CHAPTER 14

BULK-MODULI SYSTEMATICS IN OXIDES,
INCLUDING SUPERCONDUCTORS
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Materials Science and Engineering Laboratory, National Institute of Standands and
Technology, Boulder, Coloradn, USA
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ABSTRACT

For oxides, including superconductors, we consider the systematics of the bulk-
modulus/atomic-volume (B/V,) relationship. For nonsuperconducting oxides, the
B-V, diagram shows that most oxides fall in three sets: (1) rocksalt crystal structure,
AO:; (2) perovskite crystal structure, ACO5; and (3) transition-metal oxides ranging
through stoichiometries of AD, A;0,, A-0, Seventeen oxide superconductors show a
surprisingly narrow V, range and a relatively narrow range of #=116+19 GPa,
B-V, slopes depart from expectations from a simple ionic-crystal model. Within
a superconductor subgroup, for example, La-0 or TI1-0, higher B corresponds to
higher 7'.. Because the in-plane (CuQ;-plane) compressibility probably varies little
among these cuprates, the out-of-plane compressibility should correlate inversely
with T',..

14.1. INTRODUCTION

The bulk modulus B, or reciprocal compressibility, represents a solid’s most basic
elastic constant, It shows a material’s resistance to interatomic-distance changes caused
by hydrostatic pressure. Bulk modulus, atomic volume, and colesive energy comprise
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the three fundamental cohesive properties, which relate, in wen, t0 many other solid-
state physical properties,

For superconductors, the bulk modulus enters in two further ways. First, it helps
determine the Debye characteristic temperature &, which enters the preexponential
factor in the BCS equation for critical temperature for phonon-mediated electron-pair
superconductivity [1]:

To= 1148 exp(—1/4) {14.1)

Second, MeMillan [2] showed that the electron—phonon parameter 2 depends on 6,
thus on B,

For oxide superconductors, the present study focuses on the B-V, relationship,
where V,, denotes mean atomic volume, the unit-cell volume divided by the number
of atoms per unit cell. We consider the superconductors against the background of
nonsuperconducting oxides, especially perovskite and rocksalt crystal structures, which
form crystal-structure building blocks for most of the superconductors.

14.2, SOURCES

For 5rT0; and BaTiOs, we measured B on monocrystals by ultrasonic methods [3].
For BaBiO;, we used a theoretical result [4). For all other nonsuperconducting oxides,
we used published usual-source acoustic values from measurements on monocrys-
tals. For the 17 superconductors, we used 9 neutron-diffraction results summarized
by lzumi [5]. Reliable acoustic bulk moduli are available for only a few supercon-
ductors because existing monogrystals are too small for usual measurement methods,
and polyerystals contain voids or microcracks, which blur the intrinsic bulk-modulus
value. However, to fill out the study we used four of our polycrystal La—O results [6],
which seem not to suffer from the crack-void problem, where apparent elastic stifi-
ness is always lower than intrinsic. For four compounds, we calculated 8 from the
crystal structure and assumed valences by using a rigid-ion ionic-crystal model (7).
These four compounds were Laj gsSry 1sCuz04, T1:Ba:Ca:Cus0yq, BiSr:Cu0y, and
Bi:Sr:Ca:Cuy0yo. For all 17 superconductors, Table 14,1 shows the & and V, values,

Table 14.1.  Oxide seperconductor propertics.

V(A B iGPa) Source
L wsSmm 15 Cuy 13.50 [47.0 Leumi [5]
My 12541 Can a3 Cuy 13,26 1430 Leumi [5]
My g3sCep (asCully 13.44 1410 Teumi [5]
M- Culdy 13.50 134.0 leumi [5]
|.-ﬂ;p:':"|.1| ]hDJ:D'ﬂ 12,59 1330 leumi [5]
YBa:Cusd, g3 1341 123.0 Lrumi [5]
Loy Cully 1361 1220 WIST, meas,
Y HRa:CuyOy 1350 117.8 Lrumi [3]
PeaCuDy 13.65 1153 MIST, meas.
YHaxCugOy g, 14.68 1120 lrumi [5]
Ly g55m 15 Cug Oy 13,49 1053 MIST, cale.
TlaBazCaCuyOyy 1342 108.1 WIST, cale,
Laj ssBay o Culhy 1351 [07.4 MNIST, mcos.
BizSr2CasCunyp 14,10 G595 NIST, cale,
Laj gsCap s Culdy 13,46 28 MIST, meas,
BirSrCuly, 16.13 A0 54 MIST, cale.
Tl:Ba: Culk, 1577 2264 Trumi [5]
Mean; 1387 £ 087 11594194
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For V,, values, we used either results summarized by Hazen (8] or original-literature
values. Here. we omit these references because, for our purposes, V,, varies little among
VIFOUS Teports.,

14.3. RESULTS

Figure 14.1 shows results for nonsuperconducting oxides. Three trend lines appear:
perovskite structure, rocksalt structure, and transition-metal-cation compounds. We
consider the slopes in the following way:

H o .l.,‘;.r_-.-'i = ='E—ll [14.2]

Here o denotes a characteristic interatomic distance. From Figure 14.1, we find n =
2,35 (perovskite), n = 2.82 (rocksalt}, and n = 5.74 (rransition-metal-cation),

Against these three trend lines, Figure 14.2 shows results for 17 oxide supercon-
ductors,

144, DISCUSSION

We expect the perovskite line to lie above the rocksalt line because the M** cation
increases the Madelung energy, and thus increases the cohesive energy and bulk
modulus [9]. Also, the perovskite compounds may contain maore covalent bonding
than the rocksalt compounds.

The trend-line slopes present some surprises. From a simple B or n pure-ionic-bond
model, we expect B~ d %, that is n = 4 [9]. The rocksalt case, 7 = 3, suggests that
these materials fail to fit such a simple ionic model. The perovskite case, = 2.5, may
reflect covalent bonding or the complication of d-shell-electron cations. Centainly, this
latter complication appears in the third trend line for oxides containing only transition-
metal cations. The strong slape, n = 6, about double the perovskite and rocksalt slopes,
agrees with the fact that transition elements in a given periodic-table row show similar
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Fig. 4.1, Log=log diagram of bulk modulus versus mean atomie volume for various oxides.
Three trend lines emerpe: perovakile structure, rocksaln strecture, and compounds containing transition-metal
calions,
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Fig. 142, Same diagram as Figure 141, but for oxide supercondiciors. We see a very
timited range of V, and a fairly limited range of 8. For 17 cases, V., (mean) = 13.9 0.9 A amd
#imean) = 116 £ 19 GPa, For comparison purposes, the trend lines established in Figure 14,1 are
transferred o Figure 14.2,

Key:

L5CO = Laj g Srg 14Ty NSCOO = Nd, 12810 41 Cen 27Cu0y
WNOCO = Ny 530 Cony g2 Cuidy Y1230 = YBasCuy(y »

NCO = Nd: Culy LSCOM = Lag 5156y sCuaiy,

LOO = La.Culy TI2223% = Tz BaCaxCuy)
LBCO = Lay gsBay o Culdy BI2223 = B1:S8r:CasCunlyp
Y248 = YHa:CuyOy LECO = Lap gelCns 15 Culy

PCO = PraCuly BI22N = BlaSraCuy,

YI236.93 = YBa; CuyOy 4 TL2IMM = Tl;Boy Cudy,

LOCOM = Lay g0y 3Cua0y

atomic volumes but strongly different properties [10]. This third trend line also empha-
sizes that copper behaves as a transition element, that its 3d-electrons enter bonding,
that the usual 3d¢'%4s' electron structure is 100 naive. Thus, we would expect CuO to
lie near NiO on the third trend line, not on the rocksalt line. Thus, CuO would show
low atomic volume and high stiffness. Cu0 provides a logical transition 1o the high-T,
oxide superconductors, almost all being cuprates,

In Figure 14.2, the oxide superconductors lie rather far from the expected CuD
position. They occur at a higher volume, but a surprisingly nearly constant volume:
The mean V,, = 13.9 A" for 17 oxides. Also, among these, the bulk-modulus variation
is not so large: mean B equals 116 & 19 GPa. Thus, bulk moduli reported well outside
this range should receive skeptical scrutiny.

For the entire superconductor group, no B-T.. correlation appears; however, corre-
lations exist within subgroups: La-0, Y-0, Bi-0, T1-0. In all subgroup cases,
higher T corresponds to higher B, 1o a stiffer lattice, contrary to expectations from
BCS-McMillan theary [1, 2], where higher T, arises from lattice softening, A similar
T = #ip relationship was described previously [6, 11, 12]. Thus, in these oxide super-
conductors, within subgroups, a higher bulk modulus or Debye temperature corresponds
to a higher T.. Because the in-plane bulk modulus, reflecting CuQ; planes, is presum-
ably the same among various layered cuprates, we conclude that the out-of-plane
compressibility along the c-axis is a key propenty of these oxides, In terms of elastic
constants, this means a higher value, in orthorhombic symmetry, of the ¢-axis reciprocal
linear compressibility [13]:

ko1 = (813 + 823+ 533)! (14.3)
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Here, the §;; denote the usual Voigt elastic compliances, Very roughly, this corresponds
1o maximizing the Voigt elastic stiffness Caa. On an atomic scale, this means increasing
interatomic-bond strengths along the c-axis, perpendicular to the CuO; planes.

14.5. CONCLUSIONS

1. Perovskite oxides tend to be stiffer than rocksalt oxides.

2. In both cases, B decreases with increasing volume according to B ~ d", where
n(perovskite) = 2.35 and n{rocksalt) = 2.82.

3. The third case — transition-metal-cation oxides — shows a dramatically different
B-d behavior: n = 5.74.

4. A set of 17 oxide superconductors shows a surprisingly tight cluster on the
B-V, diagram: B varying £16%, V, varying £6%.

5. Within superconductor subgroups —La-0, Y-0, Bi-0, Tl-0—higher &
corresponds to higher T, Thus, lattice stiffening increases Te

6. We should consider further the T.—k ' relationship, where . denotes clastic
linear compressibility along the c-axis.
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