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We report low temperaturél’) heat capacity(C) data on a multiple-quantum-well GaA&lGaAs
sample in the quantum Hall regime. Relative to its low field magnitu@egxhibits up to~10°-
fold enhancement near = 1 where Skyrmions are the ground state of the confined two-dimensional
electrons. We attribute the largeto a Skyrmion-induced, strong coupling of the nuclear spin system
to the lattice. The data are consistent with the Schottky nuclear heat capacity of Ga and As atoms in
the quantum wells, except at very IaivwhereC vs T exhibits a remarkably sharp peak, suggestive of
a phase transition in the electronic systen{S0031-9007(96)00350-X]

PACS numbers: 73.20.Dx, 65.40.+g, 73.40.Hm

Heat capacity is one of the most fundamental physi6 doped with donors (Si) near their centers. Electrical
cal properties as it directly probes thermodynamic quantiresistivity data on samples from the same wafer exhibit
ties such as entropy [1]. In the case of two-dimensionalvell-developed fractional QHE and attest to the high
electron systems (2DESs) heat capacity can be a poweguality of the sample [8]. A7 X 7 mn? piece of the
ful probe of single- and many-body properties such as thevafer was thinned t65 wm, and two carbon paint resis-
Landau quantized density of states and the quantum Halbrs were deposited on the substrate side and connected to
effect (QHE), both integral and fractional [2,3]. Mea- the heat sink with NbTi wires. One carbon resistor was
surements of 2DES heat capacity, however, are amongsed as a thermometer while the other served as a heater.
the most challenging experiments because of the ver§Jhe carbon thermometer was calibrated versuRu®,
small electron contribution. As a result, in contrast to theresistance thermometer & = 0, and we checked that
overwhelming number of magnetotransport and magnetdts calibration was negligibly affected by the magnetic
optical experiments reported for 2DESs in the QHEfield [9]. Depending on the external time constant of
regime [4], very few heat capacity measurements havéhe sampler., three different techniques were used to
been reported so far [5,6]. measureC. Atlow B, 7 = 0.1 s andC was measured

In this Letter we report heat capacity measurements of asing the ac technique [6,10] at 26 Hz, a frequency near
modulation-doped GaA#\l,Ga —,As multiple-quantum- which C was found to be frequency independent. In the
well heterostructure down to very low temperatgfe= B range neaw = 1, C and hencer., increased by up to
25 mK) and Landau level filling factotr = 0.5). As a 5 orders of magnitude, and we turned to a pulse technique
function of increasing magnetic field3, in addition to  [5,11] either in the relaxation regime& (= x 7., Where
oscillations associated with the 2DESs’ oscillating densityk is the thermal conductance to the heat sink) or in the
of states at the Fermi level, we observe a dramatiguasiadiabatic regimeC(= Q/AT, where AT is the
increase of the lowF heat capacity(C) in the range temperature increase resulting from the applied h@at
05<=v=<15 For07=<v=<085andv =12, C afterinternal relaxation is completed), dependingron.
exhibits a strikingl' dependence, including a remarkably C was measured in a dilution refrigerator whik was
sharp peak suggestive ophase transitiorat very lowT.  applied either perpendicular to the 2DES pldfie= 0°)

We interpret these unexpected observations in terms aifr at an angle o = 30° = 2°. The absolute accuracy
the Schottky model [7] for the nuclear-spin heat capacityon the measured is of the order of=(10%—15%), as

of Ga and As atoms which couple to the lattice via theillustrated in some of the figures.

2DESs’ low energy excitation spin textures (Skyrmions). The density of states at the Fermi levelEr) of a
The origin of the peak at very low is discussed in 2DES in a perpendiculaB exhibits 1/B-periodic oscilla-
relation with a phase transition in the electronic system. tions due to the formation of disorder-broadened Landau

The experiments were performed on a multiple-levels [2]. D(EF) is maximum at half-integrab and is
guantum-well heterostructure grown by molecular-beanminimum at integralv. The oscillatingD (Er) induces
epitaxy and consisting of 100 GaAs quantum wells sepaescillations in many physical properties such as electrical
rated by A} ;Ga ;As barriers. The wells and barriers are resistivity [2,4], magnetization [12], and electron specific
250 and 1850 A thick, respectively, and the barriers are heat:c, = (7w2/3)kiTD(Er) (J/K) per electron [3]. The
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data presented in Fig. 1(a) demonstrate the oscillatory bentropy reduction of the nuclear spin system (NSS) with
havior of C, for a 2DES. Even thoughtl is dominated by decreasingT when the thermal energyzT is much
the lattice and addenda contributions, up=tt0% oscilla-  larger than the spin energy level spacidg[7]. The
tions coming from the 2DESs are clearly observed. Comebservation of the Schottky effect requires good coupling
parison with previous data [6] givd3(Er) atB = 2.3 T  of the NSS to the lattice in order to reach thermal
(v = 5/2), about 5 times larger for our sample. This equilibrium in the time scale of the experiment. This
is consistent with the lower disorder, and hence smallecoupling is provided by electron spin-flip excitations
width of Landau levels, in our sample as evidenced by theand further relaxation to the lattice [14]. Consequently,
presence of minima i, at oddv down toB = 1.14 T while the effect is commonly observed in metals, it
(v = 5). From the position of the minima, we infer a usually remains undetected in high purity materials with
2DES density (per layer) of, = 1.4 X 10! cm 2, con- low free-carrier density [15]. At first sight, because of
sistent with the magnetotransport data [8]. their high purity and the low free-carrier density in the
Nearv = 1, C reveals a completely different and un- quantum wells, GaASAIGaAs heterostructures should
expected behavior. Figure 1(b) shows orders of magnot be good candidates for the observation of a nuclear
nitude enhancement of with respect to the loweB  Schottky effect. While this is supported by the I@&\data
data of Fig. 1(a). C exhibits large maxima av =~ 0.8  [Fig. 1(a)] where only the lattice, addenda, and 2DESs
and 1.2 and decreases rapidly for = 1.2 andv < 0.8.  contribute to the low value of’, surprisingly a Schottky
Moreover, theT dependence ot is particularly strik- behavior is observed at highBrneary = 1. Why?
ing (Fig. 2): In contrast to the low# data whereC de- Recent theoretical [16—18] and experimental [19-22]
creaseswith decreasing’ (not shown here), aB =7 T  work on 2DESs has shown that, in the limit of a
(v = 0.81), C first increaseswith decreasing” and then weak Zeeman coupling, electron spin textures known
displays a very sharp peak®Bt =~ 36 mK before decreas- as Skyrmionsare the lowest energy, charged excita-
ing at very lowT [13]. In the remainder of the paper, we tions of the ferromagnetic ground state near 1 [2].
concentrate on the unexpected higluata neaw = 1. Skyrmions result from the dominance of the Hartree en-
We begin with a discussion of Fig. 2 data in tlie ergy over the Zeeman energy, prohibiting single spin-flip
range0.1 = T =< 0.4 K, whereC « T~2. Both the very excitations and favoring smooth distortions of the spin
large magnitude ofC and the 72 dependence point field; the competition between the two energies deter-
to the nuclear Schottky effect which results from themines the total spin and size of Skyrmion quasiparticles.

v While the importance of the electron-nuclear spin
5 4 3 2 interaction has been known for some time [23,24], recent
g q nuclear magnetic resonance (NMR) experiments [19,20]
= 4 have provided clear evidence for a strong coupling of
5 the NSS to the lattice through finite-size Skyrmions near
5 v = 1. Subsequent theoretical results [18] have shown
g 35| excellent quantitative agreement with the NMR data
8 I 3x10”k, /electron regarding the spin polarization of the 2DES,), thereby
é providing additional credence to the Skyrmionic picture
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FIG. 2. The temperature dependence®atB =7T (v =
FIG. 1. Heat capacityC at 6 = 0°, showing orders of 0.81)is shown in the main figure in a log-log plot. The dashed
magnitude enhancement of the highdata (b) over the low- line shows the7 2 dependence expected for the Schottky
B data (a). The line through the data points is a guide to thenodel. The inset shows a linear plot 6fvs T atB = 6.7 T
eye. (v = 0.85).
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nearv = 1. Finally, very recently, further evidence for Skyrmions are no longer relevant. We note, moreover, that
Skyrmions and estimation of their size was reported fronthe v dependences af and ¢ are qualitatively similar to
magnetotransport [21] and magneto-optical data [22].  that of(S,) as deduced from the Knight-shift data [18,20];
Based on these observations, we suggest that near particular, both exhibit extrema at~ 0.85 and1.2.
v = 1 Skyrmions induce a strong coupling of the NSS to The temperature dependence of the hijheat capac-
the lattice, and the large nuclear heat capacity is observedy at 6 = 0° (Fig. 2) andé = 30° (Fig. 4) at very low
The key role of Skyrmions is supported by (1) the absencd is particularly striking. We observe that tiie « 772
of the nuclear-spin contribution to our measur€dfor  behavior is followed only down te-0.1 K. For T <
v = 1.5, where the Skyrmions are no longer the ground0.1 K, C increases faster with decreasifigand, in a nar-
state of the 2DES [17,18,21], and (2) our experiments irow range ofr, C exhibits a remarkably sharp peak at
atilted B, presented in Fig. 3, which clearly show that thevery low T [13]. The deviation ofC from the 72 de-
heat capacity anomaly relates to the 2DES filling factoipendence af” > A/kg and the shape of the observed
(rather than totaB). peak are clearly not consistent with the Schottky model
We now turn to a more guantitative interpretation of thewhich predicts a smooth maximum i@ at 7 ~ A/2kp
data. Ga and As have spin quantum numbet 3/2.  (~2 mKn our case). Instead, the shape and sharpness of
When A <« kgT, the (Schottky) nuclear specific heat is this peak are suggestive ofpdase transitior{27]. The

given by [1,25] inset to Fig. 4 shows that the peak temperafiyres maxi-
5/ A \2 J mum atr =~ 0.8 and1.2, and decreases as— 1.

52 1 : . : , i

CN B <kBT> <K nucleus)’ (1) It is tempting to associate the sharp pealCins T ob

served at lowl" with the crystallization of Skyrmions, to-
whereA = aB, anda/kg = 4.9 X 1074, 6.23 X 1074, gether with the associated magnetic ordering, near 1
and3.5 X 10~* K/T for 9Ga(60.4%), "'Ga(39.6%), and  Which was recently proposed by Bret al.[18]. The
5As (100%), respectively [26]. If we assume that only the fact that our observed, decreases as — 1 is consis-
nuclear spins of the Ga and As atoms in the quantum well§nt with the decreasing Skyrmion density which should
contribute to the observed, we obtain for our sample a reduce the Skyrme-solid melting temperature. However,
nuclear heat capacitgy = 2.0 X 10~ 'B27~2 (J/K) for the details of the Skyrmion liquid-solid transition and, in
A < kyT. Figure 3 clearly indicates that the calculatedparticular, how it would affect the NSS are not known.
Cy is semiquantitatively consistent with both the size and1ere we remark on possible interpretations of our data.
the overall~B2 dependence of the experimental data. The First, we note that Eq. (1) alone cannot account for
ratio of the experimental” and calculatedCy provides the observed anomaly: The NMR data [20] suggest that
us with an estimate for the fractiof¥) of Ga and As A does not change significantly with decreasifigand
nuclei in the quantum wells that couple to the lattics. it is also expected [18,25] that a Skyrmion liquid-solid
shows maxima of the order of unity at~ 0.85 and1.2,  transition would affectA only very weakly. We might
and decreases as— 1, and forv = 1.2 andv < 0.85.  therefore interpret the substantial enhancement cét
While the decrease i# very nearr = 1 can be attributed 10w 7" as an indication that either (1) more nuclei couple
to the decreasing density of Skyrmions [18], its decreasé0 the lattice or (2) the entropy of the coupled NSS
very far fromr» =1 (i.e., » = 1.2 and » < 0.85) can  decreases faster with decreasifighan what is expected
be related to the 2DES approaching fillings where the
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FIG. 3. Heat capacity as a function of perpendicular magneti@and at the indicated values of TheT~? dependence expected
field B, = Bcodf) and » at T = 100 mK, and at the for the Schottky effect is shown as a dashed line, @pds
indicated values ofl. The curves correspond to the calculated marked by the vertical arrows. The dependence of’. at
nuclear-spin heat capacity of Ga and As atoms in the quanturd = 0° (O) and30° (@) is shown in the inset, and the lines are
wells (Cy) for & = 0° (dashed) and0° (solid). guides to the eye.
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