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The widely studied Hidden Order phase in URu2Si> exemplifies a broad class of emergent macroscopic states
originating from d- and f- electron orbitals and their collective modes. This naturally has resulted in a focus on
the associated elements (i.e., U and Ru), but recently it was discovered that electronic tuning on the more passive
s- and p-orbitals fundamentally alters the electronic behavior and thus opens opportunities to disentangle the
Hidden Order conundrum. Here we present a detailed magnetoresistivity study of URu2Si>— P, which focuses
on two important aspects of this topic. First, we show that the anisotropy of the high field ordered states is
preserved after Hidden Order is destroyed by Si — P chemical substitution, suggesting that this feature is
mainly associated with the Kondo lattice; i.e., not Hidden Order itself. Second, Shubnikov-de Haas oscillations
reveal that the observable parts of the Fermi surface topography are robust upon approaching the Hidden Order
phase boundary and the associated quasiparticle masses remains roughly constant. These observations place
constraints on theories and prepare a path towards a resolution to the Hidden Order problem.

Complex collective behavior involving the duality between
localized and itinerant electron states has been shown to pro-
duce exotic phenomena across a broad spectrum of materials
including d-electron high temperature superconductors,"? f-
electron superconductors,? valence fluctuating systems such
as 0-Pu,* and others. Amongst these, the intermetallic
URu;Siz has continuously attracted interest during the past
three decades mainly because it hosts an unknown symme-
try breaking ordered state below 7 = 17.5 K that is referred
to as Hidden Order (HO).>” Many theoretical models have
been developed for the HO phase and are generally separated
by whether the 5 f-electrons are assumed to be more local-
ized or itinerant.”!? Significant experimental effort has been
invested to test these theories. For instance, ARPES measure-
ments show that the spectral weight is concentrated near the
Fermi surface and band structure calculations that include itin-
erant f-electrons provide the most accurate description of ex-
perimental data: i.e., many studies implicate the importance
of itinerant electrons.?>>> However, the angular dependence
of the spin zeroes that are observed in the quantum oscil-
lation amplitudes reveal an anistropic g-factor in URu3Sia
which is reminiscent of what is seen for localized 5 f-electron
moments.?* Thus, there is an ongoing debate about how to un-
derstand the localized/delocalized f-electron duality and its
relationship to HO.

Based on this and the multitude of other inconclusive ex-
periments it is clear that alternative routes that expose the fun-
damentals of HO are still needed. The recent investigation
of electron doped URu»Sis_ P, series provides an attractive
way to do this for several reasons?2®: (1) The HO phase is
suppressed at very low concentrations (z., ~ 0.035) and for
0.035 < =z < 0.26 the parent compound Kondo lattice is pre-
served but there is no ordered ground state (NO). Importantly,
disorder effects are weak over the NO x-range, as shown by
recent 22Si NMR measurements®’; (2) Si and P are similar in
size, which minimizes tuning due to chemical pressure. This
is in contrast to what is seen for URus_Fe,Sis, where HO
is converted antiferromagnetism in a manner similar to that
of applied pressure.”® (3) Si — P substitution only changes
the s- and p-electrons and therefore does not directly alter the

f or d-electrons, whose importance is laid bare by consider-
ing that although there are many chemical variants with the
chemical composition MT5Sis (M = lanthanide/actinde and
T = transition metal) none of them exhibit HO.?® Thus, within
this series there is the opportunity to disentangle the various
factors that might contribute to HO.

In this work we report a detailed investigation of the mag-
netoresistivity of oriented single crystals of URusSis_,P,.
From the angular dependence of the magnetoresistivity, we
find that the magnetic field induced phases (previously de-
scribed in®), display a 1/cos(f) anisotropy is seen as for the
parent compound.’!=* Importantly, this includes = = 0.10
which is in the NO z-region. This shows that the anisotropy is
a generic characteristic of the entire series, and thus may not
be uniquely associated with HO. We also find that Shubnikov-
de Haas quantum oscillations persist up to x = 0.02, which ap-
proaches the upper boundary of the HO phase. There is only
a small shift in the oscillation frequencies with increasing .,
showing that the observable parts of the Fermi surface remain
robust even as HO is destabilized. From the temperature de-
pendence of the oscillation amplitudes, we also observe that
the quasiparticle effective mass (mefr) remains roughly con-
stant for all  measured for the o- and « branches. These
findings provide useful insights about (i) what distinguishes
HO from the underlying Kondo lattice and (ii) what role the
Fermi surface plays in setting the conditions for HO, both of
which are needed to constrain theory and solve the HO prob-
lem.

Single crystals of URuySiz_,P, were grown using a
molten indium flux in a resistive tube furnace as reported
previously.?>?® The starting elements had purities of 3N or
greater, were combined in a ratio 1(U):2(Ru):2(Si1):22(In) and
were loaded into sealed 5 cm? tantalum crucibles which were
then placed in an MTI 1700 °C horizontal tube furnace under
flowing argon gas. A zirconium getter was placed in the tube
before the tantalum crucible to purify the argon gas at high
temperatures. The heating profile was a ramp up to 500 °C at
arate of 50 °C/hour, dwell for 5 hours, ramp up to 600 °C at a
rate of 50 °C/hour, dwell for another 5 hours, then ramp up to
1450 °C at arate of 70 °C/hour. The heat was cycled between
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FIG. 1. (Color online)(a) Schematic of the T-z phase diagram.>*6 The HO and superconducting (SC) phases are represented by the blue and
red regions, respectively. The arrows and dashed lines indicate the chemical concentrations measured, shown in the subsequent panels. (b)-(e)
The angular dependence of the magnetoresistivity for = 0.006, 0.01, 0.02, and 0.10, respectively. Representative datasets were chosen with
6 increasing by 15° for clarity. 6 = 0 corresponds to H//[001] and 6 = 90 corresponds to H//[100] with 7" = 70 mK. The black arrows in (b)
represent the critical fields H,,,,, . H1, H2, and H3 that were observed in concentrations up to x = 0.02. The black arrows in (d) identify
Hj and Hj for z = 0.10 which is in the NO region. (f)-(i) The right-side panels summarize the critical fields as a function of 6, with panel
(f) displaying both « = 0 and 0.006 while (g)-(i) summarizes the results for x = 0.01, 0.02, and 0.10, respectively. The black dashed lines are

guides to the eye.

1450 and 1400 °C multiple times and then quenched to room
temperature. Excess indium flux was etched by hydrochlo-
ric acid. The resulting single crystals were oriented using a
Laue x-ray diffractometer to identify the a- [100] and c-axes
[001], shown in the supplementary file.>* The actual chemical
composition was determined using electron dispersive spec-
troscopy measurements.

Multiple features in p(7',0) are observed, represented by
the black arrows in Fig. 1(b), that are consistent with pre-
vious studies on the undoped URuySis and for Si — P
substitution.3*3335-3% Within the HO z-region we find a se-
ries of metamagnetic phase transitions: H,, . is a peak in
p(H) that signifies the disruptive effect of the magnetic field
on the Kondo lattice; H; is a rapid drop in p(H) that marks
the end of the HO phase; the sudden increase in p at Ho
marks the emergence of a spin density wave ordered state;
and the rapid decrease in p at Hs corresponds to the onset of
the polarized paramagnetic regime. For x = 0.10 (NO), a dif-
ferent resistivity profile is observed.’® As previously shown,
there is a plateau in p(H) that begins and ends at H and
H}, respectively. This feature is commensurate with steps in
the magnetization and shares a close resemblance to what is
observed in 4% Rh substituted specimens (also in the zero
field NO regime). In that case the field induced ordered state
has a ferrimagnetic up-up-down configuration of the magnetic
moments,*” and we have proposed that a similar type of or-
dering develops for the Si — P substituted materials. Further-

more, for the parent compound the field induced phases are
associated with the collapse of the itinerant 5 f electron state,
and this trend likely persists for substituted specimens.

Summarized in Fig. 1(f)-(i) are the angular dependences of
the critical fields. For the undoped URu;Sis, all of the ob-
served critical fields (H,, . , Hi, Ho, H3) display the ex-
pected 1/cos(6) behavior.'=3* We find that across the HO z-
region there is no noticeable change in the anisotropy of the
critical fields, and this trend extends into the NO z-region.
While it is not yet clear what factors control the anisotropy of
the critical fields, we point out that for the parent compound an
important feature of the low temperature quasiparticles is that
they have an anomalously large Ising anisotropy that is well in
excess of the base tetragonal crystalline anisotropy.?'#~*3 For
instance, it has been shown that both the superconducting up-
per critical field and the spin zeroes from quantum oscillation
measurements depend on the angular dependence of the g-
factor’»*2: we speculate that the upper field boundaries for the
HO phase may be influenced in a similar way. If true, then the
Si — P substitution series opens an opportunity to establish
whether the the large anisotropy is a unique feature of the HO
region or is more broadly a feature of the underlying Kondo
lattice. In fact, results from Trinh et al.,*' already suggest that
the anisotropy extends well above HO and may be a feature of
the underlying strongly correlated electron liquid that is pro-
duced by the onset of Kondo coherence. A resolution to this
question is essential for developing a theory for the HO state.



More generally, we point out that similar anisotropic behavior
has been observed for other Kondo lattice systems including
Celns and CeRhIns.*4%

Quantum oscillations are also observed in the magnetore-
sistivity data (Fig. 1(b)-(d)) for all of the HO samples (up
to x = 0.02) with the oscillation amplitude damped for the
higher chemically substituted samples due to disorder scatter-
ing. To better visualize the oscillations, Fast Fourier trans-
forms (FFT) were performed on the magnetoresistivity data
after a smoothed non-oscillating background was subtracted
(see Fig. S2).3* Since the FFT can be affected by the mag-
netic field fit range, all datasets were analyzed on the range
20 - 45 T, which avoids the metamagnetic phase transitions
and superconducting region (further details about variable fit
ranges are in the supplementary files).* Fig. 2(b)-(e) displays
the normalized amplitudes of the FFT profiles for # = 65° -
120°, with the data offset for clarity. Sharp peaks in the FFT
are observed at /' = 130 T, 200 T, and 1100 T which corre-
spond to the 7, 3, and a branches.?'*6 There is a peak at F' ~
2500 T which can be attributed to a higher harmonic of the
« branch, consistent with reported literature.3!*>46 While the
three branches are clear for x = 0 and 0.006, the data become
more noisy for x = 0.01 and 0.02, making it difficult to isolate
the 8 and -y branches from the background signal (Fig. 2(c)-
(e)). The « peak is clearly observed from 6 = 60° - 120° up to
x =0.02, with F,, displaying a maximum around 1200 T near
6 = 90°. Upon close examination there appears to be slight
shifts to F, with increasing x, however no discernable trend
can be concluded. The branches 5 and ~ display little angular
dependence near 6 = 90°. A comparison of this with reported
literature is illustrated in Fig. 2(a) which summarizes the an-
gular dependence of F(T') and includes the reported values
for URu,Sis (red dashed line).*>*” For « the data matches
very well along almost all ranges of §. For 8 and -y there are
not as much data available for § = 60° - 120°, yet a simple
extrapolation suggests very good agreement with our results.

Electronic band structure calculations show that the «
(hole) and v (electron) branches are centered around the M
point while the g (electron) branch corresponds to four semi-
spherical pockets located between the I and X points.?%%3,
This was confirmed by multiple experimental probes includ-
ing cyclotron resonance and ARPES.?>*%4 [n the simplest
picture, electron doping would raise the Fermi energy and
slightly increase the surface area of the 5 and ~y electron pock-
ets while decreasing the surface area for . From this, the lack
of a strong change in the « branch is expected, as the large sur-
face area of the a-branch would require significant changes in
the carrier concentration to observe any shift in F,,.?> Regard-
ing the 3 branch, there may be a slight increase in Fjg with
increasing x but we caution that this branch is only observed
for x = 0 and 0.006. This insensitivity of the FS to chemical
substitution presents a puzzling situation, considering that the
HO state abruptly collapses at only slightly larger concentra-
tions (z., ~ 0.035). However, it may be that the case that
the FS evolves more strongly in the branches that are not ob-
served. Therefore, further measurements that are not as sen-
sitive to chemical disorder, such as ARPES are of significant
interest, especially upon traversing from HO to NO.
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FIG. 2. (Color online)(a) FFT amplitude peak positions vs angle
0 are displayed for the «, 3, and ~ branches in order of decreasing
clarity for « up to 0.02. The FFT fit range is 20 - 45 T for all datasets.
The « branch displayed the clearest peak, being observable up to
z =0.02 and 6 > 30°. Interestingly the observed branches show
no significant change with increasing x. The two next observable
branches are y and then /3 which were seen in = up to 0.01 and 0.006,
respectively, and only for & > 60°. (b)-(e) The right-side panels
display the normalized amplitudes of the FFT’s for 8 = 65° up to
120° for = = 0, 0.006, 0.01, and 0.02, respectively. The data sets are
offset for clarity. Highlighted in light blue is the « branch as a guide
to the eye.

Displayed in Fig. 3 is p(H) at 70 mK for x = 0 - 0.10 for
6 = 90° (H//a), the angle with the largest amplitude quan-
tum oscillations. Temperature sweeps were performed from
T =70 mK - 780 mK with the FFT displayed in Fig. 3(b)-(e)
for x = 0, 0.006, 0.01, and 0.02, respectively. The same FFT
range of 20 - 45 T is used for consistency. As expected, in-
creasing temperature damps the quantum oscillations, with «
and y being observable up to 7" = 780 mK for all = while 3
could not be determined at 780 mK for z = 0.006. The effec-
tive mass, mef, was determined from Lifshitz-Kosevich fits
as displayed in the insets of Panels (b)-(e) In order to estab-
lish confidence in the temperature dependence of A and thus
the results from the Lifshitz-Kosevich fits, we examined the
oscillating part of the magnetoresistivity using different fast
fourier transform windows. This is particularly important for
the higher = 0.01 and 0.02, where the amplitudes of the os-
cillations are significantly dampened. In particular, the FFT
was carried out over two field ranges for each data set: (1) H
= 20-45 T (shown in the manuscript) and (2) H =33 -45T
(shown in the supplementary materials®*). For z = 0 we find
megr = 6.7, 8.6, and 4.5 for o, 3, and ~, respectively, close to
reported values of meg = 7.5, 9, and 3 for «, 3, and v with
H/ /a4 p(H) measurements with 6 = 76° were also per-
formed and exhibit behavior similar to what is seen at 90°.3*

The x-dependence of meg is shown in Fig. 4(a), where it is
compared to the evolution of the electronic coefficient of the
heat capacity ~. (Fig. 4(b)) and the Hidden Order temperature
(Fig. 4(c)).?> meg for the o branch remains roughly constant
over most of this z-region, but may exhibit a peak near x =
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FIG. 3. (Color online)(a) Magnetoresistivity p(H) measurements
performed in magnetic fields (H) up to 45 T with H//a (6 = 90°).
Pronounced oscillations can be observed in all datasets except for
x = 0.10. (b)-(e) Fast Fourier Transforms (FFT) of = = 0, 0.006,
0.01, and 0.02 in (b)-(e), respectively, from 7" = 70 mK up to 780
mK. Amplitude peaks are observed at F'(T") ~ 130, 200, and 1100
corresponding to the v, 3, and « branches. The insets display the
amplitude vs. T'. mesr was determined from Lifshitz-Kosevich fits
represented by the dashed lines.

0.01. In principle, this trend might suggest the presence of
an unknown electronic instability, which was also suggested
by bulk measurements including the Sommerfeld coefficient
(77e), the entropy recovered at T}, and the size of the jump in
the heat capacity at 7T,.. (Fig. 4(c)).?> However, as shown in
Fig. S5, when the data are analyzed using a different FFT
field range the resulting masses differ beyond the error bars,
suggesting that this is an artifact of the data analysis proce-
dure. In addition, meg for the + branch is constant over this
x range. From this, we conclude that both the Fermi sur-
face and mes are robust up to the point where hidden order
abruptly collapses. This is even as the disorder scattering in-
creases, the superconducting upper critical field increases,?
and the fine structure of the field driven phase transitions is
simplified. From this, we infer that the substitution induced
changes that are observed within the HO phase are not due to
a strong Fermi surface evolution. However, what is still miss-
ing is knowledge of (i) the z-dependence of the other Fermi
surface branches and (ii) the behavior within the NO region.
Therefore it remains important to further investigate this sub-
stitution series using probes that track the detailed fermiology
(e.g. ARPES), the signatures of broken symmetry (e.g., elec-
tronic Raman spectroscopy), and the Kondo lattice hybridiza-
tion strength (e.g., inelastic neutron scattering, spectroscopic,

or tunneling techniques).

To summarize, in this work we performed a de-
tailed magnetoresistivity investigation on the electron-doped
URusSiz_, P, system. From angular sweeps of the magne-
toresistivity we are able to track several branches of the Fermi
surface, especially the o branch. Significantly, many oscilla-
tion branches are observable up to = = 0.02, which is the high-
est doped sample still in the HO z-region. We find (i) negli-
gible shifts in the oscillation frequencies and (ii) robust quasi-
particle masses with increasing x. Furthermore, the angular
dependence of the critical fields reveals a 1 / cos(f) behavior,
even in the NO region. This suggests (i) that the field induced
phases that span the entire 7-x phase diagram are continu-
ously connected and (ii) that other 1 / cos(f) anisotropies that
have previously been seen in URu2Si; may not be uniquely
associated with the HO state.
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FIG. 4. (Color online) (a) mefr determined from the « and ~y branches
for 8 =90° as a function of z. (b) The Sommerfeld coefficient 7. and
entropy from the 5f electrons determined from heat capacity mea-
surements. (c) The Kondo, HO, and SC transition temperatures vs. x.
The data from (b) and (c) are reproduced from previous literature.?’
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