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A photoelectron emitted from a conducting solid may suffer a substantial 
energy change through ohmic losses that can drastically alter the line shape on 
the millielectron volt scale that is now observable through improved resolution. 
Almost all of this energy loss occurs after the electron leaves the solid. These 
losses are expected to be important in isotropic materials with relatively low 
conductivity, such as certain colossal magnetoresistance manganates, and in 
very electrically anisotropic materials, such as one-dimensional conductors, and 
may also affect interpretation of photoemission in superconductors with high 
transition temperatures. The electric field of the photoelectron can penetrate 
the solid, and extrinsic losses of this type can mimic pseudogap effects and 
other peculiar features of photoemission in cubic manganates, as illustrated for 

La0.67Ca0.33Mn03' 

111 the past few years, the resolution of photo- 
emission (PE) experiments has improved to the 
range of 10 me\' or less, and this has allowed 
finer details of electronic structure to be ob- 
served, including the "pseudogap": a depres- 
sion of intensity at the chemical po- 
tential y. Pseudogaps have been obsemed in a 
wide variety of materials: in quasi-one-dimen- 
sional (lD) systems, both inorganic (Ta Se,),I 
(I) and organic (TTF-TCKQ) (2); in quasi-2D 
systems such as underdoped materials with 
high superconducting transition temperatures 
(high-T, materials) (3); and, most recently, in 
3D systems-the colossal magnetoresistance 
(ChR) nmanganates (4, 5). In many cases, in- 
teresting temperature dependence~ of these 
pseudogaps have been obsewed. The origin of 
pseudogaps is among the most fundamental 
problems of present-day condensed matter 
physics. Because the most direct way to see 
them is with PE, it is well to understand this 
measurement very thoroughly. 

A somewhat disturbing aspect of the cur- 
rent situation is that although the resolution 
has greatly improved, isolated resolution-lim- 
ited peaks are not the rule in angle-resolved 
photoemission (ARPES) data that detect 
pseudogaps. There is a suggestion here that 
some extrinsic broadening mechanism is at 
work or that a large unexplained background 
is present (6). 

The conventional interpretation o_f 
ARPES data is that at a given wave vector k ,  
the- ideal intensity I(w) is proportional to 
A(k,w), the spectral function for a single 
hole. The observed intensity, at least near y, 
is broadened only bec_ause of the finite instru- 
mental resolution. A(k,w) is, in this context, 
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an "intrinsic" quantity. The outgoing electron 
either suffers a large energy loss due, for 
example: to plasmon emission or ionization, 
or suffers no loss. In the former case, the 
electron is not detected or its energy is suffi- 
ciently far from threshold that it is ignored; in 
the latter case, the electron is detected and its 
measured distribution is a faithfill reflection 
of the intrinsic distribution in the solid. 

This conventional pichlre of the photo- 
emission process is reconsidered in this re- 
port for certain important classes of materi- 
als: those that are poor conductors. The work- 
ing definition of this phrase is a dc resistivity 
p, that exceeds the Mott value of -100 mi- 
croohm. cm. I argue that electrons emitted 
from such materials are subject to losses of 
the order of a few tens of millielectron volts 
after they leave the surface. At low resolu- 
tions, these processes are usually not impor- 
tant, but for high-resolution experiments they 
cannot be ignored. 

If an electron is emitted normally at speed 
v from very near a clean surface and leaves 
the sample without undergoing significant 
energy loss, then the Fourier transform of the 
electric field inside the material is 

The surface is the x-y plane, - e is the charge 
on the electron, and E(W) is the bulk dielectric 
function. This electric field can set up cur- 
rents in the bulk. 

To arrive at this expression, certain approx; 
imations have been made. The expression for E 
does not hold when the charge is within a few 
atomic layers of the surface; to model the short- 

using the surface dielectric function would be 
required. I do not attempt this here, as o111y the 
low-kequency loss is of interest. I assume the 
nonnal skin effect; the wavevector dependence 
of E(W) has been neglected. At high kequencies 
or at vely low temperatures for clean systems, 
the anomalous skin effect should be taken into 
account. The factor 2!(1 T E) in Eq. 1 gives 
image charge and screening effects and proves 
critical. 

These formulas depend 011 the assumption 
that the material is cubic. The importa~lt spe- 
cial case of emission along the z axis of a 
tetragonal material may be treated by the same 
method: and the image charge factor becomes 
7 2.(1 + V E~~E,).  Thus the absorption is strong- 

ly enhanced in a layered conducting ~nate~ial  
where we expect 1~~~~,,1>>~,, at the relevant 
frequencies. Similar remarks apply to the or- 
thorhombic ID conductor case, but the calcu- 
lations become far more conlplicated and 110 

simple expression comparable to Eq. 1 could be 
derived. 

The currents set in motion by the field will 
produce ohmic loss. These will be represent- 
ed in the observed energy of the electron. 
Classically, the total energy loss is given by 

where C ;= 2.57 and L(w) = % o ( w ) ' / l  + 
e(w)l2. 

This classical calculation corresponds to a 
quantu~n-mechanical one. In fact, as constant 
electron velocity was assumed, it is the Born 
approximation. Because the field is appropri- 
ately screened by the dielectric function, I 
term it the screened Born approximation. 
This approximation should be valid for elec- 
trons whose energy loss is small as conlpared 
with their total energy. This ratio is or1 the 
order of 50 me\-120 el '  - 2.5 X lop3  for 
experimental parameters of interest. The rel- 
ative differential probability is obtained by 
setting 

where P(w) is the relative differential prob- 
ability of losing energy fiw. Hence 

This expression is general and is of course 
related to well-known folnlulas in electron 
energy loss spectroscopy (7). Its relevance to 
PE has been noted before (8) .  References (7) 
and (8)  are concerned with plasmon and other 
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losses in the electron-volt range. Recent work 
on processes occurring when the electron is 
still inside the material has also clarified the 
losses in this energy range ( 6 )  while high- 
lighting the lack of explanation of back- 
ground in the millielectron-volt range. 

P(w) at low frequeilcies is greater for 
systems with low conductivity. Because ~ ( w )  
- 47iia/w, we have P(w) - u/w2el2 - 1:u. 

Quailtllin mechanics requires solne prob- 
ability for foixxard scattering P,, or that the 
electroil loses zero energy. Thus, the total 
noinlalization is given by the equation 

sist of a main peak at w = E; and an asym- 
inetric tail below this, a rather conmoil ob- 
servation. For the angle-integrated quantity 

at the Mott conductivity, which is the border- 
line at which the loss effects become impor- 
tant. In good metals \+ith p, < 100 mi- 

I(w.T), we obtain a two-comnponent result 
according to Eq. 6: the actual density of states 

croohm . cm. losses become negligible and 
the obsemed spectra reflect the actual density 
of states faithfully. 

The curves demonsuate that in a system 
h7(w) and a downshifted loss cuive. Can this 
inimic a pseudogap? Let Y(o) = YYn over 
soine wide energy range (-el? below y, so 
that there is no actual pseudogap. Let the 

with a M-I transition, the obseived intensity 
will change because of extrinsic effects. In 

inodel system be a Dixde conductor general: there will be a motion of weight 
away from the Feilni energy as one approach- 
es the insulating state. If such inotion is ob- 
served in experiments, it may not have any- 
thing to do with an actual pseudogap in the 
densitv of states. 

This expression is then substituted in Eq. 6 to 
produce Fig. 1 for hvo conductivities. The pa- 

\Vhen actual spectra are considered. an- 
gle-integrated PE on the CIvIR inaterial 

rameters for the dashed cuve are p, = l:u, = 

1 10 microohn . cin and T = 4 X 10- I" s. The 
Po depends on an integration over all ener- 
gies. Because the dielectric functioil is usual- 
ly not k~lo\?n quantitatively over the entire 
range of energies, P, is difficult to evaluate. 
For the inte~pretation of data: it is best treated 
as a fit parameter. 

I 1101~ apply these ideas to angle-integrat- 
ed PE. I assume that P(w) is independent of 
enlission angle, which should be true for the 
near norinal emissions that are typical for the 
incident photon energies used in most cases. 
The observed inte~lsity I(o,T), if electrolls are 
emitted froin a material with a teinperature- 
independent density of states .\'(w), is 

I ( o , T )  = Po(T):\'(w),fiw) 

parameters for the solid cunre are: p, = l:o, = 
44.5 inilliolnn . cm and : = 10-l6 s. Both 
curves have Po = 0.01 and T = 38 K (1bT = 

3.3 me\'). a,/: is held fixed in the figure. The 
point is vely simple: In the Dmde model, a,.h 
is just ize2!ii~*, where 12 is the carrier concentra- 
tion and VI*  is the effective mass, so that all of 
the teinperature dependence in the conductivity 
occws in the relaxation time, as in a conven- 

La, &ao ,,MnO, shows a number of unusu- 
al and striking features, represented by the 
points in Fig. 2: taken from Park et ul. (4). 
The inaterial has a IVI-I transition at 260 K. In 
the metallic state at 80 K, there is a strong 
negative slope in I(w) for at least 0.6 eV 
below y. There is a sharp break in slope at y, 
presumably indicative of a nonzero density of 
states at I*. In the insulating state at 280 K. 

tional 11letal with no gap or pseudogap. The 
changes in the observed intensity arise entirely 

there appears to be no Fellni edge at all; the 
observed intensity is flat at y and weight has 

from exhinsic effects. The other paraineters are 
held fixed as well. These dc resistances are very 

moved back fi-om y. There is even upward 
curvature in the data, as opposed to the down- 

high by the standards of ordinaiy metal physics, 
but quite typical of the ChR systems at tem- 

ward curvature of the Fermi function. There 
is nothing in the usual theo~y of inetals to 

peratuses coinparable to or below the metal- 
i~lsulator (M-I) transition. 111 the highly resistive 

account for any of these observations. and 
they certainly do not agree with band calcu- + ( w  - w T w ) ( w r w  (6) 

which inust then be co~lvoluted with an in- 
stmmental resolution function. The intrinsic 
temperature dependence comes entirely from 
the Feimi fi~nctio~l,f(w), but this dependence 
is vely minor; I restrict the argument to rel- 
atively low T. 

I first consider a model systein for illusZ 
trative purposes. For einission at a g i ~ e n  1r 
(ARPES), the observed intensity should con- 

state, the fields penetrate into the inaterial and 
losses are high: whereas the loss is relatively 

lations (9). These features have been taken to 
indicate a pseudogap (10). but they can be 

low for the high-conductivity state that screens 
the field. The plots have been noilnalized i11 the 

produced by extrinsic effects. 
In Fig. 2, I plot the data points at two 

conr.entiona1 manner by setting the intensities 
equal at a binding energy where they have 
leveled out: here at -350 meV. The results 
are not very sensitive to this nuinber The 

temperatures against the theo~y (Eq. 6). It is 
necessary to take a model for the frequency- 
dependent conductivity, which is not entirely 
Dmde-like in the ma~lganates. I have adopted a 

popular inidpoint method used to detel~nille a 
pseudogap would give a value of about 50 

simplified version of the model of Ohnoto et 
al. (II),  in which there is a fiequency-indepen- 

meV. The dashed cuix e represents a system dent part a,, and a Dmde part aJw), which is 
as in Eq. 7. This introduces an additional pa- 
rameter 1. = a,, aJO), wh~ch measures the 
relative strength of the hvo components The 
a~~thors of (11) base their model on the analysis 
of their data on the optical conductivity of 
La,+,Sr.,MnO,, which is isoelectronic to the 
calcium-doped system. Some sharp structure in 
the optical data, presumably due to phonons, is 
neglected in the model. If included, it might 
account for some of the additional small struc- 
hlre observed in PE. 

The parameters for the upper curve are T 

= 5 X lo+' '  s, p, = 1:0~,(0) = 0.296 
milliohm . cm, T = 80 K: Po = 0.0025, and 
i- = 0.2. The paraineters for the lower curve 
are T = l0+" s, p, = l/u<,(O) = 1.48 
~nilliohm . cm, T = 280 K, Po = 0: and i .  = 

0.25. The curves are nonnalized to agree at a 
binding energy of 600 meV. 

Again in this case, there is no change in 

Fig. 1. Calculated photoemission spectra f rom 
an idealized solid w i th  a constant density of 
states. The curves differ only i n  the relaxation 
times: the dashed curve has T = lo+'" s, 
whereas the solid curve has T = 4 X 10+16 s. 
The emitted electrons thereby lose different 
amounts of energy on  exit ing the solid. 

Fig. 2. Calculated (lines) and observed (points) 
photoemission spectra for La ,,,, Ca ,,,, MnO,. 
Parameters of the f i t  are given In the text. The 
line shapes, which do not  resemble ordinary 
densities o f  states, are strongly affected by 
inelastic processes, which indeed dominate the 
lower curve. Points are taken f rom (4). 
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the underlying density of states and the 
change in the theoretical inteilsity is entirely 
due to extrinsic effects. 

To make a convincing case for a pseudogap 
from PE, a careful analysis of data using Eq. 6 
is required to extract a pseudogap. This sug- 
gests that meaningful investigation of electronic 
structure in poorly conducting materials re- 
quires a combination of PE with optical con- 
ductivity and electron energy loss measure- 
ments. This allows us to apply Eq. 6 and back 
out the density of states. A simple check can 
always be made. T l~e  inelastic part of the spec- 
trum is inversely proportional to the speed of 
the outgoing electron. as may be seen from Eq. 
1. Hence, to be' genuine, a pseudogap must be 
present in the observed intensity at all incoming 
photon energies. 

One may make some qualitative state- 
ments about the current situation in some of 
the more important classes of materials be- 
yond the CMR manganates. 

In good-quality high-Tc superconductors, 
the conductivity in the a-b  plane typically 
exceeds the Mott value. However: the con- 
ductivity along the c axis is often less. Thus, 
these materials form a marginal case for the 
loss mechanism described here. There are 
other vely strong indications that the pseu- 
dogap in the underdoped materials is quite 
real. ARPES itself shows that the pseudogap 
is momentum-dependent, which the loss is 
not. There is also corroboration from other 
experiments, tunneling being perhaps the 
most persuasive because it is also a direct 
measure of the DOS (12). On the other hand, 
details of line shapes may still be affected by 
extrinsic processes in high-q materials. A 
distinct sharpening of quasi-particlelike 
ueaks is often observed as the tem~erature is 
lowered and the dc conductivity increases. 
suggesting a decrease in energy loss. 

In 1D systems, conductivity in two direc- 
tions is very low. and one might expect the 
losses to be substantial. Intriguingly. it often 
appears to be the case that the gap or pseudogap 
measured in PE is greater than that given by 
other experiments. In (TaSe,),I for example, 
the PE gap at low temperatures is about 500 
meV, whereas other experiments give values 
near 250 meV (13). Another well-known ex- 
ample is TTF-TCNQ. At room temperature, dc 
transport data may be interpreted as that of a 
highly anisotropic gapless metal (14), but a 
pseudogap of 120 meV is observed in AFPES 
(2). ~ h e s e  are only hvo of numerous examples 
of this puzzling mismatch that can be cited in 
1D conductors. Such results are a strong indi- 
cation that extrinsic processes are influencing 
the 

1. 

photoelectron spectrum in these systems 
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Quantum Annealing of a 
Disordered Magnet 

Traditional simulated annealing uses thermal fluctuations for convergence in 
optimization problems. Quantum tunneling provides a different mechanism for 
moving between states, with the potential for reduced time scales. Thermal and 
quantum annealing are compared in a model disordered magnet, where the 
effects of quantum mechanics can be tuned by varying an applied magnetic 
field. The results indicate that quantum annealing hastens convergence to the 
optimum state. 

In their presentation of simulated anneal- 
ing, Kirkpatrick: Gelatt, and Vecchi (I) 
described a fundamental connection be- 
tween statistical inechanics and combinato- 
rial optimization. Complex systems subject 
to conflicting constraints, from the travel- 
ing salesman problem and circuit design on 
one hand to spin glasses and protein folding 
on the other: are difficult to solve because 
of the vast number of nearly degenerate 
solutions. The introduction of a variable 
"temperature" permits the simulation to 
naturally subdivide a problem by energy 
scale, and as the temperature approaches 
zero the system settles into a local mini- 
mum (Fig. 1) that should be comparable to 
the ground state of the system. 

If the settling is performed sufficiently 
slowly, then the minimum is guaranteed to be 
the ground state (2). However, complex sys- 
tems with many degrees of freedom may 
require impracticably long annealing sched- 
ules to achieve the true lowest energy config- 
uration. If barriers between adjacent energy 
minima are very high yet sufficiently narrow, 
it may be that quantum tunneling is a more 
effective means at energy minimization than 
pure thermal processes: with the potential to 
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hasten convergence to the ground state. 
As an example, consider the two-state 

spin system ("up" and "down") used to intro- 
duce tunneling in quantum mechanics. The 
application of a magnetic field perpendicular 
to the up-down axis induces off-diagonal 
terms in the Hamiltonian and enables tunnel- 
ing between the two measured states. The 
assembly of a macroscopic number of such 
quantum spins on a lattice represents Feyn- 
man's original concept (3) of a quantum me- 
chanical computer. Infoinlation at the inputs 
(the original spin state of the system) under- 
goes a series of quantum mechanical opera- 
tions, with the final set of ones and zeroes 
read at the outputs (the optimized, low-ener- 
gy spin state). Our experiment investigated 
a nontrivial optimization problem in statis- 
tical mechanics, namely, that of finding the 
ground state for a ferromagnet with a cer- 
tain proportion of randomly inserted anti- 
ferromagnetic bonds (which favor antipar- 
allel alignment of spins): and whether this 
problem can be solved more rapidly by 
quantum annealing than by classical ther- 
mal annealing. We started from the disor- 
dered, paramagnetic, high-temperature 
state in the dipolar-coupled Ising ferromag- 
net LiHo,.Y,_,F,, and read out the opti- .. . .. 

mized low-temperature state using conven- 
tional magnetic susceptometry. 

The Ising magnet L ~ H O ~ Y , _ ~ F ,  in a trans- 
verse magnetic field H, is the experimental 
realization of the simplest quantum spin mod- 

52, 5592 (1995).- mail: t-rosenbaurn'@uchicago.edu el The corresponding Hamiltonian (%) is 

www.sciencemag.org SCIENCE VOL 284 30 APRIL 1999 779 




