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Charge Modulation in La 1.67Sr0.33NiO 4: A Bulk Thermodynamic Study
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We present ultrasonicsnd and specific heatscpd measurements performed on La1.67Sr0.33NiO4 to
confirm and characterize the nature of the thermodynamic transition observed atTc ­ 240 K in this
material. The behavior ofnsT , Tcd suggests that this transition isnot due to the long-range ordering
of the uncompensated nickel spins. The possibility ofindependenthole-spin behavior is consisten
with the observed entropy and measured anomalies in the resistivity, susceptibility, and ultrasou
comparison ofnsTd andcpsT d suggests that the sound couples primarily to the order parameter en

PACS numbers: 62.20.–x, 62.65.+k, 63.20.Kr, 71.38.+i
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Neutron studies [1] of superconducting La22xSrxCuO4
have stimulated much interest in incommensurate s
correlations in doped Mott insulators. Several the
retical treatments [2–7] yield system energies per u
areafEAsxdg that decreasesuperlinearlywith increasing
hole concentrationsxd; there is thus an instability to
phase separation into undoped spin domains separ
by hole-rich walls. This scenario has not been realiz
in La22xSrxCuO4 where only dynamical incommensu-
rate spin structures have been observed [8]. Howe
there is substantial evidence for suchstatic spin and
charge modulations [9–11] in the related nickel syste
La22xSrxNiO41d. It appears that holes in the dope
nickelates are less destructive to the antiferromagn
background than in the isostructural cuprates, possibly
to the higher value ofS and to a larger electron-phono
coupling. Thus careful studies of the nickelates prov
a useful check on our understanding of the interp
between spin and charge fluctuations in a limit whe
current theories should be applicable.

Stoichiometric La2NiO4 is an antiferromagnetic
insulator [12] which, in contrast to its isostructur
cuprate analog, remains insulating [13] to very high
dopant levels. Neutron scattering measurements h
detected short-range incommensurate spin fluctuati
[9] in La22xSrxNiO4 fLSNOsxdg for x ­ 0.20. Electron
diffraction studies of LSNOsxd indicate the presence
of charge modulations [11,14] for0.075 # x # 0.50.
More recent neutron scattering results have confirm
the coexistence of spin and charge modulations
the x ­ 0.135 and0.20 systems [10]. Magnetic and
transport anomalies were then observed in thex ­ 0.33
nickelate at the same temperature where the supe
tice peaks became visible; these results were robus
the choice of divalent ion (Sr, Ba, Ca) substituted f
lanthanum [14,15]. These measurements suggest
a continuous thermodynamic transition occurs in t
x ­ 0.33 nickelate that is both electronic and structur
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in character; its determining parameter appears to
the hole concentration. In this paper we present
trasonic and specific heat measurements performed
La1.67Sr0.33NiO4 fLSNOs 1

3 dg to confirm and characterize
the structural, magnetic, and electronic nature of th
phase transition, thereby providing the first bulk the
modynamic study of microscopic hole segregation in
doped Mott insulator.

The polycrystalline samples used for the experimen
described here were pellets prepared by conventio
solid-state reaction in air as described elsewhere [14];
annealing was performed to ensure sharp critical beh
ior. xsT d and rsTd measurements forT , 300 K per-
formed on these samples were in good agreement w
previously published results [14]. For the ultrasonic stu
ies, transducers of LiNbO3 with a fundamental frequency
5 MHz were oriented for longitudinal sound and epoxie
onto flat, smooth, parallel faces of each pellet. Frequen
shifts in the second and third echoes were measured
ing a standard homodyne technique.DLsTd, where L
is the sample length, was measured independently to
sure that the observed frequency changes could be relia
converted into shifts in the sound velocity; this exper
ment was performed using Micro-Measurements precis
strain gauges [16] with the LSNOs 1

3 d sample referenced
to copper. Finally the specific heat was measured us
a standard semiadiabatic heat pulse technique with a h
sensitivity sd ln RydT ø 210d thermistor. The sintered
sample was powdered and mixed with Ag powder (50:50
by weight) to ensure good internal thermal response.

The measured sound velocity data for the three samp
of LSNOsxd with x ­ 0.25, 0.33, and0.40 are shown in
Fig. 1. The measured length change from 100 to 300
is 0.3% which is 10% of the frequency change ov
the same interval; hence, measured frequency shifts
effectively proportional to velocity shifts. We note tha
the data from thex ­ 0.25 and0.40 samples increase
uniformly with decreasing temperature; by contrast t
© 1996 The American Physical Society 447
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FIG. 1. Frequency shift, normalized to the value at 300
in La22xSrxNiO4 samples withx ­ 0.25, 0.33, and0.40. The
inset shows the temperature dependent length change for
x ­ 0.33 sample.

x ­ 0.33 case displays a distinct kink atTc ­ 240 K, the
same temperature wherersTd andxsT d show anomalies.
It is really the deviation from linear hardening upo
cooling that interests us; in order to display this behavi
we subtract a term linear in temperature from the d
of Fig. 1 for the interval260 , T , 300 K, and the
resulting plots are shown in Fig. 2. Thex ­ 0.33 curve
displays the most dramatic behavior in Fig. 2; we no
that there is significant hardening below the transiti
sø0.1%d but negligible softening sø0.01%d above it.
Furthermore, whereas in a typical antiferromagnet such
RbMnF3 the hardening observed belowTN is significantly
enhanced [17] by an applied magnetic fieldsH ø 1 Td,
the behavior displayed in Fig. 2 isinsensitiveto fields
up to 9 T. These data suggest that the transition

FIG. 2. The sound velocity of LSNOsxd for three different
values of x. The data have been normalized with a line
temperature dependence in the temperature region250 , T ,
300 K. Inset: the susceptibility forx ­ 0.33.
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LSNOs 1
3 d at Tc ­ 240 K does not involve the long-

range ordering of the Ni spins. As an aside, we no
that single-crystal samples of LSNOs 1

3 d are not yet
available; hence we must infer the magnetic structure
this material from thermodynamic measurements. T
observed hardening in the sound velocity atT ­ Tc

with negligible softening bears some resemblance to t
observed in spin-density wave systems like chromiu
[18]. This possibility is consistent with thedecreasein
the observed susceptibility (Fig. 2, inset) for LSNOs 1

3 d
at T ­ Tc which is reminiscent of that seen at a charg
density wave transition as in, for example, blue bron
(K 0.3MoO3) [19,20].

In order to provide further characterization of the tran
tion in LSNOs 1

3 d, we measured its specific heatfCsT dg as
displayed in Fig. 3; its most pronounced anomaly occu
at the same temperature as those previously observedn,
x, andr. We also note a small precursor peak inCsT d at
Tp ­ 264 K that suggests another transition that has n
been previously discussed. We can estimate the entr
involved in both transitions by subtracting a smooth bac
ground from the specific heat data, as shown in Fig. 3. T
resulting excess entropy isDS̃ , 0.25 ln 2 ­ 0.17 where
DS̃ ; DSyR; this estimate ofDS̃ is subject to the usual
concerns about homogeneity in a solid-solution compou
[21]. Naturally, the interpretation of this excess entrop
depends somewhat on the microscopic details of the s
tem. Here we shall assume that the holes reside on
Ni 2+ sites to form spin-12 objects, Zhang-Rice “doublets”
this conjecture is supported by neutron scattering stud

FIG. 3. The sound velocity,n, normalized as in Fig. 2;cpyT ,
d ln rydT , anddxydT for LSNOs 1

3 d.
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[9–11]. We note thatDS̃ is significantly less than the
configurational entropy associated with real-space hole
dering,DS̃c , 0.64. This result,DS̃ ø DS̃c, is consis-
tent with the fact that charged domain-wall formation ha
been observed for several hole concentrations in the do
nickelates; however, the anomalies [14] in the magnet
transport, and elastic measurements are observedonly for
x ­ 0.33.

The observed excess entropy could be due to t
development of magnetic structure. In LSNOsxd there
exist two distinct spin species associated with the dop
sS ­

1
2 d and the “bare”sS ­ 1d nickel atoms. Both spin

types order simultaneously in the domain-wall mode
studied [6,7], though all such calculations are perform
in a low-temperature regime where theS ­ 1 spin
correlation length is significantly longer than the interwa
spacing so that the hole spins are coupled to their “ba
sS ­ 1d nickel counterparts. Diagonal domain walls hav
been observed in the doped nickelates [9–11], consist
with theoretical treatments for large on-site repulsio
[4–7]. In this case, one might expect the “bare” nicke
spins to order prior to theS ­

1
2 hole spins, simply

due to the nearest and next-nearest neighbor coupli
involved. The entropy associated with suchS ­ 1 spin
ordering, DS̃N , 2

3 ln 3 , 0.73, is significantly greater
than that observedsDS̃ , 0.17d. There is, of course, the
possibility that the singular component ofCsTd (which
we estimate hasDS̃ , 0.17) is small compared with its
analytic part and that we are therefore underestimating
entropy atTc. The size of the observedDS̃ suggests the
development of a gap in a preexisting band; we note th
this possibility is consistent withx (Fig. 2, inset) which
is reminiscent of that observed in the vicinity of charg
and spin density wave (CDW and SDW) formation [22
However, the expected entropy change at a weak-coupl
CDW-SDW transition, DS̃DW , TcyTF ø 1022, is an
order of magnitudesmaller than that observed for
LSNOs 1

3 d; e.g., in chromium DS̃ , 0.034 at the
paramagnetic-antiferromagnetic transition [18]. Even
a strong-coupling CDW transition, e.g., in blue bronz
the observed entropy change is an order of magnitude l
than that measured here [23].

Assuming that we have accurately estimatedDS̃ at the
transition, it seems unlikely that it can be solely due to co
figurational hole entropysDS̃c , 0.64d; furthermore, its
observed magnitudesDS̃ , 0.17d is significantly smaller
than that expected forS ­ 1 spin orderingsDS̃N , 0.73d
of the “bare” nickel atoms.Independenthole-spin order-
ing might provide an explanation forDS̃; in this scenario
the spin regions on the two sides of a domain wall wou
be uncorrelated so that the hole spins would be effe
tively decoupled from theirS ­ 1 counterparts [24]. Such
S ­ 1 magnetic structure has been observed in LSNOs 1

5 d
[9,10,25], and it seems reasonable to expect that the ass
ated spin correlation lengthdecreaseswith increasing hole
concentrationsxd [5]. In this picture antiferromagnetic
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coupling of the independent hole spins would lead to th
dimerization into spin singlets [26] withDS̃H

S ø 1
3 ln 2 ø

0.23 that is consistent with that observedsDS̃ , 0.17d; fur-
thermore the resulting electronic gap would account for
anomalies indrydT anddxydT atTc ­ 240 K displayed
in Fig. 3. Alternatively the localization of the holes int
domain walls could produce an increase in the short-ra
order ofall the moments; the magnetic ordering might o
cur at a significantly lower temperature. We emphas
that only neutron scattering experiments on single crys
can unambiguously determine the magnetic structure
LSNOs 1

3 d and thus the presence or absence of simulta
ous ordering of its two spin species.

Finally, we treat the ultrasonic and the specific he
measurements of LSNOs 1

3 d within the same framework
using a simple thermodynamic analysis [27,28]. U
ing a phenomenological effective medium approach,
may write the free energy difference at the transition
F ­ FhT 2 TcsV dj where we consider the strain as a
incremental volume changese ­ DVyV d; the functional
dependence ofTcsV d results from the coupling betwee
the hole modulation and the lattice. Since the coeffici
of thermal expansion in a solid is small, we may effe
tively equate the measuredns with nT which is related
to F above. Here we assume that the order para
ter responds quickly to the local strain so that the l
tice can adjust between each sound wave. ExpandinTc

as a function of incremental, volume change (strain) a
taking the appropriate derivatives of the free energy,
find that

DCp

Tc
­

r

V

Ω
A

µ
Dn

n

∂
1 B

d
dT

µ
Dn

n

∂æ Ç
T,Tc

, (1)

where A ­ 1ya2, B ­ h b 2 a2yTcj21, a ­
s≠Tcy≠V dP , and b ­ 2s≠2Tcy≠V 2dP. In Fig. 4 we
displayCsT dyT anddsDnyndydT and note their striking
similarity; Fig. 4 graphically indicates thatB ¿ A in
(1). As an aside we remark that the precursor struc
observed directly incyyT is also present indsDnyndydT .
We also comment that in a strictly isotropic material t
data presented in Fig. 4 would suggest a strong coup
between the underlying order parameter and shear
tortions at the transition; however, such a deduction h
relies heavily on an isotropic effective medium approa
to polycrystalline samples which may not be justified f
such an anisotropic material with domain walls. For t
same reason, we have not attempted a detailed quan
tive analysis of the coefficientsA andB since any such
meaningful treatment would lead to results that would
strongly dependent on the underlying assumptions (e
constant strain or stress at the polycrystallite boundar
of the underlying effective medium analysis. Figure
suggests that physically the longitudinal sound coup
more effectively to the energy than to fluctuations in t
energy; a more detailed analysis of this effect awaits f
ther ultrasound measurements on single-crystal sampl
449
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FIG. 4. The temperature derivative of the sound veloci
(normalized as in Fig. 2), and the specific heat (with a smoo
background removed).

In conclusion, we have performed the first bulk therm
dynamic study of microscopic hole segregation in a dop
Mott insulator. Our ultrasound and specific heat measu
ments indicate a transition in LSNOs 1

3 d consistent with
prior observation. We find an entropy change at the tra
sition that is significantly less than that expected from e
ther configurational or long-rangeS ­ 1 ordering. This
entropy change is, however, close to that expected fro
independenthole-spin ordering; the associated dimeriza
tion into hole-spin singlets results in the development
an electronic gap that would also account for the anomal
observed in transport, susceptibility, and ultrasound me
surements. A more detailed and unambiguous charact
zation of the transition in LSNOs 1

3 d requires single-crystal
samples; more generally further study of this nickelate w
add to our growing understanding of the interplay betwe
spin and charge fluctuations in a two-dimensional dop
Mott insulator.
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