also in selenite chain compounds.

II. EXPERIMENTAL DETAILS

High-quality single crystals of FeTe;O5Br were grown
by the standard chemical-vapor-phase method, reported
elsewhere.!! Their crystallinity and phase purity have
been confirmed by x-ray diffraction, which showed no
sign of potential impurity phases.

Magnetization and electron spin resonance (ESR) mea-
surements were performed in pulsed magnetic fields up to
30T in the temperature range between 1.5 K and 20 K at
the Institute for Materials Research, Tohoku University,
Sendai, Japan. The ESR experiment was conducted us-
ing non-polarized microwave radiation at fixed resonant
frequencies between 95 GHz and 405 GHz.2!

Single crystal x-ray synchrotron diffraction data were
acquired at the BMO1A Swiss-Norwegian Beamline of
ESRF (Grenoble, France). Data sets (~780 reflections
per temperature point) were collected in the temperature
range between 4.5K and 35K at a wavelength of 0.64 A,
using a closed-cycle He cryostat mounted on a six-circle
kappa diffractometer KUMA, while the interatomic dis-
tances were refined using the SHELXL97 program.??

TABLE I. Exchange, J;, and easy-plane anisotropy, D, pa-
rameters given in units of Kelvin and normalized by the domi-
nant J2, as calculated by DFT calculations for GGA+U, U=0,
3eV, and 5eV. The last column corresponds to the parame-
ters obtained from magnetic ground state minimization and
used for the AFMR simulation (AFMR + GS min).

Ji GGA GGA+U GGA+U AFMR +
U = 3eV U = 5eV GS min
K) ()] K) ()| ) ()| K (J2)
Ji| 30.5 0.60| 134 046| 6.86 0.35 8.9 0.47

J2| 51.1 1 29.2 1 19.6 1 19.0 1

J3| 173 034 9.7 033| 6.66 034 | 6.2 0.324
Js| 353 0.69| 181 0.62| 11.56 0.59 | 11.8 0.62

Js| 4.0 0.078| 1.2 0.042| -0.02 -0.001| 0.8 0.042
Je| 1565 030 79 027| 510 026 | 50 0.265
D| - - - - - - 0.18 0.0095

III. RESULTS
A. Density Functional Theory

The underlying Heisenberg Hamiltonian parameters
for FeTeoO5Br (Table I) were determined by total en-
ergy calculations. A full potential local orbital basis set?3
and generalized gradient approximation (GGA) as well
as GGA+U functionals were used. The Hubbard param-
eter U was chosen as 3 and 5eV to take into account
the intra-atomic Coulomb interactions. The obtained
network of exchange interactions (Fig. 1) was checked
for consistency by N*"-order muffin-tin orbital downfold-
ing?* calculations.

The six considered exchange couplings are all anti-
ferromagnetic. As expected, the intracluster (within a
tetramer) Fe-O-Fe exchange Jo is the strongest. Strik-
ingly, the second strongest exchange is not the remain-
ing intracluster Fe-O-Fe exchange Ji, but rather the in-
tercluster super-superexchange interaction Jy, mediated
through the Fe-O-Te-O-Fe bridges. This result discloses
that in tellurite oxohalides the super-superexchange in-
teractions through long bridges involving Te** ions are
important and should not be neglected on the basis of
simplified structural arguments. We advise similar cau-
tion also in case of Se*t ions in selenites.'®'4 The two
dominant couplings, Jy and Jy, thus effectively form al-
ternating Fe3 spin chains. The rest of the considered
exchange interactions are weaker and provide frustrated
interchain interactions as shown in Fig. 1. We note that
the DFT results leave some freedom concerning the over-
all energy scale, but the ratios of J;’s are expected to be
subject only to small errors.?®> However, the relative sizes
of J;’s are somewhat dependent on the chosen value of U,
with J; and J; showing the highest sensitivity. Thus, we
suspect that they could be modified by very small lattice
distortions anticipated at the ME transition.
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FIG. 2. (Color online) (a) Measured magnetic susceptibility (circles) and comparison to the quantum Monte Carlo (solid line)
and the classical (dashed line) calculations for an alternating S=15/2 chain with J4/J2 =0.6 and J; =16 K. Inset: High-field
magnetization measured at T'=1.5K (circles) and the simulation to the model described in the text (solid line). The dashed
line indicates the position of Bgr. (b) Temperature evolution of ESR spectra at 190 GHz and (c) 405 GHz for B||b. Arrows
indicate antiferromagnetic resonance modes emerging below the Néel transition temperature.

B. Magnetic properties

We now consider the simple Heisenberg model,

H=> JunSi-S; (1)
(4,9)

First, we retain only the leading two exchange constants
Jo and Jy, forming an alternating chain. Quantum
Monte Carlo simulations of the bulk magnetic suscep-
tibility for alternating S = 5/2 chains with L = 60
sites were carried out with the ALPS 1.326 directed
loop application®” in the stochastic series expansion
framework.?® For J,=16K and the DFT determined
ratio Jy/J2=0.6 we find a very good agreement be-
tween our simulations and the experimental data for
B=0.1T and B||b [Fig. 2(a)]. A rather good agree-
ment is also achieved when classical spins are considered
(see appendix A for further details). However, since the
tetramer model can also fit the susceptibility data,'! we
need an independent experimental proof to discriminate
between the two models and to fix the precise values of
J’s.

Additional magnetization measurements performed at
T = 1.5K for B parallel to the ICM direction (b axis),
show a linear increase of the magnetization with B and
the existence of a clean step at around Bgp = 11T [in-
set in Fig. 2(a)]. Such a behavior is reminiscent of a
spin-flop-like process, implying the presence of consider-
able magnetic anisotropy which was not considered in the
model calculations.

Finally, we note that no anomaly has been observed
around 5T where the peak in the temperature depen-
dence of the dielectric constant disappears.?® This sug-
gests that the multiferroic ground state is not broken
until Bgp is reached and that the observed dielectric re-

sponse probably reflects saturation of the ferroelectric
domains by ME coupling.

C. Electron spin resonance

Magnetic anisotropies can be determined by ESR,29 32

which in the magnetically ordered state allows a de-
tection of collective low-energy magnetic excitations at
Q=0,£qrcn — the so-called antiferromagnetic reso-
nance (AFMR) modes.?3

In the paramagnetic state, i.e., far above Tni (at
300K), a strong ESR signal at g =2.005(5) is observed, as
expected for Fe?* (S=5/2) ions. At Ty the paramag-
netic signal disappears and is replaced by new resonances
[marked by arrows in Fig. 2(b,c)] shifted with respect to
the paramagnetic value. The new resonances below T
are attributed to AFMR modes. We note that at 405 GHz
one of the AFMR modes appears relatively close to the
paramagnetic resonance, screening its disappearance and
causing a shift of the resonant line (Fig. 2c).

Since resonant fields for individual AFMR lines
strongly depend on the resonance frequency [Fig. 3(a)],
we were able to derive their frequency-field dispersions in
the range 95 to 405 GHz and 0 to 30 T at 2K [Fig. 3(b)].
The lowest and at the same time the most intense ex-
citation mode marked by arrows in Fig. 3(a) shows a
zero-field gap Avzp ~ 240 GHz [see Fig. 3(b)] corrobo-
rating a sizable magnetic anisotropy and in agreement
with high-field magnetization measurements. With in-
creasing magnetic field the gap reduces to ~ 100 GHz at
Bgsp, where the slope is reversed and the gap increases
again with increasing field. In addition, at least five more
high-frequency modes were detected [Figs. 2(b) and 3(a)],
which also dramatically change their behavior at Bgp.
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FIG. 3. (Color online) (a) Field dependence of AFMR spectra
at 1.5K for B||b and various resonant frequencies between
95 and 405 GHz. (b) Frequency-field dependence for intense
(solid circles) and weak (empty circles) AFMR modes. Solid
lines are simulations to the model described in the text. The
dashed line indicates Bgsr.

D. Magnetic Ground State and AFMR Simulations

In order to relate the high-field magnetization and the
AFMR results to DFT calculations the first step is to
determine the magnetic ground state of the infinite spin
lattice.

In view of the hard axis anisotropy we simplify the
Heisenberg model Eq. (1) further and consider in what
follows coplanar moments. In this case the classical en-
ergy can be written as a function of the angle 6; corre-
sponding to the orientation of the spin 7 with respect to
the predetermined direction within the confined plane

ECl = 52 Z J(i,j) COS(GJ' — 91) (2)
(6,3)

The classical energy thus depends only on the differences
of orientations from spin to spin. Since Fe?! ions are
in the high-spin S =5/2 state, this classical treatment of
the model is reasonably justified.

For a spiral order, Fc; can be written as a function
of 8 angles 0; and the twist angles ¢¥ and ¢* defined as
follows:

9i7(n+1)ry+mrz = ei,nry—&-mrz + qy
- Hi,nry+mrz + qz, (3)

where n and m are the cell indices.

We used the conjugate gradient method to minimize
the energy and to find the magnetic structure of the
classical ground state. In all our calculations we fixed
the sizes of the magnetic moments and neglected their
amplitude modulation.'®

Starting from the parameters obtained from the
GGA+U calculations with U = 0 eV, 3 eV, and 5 eV
(Table I), the solution immediately converges to an ICM
order. For U = 3 eV the experimental ¢},,, = 0.463 is

ei,nry +(m+1)r,

reached by fine tuning of the interchain couplings, i.e.,
J1, J3, and Jg, up to 2% (Table I). We note that us-
ing the tetramer model parameters, i.e., |Ji| = |J2| ~
|J3] > |Jal, |J5], |J6|,'t we were unable to generate the
ICM magnetic order, which clearly demonstrates that the
tetramer model is inappropriate.

Due to the excellent agreement with ¢¥.,, we now
use the optimized parameters (Table I, fourth column)
to calculate the AFMR modes. For computing the
equations of motion?® we define a finite magnetic lat-
tice comprising 7 unit cells coupled along the crystal-
lographic b axis, i.e., mimicking the experimentally ob-
served ¢¥-,, =0.463~3/7. We assume 5pup for the
size of Fe3T moments and introduce an easy plane
anisotropy, DS?. Here D is the magnitude of single-ion
anisotropy. To fix the direction of the hard axis along
z=1(0.31,0,0.95) we take into the account the orienta-
tion of the ordered magnetic moments'® and a two-fold
screw axis, which coincides with the b axis. The only free
parameters left in these calculations are thus D and the
strength of the J; interaction (all other interactions are
scaled appropriately).

The strongest AFMR mode is best described [Fig. 3(b)]
by Jo=19.0K and D=0.18 K (Table I). We stress that
the theoretical curve nicely reproduces the softening of
this mode up to Bgp and its reversed character at higher
fields. At the same time, the dispersions of all other
intense higher-frequency AFMR modes are in convinc-
ing agreement with the experiment [Fig. 3(b)]. We note
that the calculated zero-field magnetic ground state is
a coplanar cycloidal state, whereas the large number of
calculated modes corresponds to 56 sublattice magnetiza-
tions considered in the calculations. Moreover, the same
set of parameters perfectly simulates the magnetization
response to the applied magnetic field including the mag-
netization step at Bgp [inset in Fig. 2(a)]. To conclude
this part, we emphasize a remarkable agreement between
experiments and ratios of J’s obtained by the DFT cal-
culations for GGA+U with U =3eV achieved only by
scaling slightly the exchange interactions.

IV. DISCUSSION

The main result of this study is the discovery that in
FeTesO5Br some Fe-O-Te-O-Fe exchange pathways are
stronger than some shorter Fe-O-Fe ones. Thus, the sys-
tem has to be treated as a system of alternating S =5/2
chains weakly coupled by frustrated interactions, in con-
trast to the previously proposed tetramer model. The
knowledge of the appropriate spin model allows us to in-
vestigate the ME mechanism from a microscopic perspec-
tive. In order to identify the exchange pathway responsi-
ble for the ME effect we first recall that ¢}, is temper-
ature independent in the high-temperature ICM phase
(between Ty and Tn2), while in the low-temperature
ICM phase (below Ti2) it scales similarly to the electric
polarization, i.e., it behaves as (T2 — T)°3%.20 To ad-
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exchange coupling constants ratios, .J;/J; for i=1,3,6, cal-
culated by direct minimization of the classical energy, where
J? are exchange parameters used in AFMR simulations. In-
set: the same dependence calculated for Js.

dress this important point we return to the minimization
of the classical energy for the infinite lattice and calcu-
late how ¢Y.,, is affected by small changes of different
Ji’s. Since the ICM modulation is perpendicular to the
alternating chains, it suffices to vary only the interchain
exchange couplings J; (i=1,3,5,6) with respect to the val-
ues that reproduce the AFMR modes at T'=2 K. In order
to reproduce the decrease of ¢¥.,, observed below Ty,
we find that J; has to be reduced, while Js, J5, and Jg
have to be increased (Fig. 4).

Given that J; and Js are superexchange interactions
via Fe-O-Fe bridges, they are expected to behave accord-
ing to Goodenough-Kanamori rules.'®? If J; is respon-
sible for the ME effect, then the Fe-O-Fe angle should be
reduced or the Fe-O distance increased in order to weaken
J1. No significant structural changes for this bond have
been observed in our high-resolution synchrotron x-ray
diffraction experiments (Fig. 5) thus ruling out this pos-
sibility. An analogous conclusion can be derived also for
Js3 (Fig. 5d). We are thus left with the two remaining
candidates — J5 and Jg super-superexchange interactions
— which both involve Te*t ions. Since the only sizable
change at the ME transition corresponds to the shorten-
ing of the Fey-Tes distance,'® involved in the Js pathway,
we assign the microscopic origin of the ME coupling to
the changes of this interaction. While the realization
that the magnetic ordering breaks the inversion symme-
try is essential to understand phenomenological aspects
of the ME effect,!? the key to understanding the ME cou-
pling at the microscopic scale lies in the low symmetry
of the long Fe-O-Te-O-Fe bridges, which allows emergent
magnetic order to provoke a softening of an appropriate
phonon mode and hence a net electric polarization. We
stress that this is possible even if the spin-orbit coupling
is very small. This resembles NizV5Og, where the ex-

FIG. 5. Refinement results for the O-Fe distances obtained
from synchrotron x-ray diffraction, corresponding to Ji (a-d)
and Js (d) exchange pathways.

change striction mechanism is proposed to be responsible
for the ME couping.?* Finally, we point out that tellu-
rite oxohalide systems seem particularly inclined to such
effects, since their long low-symmetry exchange bridges
involve easily polarizable Te** lone-pair electrons, which
enable that already minimal changes in the strength of
the exchange interactions are sufficient to produce a mea-
surable macroscopic effect.

V. CONCLUSIONS

We have shown that the magnetic exchange network
of the FeTeoO5Br system should be regarded as a sys-
tem of alternating Fe chains with weaker frustrated in-
terchain interactions. Frustration is found to be respon-
sible for the observed low-symmetry ICM magnetic or-
dering, essential for the establishment of the multiferroic
phase. Additionally, we show that in FeTe;O5Br the ME
effect on the microscopic level originates from the ex-
change striction of interchain J; Fe-O-Te-O-Fe exchange
pathway, where the net electric polarization comes from
the Te?* lone-pair electrons. Finally, our findings clearly
demonstrate that in tellurite and selenite oxohalides one
needs to be extremely cautious when making assump-
tions about the exchange network, as arguments based
solely on the crystal structure may be very misleading.
Long super-superexchange bridges can lead to surpris-
ingly strong interactions and their structural volatility is
at the core of the ME effect.
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Appendix A: Magnetic susceptibility calculations

The magnetic susceptibility was computed by classical
and quantum Monte Carlo simulations of the Heisenberg
model (1) and compared to our single crystal x(T') mea-
surements for B=0.1T and B||b. Results for the alter-
nating spin chain model were already presented in Sec.
III B; here we also present results for magnetic suscep-
tibility of the 64 x 64 lattice of classical spins with the
exchange ratios determined from the ground state mini-
mization and AFMR calculations (Fig. 6). In order to ex-
plain the observed high-temperature behavior within the
two-dimensional model, we need to scale to J, = 12 K,
while for simplicity we set D = 0. All numerical re-
sults are for a fixed system size and periodic boundary
conditions, but we have checked that finite-size effects
are negligible except possibly at very low temperatures.
Theoretical results were converted to experimental units
assuming a spectroscopic g-factor g = 2.

Inspired by the scaling of the high-temperature behav-

ior with spin quantum number S, we used a phenomeno-
logical scaling

XS’,phen(T) = XC](S(S + 1) T) (Al)
to map the classical result . to the quantum result for
spin S. As is illustrated by the results for the alternating
chain, this works well at high temperatures, but misses
a suppression of x by quantum fluctuations at low tem-
peratures.

In the two-dimensional model, interchain coupling is
frustrated. Since this gives rise to a sign problem in
the quantum Monte Carlo approach, we have to rely
exclusively on the classical Monte Carlo simulations for
this case. The two-dimensional model fits the experi-
mental magnetic susceptibility at high temperatures at
least as well as the chain model, while it does not ap-
pear to be so good around and below the maximum of
x(T) (Fig. 6). However, we have to keep in mind that in
analogy to the one-dimensional model, quantum fluctu-
ations are expected to reduce x(7') at low temperatures
also in two dimensions. Furthermore, the frustrated na-
ture of the interchain coupling might enhance this re-
duction. In any case, we attribute the fact that a one-
dimensional model yields a good effective description to
the frustration in the interchain coupling. Finally, we
note that the two-dimensional model exhibits signatures
of an ordering transition at 7' ~ 9.5 K. This is remark-
ably close to the experimentally observed ordering tran-
sitions, although the Mermin-Wagner theorem forbids a
true finite-temperature ordering transition in a strictly
two-dimensional Heisenberg model.

In conclusion, the fact that one-dimensional, two-
dimensional, and tetramer!! models provide good fits to
the magnetic susceptibility of FeTesO5Br demonstrates
that further data is needed to clarify the nature of the
microscopic exchange network.
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