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The correlated f-electron compound URu2Si2 exhibits superconductivity (SC)

with a critical temperature Tc = 1.5 K that coexists with the “hidden order” (HO)

phase that forms below a characteristic temperature T0 = 17.5 K. The SC of

URu2Si2 appears to be spin singlet chiral SC with d-wave order parameter

symmetry, and the pairing of SCing electronsmay involve spin excitations of the

HO phase. Electrical resistance R measurements were performed on single

crystal specimens of URu2−xFexSi2 with increasing x throughout the transition

from the HO phase to the large moment antiferromagnetic LMAFM phase in

highmagnetic fieldsH oriented at various angles θwith respect to the tetragonal

c-axis. Measurements of R(θ) at H = 20, 33, 40, and 45 T were conducted in the

temperature range 0.33 ≤ T ≤ 20 K and showed θ-dependent behavior in the

various phase transitions of URu2−xFexSi2 (HO, LMAFM, spin density wave, Fermi

surface reconstruction, etc.). These phase transitions, as functions of T,H, and θ

are plotted in a phase diagram of T vs. H//c = Hcosθ for multiple values of x and

show that H//c, not θ is a tuning parameter of the URu2−xFexSi2 system

throughout all Fe concentrations, as previously found by Scheereret al. for

the URu2Si2 parent compound.
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1 Introduction

The heavy fermion superconductor (SCor) URu2Si2 has attracted an enormous

amount of interest among correlated electron materials because of the wealth of

extraordinary phases and phenomena it harbors in the phase space of atomic

substituent composition x, pressure P, and magnetic field H. Two of these phases, the

so-called “hidden order” (HO) phase and the unconventional superconducting (SCing)

phase, are of particular interest and appear to be interrelated. Researchers have been

especially intrigued by the HO phase, since the features in its transport, thermal and
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magnetic properties are prominent but its order pB27arameter

has not been identified after more than 3–1/2 decades of research

on URu2Si2 based materials (Mydosh and Oppeneer, 2011;

Mydosh and Oppeneer, 2014; Mydosh et al., 2020). The

superconductivity (SC) is also unique and appears to be spin

singlet chiral SC with d-wave order parameter symmetry in

which the pairing of SCing electrons may involve spin

excitations of the HO phase.

We note that the HO phase of URu2Si2 has been studied

extensively by means of various types of physical properties

measurements via tuning of non-thermal parameters such as

P (McElfresh et al., 1987; Butch et al., 2010; Hassinger et al.,

2010), H (Jo et al., 2007) and x, in, for example, URu2−xMxSi2
(where M = Fe (Kanchanavatee et al., 2011), Os (Kanchanavatee

et al., 2017), Re (Bauer et al., 2005; Butch and Maple, 2009), etc.),

U1−xThxRu2Si2 (de la Torre et al., 1992), and URu2Si2−xPx
(Gallagher et al., 2016). In the present study, we have focused

on URu2−xFexSi2 in magnetic fields H oriented at angles θ with

respect to the tetragonal c-axis, where the tuning parameters are

x, H and θ. This study complements a study of the URu2Si2
parent compound involving the tuning parameters H and θ by

Scheereret al. (Scheerer et al., 2012; Scheerer et al., 2014).

Early experiments–HO and SC: partial
gapping scenario

In the earliest experiments on URu2Si2, features in the

electrical resistivity ρ(T), magnetic susceptibility χ(T), and

specific heat C(T) were observed at a temperature T0 =

17.5 K, signaling a transition to an ordered state, followed by

a SCing transition at a critical temperature Tc = 1.5 K (Palstra

et al., 1985; Maple et al., 1986; Schlabitz et al., 1986). It was noted

that the anomalies in these properties at T0 are reminiscent of a

charge or spin density wave (CDW or SDW) transition (Maple

et al., 1986). Analysis of the electronic specific heat led to the

proposal of a “partial gapping” scenario in which the phase that

develops below T0 forms a gap of about 100 K over about 40% of

the Fermi surface (FS) (Maple et al., 1986). The value of the gap

was derived from the exponential T-dependence of the BCS-like

mean field anomaly in the electronic specific heat below T0, while

the amount of the FS that is gapped was estimated from the

reduction in the electronic specific heat coefficient γ as T → 0 K

relative to its value above T0, where γ is assumed to be

proportional to the density of states (N (EF)) at the Fermi

level (EF). The energy gap has been measured using various

spectroscopic techniques and found to be close to the value

estimated from the specific heat anomaly (Mydosh and

Oppeneer, 2014). The remainder of the FS is gapped by the

SC that occurs below Tc.

Temperature vs. pressure phase diagram:
HO–LMAFM phase transition

Experiments on URu2Si2 under pressure have provided

important clues about the HO phase and its relation to the

SCing phase, as well as to other phases. Upon application of

pressure, there is a first order phase transition from the HO phase

to a large moment antiferromagnetic (LMAFM) phase and a

concomitant suppression of the SCing phase where Tc

approaches 0 K near ~ 8 kbar, the critical pressure where the

HO-LMAFM transition occurs at very low temperature (Butch

et al., 2010). The SCing phase appears to coexist with the HO

phase and be suppressed by the LMAFM phase (Hassinger et al.,

2008; Butch et al., 2010), suggesting that the pairing of SCing

electrons may be associated with particular types of spin

excitations which are present in the HO phase but absent in

the LMAFM phase.

The application of high pressure reveals that the phase

boundary between the paramagnetic (PM) and HO/LMAFM

phases increases with P in the HO phase, exhibits a kink at

15 kbar, the critical pressure (Pc) where the HO-LMAFM

transition occurs, and increases with P with a larger slope in

the LMAFM region. The concomitant increase of T0 and decrease

of Tc with P is consistent with an increase of the area of the FS

gapped by the HO phase at the expense of the FS area gapped by

the SC (Maple et al., 1986; McElfresh et al., 1987). The “partial

gapping scenario” can be described by the theory of Bilbro and

McMillan (Bilbro, 1976), extended to include SC and SDW order

by Machida (Machida, 1981), in terms of a relation between T0,

Tc and the fraction of the FS gapped by the HO (Maple et al.,

1986; Fisher et al., 1990; Jeffries et al., 2007; Jeffries et al., 2008).

On the other hand, models based on the localized character of the

U 5f electrons in URu2Si2 have been proposed that are consistent

with certain aspects of HO and other phenomena. Ironically, the

richness of the phenomena found in URu2Si2 and the challenge of

developing a fundamental understanding of the underlying

physics are associated with the admixture of localized U 5f

and itinerant electron states in this system. A review of the

large amount of research that has been carried out on URu2Si2,

including experiments on chemically substituted URu2Si2
systems and the latest theoretical developments, can be found

in a series of reviews by Mydosh, Openeer and Riseborough

(Mydosh and Oppeneer, 2011; Mydosh and Oppeneer, 2014;

Mydosh et al., 2020).

Superconducting phase

The nature of the SC that occurs below 1.5 K has also

attracted great interest. A series of complementary
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experiments has provided a picture in which the SCing phase of

URu2Si2 is unconventional and appears to be spin singlet, d-wave

SC, with chiral kz (kx + iky) order parameter symmetry, in which

the SCing gap has a horizontal line node at kz = 0 and point nodes

at kx = ky = 0 (Mydosh et al., 2020). While the SCing state of

URu2Si2 seems to be well established experimentally, the

underlying interactions responsible for this SCing pairing state

have not yet been established. However, as noted above, insofar

as the unconventional SCing phase of URu2Si2 resides within and

coexists with the HO phase and is suppressed by the LMAFM

phase, the SCing electron pairing would seem to involve special

types of spin excitations within the HO phase that are not present

in the LMAFM phase. Interestingly, a theory of magnetic exciton

mediated SC in URu2Si2 has been proposed by Kusunose

(Kusunose, 2012) based on the Ising-like collective modes in

the HO phase (Altarawneh et al., 2011; Altarawneh et al., 2012)

that lead to chiral d-wave singlet pairing with Eg symmetry. The

Ising character of the spin resonance modes is an essential

ingredient that explains the strong anisotropy of the upper

critical field Hc2(T) (Ohkuni et al., 1999)

Substitutional studies

In 2011, our group reported that the substitution of

isoelectronic Fe (Kanchanavatee et al., 2011) for Ru in

URu2Si2 generates a T vs. x phase diagram, where x is the Fe

concentration, that is reminiscent of the T vs. P phase diagram

for pure URu2Si2 (Butch et al., 2010). We noted that substitution

of Fe for Ru yields a reduction in the unit cell volume similar to

that obtained under pressure at the critical concentration xc =

0.15 or pressure Pc = 1.5 GPa at which the HO-LMAFM

transition occurs. This led us to suggest that substitution of Fe

could generate a “chemical pressure” Pch = (x/xc)Pc = (Pc/xc)x =

(10 GPa)x that drives the HO-LMAFM transition.

Subsequent studies of the URu2−xFexSi2 system under

pressure revealed that increases in x and P induce the HO-

LMAFM phase transition in an additive manner; i.e., xc*(P) =

xc–(xc/Pc)P = 0.15–0.1 (GPa)−1P (Wolowiec et al., 2016). Later it

was shown that the substitution of isoelectronic Os for Ru yields

a T vs. x phase diagram similar to that obtained for Fe

substitution, even though the substitution of Os corresponds

to an increase of the unit cell volume, or “negative” chemical

pressure (Kanchanavatee et al., 2014). Studies of the

URu2−xOsxSi2 system under pressure revealed that increasing

both x and P are additive in inducing the HO-LMAFM

transition for Os substitution, just like Fe substitutions

(Wolowiec et al., 2021). An analysis of the increase in the

hybridization of the U 5f states and the transition metal d-states

upon substitution of Fe and Os for Ru in URu2−xMxSi2 (M = Fe,

Os) suggested that the transition fromHO to the LMAFM order

is primarily driven by the increase in hybridization due to

partial replacement of Ru 4d states with Fe 3d and Os 5d

states which enhances and over compensates for the effects

of positive or negative chemical pressure for Fe and Os

substitutions, respectively.

Since the substitution of Fe and Os for Ru in URu2Si2 has

the same effect as the application of pressure in driving the HO-

LMAFM transition, the substitutional route has the attractive

feature that measurements which are difficult to perform on

URu2Si2 under pressure in the HO and LMAFM phases can

instead be performed on URu2−xMxSi2 (M = Fe, Os) compounds

at atmospheric pressure to achieve the same objective. Also, the

LMAFM phase in URu2Si2 accessed by applying pressure

(Jeffries et al., 2007; Jo et al., 2007; Hassinger et al., 2010)

and substituting Fe for Ru (Kanchanavatee et al., 2011; Das et

al., 2015; Ran et al., 2016) is especially intriguing due to the

similarities between the HO and LMAFM phases (e.g.,

electronic structure, effective masses, c-axis wave vector

downfolding). This motivated our group to undertake a

study of the HO and LMAFM phases in URu2−xFexSi2 under

the “effective pressure” associated with Fe substitution in high

magnetic fields up to 60 T applied along the c-axis at the

National High Magnetic Field Laboratory (NHMFL) facilities

at Florida State University (FSU) and Los Alamos National

Laboratory (LANL) (Ran et al., 2017). The R(T,H)

measurements in high magnetic fields yielded some

spectacular 2D T vs. H phase diagrams for various values of

x and a 3D T vs. H and x phase diagram shown in the

“EXPERIMENTAL RESULTS” section.

The R(T,H) measurements on the URu2Si2 parent

compound reveal a rich and complex T vs. H phase

diagram similar to that previously reported by Kim et al.

(2003) and Jaime et al. (2002). The HO transition

temperature T0 and temperature T* where the

magnetoresistance changes from positive to negative are

suppressed towards 0 K near 35 T and in the vicinity of a

metamagnetic transition at ~38 T (Kim et al., 2003). Between

~33 T and ~39 T, there is a cascade of exotic phases, one of

which is an incommensurate SDW, and non-Fermi liquid

behavior where ρ(T) ≈ AT~1.3 (Kim et al., 2003). Regions

within the T vs. H phase diagrams contain HO, re-entrant

HO (HO*), LMAFM phases and a change in Fermi surface

geometry. These phase diagrams reveal the appearance of a

“re-entrant” hidden order (HO*) phase as a large magnetic

field was applied at low temperatures in the LMAFM phase

(Harrison et al., 2003; Aoki et al., 2010; Ran et al., 2017). With

the continuing efforts to understand the underlying physics of

the HO, it would be useful to probe the field-induced

transition between the HO and the LMAFM phases for

several values of x in URu2−xFexSi2.

Scheerer et al. (Scheerer et al., 2012) reported

measurements of the electrical resistivity of URu2Si2 in

high magnetic fields applied at an angle θ with respect to

the c-axis and characterized the various phase transitions of

URu2Si2 as a function of θ. The ultimate finding was that the
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observed θ-dependent behavior of the T vs. H phase diagram

of URu2Si2 is actually a reflection of the phase transitions

depending on the magnetic field projection onto the c-axis,

where H//c = Hcosθ. This study showed that neither H nor θ

independently are tuning parameters of URu2Si2, but instead

H//c is the tuning parameter, possibly due to the symmetry of

the g-factor of URu2Si2 (Ohkuni et al., 1999; Altarawneh et al.,

2011).

Our primary motivation for the research described herein

was to study the θ-dependent behavior of R at larger H, lower T,

and for several values of x in the URu2−xFexSi2 system. We

wanted to determine whether H//c, which is a tuning parameter

for x = 0, remains a tuning parameter over the full range of Fe

concentrations, x, throughout the HO phase and into the

LMAFM phase. Additionally, these measurements can probe

the transition between LMAFM and HO* (“re-entrant HO”),

as well as potentially allowing one to distinguish the closely-

related LMAFM and HO ground states from one another. These

objectives can be explored by constructing a T vs. H phase

diagram for URu2−xFexSi2, as presented in the work by

Ranet al. (Ran et al., 2017), but with variation of θ. Our

construction of the URu2−xFexSi2 phase diagram with varying

T,H, and θ, not only confirmed the results for URu2Si2 presented

by Scheerer et al. (Scheerer et al., 2012), but also showed that H//

c, as opposed to θ, was a tuning parameter that extended

throughout all x in the URu2−xFexSi2 system.

2 Experimental results

Electrical transport measurements on single crystals of

URu2−xFexSi2 were made in high magnetic fields using a 65 T

pulsed-field magnet at National High Magnetic Field Lab

(NHMFL), Los Alamos, NM and the 45 T dc hybrid magnet at

FIGURE 1
Graphic of the sample rotation in a vertical magnetic field
representing the experimental setup at both the Pulsed Field
facility at LANL and the DC Field facility at FSU.

FIGURE 2
(A–C) Resistance, R, vs. magnetic field, H, of URu2Si2 at multiple angles θ for T = 1.5, 10, and 13 K, respectively. (D–F) Resistance curves from
(A–C) plotted versus the projection of the magnetic field onto the c-axis of URu2Si2,H//c, whereH//c =H cos θ. The behavior of magnetoresistance
in URu2Si2 appears to only depend on H//c, consistent with Scheerer et al. (Scheerer et al., 2012).
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NHMFL, Tallahassee, FL. The electrical transport properties

of the single crystals, with cleaved surfaces perpendicular to

the c-axis, were measured using a standard four-wire

technique in the ab-plane, where voltage was measured in

the same direction as current. The magnetic field, H, is

applied at an angle, θ, to the c-axis, such that θ = 0

represents H//c and θ = 90° represents H//ab Rotation is

performed in-situ using a cryogenic goniometer (Willis et al.,

2020). Figure 1 shows a depiction of this setup at both

facilities.

2.1 Angular-dependence of
magnetoresistance in URu2Si2

Measurements of the electrical transport properties of

URu2Si2 were taken under a pulsed field of μ0Hmax = 65 T

directed at various angles 0 ≤ θ ≤ 90° for T = 1.5, 10, and 13 K.

The results of these measurements are presented in Figures

2A–C. Electrical resistance, R, of URu2Si2 is measured as H is

pulsed to 65 T, and several features associated with phase

transitions appear at various values of Hphase, dependent on T

and θ. For fixed T, the θ-dependent behavior as θ→ 90° shows

these transitions being shifted to higher fields, suggesting

strong correlation between Hphase and θ, where θ = 90° makes

these transitions impossible to observe. We follow this idea by

using the trigonometric relation, cos θ, which represents the

projection of H onto the c-axis, and can reduce the scaling of H

by cos θ on the bottom panels of Figures 2D–F to determine if

the transitions observed in URu2Si2 are dependent onH//c. This

reduced scaling, based on the geometry of the setup, shows that

the transitions observed in URu2Si2 are indeed solely dependent

on the application of magnetic field along the c-axis. Despite a

very large μ0H up to 65 T being applied in the ab-plane, there is

no deviation from this behavior. These results confirm the

findings of Scheerer et al. and give strong indication that not

only the HO, but all phases (Fermi surface reconstruction,

SDW, etc.) in URu2Si2 are only susceptible to H applied

along the c axis, suggesting that the magnetic properties of

the 5f-electrons are linked to the Fermi surface (Scheerer et al.,

2012).

2.2 Angular dependence of
magnetoresistance in URu2−xFexSi2

Measurements of R vs. θ were performed on URu2−xFexSi2 in

the 45 T hybrid magnet at NHMFL to characterize the angular

symmetry of R(θ) at higher fields and across the phase diagram

for URu2−xFexSi2 constructed by Ran et al. (2017). Measurements

on R(θ) were made as θ was swept through the range 0 ≤ θ ≤ 180°

for fixed magnetic fields μ0H = 20, 33, 40, and 45 T at multiple

temperatures above and below the HO and LMAFM transitions

in URu2−xFexSi2 for selected x. The data taken for this

measurement on x = 0.2 at μ0H = 45 T are shown in Figure 3

as an example.

The features in R(θ) are actually representative of phase

transitions. This explanation utilizes the knowledge that the T

vs. H phase diagram for URu2Si2 does not explicitly depend

on the angle, but instead on the projection of H onto the c-

FIGURE 3
Selected R vs. θ curves at selected temperatures for x = 0.2
with the applied field magnitude of μ0H = 45 T. Features that
develop at high fields represent phase transitions occurring at
θc (T, H).

FIGURE 4
Single R vs. θ curve (black) for x = 0.05 at T = 4 K with its
angular derivative dR/dθ as an overlay (red). Sharp features in the
derivative data at specific values of θ can be converted toH//c (top
x-axis). This reduction of H and θ into H//c shows that these
features actually correspond to phase transitions which were
previously mapped out by Ran et al. (2017).
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FIGURE 5
A T vs. H//c phase diagram is constructed for several x using extracted values of θ(T, H) from various R(θ) curves using the method shown in
Figure 4. The phase diagrams presented show a striking similarity to what was mapped out by Ran et al. (2017) suggesting that various phases in
URu2−xFexSi2 only depend on H on the c-axis.

FIGURE 6
The T vs. H phase diagrams for URu2-xFexSi2 (A–I) in Ran et al. (2017). H was applied along the c-axis.
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axis, as shown by Scheerer et al. (Scheerer et al., 2012) and

confirmed in the prior discussion in this manuscript using an

independent, but similar experiment on URu2Si2. Much like

in Figure 2, where the magnetic field sweeps of R(H) at several

θ were reduced to a system of just R vs. H//c, a reduction of

parameters can be attempted where θ is converted to H//c

using the magnitude of the field (45 T, for Figure 3) and the

relationH//c =H cos θ. This conversion is shown for a singleR vs. θ

dataset in Figure 4, with x-axis values of θ being converted to H//c

and shown on the top x-axis. Using the first angular derivative of

resistance, dR/dθ, the features in R(θ) can be more easily identified

at specific θ and H//c, as shown by the red line in Figure 4.

The features, identified by sharp peaks in dR/dθ, were

plotted in phase diagrams for all T and H, for several x, with

no guidance from prior studies. The phase diagrams

constructed from these data are shown in Figure 5. The

newly constructed phase diagrams bear a remarkable

resemblance to the phase diagrams explored by Ran et al.

(2017) shown in Figure 6, suggesting that, like in URu2Si2,

the T vs. H phase diagrams for URu2−xFexSi2 are strictly

dependent on H//c and exhibit no angle-dependent behavior.

Overlap in the T vs. H//c phase diagram confirms no angle-

dependence of the phases by noting that an increase in field

magnitudeH does not change the anisotropy. This is particularly

insightful, as one would expect that perhaps the LMAFM phase of

URu2−xFexSi2 could be perturbed by a large magnetic field being

applied along the ab-plane. Instead, it is shown that, no matter the

Fe concentration of URu2−xFexSi2, all field-induced phase

transitions in this system happen along the c-axis and may be

closely intertwined. Further, the inability to show a difference in

the anisotropy between the HO and LMAFM phases using this

measurement technique represents a significant finding.

In the phase diagram we show, for samples with Fe

concentration x ≥ 0.1, that the LMAFM ground state

FIGURE 7
Demonstration of the LMAFM andHO* signatures in the dR/dθ data for x=0.1 at μ0H= 33 T as HO* develops at lower temperatures. This picture
is consistent with the idea that the LMAFM phase is interrupting the larger HO phase.

FIGURE 8
Normalized T/T0 vs. H/H0 phase boundary for both LMAFM
and HO(*) phases for all x and H. Curvature of this boundary is
analyzed using Eq. 1, showing two clusters for the HO(*) phases:
n = 1.8 for x = 0, 0.05, and 0.1 where HO is the dominant
phase and n = 1.45 for x = 0.15, 0.2, and 0.3 where LMAFM is the
dominant phase. As expected, the AFM boundary does not fit into
this smooth curve due to the abrupt nature of the transition
into HO*.
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undergoes a transition into re-entrant HO as H is increased,

which is expected from prior studies on re-entrant HO in

URu2−xFexSi2 (Ran et al., 2017). Since our measurements

yielded a large amount of data in a T vs. H, x phase diagram,

and the reduction of θ and H into H//c provides redundancies in

this phase diagram, we can thoroughly explore the phase

boundary between LMAFM and HO*. One such visualization

is presented in Figure 7, where, for x = 0.1 at μ0H = 33 T, we can

show the signatures of the LMAFM and HO* transitions in dR/

dθ. As expected, at higher temperatures, there is only a LMAFM

phase before making a transition into the PM state, but as the

temperature is lowered, a transition to HO* is observed at high

fields.

The interesting behavior shown in Figure 7 is the smooth

nature of the transition from the PM state to HO* or LMAFM as a

function ofT. The PM state boundary traces out continuously with

T from the LMAFM to the HO* phases for the Fe concentrations

where both phases are observed. The transition between LMAFM

and HO* is very abrupt, however, and its behavior may lend

insight into the nature of the LMAFM phase. A possible scenario is

that the substitution of Fe is actually “interrupting” the HO phase,

rather than a separate re-entrant HO phase “growing out” of the

LMAFM ground state. This idea may be supported by

characterizing the shape of the outer boundary of the phase

diagrams: HO for x = 0 and 0.05, LMAFM + HO* for x = 0.1,

0.12, 0.15, 0.2, and 0.3, and LMAFM for presumably x > 0.3. This

characterization is presented in Figure 8, much like what was

done by Ran et al. (2017) where the phase boundaries are

normalized to one at the T and H endpoints, such that the

qualitative behavior of the boundary can be observed and

characterized according to Eq. 1. Using this fitting of the

curvature, the data can be organized into essentially 3 clusters.

The first cluster, where fitting parameter n = 1.8, is the same as

observed by Ran et al. (2017), and applies to x = 0, 0.05, and

0.1 where HO is the dominant phase. The second cluster

represents a flatter boundary where LMAFM is the dominant

phase and n = 1.45 for x = 0.15, 0.2, and 0.3. This suppression

of n may be related to the fact that T0 increases significantly

between x = 0.1 and 0.15. The final cluster is a more general

grouping where this boundary was mapped out to where H0 =

HLMAFM, instead of the usual HHO. As discussed, the LMAFM

phase cuts into the HO phase rather abruptly, yielding a phase

boundary which is not smooth and therefore cannot be cleanly

described by Eq. 1.

T/T0( )
n + H/H0( )

n � 1 (1)

Further visualization of the behavior of the LMAFM/

HO* to PM state boundary is provided in the 3D phase

diagram shown in Figure 9, with the color of the data points

corresponding to the various phases in URu2−xFexSi2. For

comparison, the 3D phase diagram of URu2−xFexSi2 with

magnetic fields applied parallel to the c-axis is presented in

Figure 10. The transition from the PM state to LMAFM/HO*

follows a continuous boundary with x, whereas the HO* to

LMAFM boundary cuts in abruptly. This LMAFM to HO*

FIGURE 9
3D phase diagram combining all of the 2D phase diagrams
from Figure 5, except for x = 0.12, due to likely discrepancy in the
Fe concentration. In 3D space, the joint LMAFM-HO boundary
appears to curve smoothly in a consistent matter, with the
only variation being where the AFM phase cuts in at higher T based
on x.

FIGURE 10
3D phase diagram from Ran et al. (2017). SDW: spin density
wave; P1: possible new phase in low field; FL: field induced
recovery of the normal metallic phase. Note the similarities
especially in PM-HO-LMAFM phase boundaries between this
figure with H//c and Figure 9.
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transition “wedge” in the 3D phase diagram cuts in at an

angle such that it eventually converges with the HO*

boundary at x ≥ 0.3, but near x = 0.1, this boundary

rapidly disappears as the URu2−xFexSi2 system moves into

a HO-only regime. The 3D phase diagram reflects the

possible explanation that Fe-substitution leads to an

abrupt interruption of the HO phase via introduction of

the LMAFM phase at μ0H = 0 T. As Fe continues to be

substituted into URu2−xFexSi2, the space in the phase

diagram previously occupied by the HO phase is quickly

replaced by LMAFM. One can picture a tall “dome” of

LMAFM growing into a large “bubble” of HO in this 3D

phase diagram. While no angular-dependent behavior is

clearly observed in this phase diagram, the data collected

from our measurements show a more detailed picture of the

interaction between the LMAFM and HO phases in the

URu2−xFexSi2 system.

3 Concluding remarks

We performed a series of measurements on URu2−xFexSi2 in

order to characterize the T vs. H phase diagram as a function of θ,

the angle betweenH and the c-axis, in order to better understand the

nature of the HO and LMAFMphases, which was initially explored

in URu2Si2 (Kanchanavatee et al., 2017). We show that these

two studies actually probe the same phenomenon, which is that

the phases in the T vs. H phase diagram are strictly dependent

on the magnetic field applied along the c-axis, H//c. The

reduction of these two seemingly independent problems to a

single phenomenon was allowed when magnetoresistance R(H)

curves at various θ for fixed T could be understood as being

independent of θ by convertingH into its c-axis projection, such

that H//c = H cos θ. This characterization of the phases as a

function of H//c was initially provided by Scheerer et al.

(Scheerer et al., 2012) and then separately verified with our

own measurements on URu2Si2. By applying this technique to

the study of the substitutional system in URu2−xFexSi2, the

phase diagram behavior could be reduced by converting values

of θ at fixed H to an equivalent H//c. After construction of the

2D phase diagram for several x, we found recovery of the

original 2D phase diagrams constructed by Ran et al. (2017),

where H was strictly parallel to c, suggesting that, despite large

H being applied along the ab-plane, potentially causing

perturbations to the T vs. H phase diagram, the various

phases in URu2−xFexSi2 are resistant to magnetic fields H//

ab, and that phenomena such as HO, LMAFM, Fermi surface

reconstruction, SDW, etc. are all exclusively dependent onH//c.

This suggests that these various phases are closely related to one

another, with H//c, and not H or θ, being a non-thermal tuning

parameter. Further, we can continue to observe the

x-dependence of these various phases in URu2−xFexSi2 to

provide further insight into their nature, particularly the HO

and LMAFM order. By studying the characteristics of the

various phase boundaries, we can actually imagine an

explanation of the relationship between HO, HO*, and

LMAFM, where LMAFM interrupts the continuous HO

phase, as a potential alternative explanation to the idea that

re-entrant HO* grows out of LMAFM at high fields. Thus, this

study potentially offers two new insights into URu2−xFexSi2: 1)

not only in the parent compound URu2Si2 are the phases solely

dependent on H//c (Scheerer et al., 2012), but this is also true

for URu2−xFexSi2 despite the introduction of LMAFM via Fe-

substitution (this also provides a clear explanation for the

observed “symmetry” in R(θ) for μ0H ≥ 0 T)

(Kanchanavatee et al., 2017) and 2) we provide an

additional visualization of the T vs. H phase diagram for

several values of x, allowing for an alternative explanation of

the interaction between HO and LMAFM induced via Fe-

substitution.
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