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Magnetoresistance scaling, disorder, ‘hot spots’ and the origin of 7T-linear resistivity in
BaFeg(Asl_zPr)g
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Department of Physics, University of California, Berkeley, California 94720, USA and
Materials Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

Alexei E. Koshelev
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John Singleton
National High Magnetic Field Laboratory, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

Yeonbae Lee and Thomas Schenkel
Materials Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

The scaling of H-linear magnetoresistance in field and temperature was measured in under-doped

(x = 0.19) and optimally-doped (x=0.31) BaFez(Asi_5Pz)o.

We analyze the data based on an

orbital model in the presence of strongly anisotropic quasiparticle spectra and scattering time due
to antiferromagnetism. The magnetoresistance is dominated by the properties of small regions of
the Fermi surface called ‘hot spots’ where antiferromagnetic excitations induce a large quasipar-

ticle scattering rate.

Approximate temperature-magnetic field scaling relations are derived and

shown to be consistent with the experimental data. We argue that these results link the origin of
linear-in-temperature resistivity to hot spots arising from an antiferromagnetic critical point, and
magnetoresistance measurements provide a route to quantify this link.

INTRODUCTION

The defining signature of a strange metal is a resis-
tivity that varies linearly with temperature, and seems
to cross intrinsic energy scales (e.g. the Debye temper-
ature and Mott-Toffe-Regel limit) with impunity — it is
thought that this behavior stems from quantum critical
physics, though an agreed upon mechanism is still not
established. In recent years, the magnetoresistance of
quantum critical metals has become a subject of intense
study, providing another avenue to probe their proper-
ties. In particular, in typical metals, the magnetoresis-
tance (MR) varies quadratically with field and is deter-
mined by a combination of temperature-dependent and
temperature-independent contributions to the resistiv-
ity [1]. By contrast, in many quantum critical metals,
the MR has been observed to vary linearly with mag-
netic field [2HIT], and scale only with the temperature-
dependent resistivity, suggesting a non-trivial connection
between magnetic field (H) and temperature (") in such
materials.

To understand the nature of the scaling it is useful
to partition the resistivity into two contributions — a
temperature-independent contribution pg, typically aris-
ing from scattering from defects, and a temperature-
dependent contribution p; that may arise from charge
carrier interactions with phonons, quasiparticle excita-
tions, order parameter fluctuations, and so on. In the
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case of strange metals, it has been experimentally estab-
lished that p; =~ akpT, with a some phenomenological
constant of proportionality.

The magnetoresistance scaling arises because the inter-
play of field and temperature can captured by a quadra-
ture sum, which when rearranged has the following form

1
OszT OszT ( )

2

p(H) —po 1+( nH > 7
where p(H) is the field dependent resistivity at temper-
ature T', and n a parameter that plays a similar role for
the field dependence as « does for the temperature de-
pendence [2]. Eq. [I| was phenomenologically motivated
by measurements of BaFeq(As;_, P, )2 near its antiferro-
magnetic quantum critical point. Since then, a growing
number of putative quantum critical metals have shown
qualitatively similar behavior [2HIT], albeit with notable
deviations in the quantities  and 1. The observation
of H-linear magnetoresistance is unusual but not un-
precedented. There are multiple possible causes of this
including the presence of Dirac quasiparticles [12] 13],
sample heterogeneity [14] 5], guiding center diffusion
in a smooth random potential [I6], fluctuations from
spin density waves [I7, [I§], or singular regions of the
Fermi surface where the Fermi velocity changes discon-
tinuously [I, 19]. The scaling in Eq. (1), however, is
surprising because it conflicts with Kohler’s rule for or-
bital magnetoresistance [I]. The mathematical statement
of which is

o) p0) (3 o)
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where f is a smooth and usually positive function. The
crucial difference between Eq.[2]and Eq.[I]is that the de-
nominator in Eq. [2]involves both temperature-dependent
and temperature-independent contributions p(0) = pg +
pt, and not just p; = akpT. Kohler scaling applies in
cases of a single, uniform momentum relaxation rate.
The absence of disorder scattering, pg, in Eq. [1| suggests
that the relevant scattering determining the magnetore-
sitance is only the T-linear component. It is in this sense
that the H-linear resistivity is thought to probe the same
physics as T-linear resistivity in quantum critical metals.
This immediately begs the question of what the role of
disorder is and why, at first glance, it does not appear
to affect the magnetoresistance. It is the purpose of this
study to examine this question systematically.

In this study we show that H-linear magnetoresis-
tance and its scaling with the temperature-dependent
component of the resistivity is not peculiar to composi-
tions of BaFey(As;_,P, )2 in the quantum critical regime,
but also describes the magnetoresistance at moderate P-
substitution levels in the antiferromagnetically ordered
phase. We show that this is consistent with a physically
reasonable model of magnetoresistance dominated by sin-
gular regions of the Fermi surface (‘turning points’) cross-
ing the Bragg planes of the broken symmetry state [19].
The data in the quantum critical regime is also con-
sistent with such a model, where Bragg points become
‘hot spots’ characterized by rapid quasiparticle scatter-
ing from spin fluctuations [I7, [I8]. These models repro-
duce the H-linear magnetoresistance, and suggest that
the quasiparticle scattering rate varies around the Fermi
surface between ‘hot’ and ‘cold’ parts. The data sug-
gest that scattering from spin fluctuations dominates at
the hot spots and consequently controls the magnetore-
sistance. This leads to approximate ‘H — T scaling rela-
tions, which hold over wide ranges of field and tempera-
ture both in the antiferromagnetic and quantum critical
regimes. A natural consequence of this result is that
the T-linear zero-field resistivity of the strange metal is
connected to the properties of the ‘hot’ spots. The limi-
tations of these models are left to the discussion.

RESULTS

Antiferromagnetically ordered regime,
BaFe;(Asi—;P5)2 with x = 0.19

In order to elucidate the source of scaling in the quan-
tum critical regime, it is useful to examine the magne-
toresistance at a lower doping level inside the antifer-
romagnetically (AFM) ordered state. Here, we exam-
ine a single crystal of BaFes(As;_,P;)2 with = 0.19,
where the antiferromagnetic Néel transition temperature
is Ty =~ 95K. In Fig. transport data are shown for
this crystal. Fig. [[h shows that the resistivity at zero
applied field varies with 72 over a broad range of tem-

perature inside the AFM ordered state with a finite in-
tercept at T = 0. At this composition, the resistivity is
likely influenced by quasiparticle scattering from diffuse
spin excitations [20] 21].

Fig. shows that the MR inside the AFM state has
a hyperbola-like shape, approaching a linear dependence
on H at high fields. The magnetoresistance gets broad-
ened and damped as temperature increases. A model for
this behavior was developed in Ref. [19], which is illus-
trated in the inset of Fig. [Ip. AFM order opens a gap at
points on the Fermi surface nested by the AFM ordering
vector. As a quasiparticle undergoes orbital motion in
a magnetic field, the Fermi velocity is rapidly reversed
at ‘turning points’ due to the AFM coupling between
the electron-like and hole-like pockets. This mechanism
produces an H? variation of the MR at low fields, which
crosses over to linear variation at higher fields as the num-
ber of quasiparticles pushed through the turning point by
the Lorentz force increases with field [T, [19]. The turning
points are expected to dominate the overall MR because
of their large Fermi surface curvature [I9]. This is consis-
tent with the data in Fig. [Ib, where the MR rises sharply
as temperature decreases below the AFM ordering tem-
perature. Thus, we neglect the potential MR contribu-
tion from the ‘cold’ parts of the Fermi surface away from
the turning point. Here, we summarize the result of this
model, which is described in more detail in the supple-
mental material

p(H) = p(0) = repB (H/Hyp) - 3)

Hypy o< Ay /Tep and rip o< Dgp/Tep. Ay is the size of the
AFM gap and 7y, is the quasiparticle scattering rate in
the vicinity of the turning point. B is a dimensionless
mathematical function that varies with H? when H <
H,, and crosses over to H-linear when H > Hy,. In
Fig.[Ip, we find that the data are well fitted by Eq. [3|with
the temperature-dependent parameters shown in Fig. [Tk.

Here, we use this model to derive a simple H — T scal-
ing relation. In Eq.[3] the dimensionless function B deter-
mining the field-dependence of the turning point MR can
be well approximated by a hyperbola (see supplemental
materials). Thus, an approximate form for the turning
point model, Eq.[3] is

p(H) - p(O) ~rpy 1+ (H/Htp)2 — Ttp- (4)

From Fig. , we observe that p(0) = po + o/T?. Plug-
ging in the temperature-dependences, Hi, = T + 7o
and 7y, = BT? + By extracted in Fig. , we can rewrite
Eq. f] with an explicit dependence on temperature. From
Fig. [k, we observe that 7y and fp are much smaller
than T2 and BT7?, respectively over the measured range.
For example, at the lowest measured temperature 20K,
Bo/BT? =~ 0.3, and 70/7T? =~ 0.1. Thus, the offsets o
and [y can be neglected, and we arrive at the approxi-
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Figure 1. Transport in BaFe;(Aso.51Po.19)2 and magnetoresistance model based on turning points (a) Resistivity
shows a transition to an AFM ordered state (T ~ 95K). Inside the AFM state, the resistivity varies with 72, with a finite 7' = 0
intercept. The data are fitted well by p(H = 0) = 122.8[uQem] 4 0.0085[uQdem/K?] x T? (black line). (b) Magnetoresistance
for different temperatures with fits to the turning point MR model (Eq.[3) indicated by black lines. The inset shows a cartoon
illustration of the quasiparticle orbits near the turning point in the AFM state. (c) The fit parameters of the model are plotted
as a function of temperature squared, with a best fit line to the data below 70 K. Hy, = 0.098[T] + 0.0015[T/K?] x T2, and

rep = 1.1[uQem] 4+ 0.0022[pQem /K2 x T?.

mate scaling relation
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Fig. [2| shows that both axes can be rescaled by T2 to
illustrate the applicability of the approximate scaling re-
lation (Eq. |p) to the MR data over the measured range.
Fig. |2 also shows the consistency between the approxi-
mate expression given by Eq. bl and the full microscopic
turning point model given by Eq. 3] The approximate
Eq.[plis similar to the established phenomenological H—T
scaling relation (Eq. [1]) in the literature — the difference
is that this in the AFM ordered state rather than the
quantum critical regime, and the temperature-dependent
resistivity varies with T2 rather than with 7. This is
reflected in the different temperature-dependence of the
denominator in Eq. p|compared to Eq.[l] One of the cen-
tral findings of the present study is that the H — T MR
scaling, previously observed in the context of quantum
critical metals [2HI0], is also a feature of the symmetry-
broken ordered phase of BaFeo(As;_,P.)a.

A key approximation in arriving at Eq. [§| from the
turning point model is that the temperature variation of
parameters Hy, and ry, is much larger than their zero-
temperature values (Fig. [Ik). In other words, A physical
interpretation is that the temperature-dependent scatter-
ing rate is anisotropic, and strongly peaked at the turning
points due to, for example, inelastic scattering from spin

fluctuations [21I]. As a result of this mechanism, the in-
elastic scattering rate at the turning points can be much
larger than the background defect scattering rate down
to relatively low temperature — for example, assuming
disordering scattering is isotropic, we estimate that the
inelastic T2 scattering near the turning point is enhanced
by a factor of [812/830]/[a’T?/po] =~ 100 over the back-
ground scattering rate at T = 20K . Nevertheless, at suf-
ficiently low temperature, it is expected that the elastic
disorder scattering contribution becomes important, and
the assumptions involved in Eq. [f] should break down.
We expect the H — T scaling shown in Fig. [2]to fail when
Bo/BT? ~ 1 (i.e. at T < 10 K). Unfortunately, the su-
perconducting critical field makes this temperature range
inaccessible in our measurement apparatus.

Quantum critical regime, BaFe;(Asi_,P;)2 with x =
0.31

We move now to the quantum critical regime where
P-substitution (x = 0.31) suppresses the AFM transition
to T = 0, resulting in spin fluctuations that persist to
low temperature [22H24]. Motivated by our analysis of
the MR in the x = 0.19 sample, we will apply a similar
model in this paramagnetic regime. The difference is
that, rather than opening a gap at points on the Fermi
surface nested by the AFM ordering vector, the AFM
coupling causes a strong quasiparticle scattering rate at
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Figure 2. H-T magnetoresistance scaling inside the
AFM ordered state of BaFes(Aso.31Po.19)2 The magne-
toresistance data inside the AFM state (blue lines) collapses
when the axes are rescaled by temperature squared and the
residual resistivity (po = 122.8 uf2cm) is subtracted. The dot-
ted black line is the turning point model given by Eq.|[3] where
rip = 0.0035[uQem/K?] x T? and Hy, = 0.0017[T/K7] x T?.
These constants of proportionality are in agreement with the
temperature-dependences shown in Fig. . The dashed red

line is the simplified approximate expression given by Eq. [f]

with 8 = 0.0039[uQem/K?], and o' = 0.0085[uQem/K3].

these points (‘hot spots’) due to inelastic scattering from
spin fluctuations [I8] 25]. Orbital motion across the hot
spots provides a linear contribution to the MR [17] [I§].

p(H) — p(0) = r1sG (H/Hps) , (6)

where G is a dimensionless function, with a slightly dif-
ferent exact form compared to the turning point model
in Eq. [3] but with qualitatively similar behavior — H?
variation when H < Hj, crossing over to H-linear when
H > Hjs. We point out that the magnetoresistance
is expected to saturate at very large fields H > Hp,
within our model, which is not observed in data even up
to 1007 [2]. Hps is a hot spot parameter, which is ex-
pected to have the following dependence on temperature
and background scattering rate

T
v/ Teold '

This parameter quantifies the strength of scattering at
the hot spot, and its region of influence as compared to
the background scattering rate, 7.o1q. Note that increas-
ing Teolq can change the ‘width’ of the hot spot. This
explicit dependence on background scattering (including
isotropic defect scattering) suggests that an effective ex-
perimental method to test this model in the quantum

Hhs X

(7)

critical regime is by varying the concentration of defects
in the underlying crystal lattice. We accomplish this with
3 MeV alpha particle irradiation of samples with z = 0.31
phosphorous substitution. This irradiation method pro-
duces isotropic defects with a distribution of radii (from
point-like to nm in radius) [26], which increase the resid-
ual resistivity at zero field and temperature. This does
not significantly affect the temperature-dependence of
the resistivity above the superconducting transition, but
does increase the residual resistivity (see supplemental
materials), in line with Matthiessen’s rule.

Fig. 3| shows the magnetoresistance for samples in the
quantum critical regime with varying concentration of
defects. The MR data for each sample across a range of
temperatures can be well fitted by Eq. [6] and Eq.[7} The
temperature-dependent MR, data for each sample were fit
by assuming that Hys = ~T'; v and 7 are the fit param-
eters, where -y is a constant for each sample, and 75 is
extracted independently for each isothermal magnetore-
sistance trace. The parameters resulting from the fits
are shown in Figs. Bp, e, & h. Notably, we observe that
~ increases as the background scattering rate increases
(Fig. , e & h), in agreement with Eq.

Here, we derive an approximate H —T scaling relation.
The experimentally measured resistivity at zero field is
given by p(0) = po + akpT (see supplemental). Plugging
this into Eq. [6] we obtain a simplified expression by using
a hyperbolic approximation of the function G

p(H) = p(0) = rs\/ 1+ (H/Hps)* = rhse (8)

According to Eq. [7] and Figs. Bk, f & i, Hps = 77T, and
rhs = BT+ Bo. The hot spot theory predicts that Hys(T)
has a zero-intercept. In addition, we find that 5o/BT
is small over this measured temperature range (at 4K,
Bo/BT =~ 0.15), so we can once again expand in powers
of By/BT and drop subleading terms. Analogously to
Eq. ] the result is

p(H) —po _ H\?
=00 H(ﬂ”) _Bta. (9

Note that Eq.[9 has the same form as the H — T scaling
form of Eq.[] Figs.[3b, e & h show the validity of the ap-
proximate H —T scaling relation given by Eq.[9] For each
of these samples 8 ~ 0.7uQ2em /K and a ~ 0.8uQem /K.

The magnetoresistance in this model has an underlying
orbital mechanism, and so in the limit of low magnetic
fields one expects a connection to Kohler’s rule (Eq. ,
which is an instrically orbital picture of magnetoresis-
tance governed by a single quasiparticle relaxation time.
In the scaling shown in Eq. [J] as a function of temper-
ature, the resistivity needs to be partitioned into two
components — this is at odds with Kohler’s rule. From
the perspective of hot spots, Kohler’s rule is violated
because the relaxation rate is highly anisotropic, and
therefore the orbital magnetoresistance cannot be cap-
tured by a single timescale as the temperature is varied.
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Figure 3. Magnetoresistance in BaFe;(Asg s1Po.31)2 disordered with alpha particle irradiation (a,d,g) Resistivity
versus magnetic field for three different samples with increasing concentration of defects; the residual resistivity (po) is shown in
each panel. Black lines are fits using the hot spot model described in the main text in Eq. @ (b,e,h) Fit parameters from the hot
spot model as a function of temperature for each sample. The slope of Hys(T) = 7T increases with defect concentration ((b)
v =1.427 T/K, (e) 2.06 T/K, (h) 2.42 T/K), while r,5(T) is largely unaffected by defect concentration ((b) § = 0.65uQcm/K,
(e) 0.65 uQem /K, (h) 0.77 uQem/K). (c,f,i) The data in all cases can be rescaled as a function of temperature after subtracting
the residual resistivity (po). The black lines are Eq. [5| using the slopes of rps(T") and Hps(T') in panels e, f & h, respectively.
Dashed red lines are the simplified phenomenological form given by Eq. [f]

An even stricter test of Kohler’s rule is at a fixed tem-
perature, where the relaxation rate is uniformly varied
by disorder scattering. Even in the case of anisotropic
scattering, one expects Kohler’s rule to be satisfied at a
fixed temperature so long as the ‘pattern’ of anisotropy
is unchanged [27]. In Fig. |7_1|, we show that at a fixed
temperature in BaFey(As;_,P,)2 (2 = 0.31), Kohler’s
rule is violated in the high-field linear magnetoresistance
regime, but satisfied in the low-field quadratic regime.
The failure of Kohler’s rule in the linear magnetoresis-

tance regime at a fixed temperature implies that back-
ground disorder scattering changes the pattern of scat-
tering anisotropy, for example by changing the size of
the hot spot on the Fermi surface. In fact, such an effect
is a natural consequence of our hot spot model as dis-
cussed in Eq. [7] and the text surrounding it. Moreover,
this model also predicts that the effect of hot spots is not
pronounced at low fields because the majority of quasi-
particles have not yet been pushed into the hot spot. The
validity of Kohler’s rule in the low-field quadratic regime
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is a direct validation of this prediction.

DISCUSSION

The H-linear MR of BaFeq(As;_,P,)2 can be recon-
ciled as an orbital response in a model with a highly
anisotropic structure in the Fermi surface — either due
to the presence of a gap or a hot spot — at points on the
Fermi surface nested by the antiferromagnetic ordering
vector. This could explain why the H-linear MR depends
only on the direction of the field and not on the direc-
tion of the current [28], as it is observed only when the
cyclotron path crosses the hot spots or turning points.
Within this picture, the linear increase of the hot spot
scattering strength with temperature underlies the H —T
scaling of the magnetoresistance of BaFes(As;_,P, )2 in
the quantum critical regime. This requires the approxi-
mation that the zero-temperature intercept of 7, (aris-
ing from disorder scattering) be treated as a subleading
term. Note that this does not imply pq is small compared
to pg, only that the effect of disorder on the hot spot scat-
tering mechanism is small compared to its temperature
dependence, parameterized by Sy/8T. This approxima-
tion, and consequently the H — T scaling represented by
Eq. EI, is expected to break down as £y/8T grows with
disorder or decreasing temperature. We observe a weak
deviation from H —T scaling in the most disordered sam-
ple at 1.5 K (see supplemental materials), suggesting that
disorder scattering indeed begins to play an important
role in the low-temperature limit. However, experiments
at lower temperatures and higher fields are necessary to
explore this breakdown further. Nevertheless, the valid-
ity of Kohler’s scaling at low H/T strongly suggests that
the magnetoresistance has an orbital origin, and the sim-
ilarity in the scaling relations between antiferromagnetic

The curves are labeled by the resistivity of the sample at zero field at the given

and quantum critical compounds implies a common an-
cestor, in this case the evolution of the turning points
into hot spots as the system is doped.

In this light it is surprising that the coefficients deter-
mining the linear dependence on field and temperature
respectively are comparable at the quantum critical com-
position. This appears as a coincidence in the data rather
than a direct prediction of our model. There may how-
ever, be a more fundamental reason for this connection
having to do with the character of spin excitations as a
function of doping. Neutron scattering experiments show
that the well-defined spin waves of BaFe;Asy become in-
creasingly diffusive spin fluctuations as the material is
doped [21]. Tt is possible that diffusive spin fluctuations
are the source of the large inelastic scattering rate cen-
tered at hot spots or turning points, which we argue is
an important ingredient for H — T" MR scaling. In fact,
in the parent compound BaFesAss where the spin waves
are sharply-defined [21], the H —T scaling seems to break
down because H—linear MR has a non-universal depen-
dence on disorder [29]. Notably, it is thought that the
diffusive nature of spin excitations at moderate doping
levels also provides a pairing mechanism for supercon-
ductivity [21], B0], and therefore it would be interesting
to explore the possible correlation between H — T MR
scaling and superconductivity in BaFes(As;_,P.)2 [3].
The present study shows that MR measurements may
be useful for probing hot spot properties across the P-
substituted phase diagram, which could provide valuable
quantitative information as to how spin excitations influ-
ence the resistivity and ultimately superconductivity in
iron-based superconductors [30].

However, the hot spot picture is likely incomplete.
For example, the proximity to a nematic quantum
critical point [3I] suggests nematic fluctuations could
also affect the resistivity at zero field [30, B2H35].



Fe(Se;_,S.) has a nematic quantum critical point with
some evidence of magnetic fluctuations [36, [37], and
shows very similar magnetoresistance behavior to that
of BaFeq(Asi_,P.)2 [B]. Interestingly, in Fe(Se;_.S,)
the conventional MR from the cold spots adds a parallel
contribution to the conductivity which can be suppressed
with disorder to restore scaling behavior of Eq. [1f [5]. It
would be interesting to extend the present antiferromag-
netic hot spot picture to the case of nematic fluctuations.

Just as the scaling observed in the antiferromagnetic
compositions arises because the turning points dominate
both the MR and the temperature-dependent scattering
rate, so too does the scaling observed at quantum critical
compositions suggest hot spots dominate the two phe-
nomena. While the hot spot regions are expected to give
a correction to the conductivity that is linear in T' (see
supplemental), a question remains as to why this correc-
tion is not shorted out by the regions of the Fermi surface
away from the hot spots, where the scattering rate is com-
paratively low [38]. Within a nearly antiferromagnetic
Fermi liquid framework, one option is that mixing of hot
spot and disorder scattering leads to nontrivial behavior
of the overall resistivity [I7, [39]. Our data is difficult to
reconcile with such a mechanism for temperatures above
T. — disorder adds a temperature independent compo-
nent to the resistivity consistent with Matthiessen’s rule,
which can only occur if the temperature-dependent scat-
tering is independent of disorder. Other nearly antiferro-
magnetic Fermi liquid models show that magnetic fluc-
tuations at hot spots can influence the overall resistivity
through multiple scattering [40], or the so-called backflow
effect [41]. A more recent revival of the hot spot picture
outlined by the theory of Mousatov, Hartnoll and Berg as
applied to SrsRusO7, has shown that an unconventional
two-particle scattering process connecting hot and cold
regions can render the entire Fermi surface a ‘marginal’
Fermi liquid with an overall T-linear resistivity [42]. For
the present model to remain valid, the magnetotransport
would still have to originate from orbital dynamics across
hot spots even in the marginal Fermi liquid picture.

Finally, hot spots at the antinodal regions of the Bril-
louin zone of the cuprates have been suggested as a source
of anomalous behavior in transport and photoemission
measurements for some time [43], [44], so in light of our re-
sults the recent observations of linear-in-H magnetoresis-
tance in both electron and hole doped cuprate supercon-
ductors is perhaps unsurprising [3} [IT]. This picture of
an anisotropic scattering rate would also explain a long-
standing question regarding the violation of Kohler’s rule
observed in the cuprates [45]. Moreover, scaling behavior
with the cotangent of the Hall angle has been observed,
the so-called ‘modified’ Kohler’s rule [46], and we leave
to future work whether this can similarly be explained
by the present hot spot model.
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