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Direct observation of the hybridization gap in both the hidden order and large moment
antiferromagnetic phases in URu,Si,
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Despite extensive research on the heavy fermion superconductor URu,Si, in the past three decades, the
nature of the hidden order (HO) phase transition occurring at 17.5 K remains ambiguous. Here we report a
comparative scanning tunneling microscopy/spectroscopy (STM/STS) study on different terminations of the
parent URu,Si, and Fe-doped samples. A small gap, which was ascribed to the HO parameter by previous
STM/STS studies, emerges in both the HO and large moment antiferromagnetic phases on the U terminations,
indicating it is not the unique hallmark of the HO parameter. Moreover, a peak-gap-peak structure is observed
on the Si terminations. Variations of the two spectral features with Fe concentration and temperature show that
they stem from the alteration of f-c hybridization. The higher vanishing temperatures and larger sizes of the
gap in the Fe-substituted samples indicate stronger f-c¢ hybridization strength compared to URu,Si,. Our studies
demonstrate hybridization is not the driving force for the HO phase transition.
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I. INTRODUCTION

Since its first discovery in the 1980s [1], URu,Si, has
attracted substantial attention and has become one of the most
important and enigmatic heavy fermion compounds due to its
mysterious “hidden order (HO)” phase transition occurring at
To ~ 17.5K as well as the unconventional superconductivity
coexisting with the HO phase below T, ~ 1.5 K [2,3]. Intrigu-
ingly, the HO phase transition in URu,Si, was accompanied
with a large entropy loss of AS ~ 0.2 RIn(2), which can-
not be explained by the small antiferromagnetic moment of
(0.03 £ 0.02) up per U atom detected by neutron-scattering
experiments [4]. Enormous experimental efforts were dedi-
cated to unveiling the nature of the order parameter below 7Ty,
but in a sense no consensus has been reached [5-10].

On the one hand, density-wave state scenarios, such as
charge density wave (CDW), spin density wave (SDW) [6],
or chirality density wave [11], were proposed to be re-
sponsible for the HO phase transition in URu,Si;. On the
other hand, a large body of experimental work found the
evidence of band structure alterations during the HO phase
transition [12-14]. It is noteworthy that scanning tunnel-
ing microscopy/spectroscopy (STM/STS) studies of URu,Si,
found a small partial particle-hole asymmetric energy gap
emerges from the paramagnetic Kondo lattice state at a tem-
perature very close to 7y (within 1 K) in the dI/dV spectra
[15,16]. STM-based quasiparticle interference (QPI) mea-
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surements revealed its origin as the splitting of a light band
into two new heavy bands due to f-d hybridization [16],
which leads to the deduction that HO phase transition is
closely related to the hybridization process and this gap was
identified as a hallmark of the hidden order parameter. How-
ever, later point contact spectroscopy (PCS) measurements
found that the hybridization gap opens in the temperature
range of 27-34 K, which is well above Ty, strongly implying
that it is not the HO parameter [17].

There are many similarities between the HO and the large
moment antiferromagnetic (LMAFM) phases in their trans-
port, thermodynamic, and electronic properties in URu,Si,
[18,19]. The intimate relationship between the HO and
LMAFM phases implies that their comparative studies may
greatly promote our recognition of the HO parameter. There-
fore, it is desirable and helpful to conduct comparative
measurements of the two phases. The transition from HO
to LMAFM phase occurs under appropriate pressures that
range from 0.5 GPa at 0 K to 1.5 GPa at T in URu,Si,
[20-22], which makes the effective electronic-structure study
techniques such as STM or angle-resolved photoemission
spectroscopy (ARPES) hard to reach. Fortunately, isoelec-
tronic substitution of Ru with Fe in URu,Si; can effectively
act as chemical pressure and hence provides a precious op-
portunity to investigate both the HO and LMAFM phases
under ambient pressure [23-27]. The temperature versus Fe
concentration (7-x) phase diagram for URu, ,Fe,Si, has
been well established and it can be equivalently converted
to a T-P phase diagram [28]. Recent ARPES measurements
found slight changes of the electronic structure between the
LMAFM and HO phases, which suggests a close relation-
ship between the hybridization and the HO [29]. In contrast,
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PCS-based dI/dV measurements of P- and Fe-doped
URu,Si, revealed a hybridization gap in both the LMAFM
and HO phases, indicating that hybridization is not the driving
force of the HO phase transition [30]. Whether hybridiza-
tion is the trigger for the HO phase transition is still under
hot debate and further comparative investigations between
the LMAFM and HO phases, i.e., Fe doped and the parent
URu,Si;, may help to resolve the controversy.

In the present work, we report a comparative STM/STS
study between the LMAFM and HO phases by using
single crystals of the parent URu,Si, and Fe-substituted
URu,_,Fe,Si, with Fe concentrations x = 0.15 and 0.2. Sta-
tistical image observations find cleaving URu, ,Fe,Si, (x =
0, 0.15, and 0.2) single crystals results in two main types
of unreconstructed terminations, i.e., U and Si terminations.
STSs on the U terminations and Si terminations in URu;Si,
exhibit two different relatively broad asymmetric line shapes,
which emerge at temperatures well above 7y and can be well
fitted by the single-impurity two-channel Fano formula with
significantly different Fano line shape factors g. The fitting
results suggest that these spectral features are induced by the
Kondo screening of the local f moments with the conduction
electrons, and the spectra on the U and Si terminations are
dominated by tunneling into the light conduction electrons
and the heavy f electrons, respectively. Remarkably, the gap
structure on the U terminations and the peak-gap-peak struc-
ture on the Si terminations emerged at lower temperatures can
also be clearly observed in URu,_,Fe,Si, (x = 0.15 and 0.2),
which can be reasonably explained as the hybridization gap
instead of the HO parameter.

II. METHODS

Single crystals of URu,_Fe,Si, with three different Fe
concentrations (x =0, 0.15, and 0.2) were grown by the
Czochralski method in a tetra-arc furnace under purified Ar
gas and then subsequently annealed at 900 °C under ultrahigh
vacuum for 10 days. The quality of the grown single-crystal
samples was determined with x-ray powder diffraction (XRD)
measurements with a commercial x-ray diffractometer using
Cu Ko radiation (see Fig. S1 in the Supplemental Material)
[31].

Electrical transport measurements were conducted by us-
ing a commercial Physical Property Measurement System (see
Fig. S2 in the Supplemental Material) [31]. All the STM
measurements were performed by utilizing a commercial low-
temperature STM apparatus installed in an ultrahigh-vacuum
chamber with a base pressure greater than 2.0 x 107!! mbar.
Clean tungsten tips were used after Ar™ sputtering and after
being treated on a clean Cu (111) surface before performing
the measurements on the URu,_,Fe,Si, samples. The tunnel-
ing differential conductance (d1/dV) spectra were recorded
by a standard lock-in technique with a modulation amplitude
of 1 mV.

III. EXPERIMENTAL RESULTS

A. Identification of different terminated surfaces

Single crystals of URu,  Fe,Si; (x =0, 0.15, and 0.2)
were cleaved perpendicular to the ¢ axis in the ultrahigh-

vacuum chamber to obtain clean surfaces before STM
measurements. Based on substantial STM observations af-
ter dozens of experiments, we find the cleavages produce
three types of terminations with apparently different sur-
face topographies, which are denoted as surfaces A — C in
Figs. 1(a)-1(c), respectively. The measured height profiles
[see Fig. 1(a)] show that surface A usually lies 1.1 A above
or 3.8A below surface B. It is easy to obtain the atom-
ically resolved topographic image on surface A as shown
in Fig. 1(b). whereas the topographic images of surfaces B
[Figs. 1(a) and 1(c)] usually exhibit some dimmed patterns
with various shapes and sizes at the same tunneling set point
(Vb =20mV, I = 60 pA). Via further reducing the tip-sample
distance by using a small tunneling junction resistance of
0.5 MQ (V, = 1mV, I =2nA) during imaging, the atomic
structure of surface B was acquired and shown in the inset
of Fig. 1(a). Surfaces A and B display the same tetragonal
lattice structure with an atomic spacing of 4.2 A. In view of the
bulk lattice structure of URu,Si, in Fig. 1(g), these two types
of surfaces should be U or Si layers, which show the same
atomic structure with a theoretical nearest-neighbor distance
of 4.13 A. Furthermore, according to the measured step height
between two neighboring terraces [Fig. 1(c)], surface B can
be determined as the Si-terminated layer because the 2.2 A
step height just equal to the spacing between two neighbor-
ing Si layers, whereas the spacing between two neighboring
U layers is 4.8 A, which is much larger than the measured
2.2 A step height. As a consequence, surface A should be
the U-terminated layer. Ultimately, since the 2.4 A relative
height between surfaces C and A [see Fig. 1(b)] agrees well
with the interplanar spacing between the Ru and U layers in
the URu,Si, crystal structure, surface C is ascribed to the
Ru-terminated layer. In addition, the Ru-terminated surfaces
exhibit a (2 x 2) reconstruction, the atomic arrangement of
which is rotated by 45 ° relative to those on the Si or U layers.
Figs. 1(d)-1(f) show the typical dI/dV spectra detected on
the U-, Si-, and Ru-terminated surfaces, respectively, and the
primary spectral features of the U and Si terminations accord
with those reported by Aynajian et al. [15].

B. Comparison of electronic properties between
the HO and LMAFM phases

After successful identification of surfaces A — C, we
then systematically compared the electronic properties of
the parent URu,Si, with those of two Fe-substituted sam-
ples on two unreconstructed terminations, i.e., U and
Si layers. Figures 2(a)-2(c) show the atomically re-
solved topographic images of the U-terminated surfaces of
URUQSiz, URU1,85F60,15Si2, and URul,gFeo,zsiz, respectively.
For URu;Si,, the U surface displays well-ordered tetragonal
lattice structure with equal height contrast of all the uranium
atoms. In contrast, the surface atoms on the U terminations
of URu, gsFe. 1551, and URu, gFe(,Si, show inhomogeneous
height contrast and there are defects induced by Fe dop-
ing randomly distributing on the surface. In order to check
whether the dimmer or brighter area will affect the spec-
tral features, we collected dI/dV spectra above a series
of sites marked by the white dots in the topographic im-
ages [Figs. 2(a)-2(c)] and displayed them in Figs. 2(d)-2(f).
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FIG. 1. STM topographies of the cleaved URu,Si, single-crystal and typical tunneling differential conductance (d1/dV') spectra taken on
three different types of terminated surfaces (termed as surfaces A—C) at 4.5 K. (a) Topographic image showing the relative heights between
surfaces A and B (V, =20 mV, I = 60 pA, 50 x 50nm?). (b) Topographic image showing the relative heights between surfaces A and C
(V, =20 mV, I = 60 pA, 15 x 15nm?). (c) Topographic image showing the relative heights between two neighboring surfaces B (V, = 20
mV, I = 60 pA, 30 x 30nm?). The height profiles measured along the white lines in the topographic images (a)—(c) are shown at the bottom
of each panel. The inset in panel (a) shows the atomically resolved topographic image of surface B (V, = 1 mV, I =2 nA, 7 x 7nm?). (d)—(f)
Spatially averaged d1/dV spectra detected on surfaces A—C, respectively. (g) Schematic diagram illustrating the layered structure of URu,Si,
and the interplanar spacing between different atomic layers.
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FIG. 2. Comparison of the tunneling differential conductance spectra taken on the U terminations of URu, ,Fe,Si, with different Fe
concentrations. (a)—(c) Topographic images on the U-terminated surfaces of URu,_,Fe,Si, with Fe concentration x = 0, 0.15, and 0.2 (V,, = 20
mV, I = 60 pA, 10 x 10nm?). (d)—~(f) A series of dI/dV spectra taken at the positions marked by the white dots in panels (a)—(c), respectively.
The direction from bottom to top in panels (d)—(f) corresponds to the direction indicated by the white arrow in panels (a)—(c), respectively. (g)
Spatially averaged spectra detected on the U-terminated surfaces of URu, ,Fe,Si, with x = 0, 0.15, and 0.2. The red lines are the fits by the
Fano line shape, excluding the data points in the range of —7 to 7 mV. The spectra in each panel [from (d) to (g)] are shifted vertically for
clarity. (h) Direct comparison of the dI/dV spectra shown in panel (g) after subtracting their corresponding Fano fits. All the measurements

were performed at 4.5 K.
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TABLE 1. Fitted Fano parameters of the d//dV spectra on the
U-terminated surfaces.

Parameters URUzSiz URU1A35F60_1SSi2 URullgFeoAzsiz
0 1.00 1.23 0.98
Eo/mV 2.35 4.66 0.45
I'/mV 18.01 £0.04 22.12 £0.09 22.39 £ 0.06

Although the intensities of the dI/dV signal change slightly
with the positions on the U surfaces of URu, gsFe( 15Si, and
URu, gFe(,Si,, the major features remain unchanged. In ad-
dition, we have randomly detected the topographic images and
dl/dV spectra in different regions of the same samples and
also on different samples (see Figs. S3 and S4 in the Supple-
mental Material) [31]. These spectra in Fig. S3 or Fig. S4 are
nearly the same as each other and exhibit the same features
as those shown in Fig. 2(e) or 2(f), respectively [31]. In order
to thoroughly eliminate the effect of measuring positions and
acquire the general nature of different Fe-doped samples, we
averaged dozens of dI/dV spectra taken at various sites on
the U-terminated surfaces before comparing their properties.
Surprisingly, the spatially averaged spectra on the two Fe-
substituted samples [Fig. 2(g)] show two features similar to
that on the parent URu,Si,, including a small particle-hole
asymmetric gap around Er and a relatively wider asymmetric
line shape background. The emergence of the gap structure
around Er, which was ascribed to the spectroscopic signature
of the hidden order parameter of URu,Si, in the previously
reported STM studies [15,16], is quite unexpected here, since
these Fe-substituted samples are completely in the LMAFM
phase at the measured temperature of 4.5 K [32]. The emer-
gence of the so-called HO gap in the LMAFM phase implies
that this gap is not a unique signature of the hidden order
parameter. For the wider asymmetric line shape, it is gener-
ally regarded as the signature of the Kondo resonance [33].
Previous STM studies presented the evolution of this spectral
feature from 120 to 20 K [15], and the results are well in line
with the single Kondo impurity model. Indeed, after process-
ing the data by excluding the small gap structure, the dI/dV
spectra of both the unsubstituted and Fe-substituted samples
taken at 4.5 K can be well described by the two-channel Fano
formula [see red curves in Fig. 2(g)]:

i
av -

(q+e) V — E
V) e= ()

where ¢ is the energy position of the Kondo resonance state
relative to Er, I' is the half width at half maximum of the res-
onance curve and is proportional to the hybridization strength
between the localized f states and itinerant states, and g is
the line shape parameter [15,16,33,34]. The fitting parameters
are shown in Table I. It is noteworthy that the values of I"
of URu, gsFep 15Si, and URu, gFe(,Si, are larger than that
of URu,Si,, implying an enhancement of the hybridization
strength between U-5f electrons and itinerant electrons with
Fe substitution. In a recent transport study combined with
tight-binding calculations, isoelectronic substitution of Fe or
Os for Ru in URu,Si, was also found to increase the f-d hy-
bridization [35], which is in good agreement with our results.

In order to solely extract the change of the small gap
with Fe substitution, the Fano line shape background was
subtracted from the measured data as shown in Fig. 2(h).
Remarkably, both the depth and width of this gap increase
with Fe concentration in URu,_,Fe,Si,. Previous STM-based
QPI measurements clearly revealed the splitting of a light
band into two heavier bands within an energy range coinci-
dent with the small gap and provided strong evidence that
this gap is induced by the alteration of the f-d hybridiza-
tion process [16]. PCS-based dI/dV spectra also detected
the opening of a hybridization gap in the HO and LMAFM
phases of URu,_,Fe,Si, (x = 0, 0.02, 0.07, 0.17) [30], which
is consistent with the overall trend of our observations. Based
on the above points, it is quite reasonable to speculate that
the small gap stems from the alteration of the hybridization
process, instead of the HO phase transition. This conclusion
is a natural and rational result, since a conventional hybridiza-
tion interaction occurs as a crossover process and induces
band renormalization, which does not involve any symmetry
breaking and should not cause a second-order phase transition.

For comparison, the results on the Si terminations of
URu,_Fe,Si; (x =0, 0.15, and 0.2) are shown in Fig. 3.
Dimmed holes with various sizes appear on the Si termi-
nations of all three samples. In order to find whether these
dimmed holes will affect the spectroscopic features, we mea-
sured a series of dI/dV spectra across them. As shown in
Figs. 3(d)-3(f), the major spectral features are not altered by
the presence of those dimmed patterns, which is also demon-
strated by the dI/dV spectra taken on different regions of
the same samples and also on different samples (see Figs. S5
and S6 in the Supplemental Material) [31]. Then the spectra
taken at various locations of the Si terminations were averaged
to thoroughly eliminate the influence of measuring positions.
The spatially averaged spectra on the Si terminations of the
three samples in Fig. 3(g) show similar features: a gap around
Efr accompanied by two peaks on its left and right sides
and a wider asymmetric line shape background. The asym-
metric line shape background can also be well fitted by the
Fano spectrum [Eq. (1)] after excluding the detailed structures
around Ep, i.e., the small gap and lower peak, as shown by the
red curves in Fig. 3(g). The Fano fits on the Si terminations
for all three crystals yield much larger g values than those
on the U terminations (see Table II). The value of ¢ deter-
mines the line shape of the spectrum and generally produces
a Lorentzian peak, a Lorentzian dip, and an asymmetric line
shape as ¢, respectively, approaches infinity, 0, and 1, which
essentially reflects the relative strength between indirect tun-
neling into the Kondo resonance state and direct tunneling
into the itinerant states. The much larger ¢ values on the Si
termination imply that electrons more readily tunnel into the
Kondo-screened U-5f electrons instead of the itinerant con-
duction electrons; even the measured top atomic layer is full of
Si atoms. Previous STM/STS studies mapped out the spatial
dependence of Fano fitting parameters on the U-terminated
surfaces of URu,Si, with atomic resolution and found that
the maximum ¢ values occur at the fourfold hollow sites
instead of atop the U atoms [15]. An analogous phenomenon
was also discovered in the famous lanthanide-based 4 f heavy
fermion system CeColns, in which the strength of tunneling
into the heavy 4 f states is more pronounced on the Co layers
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FIG. 3. Comparison of the tunneling differential conductance spectra taken on the Si terminations of URu,_,Fe,Si, with different Fe
concentrations. (a)—(c) Topographic images taken on the Si-terminated surfaces of URu,_,Fe,Si, with Fe concentration x = 0, 0.15, and 0.2
(V, =20 mV, I =60 pA, 10 x 10nm?). (d)—(f) A series of dI/dV spectra taken above the positions marked by white dots in panels (a)—c),
respectively. The direction from bottom to top in panels (d)—(f) corresponds to the direction indicated by the white arrow in panels (a)—(c),
respectively. (g) Spatially averaged spectrum detected on the Si-terminated surfaces of URu,_,Fe,Si, with x = 0, 0.15, and 0.2. The red lines
are the fits by the Fano line shape, excluding the data points in the range of —10 to 10 mV. The spectra in each panel [from (d) to (g)] are shifted
vertically for clarity. (h) Direct comparison of the dI/dV spectra shown in panel (g) after subtracting their corresponding Fano fits. (i) The
same spectra from panel (h) after subtracting the data measured at 20 K. All the topographic images and primitive d//dV spectra were taken

at4.5 K.

instead of on the Ce-In layers [36]. These experimental obser-
vations indicate that the orientation of atomic orbitals, as well
as the selective hybridization among different suborbitals, is
also crucial for the tunneling process. The stronger coupling
to heavier f excitations on the Si layers observed here is

TABLE II. Fitted Fano parameters of the dI/dV spectra on the
Si-terminated surfaces.

Parameters URU.ZSiz URU1_35F60A15Si2 URul‘gFCOAzsiz
q 12.86 4.51 6.40
Ey/mV 10.34 8.72 9.05
I'/mV 5.17£0.04 7.45+0.11 7.73 £0.20

probably due to the larger amplitude of hybridization of f
states with the out of plane spd electrons than that with the
in-plane spd electrons, which is similar to the case revealed
by the first-principle calculations for CelrIns [37]. In addition,
for the Si terminations, the values of I' in the Fe-substituted
crystals also increase by half as compared with the one in
the parent URu,Si,, resembling the results detected on the U
terminations and further confirming a stronger hybridization
strength in the Fe-substituted crystals.

After successively subtracting the Fano fits and spectra
taken at 20 K from the measured data, the remaining spectra
all exhibit an asymmetric peak-gap-peak structure as shown
in Figs. 3(h) and 3(i). The amplitude of the peak-gap-peak
feature increases with Fe concentration in URu,_,Fe,Si, and
their energy positions in the two Fe-substituted crystals are
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FIG. 4. Temperature dependence of the d//dV spectra on the U terminations of URu,_,Fe,Si, with different Fe concentrations. (a)—(c)
A series of spatially averaged d1/dV spectra taken at various temperatures on the U-terminated surfaces of URu,_,Fe,Si, with x = 0, 0.15,
and 0.2, respectively. (d)—(f) Comparison of the temperature evolution of the small gap around Er detected on the U-terminated surfaces of
URu,_,Fe,Si, with x = 0, 0.15, and 0.2. The spectra in panels (d)—(f) are derived from those in panels (a)—(c) by subtracting their Fano fits.

Spectra in each panel are shifted vertically for clarity.

discernibly shifted towards lower energy by about 2 mV as
compared with that in the parent URu,Si,. The increasing
spectral feature’s amplitude with Fe doping is reminiscent of
a similar variation of the small gap on the U terminations
[Fig. 2(h)], which thus reflects the enhanced f-c hybridiza-
tion in the Fe-substituted samples. Meanwhile, the shifting
behavior may also be induced by the increased hybridiza-
tion strength, since similar shifting behavior of the electron
pockets originating from the enhanced hybridization due to
Fe doping was also observed in a recent ARPES study on
URu,_,Fe,Si; (x = 0, 0.2) [29]. Consequently, this peak-gap-
peak structure on the Si terminations also arises from the
alteration of the f-c hybridization.

C. Temperature evolution of the d1/dV spectra
in the HO and LMAFM phases

Comparative study of the temperature evolution of the
tunneling spectra on the U and Si terminations in pris-
tine URu,Si; and Fe-substituted samples URu, ,Fe,Siy (x =
0.15, 0.2) are shown in Figs. 4 and 5. On the U-terminated
surfaces (Fig. 4), the small gap near Er is gradually sup-
pressed with increasing temperature in all three compounds,
and it completely disappears at 18 K in the parent URu,Si5.
Noticeably, this gap feature is clearly visible at 18 K in
URu, gsFeq 15Si, [Figs. 4(b) and 4(e)] and URu, gFe(,Si,
[Figs. 4(c) and 4(f)] and vanishes at a much higher tempera-
ture of 23 K. The vanishing temperature of the gap structure in
the Fe-doped samples is very close to the transition tempera-
ture from PM to LMAFM phase in URu, gsFey 15Si, (23.5 K),

but different from that in URu; gFeq ,Si, (28.5 K) (see Fig. S2)
[31]. This further supports that the emergence of the small
gap in URu,_,Fe,Si; (x =0, 0.15, 0.2) is related to the f-c
hybridization instead of the PM-HO or PM-LMAFM phase
transitions. The higher vanishing temperatures in the two Fe-
substituted samples also indicate stronger f-c hybridization
strength compared to the parent URu,Si,. Moreover, as shown
in Figs. 4(d)—4(f), the position of this gap slightly shifts to-
wards higher energies with increasing temperature in all three
crystals, which shows good consistence with the shifting of
the peak-gap-peak feature with Fe concentration on the Si
terminations [Figs. 3(h) and 3(i)]. Similar shifting behaviors
have also been observed in the previous STM studies [15,16].

On the Si terminations, the gap and lower peak are
gradually smeared out upon increasing temperature and the
spectra ultimately evolve into a single-peak structure in all
three samples as revealed in Figs. 5(a)-5(c). As shown
in Figs. 5(d)-5(f), for URu;,Si,, the remaining peak-gap-
peak spectral feature after subtracting the broad Fano line
shape is completely indiscernible at 16 K, whereas for
URu, gsFe.15Si, or URu, gFe2Si,, this feature is distinctly
visible at 16 K and vanishes at 20 K. Obviously, for the Si ter-
minations, the onset temperature of the peak-gap-peak feature
in the parent URu,Si; is lower than those in the Fe-substituted
crystals, which agrees well with the tendency observed on the
U terminations and again indicates an enhanced hybridization
in the Fe-doped samples. Besides, the onset temperatures
of the peak-gap-peak feature in all three compounds are
overall lower than the bulk PM-HO or PM-LMAFM phase
transition temperatures determined from electrical transport

165109-6



DIRECT OBSERVATION OF THE HYBRIDIZATION GAP ...

PHYSICAL REVIEW B 106, 165109 (2022)

(b)

—~
QO
~

—
(¢]
~

o©
-
>

0.14

o
=
N
o
=
N

o
-
o

di/dV (arb. units)
o
=

dl/dV (arb. units)

o
o
©

0.08

o o ©
S L 4
o N A

dl/dV (arb. units)

|
o
o
©

0.06 - . v
-100 -50 O 50 100

0.06 -
-100 -50

s 0.06 et
0 50 100 <100 50 0 50 100

Sample bias (mV) Sample bias (mV) Sample bias (mV)
(d) x=0 (e) x=0.15 (f) x=0.2
0.015 . . . 0.015 . . . 0.015
s 20 g W ::E
2 0.010 ww £ 0,010 \//\\/’“W”‘“’ £0010
R T P it B 16K :
g e € 0.005
& 0.005 & 0.005}12.1 {1 =
= 121 g N
3 53 ) 8.3K 0.000
3 0.000 == 1 3 0.000 =
4.5 4.5 -0.005
-0.005 : : : -0.005 : : : : : :
20 -10 0 10 20 20 10 0 10 20 20 10 0 10 20

Sample bias (mV)

Sample bias (mV)

Sample bias (mV)

FIG. 5. Temperature dependence of the d1/dV spectra on the Si terminations of URu,_,Fe,Si, with different Fe concentrations. (a)—(c) A
series of spatially averaged dI/dV spectra taken at various temperatures on the Si-terminated surfaces of URu,_,Fe,Si, with x = 0, 0.15, and
0.2, respectively. (d)—(f) Spectra derived by subtracting the Fano fits from those experimental data shown in panels (a)—(c). Spectra in each

panel are shifted vertically for clarity.

measurements (see Fig. S2) [31] or the opening temperatures
of the small gap on the U terminations. The former excludes
the association between the emergence of the peak-gap-peak
feature and the PM-HO or PM-LMAFM phase transitions.
The cause of the latter will be discussed later.

IV. DISCUSSION

The peak-gap-peak structure on the Si terminations is
highly similar to the hybridization gap detected by PCSs
[30] and it also tallies with the characteristic spectroscopic
structure (i.e., a gap surrounded by two asymmetric peaks)
of the Kondo lattice predicted by a theoretical model, which
considers the periodic Anderson hybridization picture plus
quantum interference between two channels [38]. Thus, we
deem that this peak-gap-peak structure, which arises from the
alteration of the f-c hybridization, presumably signifies the
full development of Kondo coherence. Moreover, we suspect
that the small gap on the U terminations and the peak-gap-
peak structure on the Si terminations, respectively, represents
the spectral structure sensitive to the direct hybridization gap
with strong coupling to the light electrons and the indirect hy-
bridization gap with strong coupling to the f electrons, since
their sizes and line shapes highly resemble the theoretically
predicted spectral structure dominated by the direct and indi-
rect gap produced by the hybridization-modified renormalized
band structures in the Kondo lattice. The lower onset tem-
peratures of the peak-gap-peak feature on the Si terminations
compared to the opening temperatures of the small gap on the
U terminations in all three compounds meet our expectation,
since the width of the indirect hybridization gap on the Si

terminations is narrower than that of the direct hybridization
gap on the U terminations, and the former is easier to smear
out by thermal broadening than the latter upon increasing
temperature. This deduction also shows good consistency with
the much larger ¢ values on the Si terminations than on the
U terminations acquired from the single-impurity Fano fits
(Tables I and II). Similarly, in the 4 f —based heavy fermion
system CeColns, the double-peak structure on the Co layers,
representing the indirect hybridization gap, evolves into a
single peak around 50 K, whereas the direct hybridization gap
on the Ce-In layers closes at a much higher temperature [36].

Notably, the development of the Kondo coherence in a
heavy fermion system usually occurs as a crossover process
and thus the accurate definition of the onset temperature for
complete formation of the Kondo coherence is to some extent
controversial. Different experimental techniques usually yield
different coherence temperatures for the same compound.
Conventional coherence temperature 7 * is defined as the max-
imum point in the p-T curve. Yet, in many famous heavy
fermion materials, 7", detected by the transport measure-
ments, is usually different from the coherence temperature
directly determined by the alterations of the electronic struc-
tures measured by ARPES [39]. For URu,Si,, PCS studies
established that Kondo coherence temperatures are in the
range of 27-34 K [17], while the resistivity maximum tem-
perature T* is around 70-80 K and the rounded maximum
in the susceptibility-temperature curve is at 55 K [1,6]. In
the meantime, some ARPES studies find the formation of a
coherent heavy fermion liquid across the HO phase transition
[13], while others observe that a hybridization gap of about
11 meV opens at T > Ty [12]. In our STS measurements,
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the onset temperatures of the direct or indirect hybridization
gap are smaller than 7* and the coherence temperatures de-
termined by QPS techniques in both the parent URu,Si, and
Fe-doped crystals. One possible reason may account for this
discrepancy. Since STM is a highly surface-sensitive tech-
nique, surface effects may be responsible for the reduced
coherence temperatures. The decreased U coordination num-
ber on the surface may result in the decreased hybridization,
leading to a considerably lower Kondo coherence tempera-
ture, as observed in the Ce-based systems [39].

V. CONCLUSIONS

In conclusion, our comparative STM/STS studies on par-
ent URu,Si, and Fe-substituted URu,_,Fe,Si, (x = 0.15, 0.2)
reveal that a small gap feature on the U terminations, which
was once ascribed to the hidden order parameter by previous
STS studies, exists in both the HO and LMAFM phases and it
actually stems from the hybridization between f electrons and
itinerant states. The hybridization gradually reveals itself by
two stages in the measured STSs: relatively broader asymmet-
ric Fano line shapes, which follow the single-impurity Kondo
resonance behavior and begin at temperatures well above 7y,
and narrower spectral structures around Ep, signifying the
formation of coherence in the Kondo lattice at lower tem-
peratures. The hybridization-modified STSs on both Si and
U terminations display notably different detailed structures
due to the different predominant tunneling ratio among the

two channels in the quantum-interference tunneling process.
On the Si terminations, the tunneling spectra show strong
coupling to the f components, embodied by a large g factor
in the Fano fitting for the broader asymmetric line shape
and a characteristic indirect hybridization gap feature of the
Kondo lattice, i.e., a peak-gap-peak structure, at lower tem-
peratures. However, on the U terminations, the spectra show
strong coupling to the light itinerant components, reflected by
a small g value in the Fano fitting and a direct hybridiza-
tion gap feature. Moreover, all these hybridization-related
spectral features exist in both the parent URu,Si, and Fe-
substituted URu,_,Fe,Si,, and the hybridization strength is
relatively stronger in the Fe-doped samples at the same tem-
perature. Our STM/STS results provide an important clue to
unravel the origin of the HO phase transition by demonstrating
that hybridization is not the driving force for the HO phase
transition.
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