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Intertwining bulk and surface: The case of UTe,
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UTe, has been the focus of numerous experimental and theoretical studies in recent years, as it is recognized
as one of the few odd-parity bulk superconductors. Its surface has also been probed, revealing charge density
wave (CDW), pair density wave, and time-reversal symmetry breaking (TRSB). Here, we propose that the
interplay between bulk and surface order parameters in UTe, may be crucial in explaining its unusual surface
properties. Through a phenomenological analysis, assuming a dominant CDW, we can account for three
distinctive experimental signatures: (1) the apparent suppression of CDW order at the upper critical field of
the bulk superconducting state; (2) the magnetic-field-induced imbalance of the Fourier peaks associated with
the CDW; and (3) the onset of TRSB with bulk superconductivity and its field trainability. Furthermore, we
propose specific experiments to validate our conjecture, which we believe could be promptly achieved.

DOL: 10.1103/nbq1-5p1d

Introduction. Modulated orders in the charge, spin, and
superconducting sectors are ubiquitous in strongly correlated
systems and are associated with a plethora of nontrivial
phenomena such as intertwined and vestigial orders [1,2].
Focusing on the superconducting state, modulated orders are
known as pair-density waves (PDWs) [3]. When PDWs are
the primary orders, they can induce multiple secondary or-
ders with a remarkable interplay of topological defects [4—6].
PDWs can also emerge as secondary or induced orders, in
which case their symmetries can reveal signatures of the un-
derlying primary orders that could otherwise be hard to detect.

PDWs have been primarily characterized by scanning tun-
neling microscopy (STM), an intrinsically surface-sensitive
technique. STM experiments originally reported PDWs in
high-temperature cuprate superconductors [7-9]. Most re-
cently, NbSe,, a transition-metal dichalcogenide [10], and
CsV3Sbs, a hexagonal kagome material [11] have been re-
ported to host exotic PDWs. Most notable is the case of
UTe,, for which STM experiments have reported a PDW [12]
and an unusual magnetic-field-dependent charge density wave
(CDW) that seems to be suppressed at the bulk superconduct-
ing upper critical field H,, [13,14]. While superconductivity
is a well-established bulk phase in this material, x-ray and
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thermodynamic measurements failed to identify signatures of
CDW in the bulk [15-17].

A growing body of experimental evidence indicates
that UTe, is an odd-parity spin-triplet bulk superconductor
[18-20]. While muon spin relaxation/rotation measurements
indicate an absence of time-reversal symmetry breaking
(TRSB) in the bulk [21,22], signatures of field-trainable
polar Kerr effect are consistent with TRSB on the sur-
face [23-25]. A TRSB superconducting order parameter
generally requires a multicomponent order parameter. How-
ever, the low, orthorhombic symmetry of UTe, does not
host higher-dimensional irreducible representations (irreps)
supporting multicomponent order parameters. In this light,
theoretical works have proposed a variety of accidental de-
generacies or coexistence of symmetry-distinct homogeneous
superconducting order parameters to account for the unusual
phenomenology of UTe, from the bulk perspective [26,27].

Initial theory accounting for the surface modulated orders
proposed a dominant PDW and a vestigial CDW [13]. Here,
we take an alternative approach: We assume the CDW to be
a primary order on the surface, which intertwines with the
bulk homogeneous single-component superconducting order
parameter to give rise to a multicomponent surface PDW.
Using a phenomenological Landau theory, we address the
suppression of CDW order as a function of magnetic field,
unravel the origin of the increased imbalance of the Fourier
peaks capturing modulated orders in STM experiments in the
presence of external magnetic fields, and propose a scenario
for TRSB superconductivity based on the surface PDW.

Symmetry considerations. UTe, is a three-dimensional
heavy-fermion system crystallizing in space group I/mmm
(No. 71), with a body-centered orthorhombic structure [28].
STM experiments have probed the easy-cleave (011) surface,
characterized by wallpaper group cm, which includes a
mirror operation M, with normal along the y direction (a
axis in the bulk) [see Fig. 1(a)]. The primitive lattice vectors
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with a, b, and c the bulk lattice constants. The basis vectors v; and v,
are indicated by the black arrows. The dashed gray line indicates the
M, mirror plane. (b) Surface BZ highlighting high-symmetry points
(filled circles) and other relevant points (open circles). The reciprocal
lattice vectors ¢, and ¢, are indicated by the red arrows.

FIG. 1. (a) Easy-cleave surface of UTe,, where b=

v12 = (Fh/2,a/2), where a and b are the surface lattice
parameters, span a centered rectangular lattice, resulting
in an elongated hexagonal Brillouin zone (BZ), with three
high-symmetry points, M), 3 [see Fig. 1(b)]. In addition to
the high-symmetry points, we also label the vertices of the
BZ as W and L, , following the notation in Aishwarya and
coworkers [13,29].

The CDW order observed at the UTe, surface has been
associated with incommensurate wave vectors Q;_ | , near
the W and L;, points of the BZ, respectively. Note that
some of these wave vectors are related by reciprocal lattice
vectors (RLVs) q, , = 2n(F1/b, 1/a), as +0,,=FQ) *
q, »- The observed modulated orders, therefore, correspond to
multiple “harmonics” of a two-component order parameter,
related by RLVs. For the discussions associated with global
symmetries, it suffices to focus only on two independent
wave vectors, which we choose to be O, and —Qq = M,0,,
associated with the two-component CDW order parameter
Ay = (Atg,. A_g,), leading to a spatial charge distribution
following A(r) = A4, QT + A_g,e QT

Landau theory. We start the phenomenological description
of the surface with the CDW order, which has the high-
est onset temperature with 7; o ~ 12K [14]. Choosing +0,,
as the representative harmonics, in addition to the CDW
order parameter Ay, a modulated current order parameter
Ay = (Al p,, A”p,) is induced in the presence of a magnetic
field. Here, Ao and A are, respectively, even and odd under
time-reversal symmetry (TRS), such that A%, = A_g, and
Ay, = —A’p,- In addition to being odd under TRS, mag-
netic field contained in the mirror plane By = (By, 0, B;) is
odd, while field perpendicular to the mirror B,y = (0, By, 0)
is even under M,. For the sake of simplicity, we set B, =0
from here on. The Landau free energy in the charge-current
sector up to fourth order reads

B

o B
= Z|A 2 —A4
A 2| o|+4| ol +

—|A I* + + 1A *

—i—)LByASA()—l—nBZAg@A()+B§<§|Ao|2+ |A)| )

ey

where @) = a"(T — T, p0), with T, t.a0 the critical temper-
ature of the pure charge (current) densny wave. o; are Pauli
matrices, and we assume the phenomenological coefficients
a”, B0, ¢V, A, n>0. We also assume there is no spon-
taneous transition to a phase with |Aj| # 0 in absence of
magnetic field, such that o’ > 0.

In the superconducting sector, we assume a
single-component homogeneous bulk order parameter

= |Wp|e”, which may be even or odd under M,, and
write its free energy as

Fy = op| Wy |* + BolWol* + ¢oB* Wy |2, )

where By > 0, ap = ap(T — T¢w), with a, > 0. Here, T ¢ ~
1.5K is the bulk superconducting critical temperature, about
one order of magnitude smaller than 7; A, and &, > O captures
the general suppression of the bulk superconducting state in
the presence of an external magnetic field. The free energy
also includes terms that couple both sectors discussed above,
which read

Faw = @|%ol* + B11%o|* + Bo | WiosWo|* + pB, W03 W
|\If 2

Oa,\IIO + c.c.).
(3

Here, the y) terms are simple biquadratic couplings of the
CDW (current) and bulk superconducting orders, whereas the
k term describes the induction of a two-component PDW
order parameter Wy = (W,g,, ¥_g,) with @ > 0, as we as-
sume the PDW is not a stable phase in isolation. The p term
captures the only linear coupling to magnetic field, and we
keep terms up to fourth order in the PDW order parameters
with B; > 0 and B; + B, > O for stability. The = signs in the
last line correspond to W, being even (i = 0) or odd (i = 3)
under M,.

Magnetic-field-dependent CDW. The Fourier peaks associ-
ated with the CDW at the surface of UTe, were reported to
be rapidly suppressed under magnetic fields close to H., [13].
As the STM measurements probe a (real) amplitude modula-
tion, the Fourier decomposition always yields equal weights
for +0Q;. To relate our results to measurable Fourier intensi-
ties, we introduce the gap magnitude G? = Y___, (|A.q,1* +
|A! Q| ) resulting from the presence of modulated charge
and (field-induced) current orders with ordering vector £0;.
Focusing on the harmonics at +0,,, we argue that the simplest
explanation for the apparent suppression of CDW is that A
and W, are strongly and attractively coupled, corresponding
to a large negative y coefficient. In this scenario, the CDW
survives up to magnetic fields larger than the bulk upper
critical field, but the onset of bulk superconductivity leads to
a boost of |Ag|. Conversely, this feature can be interpreted as
an apparent suppression of |Ay| at H.,, which we explicitly
show by numerically minimizing the free energy and plotting
the resulting Gy as a function B, [see Fig. 2(a)]. Across this
work, we measure the free energy in units of o>/, all order
parameters and external fields in units of /|«|/B, and use
dimensionless phenomenological coefficients (specific values
are given in the corresponding figure caption). Note that the
Fourier components at £Q , couple to the magnetic field
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FIG. 2. (a) Evolution of bulk superconducting order, |¥}|, and
combined CDW and field-induced current order, Gy, as a function
of B,. Dashed and solid lines correspond to y = y’ = 0 (decoupled)
and y/B = y’/B = —1 (attractively coupled), respectively. We used
o flal =p'/B=PB/B=¢/B=C"/B=15/B=1 and —op/|a| =
n/+/1a]B = 0.5. (b) TRSB via the imbalance of PDW compo-
nents, |Wip,|. We quantify TRSB by (|W,g,| — [W_g,1)/(1¥40,| +
[W_g,|), shown as the shaded area. We used |Ay|//]a|/B =
—ay/lal = Bp/B =1, &/la| = «//a]B = 0.1, Bi/p = 1.3, and
B/B=—1.

via the same type of biquadratic term, describing a similar
interplay, which we omit for the sake of simplicity.

TRSB superconductivity. In contrast to the single-
component nature of the bulk superconducting order param-
eter, the intrinsic two-component nature of the PDW order
parameter W, could naturally lead to TRSB in the supercon-
ducting state. Crucially, in this case TRSB is constrained to
the surface of UTe,, while in the bulk TRS is preserved,
which could reconcile the observed field-trainable Kerr ef-
fect [23-25] with the apparent absence of TRSB in the bulk,
probed by muons [21,22]. The spatial dependence of the PDW
order parameter can be written as Wppw(r) = \IIJFQOe"QO'r +
W_p,e '@ Parametrizing the two components in terms of
an overall magnitude |Wy|, an angle 6 controlling their rel-
ative magnitude, and angles ¢i capturing their phases as
U0, = |Wolcos e and W_g, = [Wp|sinfe- (0 <0 <
), we can write explicitly

Gytd) s @r—60) &
Wrpw(r) = [Wole' [COSQelQO oy Qo)

O (vt @0
+ singe QT @ @], “

where Qo = Qo/|Qo|. In the absence of other orders, (¢ +
¢—_)/2 could be removed by suitable choice of U(1) gauge and
origin. However, for an induced PDW, both degrees of free-
dom are defined with respect to the primary CDW and bulk
superconducting orders. If we assume the choice of origin at a
maximum of the CDW, and gauge out the phase of the bulk
superconducting state, then (¢, — ¢_)/2 captures a phase
shift in real space between the CDW and PDW patterns, and
(¢+ + ¢_)/2 corresponds to a nontrivial U(1) phase relative
to Wy,. Given these observations, Eq. (4) highlights that the
PDW can break TRS either by a nontrivial (¢4 + ¢_)/2, or
due to an imbalance between the two components, namely,
0 # /4.

Minimizing the total free energy F = Fa + Fy + Fay in
the presence of both CDW and bulk superconductivity, we
find that the PDW onsets as |Wy| ~ «|W,||Ag|/@ (see the
Supplemental Material [30]). While B, > 0 favors 6 = 7 /4,
for negative B, a solution with @ # 7 /4 is possible, which be-

comes energetically favorable for B, < —a>/(8x2|Wp|?|Ag|?)
[30], breaking TRS. To demonstrate this numerically, we
minimize the free energy Fy + Fay for zero magnetic field
and with a CDW background |Ay| taken to be constant in
temperature for 7 /7; w < 1. We choose parameters satisfying
the condition above at a finite 7 [see Fig. 2(b)]. Here, the
two components |W, g, | onset with equal magnitudes at 7 y,
such that TRS is preserved; however, they deviate at a slightly
lower temperature, leading to TRSB on the surface. Notice
that the sign of the deviation, or equivalently the sign of
0 — m /4, is field trainable via the p term in Eq. (3), potentially
explaining the field-trainable polar Kerr effect reported in Wei
et al. [24]. Considering now the phases ¢4, for W, even under
M, and k > 0 (k < 0), the PDW emerges with a m-(zero)-
phase shift with respect to the CDW pattern in direct space.
Conversely, for Wy, odd under M, the two orders manifest with
a £ /2 phase shift. For more details, see the Supplemental
Material [30]. Note that among the odd-parity irreps of D5y,
Bj 5, are even, while A, and B3, are odd under M, consistent
with 0, r, and & /2 phase shift in direct space, respectively,
the former in agreement with experimental results [12].

Imbalanced Fourier peaks. Finally, we address the ob-
servations related to the Fourier peaks of the CDW around
the points +L;, above the superconducting ordering tem-
perature. To this end, we invoke ‘“higher harmonics” of
the CDW order parameter with momenta related by RLVs,
Q12 = FQo £¢q, 5. As MyQ1 2 = —Qy,1, we organize the
corresponding order parameter harmonics into “left” and
“right” groups, reminiscent of their location in reciprocal
space [see Fig. 1(b)]. We define A = (A4 g, A_p,) and
AR = (A4g,, A_p,), with the same symmetry properties as
Ay. The intrinsic contribution of order parameters with mod-
ulating momenta Q,, to the same two-component order
parameter accounts for the strong cross-correlation between
amplitude maps corresponding to Fourier peaks in the vicinity
of L, ; reported in LaFleur et al. [14].

Accounting for these higher harmonics of the CDW, we
can address the dependence of the corresponding Fourier peak
amplitudes in the presence of magnetic field. In particular,
+0, and £0, were reported to be suppressed at unequal
rates as magnetic field is increased [13,31]. Previously, the
asymmetry was attributed to the symmetry-breaking nature
of the perpendicular field B,, which is odd under M,, the
symmetry that relates Q, , to —Q, ;. However, any field By
contained in the mirror plane preserves the combination of M,
and TRS, which relates Q, and Q,, and protects their equal
weight.

To address the origin of Fourier peaks imbalance, we write
the free energy for the higher harmonics of the order parame-

B, .
ters Ai”)R as Fir = F% + Ffﬁ + F p, with

o o
Fr= ) (%m# + SE A + ‘%Air‘)
i=L,R

+ (RARAL — g AFA] +Hee), (5)

where n](:l){ = (ni) — in(_/))/Z and we take opr < 0, assuming

T <T, A and nl(‘% > (0. We only include the simplest fourth-
order term for stability, with frr > 0. As before, oz > 0,
such that currents are only induced in the presence of a

L012038-3



ANDRAS L. SZABO AND ALINE RAMIRES

PHYSICAL REVIEW RESEARCH 8, L012038 (2026)

(a)

1-
[Ag|
[Ag,|- - -
|Ag,]
[Ag,l- - —

0 T T T T
0.0 0.8 |B‘ 1.6 0.0 0.8 ‘B‘ 1.6
(©) I O Im CY I I I

D B, B
field vy T
B,B, DB, DB, OP
M, - o+ = -
T+ - -
FT
MT| — — 4+

FIG. 3. (a), (b) Magnetic field evolution of charge and current
order parameter amplitudes, and asymmetry of Fourier peaks, cap-
tured by the ratio G3/G? (schematic in inset). We used —ag/|er| =
ag/lal = Pir/B = /B =t'/B =10 /la| = 0.5, vi//[alf =
0.2, and normalized the order parameters with their zero-field am-
plitudes. In panels (a) and (b), (cos x - ALr)/+/||f = 0 and 0.1,
respectively. (¢) Summary of the symmetry properties of external
symmetry breaking fields and their bilinears. (d) Schematic repre-
sentation of the order parameter (OP) and Fourier transform (FT)
peak imbalance or lack thereof for each case identified in panel (c).

magnetic field. The evolution of Ay g for finite B, is captured
by i = B + F* with

’
F% R :B§<%R|A,»|2 + %“m;ﬁ) +B.viAlozAl,  (6)

where v, g = V| % iv;, and we assume ;“L(’li, V12 > 0. We min-
imize FiRr for a range of B, [see Fig. 3(a)] and find |Ap, | =
|Ag,| and |A’Ql| = |A’Q2|, such that the gap amplitudes G%,z
remain symmetric, G3/G3 = 1. A finite B., therefore, does
not account for the Fourier peak asymmetry. This can be
understood as B; breaks both M, and TRS, but preserves their
product, which connects vectors Q; and Q.

To determine the origin of the Fourier peak asymmetry,
we summarize the distinct types symmetry-breaking fields in
Figs. 3(c)-3(d). B;, which is odd under both M, and TRS,
is indicated as type IIL. In contrast, type I breaks only M,
and can be associated with spatial inhomogeneities whose
distribution is not mirror symmetric on a finite field of view.
Here, we account for this effect by a field D. Finally, type II
breaks only TRS, associated with a magnetic-field component
By, = Bsin x # 0 perpendicular to the mirror plane (x is the
angle between the magnetic field and the mirror plane). For
the asymmetry between peaks at @, , to manifest, an effective
field that breaks M,T symmetry is required. This can be
achieved by either a single type I field (such as D), or the
simultaneous presence of a type II and a type III field (such as
B and B,).

As an illustrative example, we focus on the case with the
magnetic field tilted away from the mirror plane, where the
field component B, enters the free energy via

Fy = BJIALA] A] — Az AL AR], )

where AL g = A; & iA,. Minimizing Fir with By, B, # 0, we
find a field-induced splitting of | A ¢, , |, leading to a deviation
of G5/G? from one as a function of field [see Fig. 3(b)].

Discussion and outlook. In this Letter, we employed a
symmetry-based phenomenological analysis to account for
salient experimental observations on the surface of UTe,. We
now summarize our results and propose targeted experiments
to validate our proposal. First, we proposed an attractive cou-
pling between the surface CDW and bulk superconducting
orders as the origin of the apparent suppression of the CDW
at the superconducting upper critical field. Such coupling be-
tween two phases positively renormalizes the nominal critical
field and temperature of the subdominant order parameter. If
the CDW is restricted to the surface, we expect supercon-
ductivity on the surface to be more robust than in the bulk.
Comparing 7. ¢ on the surface with that in the bulk could
therefore be a test for this scenario.

We also propose a mechanism for TRSB superconduc-
tivity, based on the multicomponent nature of the induced
PDW on the surface. If the presence of the CDW is surface
dependent, our scenario can be tested by checking whether
CDW and TRSB are simultaneously present on a given cleave
plane. According to our proposal, surfaces without charge
order (and, therefore, induced PDW) should not give rise to
TRSB superconductivity. This could be verified by STM and
polar Kerr effect experiments.

Finally, our symmetry analysis shows that the asymmetric
field evolution of the Fourier peaks at Q; , cannot be simply
attributed to the presence of magnetic field perpendicular to
the surface. Rather, it relies on further symmetry breaking
effects or on a tilt of the magnetic field out of the mirror plane.
This scenario could be tested, for example, by sweeping the
angle yx, upon which the asymmetry should be minimal for
x = 0. Furthermore, we also expect weaker asymmetry if the
Fourier transform is performed on a field of view with less
inhomogeneities.

Altogether, our analysis provides a comprehensive account
of the symmetries associated with order parameters emerging
on the surface of UTe, and puts forward a scenario with
intertwined orders emerging on the surface and in the bulk.
While UTe; is still under intense experimental investigation
[32-36], the tests we propose to prove this scenario could
further our understanding of the surface physics of this ma-
terial and have the potential to shed light on the outstanding
puzzle surrounding the nature and origin of the TRSB in this
fascinating compound.
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