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DETERMINING THE FERMI SURFACE
FROM ARPES INTEGRALS
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ARPES integrals are related to the momentum distribution nx. In case
of a metal, points kr on the Fermi surface were identified by: (i) a change of
sign in the temperature variation of the ARPES integrals or (ii) maximum
slope in its angular variation. These criteria are based on the assumption of
particle-hole symmetry in the vicinity of the Fermi edge. Here, we check (i)
and (ii) on the level of the momentum distribution, for an electronic structure
with most of its incoherent weight below the Fermi edge. Evaluating nx(T)
up to T' = A*, a Fermi liquid coherence energy, we find: criterion (i) remains
stable, while (ii) deviates from kr & m*T/kr. Published data on the hole
doped t—J model are examined in this light.

PACS numbers: 71.10.Ay, 71.18.4y, 79.60.—1

1. Introduction

The energy profiles of angle resolved photoemission spectroscopy (ARPES)
near the Fermi edge are modeled with the spectrum f(w/T)A(k,w) of the hole
correlation function in the initial state. An ARPES integral (AI) is the area un-
der a profile at fixed emission angles. The relation to the many-body sum rule
nx(T) = [ f(w/T)A(k,w)dw is then evident [1]. With this interpretation, ARPES
has become a major source of information on correlated holes in low-dimensional
(D) conductors [2]. A high resolution AI was first studied on TiTe; [2] and on
high-T,. cuprates [3]. Criterion (i) was established in [3], assuming particle-hole .
symmetry (PHS). The method of extracting many-body parameters from the pro-
files [2] can be refined by using the AI as a check on the position of kg [4-6].

In order to improve our understanding of the AlI, we investigate loci k(i) or
k(ii) (see the above criteria) on ny(T'), for a highly asymmetric electronic structure.
We have in mind a hole doped, large U Hubbard or {—J model, with its chemical
potential just below a correlation gap [7, 8]. Available data on the 2D t—J model,
obtained by a 1/T expansion [9], show strongly diverging lines k(i) and k(ii) in
the Brillouin zone. For a more quantitative understanding of this phenomenon,
we start from 7' = 0 and proceed with a model independent Fermi liquid (FL)
analysis.
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2. Algebraic Fermi liquid scenario

The excitation spectrum A(k,w) = 77 1SG(k,w — i04) is described by a
complex self-energy, Y(k,w) = w — G~1(k,w). The generic FL has the “Luttinger
property” [10, 11]: the many-body eigenvalue Z'(k,0) and the first energy derivative
X'(k,0) = 1 —1/Z; < 0 are real quantities, defined for any k. A point “on the
Fermi surface” (FS) satisfies Z(kr,0) = 0. The sign of Z'(k,0) partitions k-space
into the “occupied” () and “inoccupied” (+) volume. The discontinuity in nj has
the amplitude Z, the quasiparticle energy is € = ZX(k,0). In the following, we
assume k to be on a short, linear path in a 2D Brillouin zone with just one FS
crossing. The initial distance from the FS is (k—kr) = (m* /kr)Z X(k,0), in terms
of an effective mass. To model the FS crossing, only this critical k-dependence is
important. An omitted k-label implies ¥ = kr. An ansatz, incorporating the two
leading terms, is [8, 12]

Z(k,w) = Z(k,0) +w — [Zx/w + Ginc(k,w)] ™" (1)

The non-additive, Fano-like combination of coherent and incoherent weights [8]
causes the typical “Breit-Wigner line shape” [1]. Within the algebraic approx-
imation scheme [12, 13], the metallic self-energy (advanced or retarded) has n
poles (n > 0) at positions w # 0. Briefly, Ginc(k,w) = Pr-1(w)/Pn(w) is a
polynomial with complex coefficients, obeying a causality condition in the open
plane: sgn(Sw)sgn[SGinc(k,w)] = —1 (the Herglotz condition). The norm @y =
J A(k,w)dw can be in the range 1 > Q > Zx. The function Gy is constructed,
using the properties of the continued fraction expansion [12]. Spectra for the doped
Hubbard model, obtained with n = 2, illustrate the efficiency of the method [13].
Quasiparticle damping depends on 2" (k,—i04) or, equivalently [8],

Ginc(k, —104) = Zi [i — tan(vy)] /Af (—7/2 < ¢ < 7w/2). (2)
The pole trajectory wyo = € +i(e} )2/ A* defines the quadratic damping rate, scaled

by the coherence energy. At least one self-energy pole approaches to distance of
order A* from the origin. A real part in Eq. (2) is the first term without PHS.

3. Momentum distribution ny(7T)

For a G(k,w) with n + 1 simple poles wg and residues Ry, ng(T) can be
evaluated by means of the digamma function ¥(z) = d/dz1InI'(2),

1 wra+id

n/Qr = 5+ S‘ZRMW < ;'\;;1 ) 3)
The effect of a finite mean free path, shifting all pole trajectories by 8, will be
discussed elsewhere. The ratio n;/Qy depends on Q* = Z;/Qy. The “vicinity” of
the FS is expressed by small z = ZX(k,0)/ A} o k —kF, low temperature by small
t = T/Aj. In this limit (Fig. 1), ng/Qy is a universal function of z, £, Q*, ¢,
and &, independent of the approximation-level n. To study the low 7' effect due
to f(w/T) we use n = 1 and the T' = § = 0 trajectories. The incoherent part is
Git(k,w) = Gi(k,0) + w/(Qr — Zi) [2), an angle ¥ < O shifts the center of

gravity below the Fermi edge. .



Determining the Fermi Surface . .. 203

-1 [} A 2 3 4 ~ 5
T——" [l PR PR | 2 d A

n/ q

ZE(KO)IB

Fig. 1. Scaling plot of the momentum distribution.
4. Discussion

We discuss a scaling plot of n;/Qy for @* = 2/9, ¢/ = —0.3 and reduced
temperatures ¢ = 0 and t = 10"/3; —7 < v < +7, as function of z. Curves
t = 0.01 and ¢ = 0.1 have slightly bolder lines. In spite of the overall asymmetry,
there remains a perfect correlation between the sign of the many-body eigenvalue
X(k,0) and the sign of the low ¢ variations at constant k. The low ¢ “fixed point”
is nk(0)/Q = 3 — £(1 — @*) [183]. This demonstrates stability of criterion (i).

The vertical arrow on the curve ¢t = 0.1 indicates the inflexion point, shifting
into the unoccupied volume, z; « ¢, or (k(il) — kr) x m*T/kr. The numerical
factor increases or decreases with 1 and 1 — @*. This shows the instability of (ii).

Further, the scaling plot also reveals non-monotonic T-dependence, just out-
side the FS. The criterion dny/dT = 0 defines a point k(iii), closer to kr than k(ii).
These conclusions remain unaffected by weak diffusion, § <« A*. The self-consistent’
high-T" limit, ny = m, required for one-band lattice models with filling factor m,
is not generally obtained with the low-T" spectrum.

The spectral norm of hole doped ¢—J models, m < 1/2, obeys a Hubbard
sum rule: @ = 1 —m. The resulting asymmetric distribution of spectral weight can
still be compatible with Luttinger’s theorem [7]. The parameters in the scaling plot
represent a possible solution at m = 1/3. At this filling, the high-T" limit happens
to be also correct.

Recent results on ng(T) at m = 0.4 [9] confirm the tendency of k(ii) to
shift into the unoccupied volume. The behavior of the line k(ii) in the Brillouin
zone encapsules information on the strong 2D anisotropy of the FL parameters
along the FS. A second characteristic line [9] deviates only slightly from a possible
Luttinger FS. The authors claim that this line corresponds to criterion (i) [3]. To
judge from the scaling plot, it is more likely that they have encountered k(iii). The
idea that k(ii) represents the “least biased” criterion for kr has to be abandoned.
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Then, the 1/T-expansion method comes surprisingly close to proving Luttinger’s
theorem for the t—J model, an objective well worth persuing.

5. Conclusion

The applicability of criterion (i) has been extended to arbitrary FL scenarios
with quadratic damping, as long as T' €« A*. As a consequence, its observation on
the AI should not be interpreted as a proof of far reaching PHS, since it is compait-
ible with quite asymmetric electronic structure in the vicinity of the Fermi edge.
Only the coherent part, of relative weight @*, i.e. the Landau quasiparticle, has
the intrinsic PHS. For models with short-ranged interactions, the 2D non-analytic
term w?In(w) is claimed to have negligible influence near the FL fixed point [11].
The present analysis then has a wide range of validity for D > 2. In particular, it
suggests that the normal phase of the 2D ¢—J model is a FL. The cuprates have
32"(k,0) # 0, violating a generic FL property [12, 14]. On a qualitative level, our
conclusions also apply to them.
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