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Abstract The Perturbed Angular Correlation (PAC) technique was applied to study the yttrium local
environment in YMnOj3 multiferroic manganite. The electric field gradients (EFG) at the Y site have
been measured as function of temperature, covering both ferroelectric and magnetic transitions. The
results were compared with point charge model (PCM) calculations.

The experimental results show two different EFG distributions for all temperatures. Only one can
be directly attributed to the yttrium crystalline site in the hexagonal structure.
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1 Introduction

The rare-earth manganites system, RMnQOg, present a rich variety of interesting properties such as
colossal magneto-resistance [1] or magneto-electric effect [2,3]. These properties are known to be closely
related to the crystalline structure, which depends on the rare-earth ionic radius. The decrease of the
rare-earth ionic radius (Ry) induces a change in the crystalline structure from an orthorhombic (for
larger R, R=La-Dy) to hexagonal (for smaller R, R=Ho-Lu and Y) structure. Moreover, the magneto-
electric coupling has also different origins depending on the crystalline structure: in the orthorhombic
RMnOg, ferroelectricity appears coupled to the magnetic ordered phase [2] while in the hexagonal
RMnOg ferroelectric ordering is due to the unusual rare-earth sites coordination and the triangular
and layered MnOj5 network [4]. The hexagonal manganites structure consists of non-connected layers
of MnOj trigonal bipyramids corner-linked by in-plane oxygen atoms forming close-packed planes
separated by a layer of R3T ions. At high temperatures, these compounds undergo a phase transition
from a high-symmetry phase (space group P63/mmc), which is paraelectric, to a low temperature non
centrosymmetric phase (space group P63cm) that is spontaneously polarized [4].
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The properties of these compounds depend strongly on the rare-earth coordination and local en-
vironment. In this context, nuclear hyperfine techniques can be particularly useful to study the local
lattice structure, electric and magnetic correlations. With this aim in view, the perturbed angular cor-
relation (PAC) technique has been used to determine the electric field gradients (EFG) that depends
on local charge distributions at the probe atom site in YMnOj3 as function of temperature, covering
both magnetic and ferroelectric transitions.

2 Experimental

Polycrystalline samples of YMnOg were synthesized via a sol-gel route using urea as complexing agent.
The resulting powders were subjected to several thermal treatments and sintered at 1623 K, in air for
72 hours, followed by quenching to room temperature. The quality of the samples has been controlled
using X-ray diffraction (XRD) and magnetic measurements. The lattice parameters refinements based
on XRD data were performed using the program Full Prof Suite [5].

The PAC experiments have been performed by first implanting the samples with '™ Cd (T; /,=49
min) to a low dose of 1.0x10'? at/cm? and 30 keV energy at the ISOLDE/CERN facility [6]. After
implantation, the samples were annealed at 973K in air, for 20 min to remove implantation damage [7].
The 1™ Cd isotope decays to the [=5/2 and E=245 keV isomeric state of 1'1Cd with the emission of
two consecutive y-rays. The angular correlation between the two 7-rays is perturbed by the EFG and
the magnetic hyperfine field (MHF'), which is described by the experimental time perturbation function,
R(t), which were obtained using a 6-BaFs detector spectrometer [8]. The measurements have been
performed at 10 K, room temperature and 1123K, across the ferroelectric and magnetic transitions.
The fits to the R(t) experimental functions were calculated numerically by taking into account the full
Hamiltonian for the nuclear quadrupole/magnetic combined interactions [9]. The experimental results
were compared with point charge model (PCM) calculations where the EFG is calculated by taking
the ion cores as point charges located at the ions lattice sites. Different atoms were differentiated by
the Sternheimer antishielding factor v, [10-12].

3 Results and Discussion

The refinement of X-ray data show that YMnOj samples are single phase and crystallize in the
hexagonal structure (space group P63cm) with corresponding cell parameters a=b=6.1354(1) A and
c=11.3916(3) A in excellent agreement with the values reported in the literature [13,14]. Since the
XRD measurements have been performed at room temperature, the obtained structure is the non-
centrosymmetric, which allows the appearance of ferroelectricity. Magnetic measurements show a
paramagnetic-antiferromagnetic transition at Ty~75 K, also in good agreement with the values re-
ported in literature [13,14].

Fig. 1(a) shows representative experimental function R(t) (left panel) and respective Fourier trans-
forms (right panel), for measurements performed at 1123 K, room temperature and 10 K. The high
quality fits are shown by continuous lines in the R(t) spectra. The fit to each experimental spec-
trum was obtained considering that the 1'Cd probes interact with two electric field gradient (EFG)
distributions for all temperatures, which were assumed to be Lorentzian-like. Fig. 1(b) displays the
thermal dependence of the EFG parameters (fraction of probes interacting with each EFG (f), principal
component of the EFG tensor (V,,) and asymmetry parameter (7)).

The R(t) spectra show essentially the same features for all temperatures. As referred above, the
best fit to each R(t) spectrum revealed that the 11Cd probes interact with two EFG (named EFG,
and EFGy) distributions. The main EFG, EFG,, is characterized by a lower V,, and is non-axially
symmetric with 7,~0.2(8). The second EFG, EFGy,, is characterized by a higher V,, and a highly
asymmetric local environment given by 7 values ranging between 0.5-0.6. The Fourier transforms show
a decrease on the main peak intensity with temperature. A close inspection to the plot obtained at
10 K, below the magnetic ordering, suggest the existence of a weak magnetic hyperfine field (MHF).
Thus, a combined interaction (quadrupolar and magnetic) was used in EFG, distribution accounting
for a weak MHF (By¢~0.1(2) T).

As one can observe in Fig. 1(b), the EFG parameters show a weak dependence on the measuring
temperature. The fraction of probes interacting with each EFG, f, and f,, is constant with temperature.
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Fig. 1 (a) Left panel: Representative R(t) experimental functions measured at 1123K, room temperature and
10K. Right panel: respective Fourier transforms. The vertical solid and dashed lines indicate the frequency
triplets corresponding to each EFG. (b)Electrical field gradient parameters, fraction of probes (f), Vzz and 7
as function of temperature.

The EFG principal component, V,,, shows the typical decrease on its magnitude with increasing
temperature for both EFG, and EFGy,. This trend was found in perovskite systems [15,16] and is
frequently associated to an increase of the atomic vibrations due to the increase of temperature. The
asymmetry parameter, 1, is also constant with temperature, with small variations within the error bars
for both EFG distributions.

The existence of two experimental EFG distributions would tempt the direct assignment to the
rare-earth crystallographic sites allowed by the P63cm space group (R(2a site) and R(4b site)). On
the other hand, at 1123K, YMnOs; is in the paraelectric phase (Trg~1050K [17]) and adopts the
centrosymmetric space group P63/mmc, which allows only one non-equivalent Y site and therefore
the existence of only one possible EFG. Hence the origin of EFGy, cannot be directly assigned to
the regular yttrium site. To help in the interpretation of the present PAC experimental results, point
charge model calculations (PCM) have been performed, which were later confirmed by full potential
linearized augmented plane wave (FLAPW) calculations [18]. The lattice parameters, for the different
space groups, were taken from literature [14,19] and the formal charges of +3, +3 and -2 were assigned
to Y, Mn and oxygen atoms respectively. The lattice sum was performed up to a distance of 25 A
from the probe nucleus. Table 1 shows the resulting values of the calculated V,, and n in comparison
with the experimental ones. When comparing these calculated values with the experimental ones,
one can observe that only one of the experimental EFG distributions is in good agreement with the
calculated ones. Following these results, EFG, can be directly assigned to the Y2 (4a site) although
the experimental asymmetry parameter is higher than the calculated (n=0). This discrepancy may be
due to the polycrystalline nature of this ceramic sample. The second EFGy, experimental distribution
cannot be assigned either to Y1 or Mn sites, which calculated EFG parameters are very different from
the experimental ones. Also, the very weak MHF measured at 10K suggests that the ''1Cd probe atoms
are not located at the Mn site, where a higher MHF would be expected. Based on XRD and magnetic
measurements, also performed after the PAC experiments, the high quality of the samples show that



Table 1 Experimental and calculated EFG parameters in the yttrium and manganese sites with substitutional
Cd. The calculated EFG parameters were obtained for high temperature (space group P63/mmc) and low

temperature (space group P6scm) structures. V,, values are in V/ A2

Experimental EFG | Calculated EFG

S.G.P63/mmc S.G.P6scm
sza Na szb b sz n sz n sz n sz n sz n
YY) (Y) Mn) Mn) | (Y1) (Y1) (Y2) (Y2) (Mn) (Mn)

218 0.2(8) 344 05(1) 225 0 -730 0.13 ] 0.45 0 2.18 0 -7.89  0.06

the origin of this EFGy, also cannot be attributed to impurities. Thus the origin of the higher V1,
local environment is not clear and do not seem related to the quality of the samples nor defects created
by the implantation process since previous studies showed that the present annealing was sufficient to
recover from implantation defects [15,16]. The existence of this second EFG distribution seems to be
intrinsic to this system and has to be found in more subtle grounds.

4 Conclusions

The EFG evolutions as a function of temperature in the YMnO3 manganite has been studied via the
PAC technique. The PAC experimental results show two different EFG distributions for all temperature
ranges. However, only one experimental EFG can be directly attributed to the Y crystalline site in
the hexagonal structure. The origin of the second local environment is still unclear and seems to be
intrinsic to the system. Additional studies are needed to unveil these results.
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