Structural correlation to spontaneous electric and magnetic order in multiferroic
LiCI'Q.ggFe0.0lOQ
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We report the effect of Fe doping on structural, magnetic, and electric polarization in
LiCrp.99Fe0.0102. Although antiferroelectric transition remains at 62 K, Néel temperature shifts
toward higher temperature to 95 K. This may indicate release of magnetic frustration in the antifer-
romagnetically coupled 2-D triangular-lattice due to minor Fe doping. Synchrotron x-ray diffraction
studies reveal step-like structural transitions close to antiferroelectric and antiferromagnetic transi-
tions. Appearance of a new structural transition at antiferromagnetic ordering indicates the presence

of magnetoelastic coupling.

PACS numbers: 75.80.+q, 77.80.-e

Multiferroics are formally defined as chemically single
phase materials which possess more than one simulta-
neous long range ferroic order. In particular, concomi-
tant appearance of spontaneous electric and magnetic po-
larizations is indicative of magnetoelectric coupling and
is attractive for numerous technological applications' .
The primary importance of these materials is the design
of new devices, that can exploit their remarkable fea-
ture of controlling magnetic or dielectric properties by
the application of an electric or magnetic field, respec-
tively. Multiferroicity usually involves breaking of inver-
sion symmetry during ferro(antiferro)electric order and
is usually associated with first order structural change.
Thus elastic coupling is intimately correlated to sponta-
neous electric and/or magnetic ordering of multiferroic
materials® ®.

The crystal structure of LiCrOy (LCO) possesses 2-
dimensional (2D) triangular lattice formed by Cr sub-
lattices which are antiferromagnetically coupled'®1°.
In compatibility with 2D structure, intralayer superex-
change interaction is significantly stronger than interlayer
exchange interaction!3. Below antiferromagnetic (AFM)
ordering (Tn=62 K), the double-QQ 120° spin structure
with nonequivalent wave numbers is characterized by
alternate stacking of Cr3t layers with opposite vector
spin chirality along the crystallographic ¢ axis'®7. The
proper screw-type magnetic structure with opposite spin
chirality in the alternative Cr layers provide antiferro-
electric (AFE) ordering at Tn'®. Our recent study on
the nominal doping of Cu in Lip.g9Cug.91CrO2 (LCCO)
significantly enhanced the interlayer coupling and led
to strong magnetoelastic effect with an unconventional
nature of electric polarization at Tw'?. In the present
work we have done synchrotron X-ray diffraction study of
LiCrg.g9Feg.0102 (LCFO) over a wide temperature range,
20—300 K. We observe that minor Fe doping in the Cr
network remarkably changes structural properties. Be-
side the step-like change at 62 K, as also evident in un-
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doped LCO, another new step-like change is observed in
Cr—O bond length and O—Cr—O bond angle at 95 K.
Although AFE ordering remains at 62 K, T shifts to-
ward higher temperature to 95 K compared to undoped
LCO. This indicates release of magnetic frustration due
to nominal Fe doping. Importantly, the step-like changes
in Cr—O bond length and O—Cr—O bond angle are ob-
served close to Ty pointing out the magnetoelastic cou-
pling. The results of doping in the Cr network are dis-
tinct from that of nonmagnetic Li site doping!®. The
different results of LCFO from LCCO are argued in the
context of different structural changes at antiferroelectric
and antiferromagnetic transition temperatures in the 2D
ordered rocksalt structure.

Polycrystalline LiCrg g9Feq.91 02 is prepared by solid
state reaction described elsewhere!?. Chemical composi-
tion is confirmed using X-ray diffraction studies at room
temperature recorded in a SEIFERT X-ray diffractome-
ter (Model: XRAY3000P) using Cu K, radiation and is
further verified by synchrotron X-ray powder diffraction
studies measured at P07 beam line of Petra III, Ham-
burg, Germany at a wavelength of 0.1347 A (92 keV).
The diffraction data are refined through Rietveld tech-
nique using a commercial MAUD (materials analysis us-
ing diffraction) software. Dielectric properties are mea-
sured in an E4980A LCR meter (Agilent Technologies,
USA) equipped with a cryogen free cryocooler (JANIS,
USA). The pyroelectric current (I,) is recorded in an elec-
trometer (Keithley, model 6517B) at a constant tempera-
ture sweep rate (4.0 K/min) and integrated with time for
obtaining thermal variation of electric polarization (P).
Electrical contacts are prepared using an air drying silver
paint. The dc magnetization is recorded in a commercial
magnetometer of Quantum Design (MPMS, evercool).

Thermal variation of zero-field cooled (ZFC) and field-
cooled (FC) magnetization are shown in Figs. la and
1b measured at 10 and 100 Oe, respectively. The ZFC
magnetization is strongly influenced by the measuring
field. In case of measurement at 10 Oe, a peak is ob-
served close to 95 K along with a shoulder around 62 K,
at which both AFM and AFE orders are observed for
undoped LCO. The results reveal that Ty shifts toward
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FIG. 1: (Color online) Thermal variation of ZFC magnetiza-
tion measured at 10 Oe (a) and ZFC-FC magnetization mea-
sured at 100 Oe (b). Inset of (a) displays linear magnetization
curves for LCFO and LCO at 5 K. Thermal variation of real
component of dielectric constant, ¢ (c) and electric polariza-
tion, P (d).

higher temperature compared to the value for LCO. The
small doping of Fe in the Cr network, which forms anti-
ferromagnetically coupled 2D triangular lattice, releases
magnetic frustration, as indicated by the increase of Th.
As displayed in Fig. 1b the ZFC-FC magnetization over-
laps above 200 K which is much higher than Tx at 95
K. At 5 K linearity of the magnetization curves for LCO
and LCFO are indicative of AFM ordering. The linearity
of the magnetization curve of LCFO is contrary to the
observed significant coercivity for LCCO'. This appears
due to different structural changes in the two compounds
as discussed elsewhere below.

The real component of dielectric permittivity (€')
recorded at different frequencies (f) is displayed in Fig.
lc. The €/(T') exhibits a sharp peak at 62 K and it does
not show any convincing change in ¢ around Ty. The
peak at 62 K does not show any frequency dependence,
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FIG. 2: (Color online) (a) Rietveld refinement of X-ray pow-
der diffraction patterns (black symbols) at 50 K for LCFO.
Solid curve demonstrates the fit. The plot at the bottom is
the residual. Inset shows layered arrangements of the atomic
positions as obtained from the refined values. (b) Thermal
variation of the intensities of (003) peak.

which indicates long-range order of electric dipole mo-
ments (Tarp). This is further confirmed by polarization
(P) measurement as displayed in Fig. 1d. The P is cal-
culated by integrating pyroelectric current recorded in
an electrometer at a poling field 400 kV/m. Magnitude
and nature of the thermal variation below T4 pg indicate
AFE order similar to that proposed for undoped LCO18.

The structural properties are thoroughly studied by
X-ray powder diffraction studies using a high-flux syn-
chrotron source over 20—300 K for LCFO. The struc-
tural parameters are obtained from careful analyses of
the diffraction patterns using Rietveld refinement pro-
cedure. The refinement is performed using R3m space
group with atomic positions Li (0 0 1/2), Cr (0 0 0), and
O (0 0 z). The diffraction patterns in the entire tem-
perature range can be fitted with the same R3m space
group. One of the representative examples of the fit (con-
tinuous curve) with the experimental data (symbols) is
shown in Fig. 2a at 50 K, which is below Targ as well
as Tn. The difference plot is shown at the bottom indi-
cating the absence of any secondary phase. Reasonably
small values of the reliability parameters, R,, (~3.64),
Rexp (~3.29), and x? (~1.03) assure the authenticity of
the refinement. Inset of Fig. 2a shows the layered ar-
rangements of the atomic positions as obtained from the
Rietveld refinement. Thermal variation of the intensity
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FIG. 3: (Color online) Thermal variations of a (a), ¢ (b), Cr—O bond length (c), and O—Cr—O bond angle (d) for LCFO.
Broken curves shown in figures (a) and (b) displaying thermal variations for undoped LCO as obtained from our previous

reportlg.

of (003) peak is displayed in Fig. 2b, which shows a
minimum around 95 K, below which it increases slowly
followed by an anomaly at 62 K. These are the character-
istic temperatures at which Ty and Ty pg are observed.
The signature of Ty pp in the peak intensity is consistent
with the observed anomaly or sharp change of T' variation
in the integrated intensity at the ferroelectric transition
as found in the literature?° 22,

Temperature variation of parameters a and ¢ are shown
in Fig. 3a and 3b, respectively. Thermal variations of
these parameters are compared with that obtained (bro-
ken curves in Figs. 3a and 3b) from our previous re-
ports for LCO'Y. a decreases with decreasing tempera-
ture while ¢ decreases with decreasing temperature until
~ 95 K, below which slow increase is observed followed
by a step like rise at 62 K as evident in the inset of
Fig. 3b. Thermal variation of a is similar to that ob-
served in LCO and LCCO'Y. In fact, a of LCO almost
overlaps with the result for LCFO as shown in Fig. 3a.
On the other hand, parameter ¢ decreases significantly
in the measured temperature range compared to LCO,
which is analogous to LCCO'. This indicates that mi-
nor doping even at the Cr site significantly reduces the
interlayer distance. The step like increase in ¢ at 62 K
was also observed for LCO and LCCO. Signatures of Ty
and T'4rg are more evident in the thermal variations of
Cr—O bond length (dor—o) and O—Cr—O bond angles

() as shown in Figs. 3c and 3d, respectively. In consis-
tency with that observed in ¢(T), a more apparent step
like rise in d¢,—o and fall in « are observed at 62 K. This
sharp change is ~ 2 times larger than that observed for
undoped LCO. It is, however, nearly half in magnitude
at the step-like change observed in LCCO'Y. In addition
to this sharp change at T4pp, another new transition is
evident at 95 K which is absent in undoped LCO'Y. In-
terestingly, this new step like transition in de,.—o and «
are observed close to T revealing strong magnetoelastic
coupling. Similar magnetoelastic coupling was also ob-
served in LCCO, although magnitude of step-like change
at Ty was ~ 4 times enhanced and Ty was shifted to
more higher temperature ~ 118 K9,

Current investigation infers that doping at the Cr site
significantly enhances magnetoelastic coupling compared
to undoped LCO. This is, however, analogous to that
observed in Cu doped LCCO, although magnetic and
dielectric properties are significantly different. Unusual
ferrielectric-type order with a significant uncompensated
polarization and ferrimagnetic-type magnetic ordering
with a large coercivity are observed for LCCO whereas
antiferroelectric and antiferromagnetic ordering is pro-
posed for LCFO in the current investigation, analogous
to that observed in LCO. Markedly different electric and
magnetic polarizations in LCFO and LCCO are probably
related to the magnitude of step-like changes at Ty and



Targ which are ~ 4 and ~ 2 times enhanced in LCCO
than LCFO. Current investigation further confirms that
doping either at nonmagnetic Li site or magnetic Cr site
decouples electric and magnetic order. The Fe doping
in LCFO directly creates a disorder in the 2D triangular
lattice formed by Cr sublattice. This leads to the key
effect of releasing the frustration in the antiferromagnet-
ically coupled 2D triangular lattice and causes increase
of Ty for LCFO.

In summary, Fe doping in LiCrg g9Feq 9102 strongly
influences magnetic and structural properties, although
dielectric properties and antiferroelectric ordering tem-
perature do not alter significantly. Antiferromagnetic
Néel temperature shifts toward higher temperature as a
result of Fe doping. Careful Rietveld refinement of the
synchrotron X-ray diffraction patterns over wide temper-
ature range provides thermal variations of lattice con-
stants and microscopic structural parameters. Thermal

variations of Cr—O bond length and O—Cr—O bond an-
gles demonstrate step-like transitions at Tapp and Ty.
The step-like transition at T is a new observation and
appears due to Fe doping revealing a magnetoelastic cou-

pling.
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