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We find unexpected low energy excitations of fully spin piaked composite fermion ferromagnets in
the fractional quantum Hall liquid, resulting from a complaterplay between a topological order man-
ifesting through new energy levels and a magnetic order duspin polarization. The lowest energy
modes, which involve spin reversal, are remarkable in digpg unconventional negative dispersion at
small momenta followed by a deep roton minimum at larger maeeThis behavior results from a non-
trivial mixing of spin-wave and spin-flip modes creating @nsfiip excitonic state of composite fermion
particle-hole pairs. The striking properties of spin-flyzitgons imply highly tunable mode couplings that
enable fine control of topological states of itinerant twimehsional ferromagnets.

Strong repulsive interaction between charged particlesf £y and the Coulomb energfc required to create a
confined in two dimensions and subjected to a perpendigarticle-hole pair with reversed spin.
ular magnetic field leads to the striking correlation phe- Here we report that CF ferromagnets exhibit a funda-
nomenon of the fractional quantum Hall effect (FQHE) mentally different behavior. Resonant inelastic lighttsca
[1]. FQHE is explained by the emergence of compositdering (ILS) measurements reveal the presence of excita-
fermions (CFs), bound states of electrons and an even nurtiens below the bare Zeeman energy. Quantitative interpre-
ber2n of quantized vortices [2]. Composite fermions havetations based on CF theory reveal that the new modes are
a topological character because of the attached vorticeshat we call spin-flip excitons (SFEs), namely excitations
each of which produces a Berry phase affdr a closed in which a CF quasiparticle transitions to a spin reversed
loop around it. The Berry phases partly cancel the effectevel with a lowerAL quantum number. These are ener-
of the perpendicular external fielB, to produce an ef- getically more favorable than the ordinary ferromagnetic
fective magnetic fieldB.x = B, — 2np¢,, wherep is  spin wave excitations (which conserve thé index) be-
the particle density andy = hc/e. As a result, com- cause of the associated lowering of the CF cyclotron en-
posite fermions form Landau-like levels, calle fevels”  ergy. The SFEs produce one or more deep roton minima
(ALs), in the reduced effective magnetic field. The split-at finite wave vectors and complex mode mixing creates a
ting of the lowest Landau level (LL) of electrons inbdds  negative dispersion of the SW at small wave vectors. This
is thus a direct manifestation of the topological order ef th behavior is fundamentally different from the dispersion of
FQHE. The main sequences of FQHE states at LL fillingghe conventional SW of electron ferromagnets.
v = p/(2np + 1) (the integerp is the number of filled The physics of spin conserving neutral excitations has
ALs) are successfully described as integer quantum Halbeen studied extensively in the past, resulting in the ebser
effect of noninteracting CFs. We show below that the exvation of dispersions of the neutral excitations of several
istence ofALs has nontrivial consequences for the physic=QHE states exhibiting roton minima [4—7]. These obser-
of magnetism arising from the CF spin degree of freedomyvations are well explained in terms of spin conserving CF

The FQHE states witlr < 1 of the lowest LL are fully  excitations across a singleL [8-10]. Excitations across
spin polarized ferromagnets for a broad range of Zeemamultiple ALs have recently been observed [11]. Relatively
energy and electron density. The basic physics of 2D fetlittle attention had been paid so far to the spin reversed ex-
romagnets entails a low energy spin wave (SW), for whictritations [12—14]. Many experimental studies have investi
only the orientation of spin changes [3]. In the small wavegated the spin polarization of various FQHE ground state as
vector limit (¢ — 0), Larmor’s theorem stipulates that the well as spin phase transitions as a function of the Zeeman
SW energy is precisely equal to the bare Zeeman energgnergy [15-18], analyzing their findings in terms of the CF
Ey; = gupBiet, Whereg is the Landé factoryip is the AL transitions [19]. While the present work deals with a
Bohr magneton and,; the total applied magnetic field. different physics, namely the spin reversed excitations of
For a conventional ferromagnet, such as the oneat1  the fully spin polarized FQHE states, the appearance of ro-
[3], we expect that the SW has positive dispersion with enton minima below the bare Zeeman energy can be consid-
ergy that increases monotonically with wave vector reachered as a precursor of an instability of the ferromagnetic
ing a large wave vector asymptotic limit @, the sum state at sufficiently low Zeeman energies.



The experiments were performed on an ultra high qualbothé = 30° and50°, although they are less pronounced
ity two-dimensional electron system confined in a singlefor 30° (Fig. 4). The tail belowF; becomes more en-
33 nm wide asymmetric GaAs quantum well. Free elechanced with increasing CF filling factpras clearly visible
tron density and mobility are. = 5.35 - 10! cn? and  in Fig. 2 a) forf = 50°. No sub-Zeeman energy tail is
w = 7.2 -10°% cm?/Vs, respectively, af” = 300 mK af-  seen at = 1/3. The low energy tail indicates the presence
ter illumination. ILS measurements were performed in aof spin-reversed modes below the Zeeman energy. This is
3He/*He dilution refrigerator at a base temperature of 45further investigated by empirical fits to the resonant ILS
mK that is equipped with a 17 T superconducting mag-spectra with 2 Lorentzians at= 2/5, 3 Lorentzians at
net and windows for direct optical access (see Fig. 1 a)k 3/7 andv = 4/9 (¢ = 30°) and 4 Lorentzians at = 4/9
The sample was placed with an angldetween sample (6 = 50°), which reproduce the experimental data very
normal and externaB-field as sketched in inset of Fig. well, as demonstrated for = 3/7 (¢ = 30°) in Fig. 2 b).

1 a). The resonant enhancement of the ILS was achievdd the empirical fits one Lorentzian is always centered at
the bare Zeeman energy, one or more Lorentzian required
to account for new excitations and one additional (dashed
15199 line) is needed to account for ILS intensities beldy.
The energies at the centers of the Lorenzians determined
from the best fits are given in the last two columns in Tab.
I. While the empirical fits identify the major components
of the ILS spectra of low-lying reversed-spin excitations,
in the following we show that the observed modes are ex-
plained qualitatively and quantitatively as the spin-flip e
citons of composite fermions. We note that the observa-
. tion of a spin-wave mode indicates nonzero spin polariza-
1.5203 tion. The spin phase diagram of FQHE determined previ-
' ously both experimentally and theoretically indicates tha
our FQH system is in the region with full spin polarization
03 [15, 17, 19]. To illustrate the essential physics, we depict
the spin-polarized CF ground state in 3 ¢) for 3 (v =

FIG. 1: Inelastic light scattering experiments. a) Expeiiral 3/7,315), fo_r which Fhe Iowest thre@‘s of, 11 a}nd 2 are
setup. b) Color plot of ILS intensities of spin reversed tatans ~ Tully occupied. Various excitations are possible [12, 19].
atv = 3/7 as function of the exciting photon energy. The tilt ~ The excitations that conserve i\ index (Of — 0];17
angle isf = 50° and By, = 8 T. The inset show spectra of the — 1,27 — 2|) participate in the formation of the con-
SW mode at;, and of subEy,, excitations fory, = 1.51997 eV ventional SW excitation. ThAL scheme reveals non-SW
(indicated as a dashed line).
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by tuning the incident photon energiés, = fw;, to be

close to the fundamental optical gap of the GaAs QW a) b)10fv=37 5

[4, 5, 20]. For ILS measurement of spin-reversed excita- 3

tions the linearly polarized incoming light was cross po- 0.8} ¢=30°,

larized to the scattered light [14]. The spectra were ac- 3 3 | %l=0085

quired with a double monochromator and recorded with s, SO61 L pectra

multichannel optical detection. The backscattering geom- 2 £ | — Fitwith

etry employed in our experiments enables a momentum £ g 0413 Lorentzia

transferqy = ki, — ks = (2wy,/c)sind, whereky,) E, £ o2

is the in-plane component of the incident (scattered) pho- '

ton. For our experimentsy,l! ~ 0.09 for § = 30° and 0.0 |

qol =~ 0.135 for 6 = 50°, where the magnetic length is 0 \

I= (eBL/(hC))l/Q' 01 02 03 04 '0'2-9 6 3 0 3
Figure 1 b) displays a color plot of ILS intensities at " E(meV) ' AE (10 e2/el)

v = 3/7 with # = 50° as function of incident pho-

ton energies. The intensity of the long wavelength SWFIG. 2: Inelastic light scattering spectra in the energygeanf

mode atEy = 0.2 meV is resonantly enhanced fék;, lowest spin-reversed excitations. a) Resultsifth < v < 4/9

= 1.51997 meV. A low energy tail of spin-reversed ex-(1 < p < 4) at§ = 50°. The tail belowE; increases with
citations and the development of a new mode befgyy  increasingAL numberp. At v = 1/3 only a high energy tail is
(marked with a red line) are clearly visible. Similar modesoPservable. b) Spectra at= 3/7 for 6 = 30° (black squares).
below £, are observed at = 2/5 and 4/9 (Fig. 2 a)) at The blue line is a fit with 3 individual Lorentzian shown in gra
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excitations, namely the SFEs that changeAhéndex and complicated admixture of the SW and several SFE modes.
simultaneously reverse spiiL lowering SFEs are: R—  Remarkably, the energies of all individual modes are pos-
0);2t — 1];11 — 0J. Finally, the excitations that raise the itive in this intermediate wave vector range, whereas the
AL index (suchas®— 1};11 — 2|;2t — 3]) willnotbe  energy of the combined mode is negative. Nonetheless, the
considered below, because they are not relevant for the o2t — 0] SFE mode captures all the rotons and maxons,

energy physics of interest. with other SFEs resulting in further lowering of the energy
This physical understanding suggests that Ahelow-  but without producing new qualitative structures.
ering SFEs, which are available fpr> 2, may have en- The change in the photon wave vector is in general small

ergy belowE,, and it is tempting to associate them with compared td /I. However, as it is well appreciated, disor-
the observed sub-Zeeman excitations. While this physicder allows (discussed below in more detail) coupling of ILS
naturally explains the absence of negative energy excit4o the excitations at wave vectors comparablé tb The
tions at 1/3, its unambiguous confirmation requires a quansoupling is strongest to the SFEs near the critical points
titative comparison with theory, which in turn necessiate in the dispersion, i.e. the rotons and the maxons, because
a consideration of the mixing between these excitationsf a singularity in the density of states at those energies
due to the residual inter-CF interaction. Such calculation[6]. The theoretically predicted energies of the SFE rotons
are possible within the well developed formalism of theand maxons, obtained without any adjustable parameters,
CF theory, which has been found to be quantitatively sucare shown in Tab. |. The excellent agreement between the
cessful in describing the spin phase diagram of the FQHEalculated and the measured energies gives a quantitative
states. We calculate the dispersions of the true eigenmodeenfirmation of our physical assignment of these modes.
for v = 2/5, 3/7 and 4/9 by the method of CF diagonaliza-For a more detailed comparison, we model the ILS inten-
tion, in which the Coulomb interaction is diagonalized in ity I(E, ¢) by the phenomenological expression [21].

the space of excitations listed above. We include the effec-

tive renormalization of the interaction due to finite quan- I(E, q) x /f(q, q0)p(E, q)dq, 1)

tum well width as explained in Refs. 10, 11. Landau-level

mixing and residual disorder has been neglected. The disvhereg, is the photon wave vector transfer, afid, ¢o) =
persions are computed with up to 136 particles by methods
described in the literature [12] and represent the thermodya1 30

b g5 __ _ v=3m
namic limit. The predicted dispersion for the lowest spin- 2. : 55, - ;
reversed modes for 2/5, 3/7 and 4/9 are plotted in Fig. 3 &), 20 "7 R
The typical statistical error in the energy resulting frdrat = 5 15 7y

K — combined mode for 3/7

Monte Carlo method is given at the end of each dispersior® "o
curve. Hosp

A striking and unusual feature is that the SW dispersion *° 1
has a negative curvature at small wave vectors. A secondj‘f' et T

notable aspect is that at 2/5, 3/7 and 4/9 one or more min- %° 05 o 15 20 25 30
ima and maxima, called rotons and maxons, appear beloyg

FE;. The lowest spin reversed branch is a mixture of the| f 2) . 2| . T 2|
SW and SFE excitations, and changes its dominant charac;, E, My L E, My E "
ter as a function of the wave vector. As shown in Fig. 3 b)|, 3§ % ¢ o Ly d ol sz ol

exemplarily forv = 3/7, it is predominantly 2 — 0] SFE- 1 ¥¥% 1" ¥ %%
like for gl > 0.8, and converges into the SW in the— 0 of ¥¥-¥ of ¥¥-¥ o ¥¥-—¥%
limit. At intermediate wave vectors, however, it is a more [___3/7 ground state | spin wave excitation | spin flip excitation

FIG. 3: Calculated wave vector dispersions. a) The lowdst sp
v mode ¢l APBipeory AEs00 AEsge reversed excitation at :2/5,_3/7 and 4/9 for electron dgnsi_ty
10732 el) 10-3(c2 Jel) 10-(e2 el n = 5-10'° cm? and QW width of 35 nm. Mode coupling is

included as described in the text. The error bar at the endaif e

2/5 FEyot 0.373 -1.39 -0.98 -1.49 curve represents the typical statistical error in the energer-
3/7 E.ox 0.638 -7.48 -7.43 -6.20 mined from the Monte Carlo method. b) Wave vector dispersion
4/9 El. 063 -8.05 6.20 7.20 atv =3/7. The dashed red curve is for the lowest SW excitations

rot without coupling to SFE modes. The blue dashed line is the spi
Emax 1.134 -2.96 -2.80 -3.20 flip exciton 2t — 0y without coupling to SW modes. The black
E2, 1.533 -5.69 solid curve, same as in (a) for 3/7, incorporates mode coggli
as described in the text. A cartoon of the SFE is shownAlLc)
TABLE I: Momenta and energies of rotons and maxons modescheme for fully spin polarized QHE stategat 3 (v = 3/7, 3/5).
from calculation and from Lorentzian fits to the experimemt f SW transition from 2 — 2| (center panel) and SFE transition
both,0 = 30° and50°. from 2t — 0/ (right panel) are outlined.
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