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Composition-dependent spin-phonon coupling in mixed crystals of the multiferroic manganite
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Yttrium substitution in Eu;_, Y ,MnOj; allows a quasicontinuous tuning of the lattice and magnetic properties
of this multiferroic manganite without magnetic interference of rare-earth ions. In order to investigate the
composition dependence of the spin-phonon coupling we employ polarized Raman scattering of orthorhombic
mixed crystals of Eu;_, Y MnO; (0=x=0.5) in the 10-300 K temperature range. Phonon frequency shifts and
mode-mixing effects occur, depending on the average rare-earth ion radius determined by the concentration of
Eu?* and Y3*. Moreover, we observe a strong spin-phonon coupling with systematic composition dependence.
It manifests itself as a mode-specific softening of the phonon modes in the temperature range of the magnetic
ordered phases. The spin-phonon coupling is weakened for increasing Y contents but remains nonzero also in
the incommensurate spiral magnetic phase, which occurs for 0.3 =x=0.5. Thus for this class of manganites we
report the observation of spin-phonon coupling in an ordered magnetic phase without ferromagnetic ordering
within the MnO, plane. Additionally for known sublattice magnetization quantitative values of the spin-phonon
coupling constant are derived. Our results prove the suitability of phonons as a sensitive probe for the spin-spin

correlation.
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I. INTRODUCTION

Multiferroic materials have received quite a lot of atten-
tion in the recent years.'> Among these materials the class of
orthorhombic perovskites RMnO; (e.g., R=Gd, Tb, Dy, or
Eu:Y) represents a model system which allows the study of
the impact of an increasing crystalline distortion which leads
to magnetic frustration and to the appearance of a long-range
ferroelectric order.>*

The origin of this crystalline distortion can be traced back
to the ionic radii of the rare-earth ions. Their relatively small
radius causes a deviation from the ideal cubic perovskite

structure (space group Pm3m) and therefore a lowered crys-
tal symmetry is obtained (orthorhombically distorted struc-
ture: space group Pnma). This leads to a unit cell with 20
atoms and the occurrence of 24 Raman active phonon
modes.’ Thus Raman activity is in a way a measure of the
orthorhombic distortion from the ideal cubic structure in per-
ovskites. The distortion can be increased in two ways: (i)
stepwise by successively using rare-earth elements with
smaller ionic radius (from La** to Pr’*,... Eu’*,
Gd**, Tb** Ho’*) (Ref. 6) or (ii) quasicontinuously by the
tuning of the average rare-earth ionic radius using partial
substitution of the R** ion by increasing fractions of an iso-
electric ion with a smaller ionic radius. Beside randomly
distributed local distortions, this results in an effective de-
crease in the rare-earth ion radius. For example by the partial
substitution of Eu** by Y** in Eu,_, Y MnOj the average R**
ion radius can be tuned in the range from Eu** via Gd** to
Tb>* for Y concentrations of 0=x=0.5.78

Along with the crystalline orthorhombic distortion goes
an increasing magnetic frustration which leads to a suppres-
sion of the A-type antiferromagnetic (AFM) order. It is re-
placed by an incommensurate phase which can lead to mul-

1098-0121/2010/81(2)/024304(8)

024304-1

PACS number(s): 75.47.Lx, 75.50.Ee, 78.30.—j, 63.20.—¢

tiferroicity due to a breaking of inversion symmetry by the
spin system and therefore to the appearance of ferroelectric-
ity. This effect was found for both the stochiometric (e.g.,
TbMnO; and DyMnO;) and the mixed systems
(Eu;_,Y,MnO; with x=0.2).8° The intimate coupling of
magnetic and dielectric order was shown by Pimenov et al.'®
who proved the existence of a magnetoelectrically coupled
elementary excitation in GdMnO5; and TbMnOs;—the elec-
tromagnon. It was also shown that a transfer of spectral
weight between electromagnon and phonon can be induced
by applying a magnetic field.!! Eu,_,Y,MnO; takes a special
position in this class of compounds for two reasons: first its
average rare-earth ionic radius and thus the orthorhombic
distortion of the unit cell can be quasicontinuously tuned and
second there is no magnetic contribution by Eu** and Y33

The existence of a strong spin-phonon coupling in the
A-type AFM phase in orthorhombic RMnOj5, which leads to
a significant phonon softening, was evidenced by
temperature-dependent Raman spectroscopy.'? It was further
observed in RMn,05 compounds with the same experimental
technique.'>!* While data on crystalline RMnO5 samples are
available for a variety of rare-earth elements, for EuMnO;
only studies of polycrystalline and ceramic samples were
reported.'>!3 As the rare-earth ion radius was decreased in
these studies, the A-type AFM order as well as the phonon
softening were reduced and starting from Eu** no phonon
softening was found. This fact is surprising because in
EuMnO; and GdMnOj there is still an A-type AFM phase
below Ty=46 K and Ty=26 K, respectively,9 and, there-
fore, phonon softening below T should be observable.

In order to systematically study the effect of rare-earth
substitution in a magnetoelectric manganite and to clarify
whether the absence of phonon softening in the previous
studies may be due to the polycrystallinity of the samples,
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we report in this study the temperature-dependent polarized
Raman measurements on mixed crystals of Eu;_ .Y ,MnOs;.
Our results show that phonon softening in these crystals is
present, which strongly supports the assumption that phonon
softening in orthorhombic manganites is most pronounced in
samples with an A-type AFM phase. But our results also
clearly show that a weakened spin-phonon coupling does
exist in the incommensurate magnetic phases. We will dis-
cuss these findings as a possibility to use Raman spectros-
copy as a sensitive probe for the spin-spin correlations.

II. EXPERIMENTAL DETAILS

Eu;_,Y MnO; mixed crystals with Y content of x=0, 0.1,
0.2, 0.3, 0.4, and 0.5 were grown by a floating-zone method
with radiation heating. Details of the growth procedure'
as well as characterization with x-ray diffraction (XRD),
magnetic,  dielectric  susceptibility,®  and  terahertz
spectroscopy'”!® can be found in literature. The XRD results
of Ref. 8 clearly show that no secondary phases exist for the
investigated Y concentrations. Additionally the results of the
optical measurements concerning the investigation of the
electromagnons'”!® prove that an unambiguous uniform ori-
entation of the crystal axes throughout the whole sample
exists, ruling out a possible twinning of the investigated
samples. All samples are b-cut with the exception of x=0.1
which is a-cut (all in Pnma notation). Consequences for
symmetry selection rules in Raman scattering will be dis-
cussed in the next section.

The Raman spectra were measured in backscattering ge-
ometry using a Dilor XY 110 triple spectrometer (spectral
resolution 1 cm™') equipped with an Olympus BHT micro-
scope and a liquid-nitrogen cooled charge coupled device
detector. Temperature dependent measurements were per-
formed in the range from 10 to 300 K employing a CryoVac
continuous flow cryostat. Laser light of a He-Ne laser (wave-
length 632.8 nm) was focused on the sample through a 50
X ultralarge working distance objective keeping the irradi-
ance power low (=2 mW/um?) thus avoiding local heating.

III. RESULTS AND DISCUSSION

Figure 1 shows the polarized Raman spectra of all
Eu,_, Y MnO; samples obtained at 7=10 K in b(a,a)b and
b(a,c)b scattering geometry in Porto’s notation,'® giving ac-
cess to the A, and B,, phonons, respectively.’ The strongest
Raman modes occur for tilting, rotation or stretching of the
MnQOg octahedra. The Raman lines are notated according to
Iliev et al’ The corresponding main atomic displacement
patterns of the eigenmodes are shown in Fig. 2. In agreement
with the literature data the B,,(1) mode is assigned to a
symmetric stretching of the MnOg octahedra, the A,(1) and
A,(3) to a mixture of an antisymmetric stretching and a
MnOg bending, A,(4) to a MnOy rotation, B,,(2) to a scis-
sorslike stretching and B,,(3) to a MnOg bending.®

For b-cut samples B,, phonons are allowed in b(a,c)b or

b(c,a)b and A, phonons in b(a,a)b or b(c,c)b scattering
configuration, respectively.” The selection rules are almost
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FIG. 1. (Color online) Polarized Raman spectra of

Eu;_,Y,MnO; obtained at T=10 K in A, (upper frame) and B,,
(lower frame) symmetry. The A, scattering configuration is b(a,a)b

and B,, is b(a,c)b. For Euy oY, ;MnOj the scattering configurations
are a(c,c)a (A,) and a(b,c)a (B, not shown here).

ideally fulfilled for Euy3Y;,MnO; and EujsY,sMnOs,
which were polished up to optical degree. The occurrence of
symmetry forbidden phonons in the spectra of the other
samples is attributed to a nonideal polishing of the sample
surface. Y doping does not seem to have a major impact on
the fulfillment of the selection rules as the highest leakage of
the B,,(1) mode occurs for the undoped EuMnO; sample
which has the highest residual surface roughness of the
whole sample series. Our claim of surface roughness as the
reason for lifting the symmetry selection rules is substanti-
ated in Fig. 3 by comparing polished and unpolished areas of
the same sample: Eu,gY(,MnOj. In both scattering configu-
rations b(a,a)b (A,) and b(a,c)b (B,,) the selection rules
are well fulfilled for the polished area while symmetry for-
bidden peaks strongly occur from the rough area. The latter
are marked by asterisks, the most prominent representative is
the B, (1) peak in A, symmetry.

For EugoY(MnO; (x=0.1) the detection of By, phonons
is not possible due to selection rules because this sample is
a-cut. For an a-cut sample, the scattering configuration
a(b,c)a and the selection rules allow only B;, phonons.
These could however not be detected as they have a very
weak Raman activity in agreement with the phonon spectra
of stoichiometric RMnOs.> Only due to a quite rough sample
surface the violation of selection rules is possible and the
very strong B,,(1) phonon can be observed in A, symmetry
(see Fig. 1).

The different rare-earth ion radii of 1.13 A for Eu** and
1.06 A for Y3* (Ref. 21) lead to a clear decrease in the
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FIG. 2. (Color online) Main atomic-displacement patterns of the MnOg octahedra in the Raman active eigenmodes experimentally
observed in Fig. 1. The mode patterns are adapted from Refs. 5 and 20. These were obtained from dynamical lattice calculations for

LaMnOs;.

average ionic radius upon Y incorporation in EuMnOs;. Thus
the same effects that are obtained for a decrease in rare-earth
radius in stoichiometric RMnOj; systems should be observ-
able: a shift of most Raman active phonons to higher fre-
quencies and mode mixing for A,(1) and A,(3) modes.®
Both can be clearly seen for the results at 7=10 K in Fig. 1
and are also present at room temperature. The shift of pho-
non frequencies depending on the Y content is depicted in
Fig. 4, clearly showing a one-mode behavior for the Raman
active phonon modes which consist almost exclusively of
oxygen motions (see also Fig. 2). It can also be seen by
comparison with data for pure RMnO; that Eu;_,Y MnO;
(0=x=0.5) covers the range of RMnO; between EuMnO;
and TbMnO,.%%

Spin-phonon coupling, which is the main objective of this
study, is expected to manifest itself through an anomalous
temperature dependence of the phonon frequencies in the
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FIG. 3. (Color online) Polarized Raman spectra of a polished
and an unpolished part of EuygY;,MnO; obtained at 7=300 K.
The spectra were obtained under the same scattering configurations
as in Fig. 1.

temperature range of the magnetic ordered phases.!>'* The T
dependence of the A,(4), A,(1/3), A,(3/1), and B,,(1) pho-
non frequencies is shown in Fig. 5. The (red) solid lines
correspond to the modeling function

2
w(T):wO_C<l+expﬁ“’OT—l)’ (1)

which describes the expected temperature dependence of the
phonon frequency solely based on phonon-phonon decay.??
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FIG. 4. (Color online) Shift of the phonon frequencies of
Eu;_, Y, MnOj obtained at 7=10 K with respect to the Y content x.
Due to the very weak signal the B,,(2) and B,,(3) phonons could
not be fitted in EuyoY(;MnOjs (see text for further explanations).

024304-3



ISSING et al.

Eu, Y MnO A (4)
1-x X 3 [¢]
367 375
366 ) 374
"g 365 373
)
3 364 372
S x=0.1
3 963 371
® 379 L
E 385
C
S +
5 + 384
N
a s 383 + '}
e 382 x=0.5

100 200 300 O 100
temperature (K)

phonon frequency (cm™)

509
x=0.3 x=0.4

506

508
300 0 100 200 300 0 100 200
temperature (K)

300

PHYSICAL REVIEW B 81, 024304 (2010)

;‘\\

x=02]

A (113)

i
N

L]

L

x=0.4

100 300 0 100 200 300 0 100 200 300
temperature (K)
B,,(1)
612
610—--\. —— = Y610 .
= 610 . T T
608 o L]
] 608 r
F .
— 608 :
T 606
c . . 606,
L 604{a 6061my
> 604
I3 . 604
602
S x=0 x=0.1 602 x=0.2
2 608
o 614 614
= " ~=614{ @ T at
c 62| g ‘I" 612{W ~
S
o 2 612
S e10 610
S 610
608 608
608
es  [x=0.3 606
606
0 100 200 300 'O 100 200 300 O _ 100 200 300

temperature (K)

FIG. 5. (Color online) Temperature dependence of the A,(4), A,(1/3), A,(3/1), and By,(1) phonon frequencies of Eu;_,Y,MnOj; from

x=0 to x=0.5, respectively. Solid (red) lines correspond to Eq. (1).

The parameters w, and C were optimized for fitting the ex-
perimental data for 7> Ty. Excellent agreement is obtained
in the temperature range above 7= 100 K.

Obviously in the temperature range below 7=100 K, a
significant deviation from the behavior predicted by Eq. (1)
occurs. A softening of the phonon frequencies is clearly vis-
ible, whose value depends on the sample composition as well
as on the individual phonon mode. Considering the compo-
sitional dependence, the most pronounced softening occurs
for pure EuMnOs;. Increasing Y content induces a monoto-
nous decrease in the softening. Among the different phonon
modes, the in-plane symmetric stretching mode By,(1) is
most  strongly affected (Aw/w=-1.1%). The A,(4),
A,(1/3), and A,(3/1) phonons soften about a factor 2-3
weaker.

Similar softening was reported for several other RMnO;
compounds, such as LaMnO;,> PrMnO;, NdMnO;, and
SmMnOj; (Ref. 12) but not for EuMnOs. Interestingly, pre-
vious investigations on the latter have shown a behavior ac-
cording to Eq. (1).!> This seemingly contradicting observa-
tion might be due to the fact that our phonon investigations
are on nonpolycrystalline mixed crystals of Eu;_,Y,MnOj;
while the previous experiments were done on polycrystalline
samples'? and ceramics.

The observed phonon softening for stoichiometric RMnOj5
systems is connected with the onset of an A-type AFM mag-
netic phase.'>?3 As mentioned earlier the magnetic phases
depend on the rare-earth element. Orthorhombic RMnOj;
compounds with relative large rare-earth ion radius
(La**,Pr** ,Nd**,Sm**) possess an A-type AFM order where
ferromagnetic layers of Mn3* ions in the ac plane (MnO,
plane) are coupled antiferromagnetically along the b axis (in
Pnma notation).” With decreasing rare-earth ion radius the
orthorhombic distortion (tilting and buckling of the MnQOg
octahedra) increases, leading to shortened nearest-neighbor
(NN) and next-nearest-neighbor (NNN) distances between
Mn** ions. This causes an increasing importance of magnetic
exchange between NNN Mn**. The exchange path for NNN
along the a axis is Mn-O-O-Mn and is antiferromagnetic.
Therefore the ferromagnetic interaction in the ac layers is
weakened, which clearly correlates with the decrease in the
Néel temperature from 7Ty=145 K for LaMnO; to Ty
=60 K for SmMnO;, whose R3* radius is smaller by ~7%.
Further reduction in the rare-earth ion radii by employing
Eu?t, Gd**, and Tb*, whose radii correspond to our sample
series, leads to the appearance of an incommensurate sinu-
soidal spin structure at intermediate temperatures.” This spin
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FIG. 6. (Color online) Phonon softening of all analyzed phonon
modes of EUMHO3, EUO'gYO‘zMnO:;, and EUOleO'SMIlO:;. The
dashed (blue) lines correspond to a fit using Eq. (1) and the solid
(red) line corresponds to a parabola fit for T=<Ty. For
Euy5Y(sMnO; only the A,(3/1) and the B,,(1) phonon modes
were fitted due to the small phonon shifts.

structure is characterized by a propagation vector k
=(k,,0,0) which is temperature dependent. For EuMnO; and
GdMnO; yet a canted A-type AFM order develops below
Ty=46 K and Ty=26 K, respectively. In TbMnO; no
A-type AFM order is observed in zero external magnetic
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fields. Instead a spiral magnetic structure with a temperature-
independent k develops.

The magnetic and dielectric phases of the nonstoichiomet-
ric Eu;_,Y MnO; system (0=x=0.5) were systematically
studied in literature.”8 It was shown that the behavior is very
similar to that of the stoichiometric nondoped RMnO; com-
pounds, apart from the very low-temperature region (T
<10 K) where the ordering of the magnetic moments of the
rare-earth ions occurs. The paramagnetic regime above Ty
~45-50 K is followed upon cooling by a sinusoidal collin-
ear magnetic structure of the manganese spins. For small Y
concentrations (x=0 and x=0.1) at T=45 and 35 K, respec-
tively, a small ferromagnetic moment along the b axis was
detected and thus the existence of a canted A-type AFM
phase was concluded. For Euj3Y,,MnOj5 also a small ferro-
magnetic moment along the b axis occurs, which points to
the existence of an A-type AFM. However in this sample
multiferroicity exists and due to theoretical arguments a col-
linear magnetic structure cannot occur. Therefore Hemberger
et al.® proposed a conelike structure, which breaks inversion
symmetry and carries a weak ferromagnetic moment along
the b axis. For higher Y concentrations (x=0.3) the weak
ferromagnetic moment along the b axis vanishes and a non-
collinear spiral magnetic phase occurs. It is not clear if this
magnetic ground state is truly incommensurate or commen-
surate with a long-range magnetic wavelength.

From literature'? and our results it is clear, that in RMnO;
crystals with A-type AFM ordering spin-phonon coupling is
particularly strong. Granado et al.”> proposed a mechanism
of phonon renormalization which is proportional to the spin-
spin correlation function (S;-S;) for the NN spins localized at
the Mn** ions. The followmg expression for phonon renor-
malization was obtained:

1

Aw= E—%s Sy, (2)

21“'& a i,j>i ua

where J;; is the magnetic exchange energy between the ith
and the jth Mn?* spins, w,, the mode frequency of phonon a,
M, the reduced mass for the corresponding phonon, and u,,
the oxygen displacement. The sum runs over all next-nearest
neighbors j of the ith Mn>* avoiding double counting. In a
simplified picture the spin-phonon coupling can be consid-
ered as a dynamic modulation of the magnetic exchange con-
stant J;; due to the Raman active phonon mode a which is
obtained by a second-order Taylor expansion of the displace-
ment of the O*". The spin-spin correlation function (S;-S;) is
expressed within the molecular field approximation yielding
(Si-Sj) =4[ M ;p1ai(T) 4 131> Where M ,p,,(T) is the sublat-
tice magnetlzatlon within the MnO, plane per Mn** ion.
Considering the in-plane symmetric stretching mode B,,(1)
phonon, the reduced mass can be replaced by the oxygen
mass m and the following expression is obtained:??

Aw=-

iﬁ“[ (3)

2
mew Jdu,

M‘mblatt(T) :| 2
4up
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The phonon renormalization scaling %M? was shown to be a
good approximation for A-type AFM materials (R=La, Pr,
Nd, and Sm). With Eq. (3) the temperature behavior of the
phonon modes below Ty could be nicely fitted in the
literature'>?3 and, as will be seen in the following, also our
experimental data (see Fig. 6).

As it is also argued by Laverdiére et al.,'? the ith spin can
be represented as

S i= £ + ASi, (4)
4pp

where M is the average sublattice magnetization per Mn3*

and AS; is the spin fluctuation due to quantum and thermal

effects.

As is evident from the existing data the strength of the
renormalization is mode dependent. Additionally, the onset
of the renormalization occurs already above Ty and is also
mode sensitive. For B, (1) in EuMnO; as the most pro-
nounced example the frequency softening is the strongest
(Aw/w=-1.1%). The softening starts at 7= 150 K and has
an inclination point at 7y=45 K. For the other phonon
modes the softening is less pronounced and starts at lower
temperatures. This fact can be explained by locally corre-
lated spin fluctuations AS; in the ferromagnetically ordered
MnO, plane which do occur even in the paramagnetic re-
gion. Therefore, phonon modes with in-plane oxygen dis-
placement in the MnO,-plane shift their frequency by a
larger amount and are more sensitive to these fluctuations
than modes with out-of-plane and (apical) oxygen movement
in the Eu(Y)O plane. This is clearly reflected in the tempera-
ture behavior of the phonon modes depicted in Fig. 6. Com-
parison of the mode patterns shown in Fig. 2 leads to the
expectance that the B,,(1) and A,(1) phonon modes should
have the most pronounced frequency shift and should be
very sensitive to spin fluctuations in the MnO, plane. For
By, (1) this is nicely verified while A,(1) shows a behavior
similar to the A,(3) mode which only weakly modulates the
in-plane Mn-O-bonds. This can be understood by the mode-
mixing effect between A (1) and A,(3) for RMnO3 systems
with (average) rare- earth radii in the region of Eu**, Gd**,
and Tb**.% Thus less pronounced frequency shifts and sensi-
tivity to spin fluctuations within the MnO, plane are obtained
for these two modes. Finally A,(4), which has mainly com-
ponents perpendicular to the MnO, plane, has a small fre-
quency shift and almost no fluctuation-induced renormaliza-
tion effects above Ty.

As is evident from Figs. 5 and 6, the phonon softening
also occurs, although with reduced amplitude, for the non
A-type AFM samples with x=0.3, 0.4, and 0.5. The data
shown in Fig. 6 can be fitted according to the same proce-
dure as for stoichiometric EuMnO;. For example, for By, (1)
the phonon softening is reduced from Aw/w=-1.1% in
EuMnOj; to Aw/ w=-0.2% in Euy5YsMnOj3. For an expla-
nation of this behavior an extended model of spin-phonon
coupling is needed. This was developed by Laverdiere
et al.'? to include the cases of incommensurate and E-type
AFM ordering. For an incommensurate magnetic phase with
wave vector k=(k,,0,0) (x=a axis) they write the spin-spin
correlation as

PHYSICAL REVIEW B 81, 024304 (2010)

(Si-S;) = K(T)cos(27k - 1), (5)

where K(T) is a temperature-dependent prefactor, which
gives the degree of magnetic ordering against thermal disor-
der. Its maximum value is located at 7=0 K and it is de-
creasing with increasing temperature. For 7>Ty it ap-
proaches zero, expressing the vanishing of the long-range
magnetic ordering. r is the distance between adjacent Mn*
ions. For NN spins (r==*a/2=*¢/2) a ferromagnetic cou-
pling J=J,<0 occurs, while the coupling for NNN (r
=*a) is antiferromagnetic, J=J,>0, and for NNN (r
==*¢) an additional very weak ferromagnetic coupling, J
=J;<0, exists. Thus summing up to NNN Mn** the phonon
renormalization can be expressed as

Aw= E
21“’01 Wy lj>l

= &[2D1 cos(mk,) + D, cos(2mk,) + D3], (6)

<S Sy

where D, (k=1,2,3) describes the second derivative of the
magnetic exchange constant J;; of NN (J;), NNN (J,), and
NNN (J3) Mn?** spins with respect to the oxygen displace-
ment. The temperature dependence is expressed through the
temperature-dependent prefactor K(7) of the spin-spin corre-
lation, thus D, is considered as temperature 1ndependent The
A-type AFM ordering is obtained for k=0, K(T)oM>
leading to Eq. (3).

The dependence of the J;; on the Mn-O-Mn tilting angle is
elucidated by mean-field calculatlons on a two-dimensional
square lattice in Ref. 9. These calculations show that for a
decreasing tilting angle (i.e., deviation of the Mn-O-Mn
angle from 180°) a drastic increase of NNN J, (from weak
FM to strong AFM) is induced resulting in a change in the
macroscopic magnetic structure from A-type AFM via in-
commensurate magnetic ordering toward E-type AFM. This
compensation of the FM interaction in the MnO, layers can
be detected by a decrease in phonon softening in Raman
measurements. Additionally in the mixed crystals
Eu,_, Y, MnOj investigated here the randomness of the incor-
porated Y ions has to be considered leading to a distribution
of the lattice distortion which causes the magnetic frustration
and thus the incommensurate magnetic structure at higher Y
contents. This will be discussed later. An effective spin-
phonon coupling constant D, is therefore introduced sum-
ming up contributions from all D, and we get for the phonon
renormalization

sublatt

A(,l)= %Deff (7)

with D,;=2D; cos(mk,)+D, cos(2mk,)+Ds. In the follow-
ing the symmetric stretching mode B,,(1) will be consid-
ered. In literature the temperature-dependent prefactor for
canted A-type AFM phases was obtained by the sublattice
magnetization values obtained from neutron diffraction.!?
For obtaining K(T) for canted A-type AFM Eu,_,Y MnO; (Y
content x=0.2) one can utilize the results of magnetization
measurements along the b axis of Hemberger et al.® to cal-
culate the in-plane sublattice magnetization. However for in-
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TABLE 1. Quantitative phonon softening Aw extrapolated to T
=0 K from the fits shown exemplary in Fig. 6 as well as the nu-
merical results for D, obtained from Eq. (7). Both are compared
with literature. As for Y doping x>0.2 no data of sublattice mag-
netization could be obtained, only Aw is shown.

Aw it cell D s
Sample (cm™) () (mRy/A?)
LaMnO; 8.0° 3.65 16
PrMnO; 6.5° 3.5° 15.5°
NdMnO; 6.0° 3.22¢ 13.5°
SmMnO5 5.5° 3.54 12.9°
EuMnO; 6.5 4f 13.4
Eug oY, MnO; 5.6 4f 11.6
EuggY(,MnO; 4.2 4f 8.6
Eug7Y(3MnO; 32
Eug Yo 4MnO; 2.0
EugysYosMnO; 1.2

4Values taken from Ref. 24.
PReference 12.

‘Reference 25.

dReference 26.

“Reference 23.

fReference 8.

commensurate magnetic phases (x>0.2) we have no macro-
scopic magnetization caused by a slightly canted AFM
ordering of the Mn** spins. Thus in Table I we compare the
phonon softening of the stochiometric RMnO; compounds
from Refs. 12 and 23 with the phonon softening of our whole
Eu;_, Y ,MnO; sample series. As was done in these papers,
Eq. (7) can be used to obtain numerical values for the D 4.
Our numerical values of D, for x=0.2 (where sublattice
magnetization data could be obtained) as well as the maxi-
mum strength of the frequency shift Aw are listed in Table I
and compared to literature.

The trend of a very moderate weakening of the spin-
phonon coupling constant D, with decreasing rare-earth
ionic radii, which is reported for stoichiometric A-type AFM
RMnO,,'? is confirmed in the Eu,_,Y,MnO; system.

In principle, two scenarios might be responsible for this
behavior. In the first scenario phase separation is assumed
and thus local canted A-type antiferromagnetic domains
could be still possible though a macroscopic magnetic mo-
ment would be not detectable due to the random distribution
of the domains. We rule out this scenario for two reasons: (i)
as shown in Ref. 8 the magnetization measurements should
show a weak ferromagnetic moment along the b axis. In case
of domains, these should have been aligned in the B field,
resulting in a finite value for the macroscopic magnetization.
(ii) Additionally a phase separation should lead to clustering
of the incorporated Y ions thus causing YMnOs-like domains
in EuMnOs;. The Raman active phonons which are sensitive
to a change in the Mn-O-Mn bending angle [the MnOg bend-
ing and tilting modes, e.g., A,(4), A,(1/3), or By,(3)] should
show a two-mode behavior, or at least an inhomogeneous
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broadening in this scenario. This is not observed (see Figs. 1
and 4) for the Raman active phonons. However we would
like to stress here the main difference between the stoichio-
metric compounds studied in literature and our mixed crys-
tals. Due to Y doping a random distribution of Y ions is
incorporated in EuMnO; leading to an inherent distribution
of the lattice distortion of the MnOg octahedra, e.g., the Mn-
O-Mn tilting angle. Though in our measurements we did not
detect effects on the Raman active phonons (such as inho-
mogeneous broadening) one has to consider that for explain-
ing the phonon softening a model is employed which sums
up not only NN Mn** spins but also NNN. This leads to a
correlation length of the spin-phonon coupling which is
clearly larger than one unit cell. Thus, phonons are a local
probe for the spin-phonon coupling but on a correlation
length scale larger than a single unit cell. This allows us to
adopt an “effective-medium approximation” on the scale of a
few unit cells without having to average over the whole crys-
tal.

The second scenario is the base of our numerical calcula-
tions: even in an incommensurate magnetic phase there still
is a significant spin-phonon coupling because the spin-
phonon coupling is an effect caused by locally correlated
spins, which is persistent in the incommensurate magnetic
phase although the macroscopic magnetic moment connected
with the canted A-type AFM phase vanishes. Therefore we
conclude that even in the case of a long-range modulated
spin structure the model of Laverdiere et al.'? is still appli-
cable. The reduction in the spin-phonon coupling constant
D, is originating from the compensation of the ferromag-
netic NN exchange (D;) with the antiferromagnetic NNN
exchange (D,). The finite remaining value is therefore not
connected to the existence of an A-type AFM but to a local
correlation of the Mn®* spins within the MnO, plane. An
additional factor responsible for the weakening of the pho-
non softening is the tilting of the Mn>* spins along the a axis
associated with the wave vector of the spiral magnetic phase,
which lifts the degeneracy of the four NN Mn3* spins within
the MnO, plane thus reducing the net magnetic moment of
the Mn** spins within the unit cell.

IV. CONCLUSION

In summary, we have investigated the temperature-
dependent polarized Raman spectra of single crystalline
orthorhombic Eu;_, Y ,MnO; (0=x=0.5). Our results show
that for pure EuMnOj a strong spin-phonon coupling within
the MnO, plane exists, manifesting itself by a softening of
the phonon modes, whose eigendisplacements have compo-
nents, that modulate bonds within this plane. It is most pro-
nounced for the B,,(1) symmetric in-plane stretching mode.
The coupling is reduced by the increasing incorporation of
Y. One can describe this behavior by local spin-spin correla-
tion leading to the microscopic origin of the phonon renor-
malization —the modulation of magnetic exchange by a pho-
non mode. The spin-phonon coupling is detectable even in
an incommensurate spiral magnetic phase. For known sub-
lattice magnetization within the MnO, plane the estimation
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of the -corresponding effective spin-phonon coupling
constant &2/ ¢/ du* of the B, (1) mode was carried out.
These quantitative results show the importance of phonons
as a probe for spin-spin correlations within this material
class.
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