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Short-range correlations and their thermal hysteresis in the paramagnetic phase of YFe3(BO3)4
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Neutron diffraction and Mossbauer spectroscopy have been used to examine the connections between long- and
short-range magnetic order in the rare-earth iron ferroborate YFe;(BO3)4. We establish the presence of short-range
magnetic order in the pseudo-one-dimensional Fe-spin chains of the FeOg octahedra while the ferroborates are
in their (long-range) paramagnetic phase. The short-range order exists at temperatures several times the Néel
temperature. In addition, we observe thermal hysteresis of the short-range ordered Fe spins. The observed Fe-spin
dynamics are suggestive of the presence of solitons within the domains that form in the Fe-spin chains.
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The recent introduction of the rare-earth ferroborates
GdFe3(B03)4, NdFe3(B03)4,1 and HOFC3(BO3)42 into the
family of multiferroics has rekindled interest in understanding
the physics driving the complex structural, electric, and
magnetic behavior of RFe;(BO3)4, where R is a rare-earth
ion or Yttrium. The magnetism in RFe3(BOs), is particularly
puzzling, due largely to the subtle interplay of the magnetic
ground states of the 3d and 4 f ions that exhibit different
magnetic transitions with magnetic structures driven by com-
peting anisotropies. While the R = Nd and Pr ferroborate
structures retain a R32 phase down to the lowest temperatures,
a structural transition from R32 to P3,21 occurs for R = Eu
to Yb and Y between 90 and 450 K* (depending on the
R3* size) and the Er ferroborate stays in the P3;32 phase at
temperatures up to ~550 K.* In the R32 phase, edge-sharing
FeOg octahedra form spiral chains running along the ¢ axis
where each R3* ion is surrounded by six O?~ ions, forming
triangular ROg prisms separated from one another by BOj
triangles with no common O?~ ions. The distance between
Fe®* ions along the chains is considerably shorter than that
between neighboring chains, adding a one-dimensional flavor
to the magnetism. In the low-symmetry P3;21 phase there
are two different Fe sites that lead to slightly different Fe—Fe
distances along the spiral chains.’ In addition, the R** ions
are well separated from each other with no direct R—-O-R
(super)exchange. Interestingly, while the intrachain Fe-O-Fe
interaction pathway may seem the most direct, Fe—O-B—O-Fe
and Fe-O-R-O-Fe superexchange drives the second-order
antiferromagnetic (AF) transition®’ Type in the 30—40 K range.
This staggered magnetic field from the ordered Fe3* ions
polarizes the R** ions, driving them toward their own Tyg
so that Tyr=Tyre. Finally, the competition of the Fe and R
contributions to the total magnetic anisotropy can also drive a
spontaneous spin reorientation transition 7sg at temperatures
below about 10 K8 !! [e.g., Tsg= 5 K in HoFe3(BO3)4®].

While the basic structural and magnetic properties of the
RFe;(BOs3), system have become well established recently,
understanding the exotic magnetism suggested by the low
dimensionality of the Fe’* ions together with the presence
of their two coupled sublattices in the P3;21 phase and the
R3* ions has been a challenge. Raman scattering experiments
provided some fascinating hints of the presence of short-
range correlations in the paramagnetic phase of GdFe;(BO3),
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and NdFe3(BO3),.!> The spectral shape of the quasielastic
scattering in the paramagnetic phase was well described by the
response function of interacting magnons in low-dimensional
quantum spin systems. Very recently neutron diffraction and
polarimetry experiments on NdFe;(BOs), demonstrated the
existence of unequally populated domains with different
“handedness” of the long-range AF order with domain lengths
of ~100 nm, with evidence of reduced Fe3* moment sizes that
were attributed to frustration effects,'® arguing that atomic-
level disorder was present that could be due to magnetic
relaxation of some of the Fe3*. Furthermore, above Tsg there
was an indication of the presence of magnetic solitons'?
(moving domain walls that have been observed in quasi-one-
dimensional antiferromagnets'#) without the application of an
external field, which is highly unusual. Most recently, hard
x-ray scattering experiments on R = Nd and Gd ferroborates
have provided compelling evidence of magnetic domains
~10 nm in length."> The significant difference in domain
wall lengths between techniques that both measure long-range
magnetic order is perplexing.

To clarify the connections between the short- and long-
range magnetism in YFe3;(BOj3)s and explore possible dy-
namics in the rare-earth ferroborates, we carried out neutron
diffraction and susceptometry experiments to characterize the
long-range magnetism, and we complemented these results
with transmission Mossbauer spectroscopy that explores the
short-range local magnetism. We show that there is a plethora
of magnetic behavior above the long-range ordering tempera-
ture Ty of the rare-earth ferroborates. For example, the Fe3t
ions experience short-range order at temperatures at least
twice Ty, whereupon the Fe spins fluctuate too rapidly to
be measured in the “time window” of the >’Fe Mossbauer
transition. The Mossbauer spectra are well described using
a simple magnetic relaxation model that incorporates the
Kramers Fe’" electronic magnetism'® and relaxation rates
of the Fe spins above Ty exhibit an exponential temperature
dependence, indicative of nonlinear excitations in the (pseudo)
one—dimensional Fe chains, for example, magnetic solitons.'*
Unexpectedly we found that repeated heating and cooling
cycles while in the P3;21 phase resulted in short-range
hysteretic behavior, indicating the domains were depinning
and repinning into new configurations. Heating a rare-earth
ferroborate through the R32 phase transition resets the system
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so that the initial atomic magnetism was recovered in the
P3,21 phase.

Single crystals of RFe;(BO3)s (R =Y, Ho, and Tb) were
grown® and ground into powders. Superconducting quantum
interference device (SQUID) susceptometry was performed
with a quantum design Magnetic Properties Measurement
System (MPMS) and neutron diffraction data were taken
on the high-resolution powder diffractometer (D1A) and
high-flux powder diffractometer (D1B) at the Institut Laue-
Langevin in Grenoble. Mossbauer measurements were made in
constant acceleration mode with a 1 GBq 3’ CoRh source. The
spectrometer was calibrated using «-Fe at room temperature.
Spectra were collected at temperatures ranging from 5 to 100 K
in aJanis SHI-850 closed cycle refrigerator. Similar magnetism
(long and short range) was observed in all three systems,
with small differences in the temperature dependences of the
hyperfine parameters due to the local field provided by the
R3* ions, so we shall limit the discussion in this paper to
YFe;(BO3)4, with a longer report on the R = Ho and Tb
compounds forthcoming.

The temperature dependence of the magnetic susceptibility
(x = M/uoH), together with dy /dT that tracks with the
specific heat’s temperature dependence'’ shown in Fig. 1, are
in agreement with previous measurements on YFe3(BO3)s,’
yielding 7y = 37 + 2 K. The inverse magnetic susceptibility’s
(1/x = noH/M) temperature dependence (inset in the top
panel of Fig. 1) with a Curie-Weiss law fit of the high-
temperature data (shown by the solid line) reveal some small
deviations from the Curie—Weiss law behavior around 40—45 K
that may indicate the onset of short-range correlations. The
results of neutron diffraction thermal scans (Fig. 1, bottom)
after the system was cooled from the R32 phase into the P3,21
phase in a “virgin” state, and scans with the system always in
the P3,21 phase clearly show that the long-range magnetism is
unaltered and well described by a J = 5/2 Brillouin function
(solid line) where Ty = 37 + 1 K.!° These results are charac-
teristic of the rare-earth ferroborate’s long-range magnetism.

The results of transmission Mossbauer experiments over the
same range of temperatures reveal quite different magnetism.
In YFe3(BOj3)s we observed at 5 K a well resolved six-line
spectrum (Fig. 2 left) which shows that the Fe atoms in the Fe3*
chains are fully ordered magnetically. This result is expected
at temperatures well below Ty . Upon warming there is a small
decrease in the spectral line positions (e.g., 30 K spectrum in
Fig. 2 left) that signifies a smaller hyperfine field (Bys) which
is proportional to the Fe moment. The ~6% decrease in By¢
from 5 to 30 K (see below) is in good agreement with the
decrease in the Fe moment measured by neutron diffraction
(Fig. 1); to this point the short-range magnetism has tracked
with the long-range magnetism. The first surprise that the
spectra held occurred at temperatures above Ty. To begin,
we consider the spectrum collected at 50 K (35% above Ty),
where the spatially and temporally averaged magnetization of
the Fe?* chains should be zero. Recall that neutron diffraction
and dc susceptibility measurements ascertain the same 7y and
have very different measuring time scales (e.g., 10712-10~13
s for neutrons, and 0.5-1 s per measurement for the SQUID
magnetometry). If dynamical freezing were present instead of
amagnetic phases transition from an antiferromagnetic to para-
magnetic state, one would expect very different temperatures
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FIG. 1. (Color online) Top: Fisher plot'’ (temperature derivative
of the dc susceptibility x) of YFe;(BO3); where the peak, upon
warming, denotes the onset of short-range magnetic correlations
in an AF. The inset shows the temperature dependence of the low
field (0.01 T) inverse susceptibility (1/x) over the complete range
of temperatures with the solid line a Curie—Weiss law fit. Bottom:
The temperature dependence of the average Fe moment from neutron
diffraction data, with o the moment’s value after cooling from the R32
tothe P3,21 phase and [J the moment’s value after two previous scans
from 300 to 12 K. All measurements yield 7y ~ 37 K.

where zero measured magnetization and moment occurred.
The Mossbauer effect time scale is around 107 s, intermediate
between neutron and magnetometry techniques; however it
is sensitive to atomic level, short-range magnetism while
neutrons and magnetometry probe the long-range magnetism
(magnetic order). The 50 K spectrum in Fig. 2 show that
while the spectral line shape has changed considerably, with
broadened lines and a change in the relative intensity of the six
lines, the presence of the six-line spectrum shows undeniably
that Fe3* ions in the chains must be experiencing short-range
magnetic order. Indeed, By is reduced further from its 30 K
value (spectral line positions are collapsing to lower velocities
and energies) at 50 K, but only by 70 K (Fig. 2 left) is the
local, time-averaged hyperfine field reduced to zero, resulting
in a single spectral line being observed. These spectra provide
clear, direct evidence of short-range magnetic correlations in
the rare-earth ferroborates in their paramagnetic state.

After obtaining the thermal evolution of the spectra that
were collected upon cooling after the rare-earth ferroborate has
been warmed above Ty, we collected spectra after the system
had been cooled from 300 K (each time) at temperatures
between 5 and 70 K. As shown in the right panel of Fig. 2,
repeated cooling scans from 300 to 45 K resulted in readily
observable spectral differences with, for example, a reduced
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FIG. 2. (Color online) Left: Typical Mossbauer spectra of
YFe;(BO;), with the system in its virgin state after being cooled
from the R32 phase. Right: Mossbauer spectra after the initial cool
down from the R32 phase at 45 K (top), with the results at 45 K of
two thermal scans from 300 K (middle) showing clearly the effects
of thermal hysteresis, and a return to the initial magnetic state after
being “reset” at 500 K from the R32 into the P3,21 phase at 45 K
(bottom). The solid lines are fits described in the text.

Byr between the initial cool down from 5 to 45 K and
cooling from 300 to 45 K several more times. Clearly, the
short-range magnetic order (recall that 45 K is well into
the paramagnetic phase) experiences thermal hysteresis. The
short-range magnetism cooled from 300 K to temperatures
below Ty revealed a weaker yet distinct hysteresis. No sign of
thermal hysteresis was detectable in the long-range magnetism
(Fig. 1) by neutron diffraction where the system underwent
similar thermal cycling. When the system was heated to
500 K (in an Ar gas atmosphere) which reintroduced the
R32 to P3,21 structural phase transition upon cooling, the
original short-range magnetism was recovered, as shown by
the identical spectra at 45 K from the initial thermal scan from
5 to 45 K (top spectrum in the right panel of Fig. 2) and the 5
to 45 K scan after the sample was reset from 500 K (bottom
spectrum in the right panel of Fig. 2). These results illustrate the
strong interrelationship between the structural and short-range
magnetic properties in the rare-earth ferroborates most clearly;
trends that have been suggested by previous studies.'>!>1
An appropriate line shape model to quantify the trends
presented by the spectra needed to conform to the magnetic
structure identified by neutron diffraction'® and the Kramers
character of the Fe’* chain ions. These constraints and
the ability to fit the spectra over the complete range of
temperatures consistently called for the spin-relaxation model
of Wickman and Wertheim.'® The model essentially combined
a two-level magnetic relaxation formalism with ionic-Zeeman
splitting of two different (uniaxially symmetric) electronic
configurations described by an effective Hamiltonian, H =
gupHI, + A S, I.'"* H is the effective field at the 3'Fe
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nucleus, A, is the energy splitting associated with the Kramers
doublet, I,==+1/2,3/2 and S,==41/2, with the probabilities of
occupying either of the Kramers states being exp (A /kpT) and
[1 —exp (A /kpT)]. This model, combined with the hyperfine
parameters for >’Fe (e.g., hyperfine field By, isomer shift /.S,
and quadrupole shift 0S) and line intensities proportional to
the appropriate Clebsch-Gordon coefficients, permitted us to
fit the Mossbauer spectra successfully. We note that neither
simpler magnetic relaxation models'® nor line shape calcu-
lations incorporating distributions of electric and magnetic
environments® were able to describe the thermal evolution of
the spectra consistently.

The spectra were fitted with two sites, where the lowest
temperature spectra (5 K) were used to determine the static
hyperfine parameters, such as linewidth (I") the isomer shift
IS, and quadrupole shift QS. The relative absorption of the
two sites fitted to 0.33 +0.05 and 0.67 = 0.07 in excellent
agreement with the magnetic structure determined from
neutron diffraction experiments!® where 1/3 of the Fe reside in
the 3a sites and 2/3 in the 6¢ sites. /.S = 0.513 &= 0.009 mm/s
and QS = —0.025 £+ 0.003 mm/s for the 3a site, while IS =
0.507 £ 0.005 mm/s and QS = —0.020 & 001 mm/s for the
6¢ site. These results show that while the electron densities
are the same at the 9’Fe nuclei (in the Fe chains) at the
two sites, the electric field gradients were slightly different,
in accord with the 6¢ Fe sites having closer B neighbors.
I' =0.152 £ 0.007 mm/s FWHM was required to fit the
spectra, slightly broadened compared to the source’s natural
linewidth of 0.135 £ 0.005 mm/s, reflecting a small amount
of chemical disorder that resulted in a small distribution of
nuclear environments about the >’Fe atoms.

The temperature dependences of the fitted By, A, and v
(relaxation rate between I,— I, states) for the 3a and 6c¢ sites
are shown in Fig. 3. Typically, Bys and v are correlated strongly
since v describes the collapse of spectral line positions toward
zero (e.g., a time-averaged hyperfine field) that can be approx-
imated with a reduced Bys. However v(T') also reflects changes
in line shape that cannot be dealt with by a By(T') correctly,
and the measured variations in line shape with temperature
(Fig. 2) were distinct enough to virtually decouple correlations
between Byy, v, and A up to the highest temperatures (>55 K).
At those temperatures no sextet component was resolvable and
By was fixed at its lower temperature value.

The results of thermal scans when the YFe3;(BOs), was
in its virgin state, having just been cooled through the R32
to P3;21 phase transition, are described by scans zero and
four (four being from a thermal reset as described previously),
while scans one through three are when the system was
cycled thermally in the P3;21 phase. As shown in Fig. 3,
at temperatures up to Ty, Bpe(T) tracked well with the long
range Fe’* moment’s temperature dependence as determined
by neutron diffraction (Fig. 1). The values of By are consistent
with Fe3*, however we point out that determining a moment
value for the Fe sites from Mossbauer results for direct
comparison to the values shown in Fig. 1 is problematic due
to local orbital and crystal field effects. The results of the
thermal scans where the system was heated to 300 K before
the measurement revealed the first hints of a hysteretic process
via a small reduction of By¢(T) above ~20 K with warming
compared to the initial thermal scan (scan zero) values.
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FIG. 3. (Color online) Temperature dependence of the fitted
hyperfine parameters for the 3a and 6¢ sites in YFe;(BO3)s where
By are the hyperfine fields, A is the ground Kramers doublet energy,
and (v) is the relaxation rates of ¥’Fe atoms between the I, and I,
states (note that v is plotted on a log—linear scale). The solid lines are
fits described in the text.

For temperatures above Ty, where the long-range antiferro-
magnetic order is no longer present, the short-range Fe-chain
magnetism becomes intriguing. Above Ty the fits require
A>0; crystal field effects are no longer suppressed and the
Fe* ions fluctuate slowly between the hyperfine environments
of the two-fold degenerate states, whose energy remains es-
sentially constant with temperature (A~0.1 mm/s = 0.2 mK,
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Fig. 3). Simultaneously, By of the two Fe sites continued their
monotonic decrease with warming until ~50 K, whereupon
the Fe spins were fluctuating too quickly to decouple static
and magnetic relaxation effects. Thermal scans exploring the
hysteresis showed that the local crystal fields were only weakly
affected. However, Bys(T') of the 3a and 6¢ sites decreased
with successive thermal cycles, indicating that the exchange
interactions driving the short-range magnetic ordering were
weakening (Fig. 3).

The exponential temperature dependence of v in Fig. 3
(shown by the solid lines) corroborates the polarized neutron
studies that indicated the presence of magnetic solitons. Using
the classical sine-Gordon description of nonlinear excitations,
the flip rate for the electronic spins above the magnetic
ordering temperature in a magnetic soliton (for low domain
wall densities) is V(T') & exp (— E,/ kpT) where E), represents
the creation energy of a magnon bound state.'* The slowing
of v with cooling can be attributed to the progressive blocking
of wall propagation. £, = 0.251+0.01 K from the Mossbauer
experiments (scan zero). Ej; from v(T) decreased from 0.25
to 0.18 £ 0.02 K (scan 3) with repeated heating and cooling
cycles in the P3,21 phase. Since E,~2J, where J, is the
exchange energy between spins in the soliton,'* this observed
reduction in J, tracks well with the indications of weakening
exchange from By(T) described above. Alternatively, the
changes in E, may be from smaller domain walls surviving
after depinning during thermal cycling, resulting in fewer
Fe-Fe exchange interactions being reflected with a smaller
By¢(T). Indeed, this interpretation could explain the different
domain wall lengths determined from neutron and x-ray
measurements. '3!3
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