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A DEFORMATION POTENTIALS

A deformation potential (DP) is a quantity proportional to a matrix element of an operator
belonging to a crystal deformation (which may be caused by pressure, strain, or a phonon
displacement) between a final and initial electron or hole state [1]. It usually has the units of eV
or eV/A. The DP is called an intravalley DP if the wave vectors of the final and initial states are
within the same electron valley; otherwise, it is called an intervalley DP. Intravalley DPs cause
shifts, splittings, and/or intravalley scattering of carriers, whereas intervalley DPs are responsible
for the scattering of electrons to a different valley. We note that an intravalley DP can cause an
interband splitting, if several valleys (i.e., L or X) are degenerate. A DP is called an intraband DP
if the band indices of the final and initial states are the same; otherwise, it is called an interband
DP. The DP for an optical gap is the difference of the absolute DPs for the valence and
conduction band states and describes the change of the gap due to pressure, strain, or an optical
phonon. The bulk of this review deals with intraband intravalley and intervalley DPs for the
conduction band of GaAs and for the shifts and splittings of optical gaps. We also mention briefly
two-phonon DPs. The intravalley DPs for holes in the I' and L valence bands are discussed in the
following Datareview by Adachi [2].

Deformation potentials relate shifts and splittings to the elements of the 3x3 strain tensor €
defined by T/ = (1+€)T, where T/ is the strained and 7 the unstrained coordinate [3,4]. It is
convenient (but not necessary) to break up an arbitrary strain into its irreducible components,
which are (for a cubic crystal) hydrostatic pressure (with I'; symmetry), [100] strain (I";,), and
[111] strain (T';5), see [5]. An experiment, on the other hand, usually applies a stress defined by
a 3x3 stress tensor X [4,5]. The strain and stress tensors are related through the 6x6 compliance
tensor S [4], which has three independent components S,,, S;,, and S,,. Yu and Cardona [5] list
the strain tensors for [100] and [111] uniaxial stress. The important conversion factors are:

Hydrostatic pressure:

-P 0 O
X=f0 -P 0], Tre = 3¢5 = -3P(S,;, + 25,
0O 0 -P

Tensile uniaxial stress along [100]:

X 00
X=10 0 0}, Tre = 3¢, = -3P(S;, + 28,,X), €_ - €, = 3¢, = (S, - §,))X
0 00
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Tensile uniaxial stress along [111];

111

11 1§, Tre = 3€, = (S, + 285 )X, € =

X 1
X == -
3 Y6

111

Different conversion factors apply to the biaxial strain found in pseudomorphically strained layers
(e.g., AlAs on GaAs or Ge on Si): see [74]. We note that there is also a different convention,
where the strain becomes a 6-dimensional array [5]. In this case, €,=S,,X/3.

B INTRAVALLEY DEFORMATION POTENTIALS FOR ELECTRONS IN GaAs

B1 I-Point

The absolute shift of the conduction band minimum under pressure (or strain) is equal to the
absolute deformation potential a times the trace of the strain tensor €:

AE;I)=aTre €))

In principle, the same a gives the coupling of the electrons with the longitudinal acoustic phonons
[6]. However, while the coupling to acoustic phonons is uniquely defined, that to a strain is not
for a crystal extending to infinity: an absolute average potential cannot be defined nor its
derivative versus strain. In a finite crystal, such a potential can be defined, but depends on the
surface orientation (electron affinity, photothreshold) and hence cannot be used to calculate
electron-LO phonon coupling constants. Methods to calculate absolute hydrostatic DPs which
can be used to determine electron-phonon coupling constants (i.e., including screening) have been
given [7-13]. Such calculations yield very small values of a for holes at the top of the valence band
(less than 1 or 2 eV). Hence, it is a good approximation to set a for electrons equal to the DP of
the corresponding gap [14,15] which can be obtained easily by measuring luminescence,
reflectivity, or absorption under pressure [16-20] (or in pseudomorphically strained quantum wells
[21]) or from band structure calculations of solids under pressure [20,22-25]. We therefore list
in TABLE 1 both the deformation potentials for the gap and the absolute deformation potentials
for the conduction band at I', which should be used in the calculation of electron-LA phonon
interactions. Some methods, e.g., transport measurements, can only determine the magnitude of
the DP, but not its sign.

The absolute deformation potentials have been calculated using (now obsolete) empirical
pseudopotentials [26] (EPM), ab initio pseudopotentials (PSP) based on the local density-
functional theory (LDA) [8-10,13] and with the fully relativistic linear-muffin-tin orbitals (LMTO)
method [7,27] within the atomic sphere approximation (ASA). The most probable value lies
between 7 and 9 eV (see TABLE 1). The experimental values were determined from transport
measurements [28-38] on high-mobility bulk GaAs samples and 2D-GaAs/AlGaAs
heterostructures, free-electron absorption [39,40], deep-level transient spectroscopy (DLTS),
luminescence of transition metal impurities in GaAs and doping of GaAs with Te [43] or Si [44].
They fall into two groups around 7-9 eV and 13-14 eV, but the values depend somewhat on the
model used for fitting the data [45-48], for example on the type of wave functions, the screening
mechanism, the phonon modes in the AlGaAs barrier [37], or the value of the piezo-electric
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constant used in the simulation. Since the DP for deep levels may differ from that of the band, it
may be difficult to derive absolute DPs from the studies of d-impurities [49]. Not all available
experimental data for a are given in TABLE 1.

The coupling of electrons of I, symmetry to optical phonons is forbidden by group theory, at least
at or close to I". This is also true for their coupling to a shear, i.e., to transverse acoustic phonons
or to [111] or [100] strain. Therefore, the optical and transverse acoustic deformation potential

constants are zero.

Interband deformation potentials for [111]-strain with I';; symmetry connect the lowest
conduction band at T, i.e., I',, with the p-bonding valence band and the p-antibonding conduction
band at I" with I';; symmetry [50]. These have been calculated with the EPM and tight binding
(LCAO) methods [26] and are important for spin-relaxation phenomena [51] and the recently
observed piezooptical activity of GaAs [52].

TABLE 1. Deformation potentials for electrons in GaAs at ', ineV.

a l Method ] Reference
Deformation potential for the band gap
-7.0 absorption [14,15]
-7.99 photoluminescence [21]
-8.4+0.9 piezo-electroreflectance [16]
-8.7+0.3 absorption [17]
-8.4+0.2 reflectivity [20]
-9.8 absorption [19]
-9.9 empirical pseudopotential method (EPM) [22]
-8.1 ab initio pseudopotentials [23]
-8.3+1 ab initio pseudopotentials {8,9]
-9.0+1 linear-muffin-tin orbitals method (LMTO) [24]
-8.34 tight binding [25]
Absolute deformation potential for the conduction band
-7.3 ab initio pseudopotentials 18,9]
-8.8 LMTO (screened) (71
-8.47 ab initio pseudopotentials [13]
+7 transport [15,28,33]
+12 transport [46]
+(13.5£0.5) transport {45]
+(9.5+0.5) transport [31]
+8.5 transport [47]
+8 transport [48]
+17.5 transport {32]
£(11=x1) transport (2D) {30]
+13.5 transport (2D) [29]
-9.3 d impurity levels [41]
-7.7 d impurity levels [42]
+15.7 infrared absorption [40]
+(12+1) transport (2D) [34]
-8.5 doping with Si [44]
+7 transport (2D) [35]
+(11.520.5) transport (2D) [36]
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B2 L-Point o

The four degenerate conduction band states at L split under [111] (but not [100]) uniaxial strain
into a triplet and a singlet. The interband splittings, determined by the shear deformation potentials
¥, and ¥, in the Herring-Vogt notation [53], have a 3:-1 ratio. &, is also denoted by E, [54]. An
overview of the different notations has been given by Kane [55]. The associated interband shift
for valley fi for an arbitrary strain (relative to the unstrained energy level) is given by [9,54]

AE. = E ﬁ(e——Tre)ﬁ )

where € is the strain tensor and the unit vector A is the direction of the valley. The hydrostatic
deformation potential a for L-electrons, see EQN (1), is also denoted by E, and given by

IH ~
a:Elzg‘“:'u*&d (3)

It is derived from the average shift of all four states [53]. As in the case of the conduction band
at I, it is a reasonable approximation to set a equal to the deformation potential for the indirect
gap. Then, a can be obtained from band structure calculations under hydrostatic pressure
[23,24,56]. An experimental value of a = 3 eV was derived from photoreflectance studies of
GaAs/AlGa, . As quantum wells under high pressure [57]. ¥, has been calculated using ab initio
pseudopotentials [9], LMTO [24], and EPM [58]. Calculations of X, and X, turn out to be
sensitive to the internal displacement parameter ¢, which describes the change of the basis vectors
with strain [9]. Therefore, the accuracy of the atomic sphere-approximation (ASA) is limited for
this case. Experimental data for &, are available from piezoresistance [59] and hot-electron
photoluminescence measurements [60], see TABLE 2. '

TABLE 2. Deformation potentials for electrons at the L-point in GaAs, in units of eV.

E,=E, a=E, dl5o Method Reference
14.26 ab initio pseudopotentials [9]
19.6+3 piezoresistance [59]
14.5+1.5 hot-electron photoluminescence [60]

+9.2 +17 transport [64]

-3 photoreflectance [57]

-2.1 dielectric theory [56]

18.5 -3.3 linear-muffin-tin orbitals method (LMTO-ASA) [24]
-3.3 ab initio pseudopotentials [23]

-20 empirical pseudopotentials (EPM) [58]

-32 empirical pseudopotentials (EPM) [63]

-21.9 empirical pseudopotentials (EPM) [61]

The interaction between the electrons at L and optical phonons at I' is given by the optical

5

deformation potential d;), which is often written as
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D =DK = -=© “)

where a, is the lattice constant [61,62]. dks, has been calculated using the EPM [58,61,63] and has
also been determined from transport measurements [64], see TABLE 2.

B3 X-Point

The deformation potentials &, and &, (or a, E,, and E,) for the three X-valleys are defined just
as in the case of the L-valleys, see EQNS (1) to (3). However, for the X-point, the interband shifts
are nonzero for [100] strain and vanish for [111] strain. Experimental values for E, have been
obtained using hot-electron photoluminescence [60] and 2D-transport under uniaxial stress [65],
for a with absorption measurements of the indirect gap at X [17]. AlAs can be studied using time-
resolved photoluminescence, since it is indirect [66,67]. The splitting of the X-valleys in GaAs
under [100] strain, i.e., E,, has been calculated with pseudopotentials [9]; the shifts of the indirect
gap at X under hydrostatic pressure relative to the valence band top, a, with dielectric theory [56];
pseudopotentials [9,23,59]; and LMTO [24]. See TABLE 3.

TABLE 3. Deformation potentials for electrons at the X-point in GaAs, in units of eV.

==K, a=E Method Reference
8.61 ab initio pseudopotentials [9]
6.5+1 hot-electron photoluminescence [60]
5.8+0.1 time-resolved photoluminescence (AlAs) [66]
+9.3 transport [64]
6.3 empirical pseudopotentials (EPM) [59]
9.6+1.8 transport (2D, IV-characteristics) [65]
+1.7 absorption [17]
+0.6 dielectric theory [56]
+1.6 linear-muffin-tin orbitals method (LMTO-ASA) [24]
+1.7 ab initio pseudopotentials [23] -
-0.09 ab initio pseudopotentials [13]

B4 Lines of High Symmetry

Deformation potentials can be defined at any point in the Brillouin zone, not just at points of high
symmetry. The corresponding shifts can be measured, for example, using angle-resolved
photoemission [68]. The dispersion of DPs in the conduction and valence bands of GaAs,

calculated using empirical pseudopotentials, is shown in [58,63,71]. EPM results compare
favourably with LMTO results; see [69].

C DEFORMATION POTENTIALS FOR INTERBAND TRANSITIONS IN GaAs
C1 I'-Point (E, Transition) and Indirect Transitions

The deformation potentials for the E, gap are similar to the absolute deformation potentials for
I' electrons. Therefore, they have been discussed in Section B1. Also, the DPs for indirect
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transitions between I" and X or L are about the same as the absolute DPs for the electrons at X
and L listed in the previous section.

C2  L-Point (E, and E,+A, Transitions)

Since optical interband transitions near L and along most of the A direction produce strong peaks
in the dielectric function (the so-called E, and E,+A, transitions), it is also of interest to know the
effect of hydrostatic pressure, uniaxial strain (acoustic phonons), and of optical phonons at I" on
these transitions. The shifts of E, and E,+A, due to hydrostatic pressure are described by the
hydrostatic deformation potential (a) = D;' / {3; see TABLE 4.

TABLE 4. Hydrostatic deformation potentials for E, and E,+A, transitions in GaAs, in eV.

a=D ‘1 /ﬁ Method Reference
-4.3+0.4 piezo-reflectance [16]
-6.9+0.2 reflectivity [20]
-8.3 empirical pseudopotential method (EPM) [16]
-5.5 empirical pseudopotential method (EPM) [22]
-5.82 linear-muffin-tin orbitals method LMTO-ASA) [20]
-4.8+0.5 ellipsometry under uniaxial stress [72]

We note that there are three contributions to the splittings of the E, and E,+A, doublet due to
uniaxial strain [71]:

1. The four degenerate <111> directions split under [111] (but not [100]) strain (interband
splitting).
2. The doubly degenerate valence band at L (neglecting spin orbit splittings) splits under

[111] and [100] strain (intraband splitting). If spin-orbit splittings are included, the
(apparent) value of A, will change.

3. Also, there are spin-exchange terms, which we neglect here, since they are small.

Diagrams showing the shifts and splittings of the different bands are given in [72,73]. In the
previous (2nd) edition of this book, we discussed interband and intraband splittings in our
Datareview. In this edition, the intraband splittings are discussed in the Datareview by Adachi [2],
since they are related to the hole deformation potentials D;and D,'. The optical deformation
potentials d’and d.. are also given by Adachi [2].

A [111] strain shifts the [111] -direction from the three (1 11)-directions in a manner similar to
that in EQN (2), with the energy shifts in a 3:-1 ratio. The corresponding deformation potentials
are usually given in Kane’s notation [55] as, D; whereby D, must be plugged into EQN (2)
through the substitution [55]

E, = _\/25 D] (5)
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to find the strain splittings of the E, interband transitions. D, has been determined experimentally
using electroreflectance [16,73] and ellipsometry [71] under uniaxial stress and calculated using
the EPM [16,22,58]; see TABLE 5.

The doubly-degenerate valence bands at L (or along A) are split by the [111] strain. A [100] strain
does not remove the degeneracy of the four L-points, but it splits the doubly-degenerate valence
band maximum at L. These intraband splittings are described by the deformation potentials D,
and D;, see [2]. The resulting eigenvalues of the effective strain Hamiltonian (i.e., the energies
of the E, and E,+A, transitions under strain) are given in [71,72,74]. They are presumed to be
correct in this work as well as in [72-74], but there are misprints in [16,71].

For [100] stress, these eigenvalues are [16,73,74]

0 Al Al ’ intra
E, E+A =E; + > + AE, + > + (AES ,

where AE, = /3D,e,, AE{™ = /6D,

In the large-shear approximation, the intraband shear splittings are much larger than the spin-orbit
splitting (AE{™ >> A)). This approximation is appropriate for Si [72]. For GaAs, it is usually
feasible to use the small-shear approximation (AE™® << A)), see [16,71], instead of the accurate
expression above. :

For [111] stress, the E, and E+A, transitions split into a singlet and a triplet. The energies of the
singlet are [16,72,73]

ES=E\+AE,+ AEM,  (E, +A)°=E°+A, +AE, + AE™,

where the hydrostatic shift AEy is defined just like for [100] stress and the interband shift of the
singlet is AEg"™ = J/3D; €,y The triplet energies in the small-shear approximation are [16,71]

' AEimer
ES = EY + AE, - ~ AE™ - ____——( > )2
3 A,
(AEsintra

(B, + A)® = E + A, + AE, - —;— AES™ + i

1

where the intraband shear splitting is AEsi‘“":r = ﬁDfe - The analogous results for the large-shear
case are [71]:

E’ = E_ + AE, - % AEM™ + AES™
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TABLE 5. Acoustic deformation potentials D15 describing the interband splittings of the E, and E,+A, transitions due
to a [111] shear; see EQN (5).

D15 Method Reference

9.2+1.0 piezo-electroreflectance (77 K) ) [16]

8.5+0.8 piezo-electroreflectance (300 K) [73]

12.0+£0.7 ellipsometry under uniaxial stress (300 K) [71]

7.94+0.5 EPM (L) : [16]

8.3 EPM (L) [22]

5.5 EPM (A) [22]

12.4 EPM (L) [58,71]

9 EPM (A) [58]

C3 X-Point

The X, - X, gap at the X-point is also split by a [100] strain (but not by a [111] strain) in a
manner somewhat similar to the splitting of the E,-gap by [111] strain. The interband splitting of
the [100] valley from [010] and [001] is given by EQN (2), where E, in Kane’s notation [55] is
replaced by

3.3 (6)

Values of D,> = -10.4 eV have been obtained with the EPM method [58]. The intraband splittings
in the valence band at X are discussed in [2].

D INTERVALLEY DEFORMATION POTENTIALS FOR ELECTRONS IN GaAs
D1 Introduction and Notation

A scattering process of an electron by a phonon is called an intervalley scattering (IVS) process,
when it connects two different minima in the conduction band or maxima in the valence band
(eg, I'-L, I'-X L-X X-X',L-L' etc) In GaAs, the wavelength of the scattered
phonon is of the order of the lattice constant, i.e., the crystal momentum transfer Q is larger than
about one sixth of a reciprocal lattice vector. According to Eqn (3.6.7) of Conwell’s book [62],
the matrix element for this process is proportional to the intervalley deformation potential D (IDP,
in units of eV/A). The expression also contains the intervalley phonon energy Q and the mass
M=Vp of the primitive cell (i.e., the mass of one Ga plus one As atom) [75].

The selection rules for IVS processes have been given by Birman, Lax, and Loudon [76]. They
are discussed in [77] in the light of new arguments about the symmetries of electrons and phonons
at the X- and L-points. Selection rules along lines of high symmetry are given in [75]. The
conditions for these selection rules to be valid are usually not fulfilled, since energy conservation
rules out scattering processes between electrons exactly at high-symmetry points. Nevertheless,
it is generally assumed that the matrix elements for intervalley transitions are nearly independent
of the phonon wave vector Q. Therefore, the matrix elements can be integrated over all possible
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final states in a spherical energy band resulting in Conwell’s expression for the IVS time t:

1 ND2m3/2
1.3 [w+1)E-AE-Q + NJE - AE + Q) 7
T

V2mh2pQ

where Ny, is the number of (final) valleys, m,, the effective mass of the final valley, p the density
of the crystal, N the occupation number of the intervalley phonon, E the energy of the electron
in the initial valley, and AE the energy separation between the two valleys. See eqn (3.6.14) in
[62] and also [77,78].

D2 Theoretical Results

At least five independent calculations of intervalley deformation potentials for GaAs using
empirical band structure methods have appeared in the literature [75,77,79-83]. They are based
on parameterized lattice dynamical models for the phonon eigenvectors (note that for the LO and
LA phonons at X the eigenvectors are fixed by symmetry) and empirical pseudopotential or tight-
binding electron wave functions. More recently, two ab initio calculations have been performed
[84-87]. Their results are given in TABLE 6. The agreement between the different methods is
rather good. The IDPs given here are for the screened case [79,80]. Values calculated from the
EPM using local and nonlocal pseudopotentials are in good agreement [82,83]. There is, however,
some disagreement on how the form factors should be extrapolated to q = 0 [75,83,88]. IDPs for
hole-phonon scattering have also been reported [84-86].

TABLE 6. Calculated intervalley deformation potentials for GaAs in units of eV/ A.

T-L '-X |L-L X-X L-X Ref.
LA+LO 10O LA+LO LO TA TA | LAHO | TO

26+03 | 28+01 | 1.2 49 0.8 0.8 18 18 | [77)
3.4 5.040.5 [80]

3.2 [81]
3.7 40 10 63 00 3.7 22 | [82]
3.4 3.4 3.8 2.9 28 [83]
3.86 497 0.36 232 [84]
4.134 [85]

Herbert [79] has found that the IDP depends on the phonon wave vector Q. Detailed plots of the
dispersion of the IDPs are given in [75,89]. There it has been shown that the transverse acoustic
phonon needs to be included for I' - X scattering, whereas the assumption of k-independent
matrix elements gives smaller (but still significant) errors for I' - L scattering. Because of this Q-
dependence, IDPs extracted from experiments are effective values depending on the experimental
conditions, like the bath temperature [90], the direction of the electric field, or the incident laser
energy [78,91,92].

D3  Experimental Results
Estimates of IDPs have been obtained from a number of different optical and electrical

measurements. The evaluation of the data is usually difficult, as several different scattering
mechanisms (carrier-carrier, intervalley, intravalley, impurity, and possibly alloy scattering [93])
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are possible and compete with each other. Usually, a numerical model based on rate equations or
Monte-Carlo simulations is fitted to the data. There are almost as many sets of IDPs as there are
experiments, disagreeing with each other by more than one order of magnitude. We have
therefore selected only a few papers which we believe to give the most reliable results.

The IDP for I' -+ L scattering has been determined by various recent optical experiments; see
TABLE 7. These include subpicosecond luminescence spectroscopy [94,95], hot-electron
photoluminescence [96-106], time-resolved Raman spectroscopy [107], broadening of the direct
exciton under hydrostatic pressure [108,109], and infrared four-wave mixing [110]. Mirlin and
coworkers [60] have used the method of hot-electron luminescence under uniaxial stress to
determine the L - L’ IDP relative to the I' = L. A better picture of intervalley scattering has
evolved recently, since Monte Carlo simulations [111-119] are better able to keep track of the
many particles generated in femtosecond laser pump and probe and four-wave mixing experiments
[90,95,120-125]. An important issue is also the inclusion of the full band structure for electrons
and phonons [126] and the Q-dependence of the electron-phonon matrix elements [78,83]. The
values-obtained by Collins and Yu [127] for the I" » L process using non-equilibrium phonon
spectroscopy have been criticized in [128].

I' - L IDPs obtained from Monte-Carlo [33,81,129-133] and Green’s function [134,135]
simulations of electrical measurements [136-138] are in the same range of values, but the velocity-
field curves are not very sensitive to this parameter [117]. Similar values are listed in [139] from
an analysis of impact ionization coefficients. Combined optical and electrical methods (transient
grating and noise experiments) have been used in [140], resulting in a lower I' -~ L IDP. The IDP
for I' - X scattering is generally assumed to be larger than the I' -~ L IDP. Little experimental
evidence exists about IDPs for scattering between other valleys, see TABLE 7.

TABLE 7. Experimentally determined absolute values of IDPs in GaAs, in units of eV/ A.

'-L I'-X L-L' X-L X-X Reference

6.5£1.5 [94]

35 {100]

7£2 [107]

8+1 1543 5+1 [60,96,97]

942 [106]

>5 [116]

9 [117]

7+1 [110]

<1.5 11+1 2.75+£0.2 [127]

3.25 [81]

10 10 10 5 7 {33,131,135]

10 10 10 9 9 [129,130]

2.85 10 5 3.16 10 [134]

1.8 10 5 1 10 [132]

5 8 1.8..10 10 [139]

3 [140]
101 [108]
4.8+0.3 [109]

5+0.5 [118]
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When experimental IDPs are given in the literature, it is generally assumed that the band structure
of a valley can be described in an effective mass approximation. This is certainly not the case for
the X-valley with its camelback structure [141,142], where f and g processes (as in silicon) are
possible. Also, because of the camelback structure it is not clear if there are 3 or 6 X-valleys.

E ELECTRON-TWO PHONON INTERACTIONS

Processes in which an electron scatters through creation or annihilation of two phonons in a single
(renormalized) vertex can be important in transport phenomena [143,144] and in second-order
Raman scattering (i.e., by two phonons). The interaction constant is usually represented by a
deformation potential D,, which describes the second derivative of the interaction energy with
respect to the phonon displacement, and multiplied by the square of the lattice constant in order
to obtain the dimensions of energy (V). From resonant Raman scattering deformation potentials
corresponding to the E, and E, gaps have been obtained for GaAs, (see [70] Table 2.11). They
represent the effect of combinations of two phonons of I'; symmetry for the DP D, (for the E, and
E, gaps), or of I';; symmetry for D 5 (E, gap) or for D°,, (E, gap).

F CONCLUSIONS

An empirical rule due to W. Paul [145] states that DPs for the same type of process are similar
for most semiconductors. Therefore, the DPs listed in this Datareview can be used (with
reasonable accuracy) for materials similar to GaAs, such as Ge, InP, AlAs, and, possibly, even Si.
By the same token, if we do not list a particular DP for GaAs, values for similar semiconductor
materials can be used.

A few DPs, such as those describing the shifts of the direct gap with hydrostatic pressure, are
known fairly accurately. Most DPs, however, particularly absolute DPs and intervalley DPs, are
difficult to calculate or measure. Therefore, there is considerable scatter in the literature.
Uncertainties of 50% or more are common.
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