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ABSTRACT

Earlier Mossbauer investigations of rare earth chromates RCrOy4 with R = Gd and Tm were interpreted in terms of a superposition of two sub-
spectra (approx. 4:1 area ratio), despite there being only a single crystallographic R(4a) site. In addition, the magnetic transitions exhibited
first-order character, which is contrary to bulk magnetic measurements. However, new '*' Dy and ' Er Méssbauer data presented here for
DyCrO4 and ErCrOy4 show the expected single rare earth site in both cases and a conventional second order behaviour for ErCrOs.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5079989

. INTRODUCTION

The rare earth (R) chromates RCrO4 have a tetragonal zircon-
type structure (I4:/amd, #141). They are of interest because of com-
peting ferromagnetic and antiferromagnetic super-exchange inter-
actions between the 3d (Cr’*) and 4f (R*") sites, believed to be
responsible for the giant magnetocaloric effect observed recently for
R = Gd, Dy and Ho."? Furthermore, the development of ferroelec-
tric order associated with a transition to a non-centrosymmetric
I42d structure has been observed around 100 K for R = Sm, Gd and
Ho.?

In this tetragonal zircon-type structure the rare earth occupies
asingle, special (i.e. no free atomic position parameters) 4a crystallo-
graphic site but the rare-earth Mossbauer spectra for GACrO4* and
TmCrO,° all require two rare earth contributions with area ratios
close to 4:1. These spectral contributions are well-resolved, exhibit
quite different electric quadrupole interactions and, in the case of
GdCrOy, even distinct ordering temperatures." Prompted by these
unexpected results, further rare-earth Mossbauer investigations are
reported here for DyCrO4 and ErCrOs. The key properties of these
two chromates are summarized in Table . They order ferromagneti-
cally at Tc ~ 23 Kand 15 K, respectively, with the R and Cr moments
directed in the basal plane. However, in the case of DyCrOs, this
is preceded by a subtle orthorhombic structural transition with the
moments confined to the b-axis. This is likely the case for ErCrOy as
well. As pointed out by Steiner ef al.° in an early neutron diffraction

study of DyCrOy, the only ferromagnetic group (I4;/am’d") consis-
tent with the zircon structure has the moments directed along the
tetragonal c-axis (rather than in the basal plane).

Il. EXPERIMENTAL METHODS

The chromate samples were prepared using a nitrate precur-
sor method” and Cu-K, x-ray powder diffraction confirmed them
to be single-phase with lattice parameters of a = 7.1437(7) A,
¢ = 6.2741(7) A for DyCrO4 and a = 7.0862(8) A, ¢ = 6.232(1) A
for ErCrQy.

The '*' Dy 25.7 keV Mbssbauer spectra were collected using an
external, room temperature 161Th.11 G4F; source (T1/2 = 6.9 d) with
the 80 mg/cm* DyCrOy absorber mounted in a conventional cold-
tail cryostat. The sinusoidal drive velocity was calibrated against
a reference Dy metal absorber. The "*Er 80.56 keV spectra were
recorded with both the "®Ho:Hog4YosH, source (Ty/2 = 269 h,
T>5 K) and the 340 mg/cm” ErCrO4 absorber mounted in a vertical
configuration inside a Janis helium-flow cryostat. The drive velocity
was calibrated using a He-Ne (A = 632.8 nm) laser interferometer.

I1l. RESULTS AND DISCUSSION
A. DyCrO,

The '*' Dy-Massbauer spectra recorded for DyCrOy are shown
in Figure 1. Above the ordering temperature of T, = 23 K, the spectra
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TABLE I. Overview of structural and magnetic properties for DyCrO4 and ErCrOy.

DYCI‘O4

ErCrOg4

Tstructs Te, Ts
Crystal structure

31.5K,'622-23K,1216 7_g K12

15 K,17_19 6K18

Tetragonal I4;/amd, #141
7.055(2), 6.193(8) (50 K)'7

T>Tstruct Tetragonal I4,/amd, #141
a,c(A) 7.1375(3), 6.2656(3) (40 K)'2
T<Tsruct Orthorhombic Imma, #74
ab,c(d) 7.1623(4), 7.1115(4), 6.2662(2) (3.6 K)'2
Magnetic structure Orthorhombic Im'ma’

§(R), u(Cr) 8.27(12), 0.79(7) g (b-axis) 3.6 K'?

5.09, 0.91 up (ab-plane) 2 K7

show typical paramagnetic behaviour with the quadrupole splitting
and Wegener relaxation broadening® diminishing as the tempera-
ture increases. Because of the broadening it is difficult to ascertain
if there is more than one phase or Dy site at these temperatures.
However, at T = 5 K, well below the ordering temperature, the
magnetically-split absorption lines are well defined and described
with a single spectrum. There is, therefore, no evidence of a second
Dy site or phase for the DyCrO, specimen.

The 5 K spectrum was analyzed using a co-axial nuclear Hamil-
tonian of the form

RT

80K

Absorption (%)

_‘\-Dy?rO‘L\ \ \_
—-200 0 200

Velocity (mm/s)

FIG. 1. '%'Dy-Mdssbauer spectra recorded as a function of temperature for
DyCrOy. The solid curve for T=5 K is a fit using the co-axial hyperfine interaction
Hamiltonian described in the text. At higher temperatures, the spectra were fitted
using an axial quadrupole interaction and the relaxation mechanism described by
Wegener.® The dispersion term was fixed at the experimental value of & = -0.035.°

#(I)Byy 1 €QVa(total)
I ° 4I(2r-1)
to describe the hyperfine splitting for each of the ground (I = 3)

and excited (I, = %) nuclear levels of the E1, 25.7 keV, 161Dy—
Mossbauer transition. Adopting a ground state magnetic moment
of u(Iy) = 0.4803(25) un,'? the fit to the DyCrOy4 spectrum at 5 K
yields a magnetic hyperfine field of Bs = 555(3) T. This is close
to the free-ion value of By = 559.8 T'" and corresponds to a local

moment of 4(Dy**) = 9.9(1) up, which lies within experimental error

of the full, free-ion moment of u(FI) = gJ = 3 x £ = 10us.

However, the moment of x(Dy’*) = 8.27(12)up determined using
neutron diffraction by Long et al.'? at 3.6 K is 17% smaller than the
free ion moment. This suggests that the crystal field (CF) interaction
dominates over a weaker exchange interaction to bring about a low-
lying, exchange-split, Kramers doublet with thermally-fluctuating
+ 10up levels. '*' Dy-Mossbauer spectroscopy, with its time scale of
the order of nanoseconds, samples the full, free-ion moment mag-
nitude whereas neutron diffraction samples the thermally-averaged
moment.

An estimate of the rank-2 CF parameter, B3, can be obtained
from the fitted electric-field gradient (efg). The fitted total efg value
of V. (total) = 39.0(6) x 10*! V/m? is considerably smaller than the
expected free-ion value of V. (FI) = 55.3 x 10*! V/m? (Ref. 11) due
to a significant lattice contribution to the efg. In Eqn. 1 the quantiza-
tion z-axis is defined as the direction of the total magnetic hyperfine
field, By, and the total “projected” efg is therefore given by

H= [32 - I(1+1)] (1)

Ve (total) = V. (4f) + %[3 cos’ 8 — 1]V, (latt) )

where 6 is the angle subtended by z and the principal axis, z', of the
lattice efg. The low temperature (T<31.5 K) orthorhombic (Imma,
#74) structure determined by Long et al.'? for DyCrO, deviates only
slightly from its high temperature tetragonal (I4:/amd) counterpart
and it is reasonable to assume that the principal axis of the lattice efg
remains closely associated with the (almost 4-fold symmetry) c-axis.
Long et al.'? also determined that the local Dy’* magnetic moment,
and hence By, is directed along the orthorhombic b-axis. Therefore,
we can assume that 8 ~ 90° and Eqn. 2 simplifies to

Vi (total) = Vi (4f) - %V“(latt) 3)
which gives

Vee(latt) = 2[ Voo (total) — Voo (FI)] = +32.6 x 102 V/m*  (4)
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In the context of the point charge model approximation, and
assuming no other contributions, V(latt) is given by'*

“4(l-y<) B
le]l(1 = 02)<r?>y 02

Vee(latt) = (5)
and this equation can be used to estimate the rank 2 CF parame-
ter, Bg. Substituting values of (1 — 02) = 0.354, <r2>4f = 0.67651 aé
and (1 - yeo) = 60.97 from Gupta and Sen'” and 6, = —0.006349
from Stevens'® gives B) = +6.6K with respect to the tetragonal
c-axis. It is relatively straightforward to demonstrate that this rank 2
CF parameter would lead to the | + 22> level as the CF ground state
with the z-axis aligned with the b-axis. However, for tetragonal site
symmetry the magnetic exchange interaction and at least 4 higher
rank CF terms (approximating as a local tetragonal symmetry) need
to be taken into consideration.

B. ErCrO,

The "°Er-Méssbauer spectra recorded for ErCrOy as a function
of temperature are shown in Figure 2. As for DyCrOy, the T = 5K
spectrum is well defined and, again, there is no indication of addi-
tional sites or phases. All spectra were analyzed using the co-axial
nuclear Hamiltonian (Eqn. 1) to describe the hyperfine splitting of
the excited (I, = 2) nuclear level of the E2, 80.6 keV, 1 Er-Mossbauer
transition. Adopting an excited state magnetic moment of u(I.) =
0.629(10) pn,?° the magnetic hyperfine fields were determined and
the results are presented in Figure 3 \lAghere the solid line is a fit to the

temperature dependence using a J== Brillouin function. The fitted

Absorption (%)

-80 0 80
Velocity (mm/s)

FIG. 2. "8SEr-Mdsshauer spectra recorded as a function of temperature for
ErCrO,4 The solid lines are fits using the co-axial hyperfine interaction Hamiltonian
described in the text.
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FIG. 3. Temperature dependence of the "®Er hyperfine field in ErCrO,. The solid
line is a fit to a J=§ Brillouin function that yields an ordering temperature of
15.6(2) K. The low temperature linear relationship between eQV,, and Bif is
highlighted in the inset.

ordering temperature of 15.6(2) K, is in excellent agreement with
previously published values.'”"?

At low temperatures (and hence large By, values) V. is domi-
nated by the 4f contribution which is proportional to <J2>, while Byy
is proportional to <J.>. Plotting the quadrupole interaction strength,
eQV vs. Bflf (inset to Figure 3) shows that this scaling does indeed
apply for the three highest field points (T<10 K), and the fitted line
passes through the origin.

Unlike the situation for DyCrOy, the extrapolated value of
By (T=0) is 495(10) T which is only 64% of the free-ion value of

By = 770.5 T?° and corresponds to a local moment of u(Er’")
~ 5.8(1)up (compared with the full, free-ion moment of u(FI) =
gl = g x % = 9 ug). Unexpectedly, and contrary to the case for
DyCrOs,, this result is in reasonable agreement with the moment
of u(Er’*) = 5.09u5 determined by Jiménez et al.'® using neutron
diffraction at 2 K.

Because the Er’* ground state magnetic moment does not cor-
respond to the full free-ion moment of 95, BS cannot be calculated
for ErCrO4 with the approach used above for DyCrOy.

However, with the additional Er** values of (1 - 03)=0.383
and <r’>y = 0.61886 a; from Gupta and Sen,’“ and 6, = +0.002540
from Stevens,' it can be estimated via:

[92(1 - ()'2)<I‘2>4f]Er3+
[92(1 - 02)<r2>4f]Dy3+

BY(Er’") = x BY(Dy’") ~ —2.6K
to have the opposite sign and about 40% of the magnitude deter-
mined for DyCrOy.

IV. CONCLUSIONS

Whereas the ' Er-Mossbauer results for ErCrQ, are in approx-
imate agreement with the low temperature neutron diffraction
determination of the Er’* magnetic moment, the '®' Dy-Mossbauer
results for DyCrOy are indicative of “slow” fluctuation of a fully-
stretched CF ground doublet state. It remains unclear why, of the

AIP Advances 9, 035320 (2019); doi: 10.1063/1.5079989
© Author(s) 2019

9, 035320-3


https://scitation.org/journal/adv

AIP Advances

five heavy rare earth systems with Mdssbauer resonances, two (Gd
and Tm) show two component spectra in approximately the same
4:1 area ratio, while the two investigated here (Dy and Er) are clearly
single component. In view of this discrepancy we plan to revisit the
Gd and Tm systems.
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