
This is a n  Op e n  Acces s  doc u m e n t  dow nloa d e d  fro m  ORCA, Ca r diff U nive r si ty 's

ins ti t u tion al r e posi to ry: h t t p s://o rc a .c a r diff.ac.uk/id/e p rin t/12 9 2 2 3/

This  is t h e  a u t ho r’s ve r sion  of a  wo rk  t h a t  w as  s u b mi t t e d  to  / a c c e p t e d  for

p u blica tion.

Cit a tion  for  final p u blish e d  ve r sion:

Rob a r t s ,  H a n n a h  C., Millich a m p,  Tho m a s  E., Lagos,  Da niel A., Lave rock, Jud e,

Billing ton,  David,  Duffy, Jona t h a n  A., O'N eill, Da niel, Giblin, S e a n  R. ORCID:

h t t p s://o rcid.o rg/00 0 0-0 0 0 3-1 8 7 6-8 6 1 9,  Taylor, Jona t h a n  W., Kont ry m-Szn ajd,

Gr azyn a,  S a m s el-Czek ala,  M algo rz a t a ,  Bei, Ho n g bin,  M u,  S ai, S tocks,  G.

M alcolm, S a m olyuk, Ge r m a n  D. a n d  Dug d ale,  S t e p h e n  B. 2 0 2 0.  Ext r e m e  fe r mi

s u rf ac e  s m e a ring  in a  m axi m ally di so r d e r e d  conc e n t r a t e d  solid  solu ti. P hysic al

Review  Let t e r s  1 2 4  (4) , 0 4 6 4 0 2.  1 0.11 0 3/PhysRevLet t .12 4.04 6 4 0 2  file  

P u blish e r s  p a g e:  h t t p://dx.doi.o rg/10.11 0 3/P hysRevLe t t .12 4.04 6 4 0 2

< h t t p://dx.doi.o rg/10.11 0 3/P hysRevLet t .12 4.04 6 4 0 2 >

Ple a s e  no t e:  

Ch a n g e s  m a d e  a s  a  r e s ul t  of p u blishing  p roc e s s e s  s uc h  a s  copy-e di ting,

for m a t ting  a n d  p a g e  n u m b e r s  m ay no t  b e  r eflec t e d  in t his  ve r sion.  For  t h e

d efini tive  ve r sion  of t his  p u blica tion,  ple a s e  r ef e r  to  t h e  p u blish e d  sou rc e.  You

a r e  a dvise d  to  cons ul t  t h e  p u blish e r’s ve r sion  if you  wish  to  ci t e  t his  p a p er.

This ve r sion  is b ein g  m a d e  av ailable  in  a cco r d a n c e  wit h  p u blish e r  policie s.

S e e  

h t t p://o rc a .cf.ac.uk/policies.h t ml for  u s a g e  policies.  Copyrigh t  a n d  m o r al  r i gh t s

for  p u blica tions  m a d e  available  in ORCA a r e  r e t ain e d  by t h e  copyrig h t

hold e r s .



 

Extreme Fermi Surface Smearing in a Maximally Disordered Concentrated Solid Solution
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We show that the Fermi surface can survive the presence of extreme compositional disorder in the
equiatomic alloy Ni0.25Fe0.25Co0.25Cr0.25. Our high-resolution Compton scattering experiments reveal a
Fermi surface which is smeared across a significant fraction of the Brillouin zone (up to 40% of 2π=a). The
extent of this smearing and its variation on and between different sheets of the Fermi surface have been
determined, and estimates of the electron mean free path and residual resistivity have been made by
connecting this smearing with the coherence length of the quasiparticle states.
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The emergence of the Fermi surface (FS) from the theory
of the electronic structure of metals, together with the
pioneering experimental determinations of its shape, stand
proudly among the greatest achievements of twentieth
century physics [1]. The FS, defined by the discontinuity
in the momentum distribution, exists even for interacting
electrons [2,3], and here we demonstrate its remarkable
ability to survive maximal compositional disorder in which
the electron mean free path (which we can also extract from
our measurements) is comparable to the lattice spacing. In
disordered systems, the Mott-Ioffe-Regel (MIR) limit
describes the semiclassical upper bound for coherent
transport in a metal, occurring when the electron mean
free path becomes comparable with the interatomic spacing
[4]. The modern description of the electronic structure of
crystalline solids—the band theory of electrons—depends
on the notion of perfect crystals exhibiting long-range
order. The Bloch wave functions which emerge are a direct
consequence of the discrete translational invariance of the
potential experienced by the electrons traveling through the
ionic lattice. This premise is strongly challenged in sub-
stitutionally disordered random alloys (concentrated solid
solutions) where there is no such periodicity. Abandoning
the familiar concepts associated with a well-defined recip-
rocal lattice, such as the Brillouin zone (BZ) and indeed the
FS, seems inevitable. However, there is considerable
theoretical and experimental evidence (e.g., Refs. [5,6])
that by considering an ordered system comprising suitably
chosen effective scatterers to restore periodicity, the BZ
and FS can be resurrected. The resulting electron states,

however, have finite lifetimes due to the presence of
disorder, and the “bands” are smeared in both energy, E
(resulting in a finite electron lifetime) and crystal momen-
tum, k (finite mean free path). This also means that the
discontinuity in the momentum distribution associated
with the FS is also smeared out in both E and k, with
correspondingly reduced Fermi energy electron lifetimes
and short mean free paths. A sharp FS in an ultrapure metal
at cryogenic temperatures is associated with electron mean
free paths of more than a centimeter [7]. While bulk
resistivities of metals are rather well known, comparatively
little direct information exists about electron mean free
paths [8].
A new class of metallic alloys, referred to as “high

entropy alloys” (with the terms “multiprincipal element
alloys” and “complex concentrated alloys” being used in a
broader sense [9]), has recently been introduced. These
alloys consist of approximately equiatomic concentrations
of multiple metallic elements and are thus fundamentally
different from traditional alloys which have one principal
component. The Cantor-Wu alloys are particularly inter-
esting examples [10,11]. While these alloys form on a face-
centered-cubic lattice and the atoms have relatively small
deviations from their ideal lattice positions (small displace-
ment fluctuations [12]), the chemical (compositional)
disorder is considerable leading to a smeared electronic
structure [13,14]. The lattice vibrations are also expected to
be scattered by the disorder, leading to broadening of the
phonon linewidths due to a shortened lifetime [15]. In spite
of such disorder, superconductivity was recently observed
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in a refractory (bcc) high entropy alloy [16], implying the
existence of a FS.
In this Letter we present an experimental measure-

ment of the FS of a maximally disordered (in the sense
that the ideal entropy of mixing is maximal at equia-
tomic composition) medium entropy alloy, equiatomic
Ni0.25Fe0.25Co0.25Cr0.25 (henceforth referred to as
NiFeCoCr), using high-resolution Compton scattering.
Compton scattering is a bulk-sensitive probe of the occu-
pied momentum states in a solid and is thus a particularly
powerful technique for measuring the FSs of disordered
alloys, it not being limited by short electron mean free paths
[17]. We show that a meaningful FS can be identified, in
spite of it being smeared across a substantial fraction of the
BZ, and that studying the smeared-out FS discontinuity can
be used to deduce the electron mean free path. Furthermore,
we show that state-of-the-art theory for disordered systems,
which generalizes the notion of the FS to systems
dominated by disorder, is able to predict correctly the
FS topology.
Korringa-Kohn-Rostoker (KKR) calculations which

describe both the chemical disorder and the magnetic
disorder above the Curie temperature (TC ∼ 120 K, the
disordered local moment (DLM) state [18,19]) with the
mean-field coherent potential approximation (CPA) [20]
complement our experiments. The electronic structure can
most easily be described through the k-resolved density
of states known as the Bloch spectral function (BSF),
ABðE;kÞ [21]. For a perfectly ordered system, the behavior
of ABðE;kÞ on passing through a band (in either k or E)
would be a δ function (implying infinite quasiparticle
lifetime), but in the presence of weak disorder the line
shape is broadened into an approximately Lorentzian form.
The KKR-CPA BSF is valid for arbitrarily strong disorder
and deals with both the real part of the self-energy (leading
to shifts in the band energies) and the imaginary part (which
broadens the energy bands). The electronic band structure

can be visualized through the BSF, which for NiFeCoCr
(Fig. 1) is particularly smeared for states close to the Fermi
energy where the energy separation between the flat d

bands of the component elements is large on the scale of the
corresponding d-band width.
Compton profiles were measured on a single crystal of

NiFeCoCr at room temperature along 15 special crystallo-
graphic directions [22] using the spectrometer on beam line
BL08W at SPring-8 [23]. The full 3D electron momentum
density, ρðpÞ was reconstructed from the 1D Compton
profiles [JðpzÞ] by lattice harmonic expansion in the
method proposed by Kontrym-Sznajd and Samsel-
Czekała [24]. The resulting distribution in p space was
then translated back into the first Brillouin zone (1BZ) by
summing contributions separated by a reciprocal lattice
vector as prescribed by the Lock-Crisp-West (LCW)
theorem [25], thus giving an occupation number nðkÞ in
the 1BZ. The contributions of electrons in fully occupied
bands sum to give a constant contribution across the BZ
(with an intensity proportional to the number of occupied
bands), whereas the signatures of the FS due to electrons in

FIG. 1. Logarithm of the Bloch spectral function of NiFeCoCr
calculated within the KKR-CPA-DLM framework.

FIG. 2. Occupation nðkÞ in the (001) plane through Γ, showing
the KKR-CPA-DLM theory (top) and experiment (bottom).
2π=a ≈ 0.93 a.u., and the white lines indicate the isodensities
associated with the three FS sheets.
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partially occupied bands reinforce constructively, produc-
ing features in nðkÞ which are steplike discontinuities for a
perfectly ordered system, but which are smeared out in a
disordered alloy.
From the KKR-CPA-DLM calculations, nðkÞ can be

obtained from an energy integral of the BSF:

nðkÞ ¼

Z
EF

−∞

ABðE;kÞdE: ð1Þ

In Fig. 2, we show nðkÞ on the (001) plane (through Γ),
from both the calculation (top) and experiment (bottom).
The topology of the FS can immediately be deduced, with
occupied states around the Γ point at the center and hole
pockets at the X points (located in the middle of the edges
and at the corners). The KKR-CPA-DLM theory predicts
three FS sheets, and given that there are regions of the BZ
where none of these three bands are occupied and regions
where all three are occupied, the dynamic range (minimum
to maximum) of nðkÞ can be normalized to a value of three.
For an arbitrary k point in the BZ, if nðkÞ ¼ 0, then none of
the three bands are occupied, while nðkÞ ¼ 3 would imply
that all three bands are occupied. In this scheme, a set of
isodensities at 0.5, 1.5, and 2.5 could be used to visualize
the three FS sheets, and these are shown as white lines in
Fig. 2. The smearing (there are no sharp steps) is intrinsic to
the disorder, the impact of the finite experimental resolution
(0.10 a.u.) being very small (see Ref. [26]). However, for
ease of comparison, all the theoretical distributions have
been convoluted with a function representing the exper-
imental resolution. The qualitative level of agreement is
remarkable, with even a small dip around the Γ point (due
to a grazing band [26]) appearing in both.
The BSF from the KKR-CPA-DLM calculation is shown

in the top half of Fig. 3, with the hole pockets at the

X points clearly visible, and the larger Γ-centered electron
sheet being rather smeared out, particularly along the h110i
directions. To identify both the location and sharpness of

FIG. 3. Bloch spectral function ABðE ¼ EF;kÞ in the (001)
plane through Γ from the KKR-CPA-DLM theory (top), with the
absolute square of the gradient of the experimental data (bottom).
The BZ and some symmetry points are also plotted.

FIG. 4. The hole (top) and two electron (middle and bottom) FS
sheets of NiFeCoCr obtained from the Compton experiment. These
surfaces are the isodensities (0.5, 1.5, and 2.5) plotted from the
reconstructed occupation number. The color shows the variation of
the quasiparticle coherence length ξ (in Å) across the FS extracted
from the smearing. The wireframe box is the first Brillouin zone.
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the FS, it can be useful to look at a function related to the
gradient of nðkÞ [53]. This is applied to the experimental
data and displayed in the bottom half of Fig. 3 where it can
be seen that the least smeared regions (largest derivative) in
the experimental data closely match the sharper BSF peaks
in the KKR-CPA-DLM calculation shown in the top half of
Fig. 3. The hole pockets at the X points are also revealed in
the experimental data, the locus of the maximum of the
gradient function showing that the sizes of the hole pockets
are comparable with that predicted by the KKR-CPA-DLM
theory, but even more smeared.
The isodensities can be used to visualize the full 3D FS

topology from the Compton scattering experiment, as
shown in Fig. 4. The larger Γ-centered electron sheet with
necks along the h111i directions is reminiscent of the well-
known FS of Cu [54] which originates from a free-electron-
like band that emerges from the top of the d bands and
intersects with the BZ boundary. The color of the iso-
surfaces corresponds to the coherence length of the

quasiparticles which has been evaluated through the
method described below.
By fitting a series of smeared unit step functions to nðkÞ

along a set of special directions [55], it is possible to extract
the degree to which each sheet of FS is smeared along each
direction. Such fits are not expected to capture all the
details (e.g., the dip close to the Γ point [26]), but are useful
for quantifying the smearing (used to estimate the quasi-
particle coherence length [26]). When visualizing the
individual FS sheets, the isodensities extracted from the
step function fits (0.45, 1.48, and 2.47) are very close to
the canonical values used above. Corrections were made
to the coherence lengths extracted from the fits by simu-
lating the impact of finite experimental resolution on
different degrees of smearing. The FS-averaged mean free
paths were calculated from a set of special directions using
the approach detailed by Kontrym-Sznajd and Dugdale
[55]. Examples of fits to the [100] and [110] directions
(high symmetry directions that are not part of the set of
special directions) are shown in Fig. 5, where the exper-
imental nðkÞ has been fitted with three smeared unit step
functions (represented by tanh functions) with the position
and width of each being free parameters [26]. The smeared
steps in Fig. 5 span up to 40% of 2π=a.
A summary of the FS-averaged mean free paths, FS

areas, and resistivities can be found in Table I. The
conductivity is dominated by the second (Cu-like) FS
sheet, and the variation of the quasiparticle coherence
length across this FS sheet strongly resembles the variation
of the Fermi velocity across the FS of Cu [56]. The
resistivity scales inversely with the area of the FS and
thus the differences between the sheets is dominated by
the differences in their surface areas. Combining the
contribution from all three sheets in parallel gives a
resistivity of 61 μΩ cm. As a crosscheck, this value
compares favorably with the residual resistivity of
77 μΩ cm measured by Jin et al. [57]. The residual
resistivity predicted directly by the KKR-CPA calculations
using the Kubo-Greenwood formalism [26] is 51 μΩ cm,
increasing to 67 μΩ cm for the DLM state.
In conclusion, we have measured the FS of the equia-

tomic disordered alloy NiFeCoCr which exhibits signifi-
cant smearing of up to ∼40% of 2π=a. Across some regions
of the FS the quasiparticle coherence length is very close to

FIG. 5. Occupation nðkÞ from the experiment (filled circles)
along the [100] (top) and [110] (bottom) directions in the BZ
(where k is in units of 2π=a). nðkÞ has been fitted with the sum
(black line) of three tanh functions (red dotted line, green dashed-
dotted line, and blue dashed line). The edge of the BZ is at 1.00
and 1.06 for the [100] and [110] directions, respectively, and
symmetry points such as Γ, K, and X are shown.

TABLE I. The surface area, mean free path (inferred from the
smearing [26]), and resistivity (12π3ℏ=e2λA, see Ref. [26]) of
each FS sheet.

FS
sheet

Mean free path hλi
(nm)

FS area A

(×1017 cm−2)
Resistivity ρ

ðμΩcmÞ

1 0.91 0.75 225
2 0.73 2.16 97
3 0.70 0.39 565
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the nearest-neighbor distance, implying close proximity to
the MIR limit where the usual picture of ballistically
propagating quasiparticles is invalid [4]. Both strong
electron-electron scattering (due to strong electron corre-
lations) and strong electron scattering due to atomic
disorder can push a material towards the MIR limit.
Treating the former is challenging for theory, but the latter
can be incorporated within the CPA [58]. High-entropy
alloys might thus provide an environment in which some
important aspects of transport physics, normally associated
strongly correlated electrons, could be simulated by dis-
order physics. NiFeCoCr appears close to a regime where
the conventional picture of a quasiparticle with a well-
defined momentum being subjected to occasional scatter-
ing events breaks down, signalling the demise of the Fermi
liquid. It is interesting to note that NiCoCr, NiFeCoCrMn,
and NiFeCoCrPd all have residual resistivities which are
higher than NiFeCoCr and all exhibit similar non-Fermi-
liquid behavior [57]. An electron mean free path, obtained
by averaging the coherence length of the quasiparticles
over each FS sheet as inferred from the FS smearing, gives
an estimated residual resistivity of ∼61 μΩ cm. We have
confirmed the presence of significant FS smearing which
has been predicted for some Cantor-Wu alloys [14]. We
have shown that the FS in a metal whose properties are
dominated by disorder can be accurately described by
state-of-the-art theoretical approaches (density functional
theory combined with the coherent potential approxima-
tion) which generalize the concept of a metallic FS to such
materials. Finally, magnetic Compton scattering [59] could
be a useful probe of the nature of magnetic order in these
and other alloys (for example, probing ferrimagnetism [60]
in hcp NiFeCoCrW [61]).
The original research data are available by following the

link provided in Ref. [62].
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