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Line-shape analyses of magnon Raman spectra of a PrBau, ;Al, 30, single crystal
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We present line-shape analyses of magnon Raman speddg igeometry of a PrBA&Lu, 7Al, 07 crystal
for various excitation energies. The description is based on the Heisenberg model of antiferromagnetism. Out
of resonance, we describe the experimental data by taking into account phonons and a two-magnon excitation
using the experimental superexchange energy720 cm™ ! and a damping paramet&=200 cm! of the
one-magnon states. After subtraction of the fitted line shapes, we identify three additional spectral features at
730 cm'?, 1170 cm'?, and 3500 cm?. All three show enhanced intensities close to the two-magnon resonance
at 2.79 eV excitation energy. This strongly suggests that these excitations have a magnetic rather than a
phononic origin[S0163-182606)05945-(

In the last few years significant progress in the interpredis determined by the dispersion relation
tation of magnon Raman spectra of high-temperature super-
conductor parent phase antiferromagnets has been achieved. ev=/1— }[cogk,a)+cog kya)1?, (4)
In particular, resonant theorfes have provided new ideas
of the complex processes taking part in the interaction o
light with the copper-oxygen planes of, e.g., %BasOg,
LaCuQ,, and PrBaCu,0,. Qualitatively, resonant theories
based on a one-band Hubbard model have been confirmégg

fpr PrBaﬁC%OW[l YBa,CuyOs , and SrCUOCH As far as the Experimental data taken iB;4 geometry with 2.41 eV
line shape is concerned, Shastry and Shraftave shown o, ciiaiion energy at 14 K and theoretical line shapes are
that out of resonance and B,, geometry the scattering ghown in Fig. 1a). The spectrum consists of three different
Hamiltonian can be described by the classical Hamiltoniansontriputions. First, we have the magnon line, which partici-
of Fleury and L.OUdO?' based on the Heisenberg model of pates in the low-energy range and dominates the high-energy
antiferromagnetism{HAFM). However, in resonance addi- range with a peak near 2310 ¢ The observed decrease of
tional contributions have to be considered. In this Brief Rethe scattering intensity for large Raman shifts simplifies the
port we analyze line shapes of Raman spectra of a&heoretical description. Sometimes, residual scattering signal
PrBaCu, /Al 307 single crystal based on the HAFM. In for large Raman shifts is reported. However, its origin is
resonance, the observed line shapes reveal three additionaiclear and its observed line shape varies significantly for
features, which cannot be described in the conventionahe same compound, e.g., Y&a50q, > Second, we
framework!® We have published the calibration-correctedfind phonon peaks up to 650 crhdue to first-order phonon
data in a previous paper to which we refer for experimentakcattering?**® Finally, there is a stray-light background,
details? which has a significant contribution only below 800 ¢in

We follow the approach of Canali and GirirStarting  The luminescence observed in Ref. 4 has been subtracted
with the HAFM and carrying out the standard Dyson-Maleevhere. The fitted line shapes have been obtained by the fol-
and Bogoliubov transformations, they find within the randomlowing procedure. We have computed the two-magnon line

fhe factorfk=%[cos«xa)—cosQ(ya)] representing thds, 4
geometry and a phenomenological damping paramBter
similar to the one introduced by Weber and Fogquations
—(4) can be evaluated by direct numerical integratfon
ross the antiferromagnetic Brillouin zone.

phase approximatiofRPA) the intensity shape disregarding phonons and stray light. Next the two-
magnon scattering intensity has been subtracted from the ex-
l(w)=IM[G(w)], (1) perimental data. Then, we have fitted the phonons using a

stray-light background. Residual scattering intensity of the
magnons can be found in the phononic regime. In Fig) 1
G%w) we plot the low-energy range of the spectrum up to 1400
- 2 cm L. In total we find eight phonons contributing to this part
1+ (18 zxd)G (w) of the spectrum. Two of them allow a straightforward inter-
pretation. The dominating phonon B, geometry is the
0O(2)-O(3) vibration of the plane oxygen at 302 cth The
phonon at 509 cm* of the Q(4) vibration is weak in this
scattering geometry. Due to the substitution of alumitfum
for copper, the inversion symmetry is partly broken and three
infrared-active and disorder-induced modes appear at 175
3) cm 1, 220 cm?, and 580 cm'. Similar modes have been
observed in YBsCuOg !’ Finally, the three remaining

with the response function

G(w)=

Here J is the superexchange energgs4 the number of

nearest neighbor§= 1 the spin value, and is the Oguchi
factor® which equals 1.16 for two-dimensional systefms.
The function

f2e
0f k€k
GHw) Ek (0—2¢€x+2I0) (w+ 2€+ 21T
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Raman shift (cm™) FIG. 2. (a) Raman spectra iB,4 geometry(dots taken with an

excitation energy of 2.54 eV at 300 K and fits to the detalid
FIG. 1. (8 Raman spectrum iB,, geometry(dots taken with  lines). The phonon at 302 cnt is not displayed in full strengttb)
an excitation energy of 2.41 eV at 14 K and fits to the datdid Residual signals after subtraction of the fit from the experimental
lines) using the HAFM model, phonons, and a stray-light back-data at 300 K and 14 K.
ground. The phonon at 302 crhis not displayed in full strength.
(b) Low-energy regime displaying the phonons in detail. only 4X4 spins. The latter might be too small for four-
magnon excitations, which we assume to be responsible for
phonons at 406 cnt, 480 cml, and 612 cm? have no the high-energy tail. Four-magnon excitations occur at ener-

relation to the aluminum substitution, as we find them in9i€S 0f4J,5J,6J,7J, and 8J in a simple spin-flip picture.

aluminum-free samples as well. Their origin is presently un-The required size of the antiferromagnetic cluster increases

known, but we would like to point out that several authorsWith increasing energy The 8J process involves at least an

have found crystal-field excitations of Brin the low-energy ~ &7y Of 6X6 spins, whereas the Jiprocess can occur al-

region®-2°0n the other hand, as they have a similar widthready on a &4 4 array. Therefore completely vanished inten-

and strength as weak phonon excitations a detailegities of four-magnon excitations with higher energies can be

temperature- and symmetry-dependent investigation has foXPected, whereas the four-magnod grocess is supposed

be carried out in order to identify the origin of these peaks.!© P& strongly damped.
In Fig. 2@ we show experimental data for an excitation At first sight it might seem that the strength of the two-

energy of 2.54 eV and the corresponding fits at 300 K, whicHn@gnon peak in the paramagnetic regime and its proper de-
is above the Nel temperaturd y~280 K2 The fit describes
the data quite well. This is shown in Fig(l2, where the
upper and lower curves correspond to a subtraction of the fi
from the experimental data at 14 K and 300 K, respectively.
Whereas structures between 730 ¢nand 1200 cm? are

TABLE |. Damping parametel’ and exchange energlyof the
tf/vo-magnon line for various excitation energies and two tempera-

_ - A Excitation

visible at both temperqtures, the high-energy tail is signifi- energy(eV) T (K) J(em™Y T (cm™Y)
cantly reduced at the higher one. As can be seen in Table 1,

we find the same exchange energy but an increased damping  2.41 14 711 188
parameter at 300 K. From the damping parameter we are 2.46 14 720 217
able to make a rough estimate of the size in which an anti- 2.54 14 718 200
ferromagnetic correlation existézor the 14 K and the 300 K 2.60 14 713 215
measurements we estimate 2.3 nm and 0.9 nm, respectively.  2.70 14 733 310
At 14 K this corresponds to an array of about<IB3 spins. 254 300 720 350

In contrast to this, the 300 K value corresponds to an array of



54 BRIEF REPORTS 14 969

scription is quite surprising. We applyTe=0 theory for an , , . , — . T
antiferromagnetic system in the paramagnetic regime, where
the usual requirements of the theoretical descriptions cannot
be expected to hold. For traditional two-dimensional HAFM P 2606V
systems, like KNiF,, it is well known that the two-magnon - i
peak still persists for temperatures up Te=-3T and the
guasiparticle approach might be applied for temperatures of
the order ofTy .22 This is a consequence of the strong mo-
mentum dependence of the quasiparticle renormalization in
the HAFM. Excitations originating from the antiferromag-
netic Brillouin zone boundary require only short-range order;
thus changes of the long-range order have weak effects on
the two-magnon excitiations. It is worthwhile to remark that
the experimentally observed renormalization in three-
dimensional systems is different from the two-dimensional
case. In three dimensions like in KNjFthe linewidth is
increased by a factor of 2.5 and the peak position is shifted to
smaller frequencies by a factor of 0.2t T, compared to
T=0.22n two-dimensional systems like inKliF,, one can

find an increase of the linewidth by a factor 1.7, whereas the
peak position is only shifted to smaller frequencies by a fac-
tor of 0.95%2 At T=Ty, we find a damping parameter in-
creased by a factor of 1.79.05 together with a renormal- Raman shift (cm'1)

ization of the peak position by a factor of 0:90.03.

Therefore, PrBgu,,Al;40; shows an ideal two-

dimensional behavior as we observe quantitatively the same g, 3. Residual signals for various excitation energies. The
renormalization as for fNiF, . From the line-shape analyses inset shows the residual signals at 2.60 and 2.70 eV, demonstrating
of the 14 K spectrd,we obtain values 0§=720 cmi* and  the breakdown of the HAFM model. Peak positions of the spectral
I' =200 cn! independent of the excitation energy up to features at 730 cnt, 1170 cmt, and 3500 cm' are indicated.

2.60 eV as shown in Table I. However, at 2.70 eV and 14 K

the HAFM cannot be applied as can be seen by the unphySfgighis. The slope is observed to be larger by a factor of 5-6
cally large damping parameter and exchange energy. TI{ the four-magnon case. Chubukov and Frehkehave

730/1170 em™ 3500 cm™ e
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spectra obtained by subtracting the fit from the experimentg)iniad out that in resonance one additional contribution
data are shown in Fig. 3. Three different signals appear i

resonance. The first two structures are centered around 7 ight result from noninteracting magnons with an energy of
cm 1 and 1170 cmt. The third feature has its maximum at ) However, an assignment of the peak at 3500&-0 this

et ) 4 J excitation is unlikely, because of the peak position of 4.9
3500 cm . The inset shows the spectra for 2.60 eV and 2.70y 5 the extent of the spectral feature that reaches energies
eV laser excitation energy, when a two-magnon peak Ofs g j4
J=720 cm* andI" =200 cm " is subtracted. The inset re- e features at 730 i and 1170 cri® also show a
veals the breakdown of the HAFM model when the excita-gayy linear behavior of their reciprocal intensity as shown
tion energy almost matches the resonance position, which we
have found to be 2.79 eV in this systérfihe spectral weight
of the residual signal becomes much larger compared to the ————T—T ——————7—
lower excitation energies. In particular, there should be no 06 1
dependence of the one-magnon damping paranheten the
excitation energy. A straightforward fit only poorly describes
the line shape and yields a damping parameter increased by a
factor of 1.5. To investigate the resonance behavior of the
three features we plot their inverse peak heights versus the
laser excitation energy in Figs(a} and 4b). In Fig. 4a) we
show the two-magnon resonance as well as the resonance
behavior of the peak at 3500 crh The resonance position
hw,=2.73 eV of the peak seems to be slightly lower than the
two-magnon process &tw,=2.79 eV. However, the uncer- 0.0 11700 17—
tainty of thefiw,; value is much larger than the one for the 24 25 26 27 28 24 25 26 27 28
two-magnon resonance enerly, . Within the experimental o (eV) ho, (eV)
error both peaks become resonant at basically the same en- i !
ergy. From this we conclude that the peak at 3500 tis
likely to be related to four-magnon excitations. This interpre-  FIG. 4. Inverse peak heights of the two-magroincles and of
tation is also supported by the observation of its strong temthe residual spectral features at 3500 ¢énisquarey 1170 cmt
perature dependence and the slope of the inverse pediiangles, and 730 cm® (crosses Solid lines are linear fits.
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in Fig. 4b). However, the fit for the 1170 cn feature cm™%, 1170 cm?, and 3500 cm?', which increase close to
yields a value of the resonance energy of 2.68 eV. From theesonance and indicate a breakdown of the HAFM model.
temperature dependence we are not able to assign this sigrnge inverse peak heights of the 1170 ©mand 3500

to a spin-wave origin directly. On the other hand, when wecm™? features follow a straight line leading to resonance po-
take into account the weak renormalization of the two-sjtions of 2.68 eV and 2.73 eV, respectively. The 3500
magnon peak we cannot exclude such an origin. A phononigm-1 peak can be assigned to four-magnon processes. This is
origin is unlikely, because of their resonance and symmetry,nnorted by the peak position, its negligible intensity above

properties’ An identification of these peaks might be found the Neel temperature, and its resonance behavior. The origin

in a more detailed analysis of the possible two-magnon di

grams, as a complete evaluation of all diagrams in resonan

is still missing.

To summarize, we have carried out line shape analyses

magnon Raman spectra of a PgBa, ;Al ; 10, single crystal

a

of the two signals at 730 cnt and 1170 cm® remains

leﬁknown, but might be found in a diagramatic approach of
§aman scattering in one-band Hubbard systems.
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