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Measuring the resistivity of high-purity single crystals of Sr3Ru,0; under pressure, we find strong evidence
that the field-induced spin density wave phase at the H || ¢ metamagnetic transition is suppressed at a surprisingly
low pressure of ~3 =& 1 kbar. This offers the possibility of studying a bare quasi-two-dimensional spin density
wave quantum critical point, testing the 7 — 0 K limit of theories of Planckian dissipation and quantum
criticality. Preliminary attempts to fit o(7") with a quantum critical spin fluctuation model, while encouraging,
reveal a need for further, complementary measurements.

DOI: 10.1103/PhysRevB.108.115154

I. INTRODUCTION

Itinerant two-dimensional antiferromagnetic quantum crit-
ical points are relevant to a number of important problems
in strongly correlated electron physics, ranging from super-
conductivity in cuprates, pnictides, cobaltates, and organics
[1-7], to non-Fermi-liquid behavior in these and other systems
[8-10]. In most materials of interest, however, the quantum
critical point (QCP) itself cannot be studied in the 7 — 0 K
limit, either because the QCP is shielded by strong super-
conductivity or some other ordered phase, and/or because the
QCP is reached by doping and the resultant disorder smears
out the divergences associated with critical behavior.

A notable material in the category of quasi-two-
dimensional antiferromagnetic quantum critical metals is the
bilayered ruthenate Srz;Ru,0O7, in which the highest-purity
crystals appear to have a magnetic-field-induced QCP that is
hidden beneath an ordered phase [11]. For field along the c
axis, a fascinating phase diagram has emerged, illustrated in
Fig. 1. The critical point first manifested as a metamagnetic
transition at a critical field H. ~ 8 T [12]. A quantum critical
fan, in which the resistivity and specific heat show non-Fermi-
liquid behavior, was then found above H, [13,14]. Later, an
ordered phase screening the putative quantum critical point
was found in ultrahigh-purity crystals [11]. A study of the
linear resistivity of Sr3Ru,O7 at H, [8] contributed new per-
spectives on Planckian dissipation in metals.
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The physics of the quantum critical fan is still open.
Using elastic and inelastic neutron scattering, Lester et al.
[15] showed that the ordered phase is characterized by
incommensurate spin density wave order and that, outside
of the ordered phase, fluctuations of the spin density wave
(SDW) order parameter can account for the magnitude of the
linear coefficient of the specific heat in the 7 — 0 K limit
[16]. Extrapolating these findings to higher temperatures,
the quantum critical fan could originate from fluctuations of
the SDW order parameter. Ultimately, however, the QCP in
Sr3Ru,07 is believed to be related to a van Hove singularity
in the density of states that passes through the Fermi level at
H, [17,18], and Mousatov et al. [19] argue that the observed
linear resistivity and enhanced specific heat in the quantum
critical fan of Fig. 1 can be explained in a single-particle pic-
ture in which “cold” current-carrying electrons scatter from
a Lindhard electric polarizability involving “hot” van Hove
regions of the band structure. Thus two very different phys-
ical pictures purport to explain the same observations. The
behaviorin the T — 0 K limit at H, may differentiate between
these models [19], and provide deeper insight into quantum
criticality and Planckian dissipation in metals.

Here we present measurements of the resistivity of
Sr3Ru,07 as a function of pressure P, magnetic field H, and
temperature 7 that offer strong evidence that the SDW phase
is suppressed at a modest pressure of P, = 3 & 1 kbar, which
suggests that Sr3Ru,O7 is a rare system where unscreened
antiferromagnetic quantum critical behavior may be observed
in highly ordered crystals. Based on this finding, we make a
first attempt to fit the temperature dependence of the resistivity
and the specific heat [14] at H,, using a simple spin fluctuation

©2023 American Physical Society
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FIG. 1. Cartoon T-B phase diagram of Sr;Ru,O; for B || c,
showing the quantum critical fan of T-linear (yellow) resistivity
above Fermi liquid T2 (blue) regions, with a putative quantum crit-
ical point at H. ~ 8 T [14]. A static SDW phase, depicted in green,
covers the underlying QCP. The lower inset zooms in on the SDW
phases (A and B, having distinct ordering wave vectors) at H, [15].
The red lines denote first-order transitions, while the black lines are
second order. The upper inset is a suggested phase diagram of the
SDW phase as a function of temperature, field, and pressure, that is
compatible with the findings of this paper. The region under the green
dome has SDW order, the red “wings” are first-order transitions, and
the darker green line on the P-H plane is a putative SDW quantum
critical line.

model. We find good agreement, but complementary measure-
ments will be needed in order to confirm or eliminate either of
the models discussed above.

II. EXPERIMENTAL PROCEDURE

The resistivity of ultrapure crystals of Sr3Ru,07, having a
residual resistivity of ~1 u€2cm at zero field, was measured
at several pressures up to 10.2 kbar, in applied magnetic fields
up to 16 T, and at temperatures between 4 K and 100 mK.

Two separate sets of measurements were performed. In the
first, a crystal was placed in a sapphire anvil cell, with the ¢
axis parallel to the applied field and the resistivity measured
in-plane.

In the second, two crystals were placed in a clamp cell
that was designed to work at low pressure—the cell was made
entirely from beryllium copper, with a 6 mm bore for the high-
pressure volume. For both crystals, the current was parallel to
the a axis, and the crystals were placed on a tilted platform that
made an angle of 14° relative to the applied magnetic field.
The crystals were aligned so that in one case, labeled p, the
current was parallel to the in-plane component of the magnetic
field, while in the other, labeled p, , the current was perpendic-
ular to the in-plane component of B [see Fig. 3(c)]. In both sets
of measurements, Daphne oil 7373 was used as the pressure
medium, and the pressure was determined using the supercon-
ducting transition of a tin filament placed next to the crystals.
Daphne oil 7373 is highly hydrostatic below 20 kbar [20].

Our clamp cell measurements comprised 24 cycles, in each
of which the pressure was changed at room temperature and
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FIG. 2. Resistivity vs applied magnetic field data from our sap-
phire anvil cell measurements at 0 kbar (a), 5.1 kbar (b), and 10.2
kbar (c). The plots focus on the region around the critical field, H,,
which is located at the broad peak in the high-temperature curves.
This pressure-dependent peak, present at high temperature at all three
pressures, survives in the 7 — 0 K limit only at ambient pressure.

the cell cooled to 100 mK, as we attempted to locate the
critical pressure for suppression of the SDW phase. The large
data sets shown in this paper were taken at three pressures—
3.8 kbar, 2 kbar, and ~0 kbar—applied consecutively at the
end of this series of 24 cycles. Further details of thermal
cycling are discussed in Appendix B.

Most of our data were taken using field sweeps at constant
temperature. This is particularly important at temperatures
between 600 to 900 mK, where our dilution refrigerator tem-
perature is unstable during temperature sweeps. At a few
particularly significant fields we also measured resistivity vs
temperature at fixed field between 100 mK and 800 mK.

In all of our plots, p has been scaled so that the resid-
ual resistivity at P = 0 kbar, T = 0.1 K, and uoH =0 T is
1 u€2 cm, which is the approximate value found for this batch
of crystals.

III. RESULTS AND DISCUSSION 1: SUPPRESSION
OF THE SDW PHASE BY PRESSURE

Results from our anvil cell measurements, which were
carried out at ambient pressure (prior to pressurization), and
at 5.1 and 10.2 kbar, are shown in Fig. 2.

At 2.5 K (uppermost curve) at all three pressures there is a
broad peak in p vs uoH, which reveals the presence of the
underlying H, instability. In the lowest-temperature curves,
however, the peak at H, is present only at ambient pressure:
at 5.1 and 10.2 kbar the peak vanishes as T — 0 K. As with
our previous studies, of in-plane metamagnetism in Sr3Ru, 07
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FIG. 3. (a) Resistivity vs applied field at various fixed tempera-
tures between 4 K and 100 mK at an applied pressure of 2 kbar. The
inset is a zoomed-in view of the T < 1 K sweeps, near the critical
field H. ~ 8.65 T. Data were taken every 0.1 K between 0.1 and
0.8 K. (b) Field sweeps of p, at the same pressure and temperature
range as (a). (The two data sets were recorded simultaneously.)
(c) Shows the measurement setup. The field is vertical, and the
samples are placed on a tilted platform such that the field makes an
angle of 6 ~ 14° with the ¢ axis. Leads are positioned such that the
current is either parallel to the in-plane component of the field [py,
panel (a)] or perpendicular to it [p,, panel (b)]. The motivation for
placing the samples on a tilted platform is explained in the main text.

[21,22], we find that H, shifts upward linearly with pressure
(see Appendix A), providing a useful manometer.

In Fig. 3 we show clamp cell measurements of p; and
p1 at a pressure of 2 kbar. (Two other pressures, 3.8 kbar,
and at ambient pressure before and after the high-pressure
measurements, are shown in Appendix B.)

The clamp cell measurements were undertaken in order to
explore the pressure region below 5 kbar, and the motivation
for using two crystals to measure p; and p; was that, at
ambient pressure, a very pronounced peak is observed at H,
in the resistivity of crystals in the o configuration, while
those in the p, configuration do not show this peak [11]. This
anisotropic resistivity, induced by a small in-plane compo-
nent of the applied magnetic field, is a diagnostic signature
of the field-induced ordered phase. Neutron scattering mea-
surements [15] later showed that the resistivity anisotropy is
correlated with Qg, the wave vector of a field-induced SDW.
In particular, in the SDW-A phase, for example (see Fig. 1,
lower inset), if the field is applied parallel to the ¢ axis there
are four Bragg peaks, at Q5 = (£0.23, 0) and (0, £0.23). In
this configuration, SDW peaks are observed in the resistivity
for currents parallel to either of the orthorhombic a or b
axes. When the field is tilted by ~10° toward the a axis,
however, the (0, £0.23) Bragg spots disappear, indicating that
the sample has entered a single domain state with Os||a, and
vice versa for a tilt in the b direction. In the tilted field, the
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FIG. 4. Comparing p; with p,, at ambient pressure (main figure,
first cool-down) and 2 kbar (inset, 23rd cool-down), at 100 mK in
our clamp cell measurements. In both cases, p, (blue curve) has a
step but not a peak at H,, while p; (red) has a clear peak at ambient
pressure that is greatly reduced at 2 kbar, implying that SDW order is
also reduced at 2 kbar. (The slight difference in H, between the two
samples is probably due to additional tilting (larger ) for the p, as
compared to the p; sample.)

T — 0 K SDW peak in p(H) is present when Qj is parallel
to the current [the p; sample in Fig. 3(c)] but absent when
Q5 is perpendicular to the current [p, in Fig. 3(c)]. We note
that the connection between the resistance peak and the SDW
order is purely empirical at this time: the mechanism is not yet
understood.

This anisotropy in p(T') at H, is clearly demonstrated in the
main panel of Fig. 4, where at ambient pressure there is a large
peak in the p curve near H. ~ 8 T, while p is comparatively
flat. In the insets of Figs. 3(a) and 4 it can be seen that the
T — 0 K peak in p is already dramatically suppressed at a
pressure of 2 kbar.

The suppression of the SDW peak by pressure is empha-
sized in Fig. 5, which shows data at 2.5 K and 100 mK
measured at P = 0, 2, 3.8, 5.1, and 10.2 kbar. In Fig. 5(a) it
can be seen that at 2.5 K, the peak in pj is present at all pres-
sures, showing that thermally excited fluctuations associated
with the van Hove singularity are comparatively unaffected by
pressure: clearly the underlying instability is still present. At
100 mK, however, the peak at H, is suppressed for all but
the ambient pressure curve. In Fig. 5(b), we plot pj(H) at
100 mK vs uo(H — H,) so that the critical regions at different
pressures are aligned. It can be seen that all of the features
of the resistivity curves, except the SDW peak, are robust
under pressure. These include the dip followed by a step just
below H,, and the plateau above H, followed by a small drop,
followed in turn by a gradual rise in p with increasing poH.

While in our measurements the dramatic suppression of
the SDW peak is clear, it is not clear at which pressure
the peak actually vanishes. In the inset of Fig. 5(b) we use
a possible criterion—the height of the peak at H. above a
background extrapolated from the region Hc + 1 T to He +
0.5 T—as a measure of the SDW order, which suggests a
critical pressure of Pc ~ 3 £ 1 kbar. P- may be somewhat
higher, and further measurements, using magnetic susceptibil-
ity and/or specific heat, will be required to determine the phase
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FIG. 5. Resistivity vs field at different pressures. (a) Dashed lines
are at 2.5 K, solid lines at 100 mK. Curves are shifted vertically for
clarity (brought together at 2.5 K, spread apart at 100 mK). The 5.1
and 10.2 kbar curves are from the anvil cell, O to 3.8 kbar from the
clamp cell. (b) Resistivity at 100 mK near H,., plotted vs uo(H — H,.).
Inset: p(H,) minus the extrapolation of p(H, +0.5T < H < Hc +
1 T). Extrapolating the green line to Ap = 0 K gives an estimate of
the critical pressure Pc. In these plots the 0 kbar data is taken from
our 24th run.

boundary more precisely. It would be difficult, however, to
argue that there is any remnant of the peak at 5.1 kbar. The
upper inset of Fig. 1 presents a scenario that is consistent
with our findings. As a function of P, the ordered phase
shrinks and ultimately disappears at some critical pressure.
It is important to note, however, that the pressure dependence
of the first-order boundaries of the SDW-A phase is not yet
known. In Fig. 1 we have drawn them as falling to zero before
the SDW phase disappears, leaving a quantum critical line
(shown in green); it is also possible, however, that they wrap
around and meet each other, in which case there would be
no SDW quantum critical point. Magnetic susceptibility is
sensitive to the first-order boundaries [11], and susceptibility
measurements under pressure are planned.

As noted in Sec. II the data shown in this paper were taken
in the last three of 24 cycles in which pressure was changed at
room temperature and the cell then cooled to low temperature.
There was good reproducibility between runs. In particular,
the pressure dependence of H., and of the SDW peak in
p(T) (including its absence above 3 kbar) were consistent. As
shown in Appendix B, Fig. 13(c), the amplitude of the SDW
peak, at or near ambient pressure [because the pressure in the
clamp cell falls by a few kbar between room and low tem-
perature, it is nearly impossible to set the pressure such that
P(T = 0) is exactly 0 kbar] changed during the experiment,
probably due to minor degradation of the sample and/or to
changes in the angle of the sample with respect to the field, but
we would emphasize that the clamp-cell runs that we focus on
in this paper were taken consecutively, and that the SDW peak
at ambient pressure was still present after the 3.8 and 2 kbar
runs were completed.

The magnetic properties of Sr3Ru, 07 are sensitive to uni-
axial stress [23,24], and despite Daphne oil 7373 being highly
hydrostatic at P < 10 kbar, there may still be weak uniaxial
stresses present, so we now consider whether the suppression

of the SDW peak in p; could be due to uniaxial stress. Along
the ¢ axis, compressive uniaxial stress causes SrzRu,O7; to
become ferromagnetic below ~80 K [24,25]. The transition
to the ferromagnetic ground state is, however, first order as
a function of pressure, and, significantly, up to a very large
critical uniaxial stress of ~4 kbar barely any effect on the
magnetization curves of Srz;Ru,O; is observed [25]. This
makes it unlikely that c-axis uniaxial stress is affecting our
measurement, considering that we are using a highly hy-
drostatic pressure medium, and that the compressibility of
Sr3Ru,07 is anisotropic: the c-axis lattice parameter shrinks
roughly 2.5 times faster than the in-plane ones under hy-
drostatic pressure [26], so hydrostatic pressure effects will
dominate any small uniaxial c-axis stress.

Uniaxial in-plane stress is more likely to cause problems,
because uniaxial stress applied to either the a or b axis acts
like an in-plane magnetic field: it produces a single-domain
SDW [23]. In particular, compressive uniaxial stress parallel
to I in our p; sample would suppress the SDW peak [23].
But because we have two samples mounted at right angles
in the clamp cell, as shown in Fig. 3(c), we are able to dis-
count this possibility. Recall that the two samples are mounted
such that the in-plane component of the magnetic field causes
single-domain behaviour in the SDW phase, with O parallel
to 1, but perpendicular to I, [see Fig. 3(c)]. Compressive
uniaxial stress could suppress the SDW peak in our p; sample
by switching Qs to be perpendicular to ;. But such a stress
gradient must have the opposite effect on the p, sample,
switching Qs from perpendicular to parallel to I,, which
means that the disappearance of the SDW peak in p; would be
accompanied by the appearance of an SDW peak in p . This
we do not observe, so we are able to state with confidence
that (a) the SDW order is indeed being suppressed as opposed
to being switched out of the /; direction, and that (b) the
suppression is due to hydrostatic pressure.

Finally, while we have interpreted the disappearance of the
T — 0 K peak in pj(H) as evidence that the field-induced
SDW order is suppressed, we cannot rule out the possibility
that pressure has simply broken the connection between SDW
order and the peak in pj, so that SDW order is still present but
the peak in p(T") is not. Even if this were to happen, however,
experience with other quantum critical antiferromagnets (e.g.,
[27]) tells us that some effect would be expected at the SDW
ordering temperature, such as a change in the slope of p(T),
and this we do not observe. Nevertheless, until complemen-
tary measurements of magnetic susceptibility, specific heat, or
elastic neutron scattering are done under pressure, suppression
of the SDW order is not definitively proven.

IV. RESULTS AND DISCUSSION 2: TEMPERATURE
DEPENDENCE OF p(T) VS H

We now turn our focus to the temperature dependence of
the resistivity. The dilution refrigerator instability mentioned
in Sec. II, and our focus on the field-induced peak in the resis-
tivity described in the previous section, caused us to measure
p(T)using H sweeps, not T sweeps. Therefore, in this section
we use the discrete points from our constant-temperature p vs
H sweeps to obtain discretized p(7') curves. At some partic-
ularly significant fields, however, we also swept temperature
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FIG. 6. A T sweep at Hc at a pressure of 2 kbar is shown in red,
together with discrete points from H sweeps at fixed temperatures in
blue. This is done to validate using discrete points from H sweeps as
being representative of the 7 dependence of p.

at constant puoH. The validity of using discrete p(7T') data is
demonstrated at H, at 2 kbar in Fig. 6, where discrete o(T)
points are compared with a slow 7 sweep. There is good
agreement.

We also note that, as may be seen in Fig. 3 and many of our
other figures, we took a higher density of points below 1 K
than in the 1.5 to 4 K range. This is because p(T") is known to
be linear in the high-temperature range [8], and four points are
sufficient to test for linearity and determine the slope, which
we have done at many fields in addition to those shown below.

Until now the focus on the resistivity of SrzRu,;O; has
been on the linear temperature dependence in the quantum
critical region of Fig. 1, but at ambient pressure this could
not be followed below 1 K due to the high resistivity in
the field-induced SDW phase [11]. (Note, however, that both
lower-quality crystals, and p, in ultrapure crystals [11], do
not suffer from this problem, but the effects of disorder and/or
SDW formation may be complex.) Having shown in the previ-
ous section that the SDW phases are suppressed by pressure,
we are now able to follow the non-Fermi-liquid resistivity at
H_ into this lower-temperature regime.

Figure 7(a) shows that linear resistivity persists to approxi-
mately 200 mK for o (T, H.) at 2 kbar. This is a significantly
lower temperature than is observed at ambient pressure, as
expected if we are suppressing the ordered SDW phase. In
addition, Figs. 7(b) and 7(c) show that at 2 kbar the linear
resistivity below 1 K is most robust at H,, as expected for a
quantum critical fan as in Fig. 1.

Figure 8 shows that p; at 2 kbar has similar behavior:
in this case the resistivity is quasilinear down to ~300 mK,
which is lower than the limit of 400 mK found by Borzi et al.
[11] at ambient pressure.

Figure 9 shows p(T') at 5.1 and 10.2 kbar in our anvil cell
measurements. As in our other measurements, p(7') is linear
to lower temperature at H, than at other fields.

Although linear resistivity extends to lower temperature
when P > 0 kbar, there is still a small deviation from 7-linear
resistivity at H, in all of our high-pressure curves [Fig. 7(a)],
setting in below about 200 mK at 2kbar, at 600 mK at 3.8
kbar, 700 at 5.1 kbar, and 800 at 10.2 kbar. This curvature may
be because none of these pressures is exactly at the critical
pressure. For example, from our discussion above, we believe

o =0 kbar
81+ 2 kbar
3.8 kbar

o (arb. units)

0 2 4 0 10
TIK] T2 [K?]

FIG. 7. p(T) vs T from 4 to 0.1 K. (a) py(T') at the critical field
H.atP ~0,2,3.8,5.1, and 10.2 kbar. Curves are offset vertically
for clarity. (b) py(T) at 2 kbar vs T and (c) p(T) at 2 kbar vs T2, at
H. (blue points), 1 T below H. (red), and 1.4 T above H, (green). The
linear resistivity extends to significantly lower temperature at H.,.

that at 2 kbar the SDW has not been completely suppressed
(i.e., 2 kbar < P.), while 3.8, 5.1, and 10.2 are above P..
Other possible reasons for a low-temperature deviation from
linearity are given later.

Spin fluctuation fit to p(7') and C(T')

Given the recent parametrization of the spin fluctuation
spectrum by Lester ef al. [16], it is interesting to try to fit the
resistivity assuming spin fluctuation scattering.

In spin fluctuation theories, spin fluctuations dominate
thermodynamic and transport properties in the neighbourhood
of a magnetic QCP, with the specific heat and the resistivity
calculated from the imaginary part of the dynamical suscepti-
bility, x"(Q, w) [28-30].

Lester et al. [16] followed the Millis, Monien, and
Pines [31] parametrization of x”(Q, @) in an itinerant two-
dimensional metal close to a spin density wave instability:

"¢ A Xgrga)
, W) = I —— 1
(0, @) %r(g)uwz (1)
where:
r(Q) =Ts(1+&q7 +£147) )
28 . ’
p .
g [ ]
4
Q

10
T2 [K?]

TIK]

FIG. 8. p,(T) at 2 kbar and H., H.— 1 T, and H. + 1 T, ex-
tracted from the H sweeps shown in Fig. 3(b). Solid lines are guides
to the eye, and the curves are offset vertically for clarity.
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FIG. 9. Resistivity vs temperature in the anvil cell at 5.1 kbar
(left) and 10.2 kbar (right) at and near H,. Solid lines are guides to
the eye. Curves are offset vertically for clarity.

is the relaxation rate at 7 = 0 K of spin fluctuations at wave
vector O; Qs is the SDW ordering wave vector; xs is the
Zero- frequency susceptibility at Qs: Ts is the relaxation rate
at Os; qg= 0 — Os: qy (q1) is parallel (perpendicular) to Os:
and & (£) is the correlation length in the g (g ) direction.
Lester et al. [16] measured the constants in Eqgs. (1) and (2)
and applied spin fluctuation theory to successfully explain
specific heat measurements of Rost ez al. [14] inthe T — 0 K
limit, outside the SDW ordered phase. It should similarly be
possible to fit the resistivity, for which spin fluctuation theory
gives [30]

ong(w, T)

M“=W+KXFL 10 @) —
0

where ng(w, T) is the Bose distribution function, and the re-
laxation rate I'(Q) of Eq. (2) acquires temperature dependence
via

do, (3)

I(Q) =Ts[1 +&fq7 +&1q7 + bys(m®)r], )

where (m?)r is the mean-squared temperature-induced fluc-
tuation in the local magnetization, which is calculated
self-consistently (see Appendix C). To fit the resistivity at
H,, we treated the residual resistivity pg, and the constants K
and b as adjustable parameters, although b could in future be
measured by inelastic neutron scattering. All other parameters
were taken from Ref. [16].

Despite having only three free parameters, we found the
values of b and K to be somewhat underconstrained, in the
sense that a wide range of b values gives similarly good fits
of p(T). Thus, we simultaneously modeled the temperature
dependence of the specific heat, at ambient pressure and
above 1 K at H,, as determined by Rost et al. [14], on the
assumption that C(T") at H, would not be strongly affected by
the application of 2 kbar of pressure. For the specific heat, b
is the only free parameter. The results are shown in Fig. 10:
the theory follows C(T)/T reasonably well, and is able
to reproduce a high-temperature 7-linear resistivity slowly
plateauing below ~200 mK. From fits such as Fig. 10 we es-
timate that b = 50 & 15 meV/(u3/f.u.)?. In this calculation,
the deviation from 7 '-linear resistivity at low temperature is
because we used the nonzero value, il's = 0.07 meV, found
by Lester et al. [16]. This would imply that 2 kbar is above the

250 7« Rost et.al. H=H¢, P =0 kbar 6 e H=Hc, P=2kbar
= -~ — Simulation hls=0.07 —— Simulation hls =0.07
I
X
—5
Tq; 200 g
° (@]
£ 24
E\ 150 Q:
- 3
100
2
0 0 1 2 3 4

TIK] TI[K]

FIG. 10. Specific heat (left) and resistivity (right) vs temperature,
modeled using spin fluctuation theory expressions based on Egs. (1)
and (4), and Eq. (8) of Ref. [16]. The pink lines are the calculated
curves. C(T) is at H. at ambient pressure from Ref. [14], with the
green region indicating the ordered phase. p;(T') is our data at H.
at 2 kbar, the pressure at which the linear resistivity extends to the
lowest temperature.

quantum critical pressure P, but we cannot distinguish this
I's # 0 effect from several other possible causes of a deviation
from linearity. For example, our earlier analysis suggests that
2 kbar is below the critical pressure, so that at low temperature
the saturation of p(7") would be due to entry into the SDW
phase. And even at the critical pressure, restriction of the
spin fluctuation scattering to “hot spots” on the Fermi surface
[32] could cause a crossover to T2 resistivity. Alternatively,
a crossover to three-dimensional spin fluctuations, expected
sufficiently close to 7, since the SDW order is three-
dimensional [33], would also cause a change in the power law.
Finally, in Mousatov et al. [19], the departure from 7 -linear
resistivity happens naturally when kgT falls below the width
of the density of states peak at the van Hove singularity. The
departure from linearity is an interesting question for the
future, but our results suggest that it would be worthwhile
to measure the temperature dependence of x”(Q, ) with
neutron scattering, and the precise location of P. with
magnetic susceptibility and specific heat under pressure, so
that a more rigorous test of the theory can be made.

V. CONCLUSION

With the application of modest hydrostatic pressure, we
have been able to suppress the peak in the resistivity that
is associated with SDW order that prevents access to the
underlying QCP in Sr3Ru,05. At 2 kbar and above, T -linear
resistivity persists to lower temperatures than previously ob-
served, with weak departure from this behavior as 7T — 0 K.
Comparing our results with the predictions of scattering from
spin fluctuations in self-consisted spin fluctuation theory, the
agreement is sufficiently good to encourage further, more
detailed, measurements of the behavior in the neighbourhood
of the quantum critical point, which may shed light on the
T — 0 K limit of Planckian dissipation in strange metals in a
broad range of systems.
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FIG. 11. H, vs pressure from our measurements. The dotted red
line is the best-fit linear polynomial.

APPENDIX A: PRESSURE DEPENDENCE OF H,

In our previous studies, which examined the pressure de-
pendence of metamagnetic transitions in Sr3Ru, 07 for fields
applied in the ab plane [21,22], we found that the metam-
agnetic transition fields increase linearly with pressure. In
Fig. 11 we show that this also holds for fields applied near
the ¢ axis. While the value of H, is a good guide to the
pressure in the cell, it should be remembered that H, is also
angle dependent, and that our samples were deliberately tilted
relative to the field.

APPENDIX B: ADDITIONAL EXPERIMENTAL DATA

Figure 3 showed py(H) and p, (H) at P = 2 kbar. Here
we show the comparable results for 3.8 kbar (Fig. 12) and
~(Q kbar [Figs. 13(a) and 13(b)].

(o))

Py [uQcm]
SN

N

P [uQcm]

MoH [T]

FIG. 12. Comparing the (a) p; to the (b) p, field sweeps at
various temperatures at 3.8 kbar. This is a similar format to Fig. 3
with insets zoomed in to H,. It is clear the peak that once exists due to
the SDW is no longer present at 3.8 kbar at the lowest temperatures.

—— 1%t cooldown
after 7 cycles
—— after >20 cycles

6 9

HoH [T]

FIG. 13. p vs field at approximately O kbar. The samples are in
the pressure medium, in the pressure cell, so the setup is the same
as the P > 0 runs. (a) shows p; vs uoH for our final run after all
P > 0 kbar data had been collected. (b) zooms in on the SDW peak
below 900 mK around H.. (c) compares the P ~ 0 kbar field sweeps
at 100 mK before and after thermal and pressure cycling. The curves
have been vertically shifted by a small amount so that the data match
outside of the SDW region.

Figure 13 shows that p; at P ~ 0 kbar, measured after all
of the P > 0 measurements were complete, still has a clear
SDW peak. This is significant because a concern was that
the sample could degrade due thermal cycling and repeated
changes of pressure; indeed a simple reason that the SDW
peak could disappear is if the sample is damaged, since the
SDW phase only appears in the lowest residual resistivity
samples. Thus, to check for such damage, we periodically
returned to zero pressure. Figure 13(c) shows the state of the
P ~ 0 kbar peak measured at cycles 1, 7, and 24. There are
clear changes: the SDW peak before any pressure had been
applied (blue) is larger and broader than after seven thermal
cycles during which a maximum pressure of 3 kbar had been
reached (yellow), which is larger still than after 24 cycles
during which a maximum pressure of about 5 kbar had been
reached (green). It could be inferred from this plot that there
was indeed some degradation of the sample due to thermal and
pressure cycling, but this interpretation is not definitive, first
because the residual resistivity of the sample did not change
measurably during the measurements, and second because the
height and position of the SDW peak also depend sensitively
on the angle of the field with respect to the ¢ axis [23,34],
and we believe that our samples were moving around on
the tilted platform as we changed the pressure, because the
relative positions of the step in p; and p; changed from one
run to the next. Nevertheless a lesson going forward is that,
to be completely safe, pressure and thermal cycling should be
minimized as the quantum criticality of Sr3Ru, 07 is explored.
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APPENDIX C: TEMPERATURE DEPENDENCE
OF SPIN FLUCTUATIONS

Here we present a brief summary of the self-consistent
spin fluctuation theory developed by Moriya, Lonzarich, and
others [28,30,35] for the convenience of readers who may not
be familiar with this approach. The theory can be briefly stated
in the following equations:

xs s w

fw)y=Y 2222 c1
x5(@) %r@wz (Cla)
F(Q) = Is[1 +&fqf + 5147 + bxs(m*)r + gxs(m*)7],
(C1b)
(m*)r = (Imgl?),. (Clc)
0
2 o0
(Img|), = — fo donp(@, T)x (@), (Cld)

where: O is a wave vector within the 1st Brillouin zone; the
Qs, in Sr3Ru, 07, are the four incommensurate wave vectors
at which SDW order can nucleate (e.g., in the SDW-A phase
(£0.23, 0) and (0, £0.23) in reciprocal lattice units [16]); xs
is the zero-frequency susceptibility at Qs; I's is the relaxation
rate at Qy; qg= 0 — Os: q) (q.) is parallel (perpendicular)
to Os; and & (£1) is the correlation length in the g (q.)
direction; (mZQ) is the mean-squared fluctuation in the mag-

netization at wave vector Q; and np(w,T) =1/ (elksT —
1) is the Bose distribution function. Equation (C1d) is the

fluctuation-dissipation theorem. We have used a kind of hy-
brid notation, following Lester et al. [16] for the T =0 K
part of Eq. (C1b), while the b and g parameters are used by
Lonzarich [30]. Temperature comes into the theory directly
through the Bose distribution in Eq. (C1d), but because this

modifies (mé)T, which changes (m?)7, and thus x é, the tem-

perature dependence must be calculated self-consistently.

Often, in theories of itinerant metamagnetism, the b pa-
rameter is taken to be negative, with g positive, because this
naturally generates metamagnetic behavior in M vs H [35].
We find, however, that b must be positive, and higher-order
terms in (m?); must be negligible, in order for the high-
temperature limit of the resistivity to be T linear, so in our
fitting we assumed this to be the case, at H, at least. This issue
will be explored more fully in a future paper.

Lonzarich [30] gives the following expression for the
resistivity due to scattering from thermally excited spin
fluctuations:

Tonx
Ap=ny O —=°) . (C2)
: T )
0 Q
where k = 2 and
szc (. T)— (©3)
n = — ng(w, _—
A 0 +T(0)

To obtain from this Eq. (3) in the main text we took Q* ~ Q?
since the scattering is dominated by the region around the
SDW wave vector, and we absorbed all constants into the
prefactor K.
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