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We used resonant x-ray scattering at the Cu L3 and Dy Ms5 edges to investigate charge order in thin films
of underdoped DyBa,Cu;0¢,, (DyBCO) epitaxially grown on NdGaO; (110) substrates. The films show an
orthorhombic crystal structure with short-range ortho-II oxygen order in the charge-reservoir layers. At the
Dy Ms edge we observe diffraction peaks with the same planar wave vectors as those of the two-dimensional
charge density wave in the CuO, planes and of the ortho-II oxygen order, indicating the formation of induced
ordered states on the rare-earth sublattice. The intensity of the resonant diffraction peaks exhibits a nonmonotonic
dependence on an external magnetic field. Model calculations on the modulation of the crystalline electric field
at the Dy sites by charge and oxygen order capture the salient features of the magnetic field, temperature, and

photon energy dependence of the scattering intensity.

DOI: 10.1103/PhysRevB.102.195149

I. INTRODUCTION

Strongly correlated compounds are often characterized by
a great variety of phases which are frequently in competi-
tion with each other. The high-temperature superconducting
cuprates represent a particularly interesting case given the
richness of their phase diagram, with antiferromagnetism,
superconductivity, electronic nematicity, and charge order in
close proximity of one another [1]. In this work, we investi-
gated the charge ordered state in DyBa,CuszOg1x (DyBCO)
thin films using resonant x-ray scattering (RXS). The “123”
family of cuprates RBa,Cu30¢,x (RBCO), where R is a rare-
earth, is best known for the compound YBCO, which has
been extensively investigated in recent years, owing to its
high superconducting critical temperature (7;) and very low
chemical disorder. In addition to the superconducting CuO,
planes, the crystal structure of these materials comprises a
charge-reservoir layer with CuO chains. Hole doping of the
CuO, plane can be achieved with relatively little associ-
ated disorder by introducing additional oxygen ions into the
charge-reservoir layer. In underdoped YBCO, the CuO chains
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run along the b direction and organize in regular sequences
of filled and empty sites along the a direction, resulting in a
uniaxial superstructure (termed ortho-ordering) whose spatial
period depends on the doping [2].

RXS at the Cu L3 edge has proven to be an efficient
method of investigating charge density wave (CDW) order
because it is sensitive enough to detect short-range correla-
tions and CDW fluctuations. In underdoped YBCO, charge
order diffraction peaks have been observed along both planar
bond directions [3], and have been interpreted in terms of
perpendicular domains of uniaxial CDW correlations [4,5].
At zero magnetic field, and in the absence of external pres-
sures, this charge order is confined to the CuO, planes, with
little correlation along the ¢ direction [6]. The temperature
dependence of the CDW diffraction peaks in YBCO shows a
maximum in the scattering intensity for T = T;. At the same
temperature, the correlation length £ reaches a maximum of
~20 lattice parameters [7]. This behavior implies a strong
competition between charge order and superconductivity in
YBCO. The incident photon energy dependence of the CDW
peaks also clearly shows that the Cu ions in the CuO, planes
(with a valence state close to Cu?") take part in the charge
ordering phenomena, while the Cu'" atoms in the charge-
reservoir layers are not involved. The converse is true for the
ortho-order peaks. The Y>* ions (with a full-shell electron
configuration) do not participate in the charge ordering.

In addition to the quasi-two-dimensional (quasi-2D) CDW
and superconductivity, several recent studies have demon-
strated that a long-range three-dimensional (3D) charge
ordered state can be stabilized in underdoped YBCO by
the application of various external fields [8]. This 3D CDW

Published by the American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.102.195149&domain=pdf&date_stamp=2020-11-30
https://doi.org/10.1103/PhysRevB.102.195149
https://creativecommons.org/licenses/by/4.0/

DAVIDE BETTO et al.

PHYSICAL REVIEW B 102, 195149 (2020)

manifests itself as a sharp diffraction peak at integer values
of the out-of-plane Miller index L, and appears to coexist
with the 2D CDW, whose diffraction signatures remain in-
tact across the 3D CDW transition. First, it was found that
by applying high external magnetic fields along the ¢ axis
[9,10] (>15T), the 3D CDW forms only along the b axis,
in concomitance with the suppression of superconductivity.
More recently, it has been shown that a similar 3D charge
order can also be induced in YBCO crystals by uniaxial
strain along the a axis [5,11] and by epitaxial growth of thin
films on cubic SrTiO; (STO) substrates [12]. In all cases,
the 3D CDW shares the same in-plane wave vector with
its 2D counterpart. In contrast to the case of bulk YBCO,
epitaxially induced 3D CDW correlations are extraordinarily
robust, demonstrating little or no suppression upon entering
the superconducting phase and surviving up to and above
room temperature. These findings point towards a structural
mechanism stabilizing the 3D CDW in YBCO thin films.
An independent study on the related “123” cuprate material
(CayLa;.x)(Baj75.xLag254x)CuzO, (CLBLCO) showed that
structural degrees of freedom couple strongly to the 2D CDW
as isovalent chemical substitution on the A and B sites was
used to redistribute chemical pressure within the unit cell [13].

RBCO compounds with R # Y differ from YBCO in two
respects. First, the different sizes of the R** ions modify
the interatomic distances and associated electronic hopping
parameters, resulting in slight variations of the electronic
properties, including the superconducting 7;. Second, the par-
tially filled f shells generate magnetic moments that are,
however, only weakly coupled to the conduction electrons in
the CuO; planes. (Note that the R = Pr compound is anoma-
lous because of deviations from the 3+ valence state and/or
hybridization of Pr orbitals with electronic states in the CuO,
planes [14].)

To investigate the impact of these effects on CDW order,
we have performed RXS experiments on DyBCO thin films
synthesized by molecular beam epitaxy [15]. The electronic
properties of the Dy>" ions (electron configuration 4f°) in
DyBCO have been studied in bulk DyBCO crystals by para-
magnetic resonance and neutron scattering [16,17]. In the Dy,
point group symmetry, the ground state is composed almost
exclusively of the M; = +!1/2 component of the J = 15/2 mul-
tiplet. The magnetic moments generated in this way interact
weakly and order antiferromagnetically at 1 K [18]. Since
the presence of ortho-order is known to modify the crystal
field environment surrounding the Dy ions [19], we used Dy
M-edge RXS to investigate possible imprints of CDW and
oxygen order on the resonant diffraction cross section.

In our study of DyBCO thin films we have first used Cu
Ls-edge RXS to detect a 2D CDW that resonates with the
Cu?* ions of the CuO, planes, analogous to prior work on
YBCO [20]. Surprisingly, we also observed an ortho-II CuO
chain order in the charge reservoir layer, a phenomenon which
has not previously been observed in cuprate thin films. When
tuning the incident photon energy to the Dy M5 resonance,
diffraction peaks are observed at the wave vectors associated
with both the CDW and the CuO chain order. The temperature,
field, and photon energy dependence of these reflections are
consistent with those of an induced ordering phenomenon. We
also report the absence of 3D CDW correlations in our films

and discuss the possible role of structural degrees of freedom
in suppressing the 3D ordered state.

II. EXPERIMENTAL DETAILS

The thin films of DyBCO were grown on orthorhom-
bic NdGaO; (NGO) (110) substrates using layer-by-layer
molecular beam epitaxy, which produces films with the ¢
axis perpendicular to the surface. The crystalline quality was
characterized by x-ray diffraction and scanning transmission
electron microscopy, while 7; was obtained by mutual induc-
tance measurements. We measured two films, both 20 u.c.
thick. Both samples were reduced after growth resulting in
T. ~ 55(5) K, which corresponds to approximately x = 0.5 in
bulk crystals. However, repeated characterization of the su-
perconducting critical temperature revealed a further decrease
in the oxygen content over a time scale of days and weeks.
Nevertheless, the presence of both ortho-II and CDW ordering
reflections in our RXS experiments verify that the doping level
of our samples remained in the underdoped regime during
the measurements presented here. We observed no sign of
changes due to beam damage. The films show orthorhombic
twin domains as previously reported [21], thereby making
the two in-plane directions equivalent in our measurements,
which average over a ~200 um beam spot. Details of the
growth and characterization are given in Ref. [15] and in
Supplemental Material [22].

The x-ray measurements were performed at the UE46
PGM-1 beamline of the Helmholtz-Zentrum Berlin at
BESSY-II. The experimental station comprises two different
ultra-high-vacuum chambers, one of which allows for the
application of an external magnetic field up to 6 T using an
in-vacuum rotatable superconducting coil. The rotation of this
coil, and therefore the field direction, is limited to a set of
angular ranges for which the coil does not interfere with the
x-ray beam path. For the RXS measurements of the CDW at
the Dy M5 edge, the applied field was kept at ~45° from the
in-plane direction in the a-c plane [angle « in Fig. 1(b)], which
is the lowest angle allowed by the geometry. For the ortho-
order measurement at the same edge, the field was directed
at o ~ 30°. The liquid helium cryostat produces a sample
environment with temperatures as low as 5 K. The incoming
light polarization was either parallel (;r) or perpendicular (o)
to the horizontal scattering plane.

RXS is a photon-in-photon-out technique where the scat-
tering signal is greatly enhanced by tuning the incoming
energy to a particular absorption edge of an ion in the com-
pound. When the incident photon energy is tuned to an
absorption edge, the photon energy satisfies a resonance con-
dition which strongly couples a core electronic state to the
valence states during the scattering process. RXS is therefore
sensitive to variations in the charge and/or magnetic degrees
of freedom in the valence electrons of the scattering ions. In
RBCO compounds, there are two inequivalent Cu ions in the
structure, one in the CuO, planes (approximately Cu?*) and
one in the chains (approximately Cu'!*"), with the exact va-
lence states depending on the doping level. These distinct sites
give rise to specific features in the absorption spectra at the
Cu L; resonance (~931eV) [23]. Accordingly, measuring the
diffraction peak’s incident photon energy dependence in the
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FIG. 1. (a) DyBCO crystal structure. (b) Sketch of the exper-
imental scattering geometry. (c)—(f) Rocking scans (converted to
reciprocal-space coordinate H) for DyBCO at the Cu L; (c) and
(d) and Dy M5 (e) and (f) edges [around 932 eV for (c) and (d), and
1294 eV for (e) and (f)] at different magnetic field values. The curves
have been shifted vertically [by multiples of 0.05 in (c), 0.2 in (d),
and 0.06 in (e) and (f)] for clarity. The spikes marked by asterisks
in (d) and (f) at exactly ¢ = (0.5, 0.0) arise from the substrate and
should therefore be ignored. During the scans the L value varies in
the range (0.6-1.6) and (1.65-2.4) for Cu and Dy edges, respectively.

vicinity of an absorption edge allows us to determine which
electronic states, and thus which ions, are involved in the
diffracting superstructure. In addition, at the Dy M5 resonance

— XAS [

[\]
T

—=a— RXS ortho-II
—=— RXS CDW

o

Intensity (arb.unit)
—_

! ! ! !
930 932 934 936
Energy (eV)

FIG. 2. Cu L; incident photon energy dependence of the RXS re-
flections at g = (0.5, 0.0, 0.835) and (0.315, 0.0, 1.45). The spectra
were taken at 5 K with o polarization of the x rays and no external
magnetic field.

(1292 eV) it is also possible to determine if a diffraction peak
originates from orbital or magnetic ordering by considering
the detailed RXS spectroscopic lineshape [24]. The x-ray
absorption spectra (XAS) consists of three peaks at ~1290,
1292, and 1294 eV, which we label A, B, and C (see Fig. 4).
Peaks A and C correspond to AJ = =+1 transitions, while peak
B corresponds to AJ = 0 transitions. Each J level is also split
into M; levels by the crystal field or by applied magnetic
fields, with the additional selection rule AM; =0, =1 ap-
plying to electric-dipole-allowed transitions. In magnetically
ordered systems, each AJ transition in Dy ions is dominated
by a single AM; value and therefore the latter selection rule
approximates that of AJ [25]. In first approximation, in a
resonant absorption process, intensity at peaks A and C cor-
responds to electronic transitions of magnetic nature, while
peak B corresponds to a transition of orbital origin [26]. In
the scattering profile, following Kramers-Kronig relations, a
dominant intensity at peak B is thus a clear fingerprint of
orbital scattering, while structural and magnetic scattering re-
sults in a broader intensity distribution with a clear maximum
at peak C [24].

III. RESULTS

Figure 1 shows rocking scans projected onto the [10] di-
rection of the DyBCO thin films at both the Cu L3 and Dy
M5 edges for increasing external magnetic fields. The scans
at the Cu edge show a CDW peak at g ~ (0.315,0.0), as
expected, and, remarkably, also a broad ortho-II peak close
to ¢ = (0.5, 0.0). Throughout this manuscript we will refer
to positions in the 2D reciprocal space (H, K) in units of
(2m /a, 27 /b) (reciprocal lattice units, r.l.u.) with a and b
the in-plane lattice parameters. The incident photon energy
dependence of the peak intensities is shown in Fig. 2. Each
peak exhibits a characteristic resonance profile. The CDW,
associated with the Cu>* ions of the CuO, planes, is peaked
near 931.7 eV. In contrast, the ortho-II CuO chain order re-
flection is associated with copper ions in the charge reservoir
layer and peaks at higher energies near 933.2 eV. Contrary
to similar YBCO thin films grown on STO [12], no signature
of a 3D CDW was found (see Supplemental Material [22]).
While it has been shown that RBCO compounds can grow
in the orthorhombic structure in thin film form [15,21], the
presence of ortho-order CuO chains is remarkable since these
have not been reported in RBCO thin films to date.
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FIG. 3. Temperature dependence of the charge order (a) and
ortho-order (b) peaks. Data for Cu and Dy was taken at 931.6 eV
and 1294 eV, respectively. The maximum intensity of each data set
is normalized to 1. Lines are guides to the eye.

The most interesting result, however, is found when the
incident photon energy is tuned to the Dy M5 edge. Both the
CDW and the ortho-II order peaks are detected on the Dy
sublattice, with maximum intensity around 2-3 T, indicating
that the modulation in the Cu atoms is transferred to the Dy
jons. The correlation lengths at 5 K are ~27 A and ~32 A for
the induced ortho and CDW orders, respectively. In various
transition metal oxides [27,28] and other multinary rare-earth
containing systems, such as the rare-earth tritellurides [29] or
synthetic multilayer systems [30], the formation of induced
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FIG. 4. Dy M5 incident photon energy dependence of the RXS
reflection at (0.5, 0.0, 1.89) for increasing magnetic field. The inten-
sities of the XAS and the RXS spectra are normalized to 2 and 1 (for
7 polarization), respectively. All data was taken at 5 K.
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FIG. 5. Magnetic field dependence at the Dy M5 edge of (a) the
CDW induced peak and (b) the ortho-II induced peak; (c) the CDW
peak at the Cu L; edge. Peak C of the XAS (energy 1294 eV) is
of magnetic origin, while peak B (energy 1292 eV) is of charge,
orbital, or structural origin [24]. The magnetic field was applied at
an angle o ~ 45° for the Dy CDW induced peak in (a), at « ~ 30°
for the ortho-II induced peak in (b), and at o ~ 45° for the Cu CDW
peak in (c). See Fig. 1(b) for a sketch of the experimental scattering
geometry. All data was taken at 5 K.

order on the rare-earth sublattice has already been observed.
Likewise, in DyBCO, the temperature-dependent resonant
scattering intensity at the Dy edge decays quickly with tem-
perature, reflecting the temperature-dependent susceptibility
of the Dy sublattice [Fig. 3(a)]. This is in contrast to the behav-
ior of the two corresponding reflections measured at the Cu L3
edge, where the CDW peak decreases rapidly in intensity only
above the superconducting transition [20] and the ortho-order
peak is almost constant up to room temperature [Fig. 3(b)], in
agreement with prior work on bulk single crystals [20].

The photon energy dependence of the ortho-II induced
peak at the Dy M5 edge is shown in Fig. 4 for different
magnetic fields. Figure 5(b) demonstrates that the resonance at
energies corresponding to peak C of the XAS has a nonmono-
tonic field dependence, with its maximum occurring near 3 T.

We now turn our attention to the charge order induced peak
atg = (0.315, 0.0) measured at the Dy M5 edge (see Fig. 6 for
the field dependence plot). At low fields (0.1 T), the energy
dependence of the reflection, shown in Fig. 7(c), demonstrates
essentially no scattering at photon energies corresponding to
peak C, while some intensity is visible at peak B, indicating
some orbital origin. However, it should be noted that the
overall signal is weakest at low fields, possibly hampering
our ability to accurately determine the resonant line shape.
At higher fields, the contribution of peak C becomes domi-
nant, indicating enhanced magnetic scattering [31]. The total
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FIG. 6. Magnetic field dependence of the charge order induced
peak at the Dy Ms edge (1294 eV), taken at 5 K and with 7 po-
larization of the incoming light. Scans have been measured around
g = (0.315, 0.0, 2.24). The data is normalized to 1.

intensity peaks around 2-3 T and is suppressed again at higher
fields [see Fig. 5(a)]. Therefore, our data clearly indicates that
this induced order has an important contribution of magnetic
origin, as implied by the strong field dependence and the
maximum at peak C. A similar dependence of the RXS signal
on the field strength has been observed by Donnerer et al. [28]
in TbyIr,O;. Finally, we observed that modifying the field
direction from o ~ 45° towards a fully out-of-plane config-
uration, i.e., along the c axis, severely reduces the scattering
signal [Fig. 7(b)].
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FIG. 7. (a) Dy Ms incident photon energy dependence of the
RXS reflection at the CDW ¢g = (0.315, 0.0, 2.24). All data in this
panel was taken at 3 T but it is representative for field values 1—-6T7":
The intensity changes with field but the spectral shape does not. The
intensities of the XAS and the RXS spectra have each been scaled in
order to facilitate a comparison of their lineshapes. (b) Comparison
between the RXS signal for different o values. (c) Comparison be-
tween the RXS signal at high and low magnetic field. All data was
taken at 5 K.
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FIG. 8. (a) Sketch of the Dy electronic levels for the two different
sites [with and without crystal field (CF) and external magnetic field].
The crystal field and the magnetic field tend to stabilize different
electronic levels as ground states. It is worth noticing that the I'
multiplets only roughly correspond to the M; states [17]. (b) Energy
levels for a Dy ion without crystal field (Dy 1) as a function of the
applied magnetic field at @ = 45°. (c) Boltzmann occupation of the
levels in (b) at 5 K. (d) Energy levels for a Dy ion with crystal
field (Dy 2) as a function of the applied magnetic field at o = 45°.
(e) Boltzmann occupation of the levels in (d) at 5 K.

IV. DISCUSSION

Our RXS study of DyBCO films shows a 2D CDW in the
CuO; planes without any evidence for long-range correlations
along the ¢ direction (i.e., no 3D CDW). These findings are
analogous to bulk YBCO but differ from a related report on
YBCO films grown on SrTiOj, for which a 3D CDW was
observed in zero field [12]. In Ref. [12] it is argued that the
suppression of orthorhombic crystal symmetry, via the epitax-
ial relationship to the cubic substrate, may promote 3D CDW
correlations in the YBCO thin films. According to this picture
the bulklike CuO chain order and associated orthorhombic
crystal symmetry of our DyBCO films may be responsible
for inhibiting the formation of a 3D CDW. However, other
degrees of freedom are manipulated upon substitution of Y
for Dy. Not least among these is the presence of a large 4 f
moment on the Dy site, which we have shown is coupled
to the CDW. Additionally, small variations in bond angles
and lengths associated with the smaller size of the Dy ion
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may have important implications for the charge ordered state,
similar to the structural modifications achieved in CLBLCO
upon isovalent chemical substitution [13]. Further work is
required to elucidate the full impact of epitaxial growth and
structural degrees of freedom on the charge ordered state in
cuprates.

Our magnetic field-dependent measurements clearly sug-
gest that the magnetic moment of the Dy ions must play a
crucial role in coupling the rare-earth sublattice to the elec-
tronic and structural degrees of freedom in CuO; planes and
in the charge-reservoir layer. Lee et al. [29] described the for-
mation of an induced charge order on the rare-earth atoms in
tritellurides as a periodic modulation of the crystal field acting
on the different M, levels of the spin-orbit coupled electronic
ground state. We performed calculations akin to the ones in
Lee et al. [29] using the QUANTY code [32]. The scattering
tensor for a Dy** ion in a Dy, crystal field (according to Ref.
[17]) is calculated for different magnetic field values. Slater
integrals and spin-orbit coupling parameters are calculated
using Cowan’s code [33]. Boltzmann averaging is performed
to obtain the thermal occupation of the lowest energy states.

As the CDW is incommensurate and involves motion of
multiple ions in the unit cell, accurate modeling of the corre-
sponding crystalline electric field at the Dy site is a formidable
task. To capture the essence of the mechanism underlying
the imprint of CDW order on the Dy sublattice, we adopt a
simple model with only two Dy sites, which can be thought
of as those experiencing the maximum and minimum CDW-
induced modulation. For simplicity, the crystal field acting
on one of these ions is assumed to be identical to the one
described by parameters extracted from neutron scattering
experiments, apart from a rescaling factor of 0.25 [17], and
the other one is assumed to be isotropic. The choice of this
specific value is motivated by the goal of reproducing the
measured field and temperature dependencies. Other rescaling
factors were tried but resulted in worse agreement [34]. Note
that RXS is sensitive only to the difference in the scattering
tensors of the two ions, while inelastic neutron scattering is
a direct probe of the CF splitting. In addition, the crystal
field in thin-film structure may differ from the bulk, espe-
cially for ions near the surface and substrate interface. The
modulation of the scattering tensor between these two sites
is used to represent the periodic modulation of the crystal
field parameters associated with the charge density wave (or
ortho-order), and the resonant scattering profile is obtained by

taking the difference of the scattering tensors at the two sites.
The implemented Hamiltonian has the form,

2
HZZ(%‘F :
2
+Z:TJ—Z€VCF+Z.7E

i>j i

—Zé?

+ &)L - Si)

In order from left to right, the terms are as fol-
lows: kinetic energy, nuclear potential, spin-orbit coupling,
electron-electron interaction, crystal field potential, and Zee-
man energy. As usual, the kinetic and nuclear one-electron
terms are grouped in a general central potential. The
electron-electron interaction is treated in terms of Slater’s
integrals > ,(f;F' + g;G'), while the crystal field potential
is expanded into renormalized spherical harmonics Vcr =
Yoo ;ifk A"rkCi. The scattering tensor Fj  is then cal-
culated for the two Dy ions and the RXS intensity at the
modulation wave vector is proportional to |F] — F>| [35].

At one site the Dy crystal field parameters stabilize the
M; = £11/> ground state in zero field, whereas on the other
site all M; states are degenerate. An external magnetic field
then splits all Kramer’s doublets via the Zeeman effect result-
ing in an M; = 15/2 ground state for sufficiently high fields,
i.e., the state with the largest magnetic moment component
along the field direction. For intermediate fields, both sites
exhibit a net moment in the direction of the field, but the
magnitude of the moments is modulated by the distinct crystal
field environments at the two sites. Figure 8(a) shows a sketch
of the resulting crystal-field eigenstates with and without mag-
netic field for the Dy ions at the two sites. The mechanism
behind the peculiar nonmonotonic field dependence of the
induced order is then captured by Figs. 8(b)-8(e), which show
the calculated field dependence of the states and the corre-
sponding Boltzmann occupation at 5 K for zero [Figs. 8(b)
and 8(c)] and nonzero crystal field [Figs. 8(d) and 8(e)]. The
RXS intensity results then from the contrast arising from the
small changes in the level occupations and the XAS final
state of the two Dy sites. Notice in particular in Fig. 8(d)
the crossing of the low-lying energy levels around 2-3 T,
which, in concert with the evolving level occupations, is likely
responsible for the maximum at the same field value of the
RXS signal measured on peak C [Fig. 5(a)]. In the real mate-
rial we believe that the magnetic component of the resonant
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FIG. 10. (a) Comparison between the experimental and calcu-
lated XAS spectra. (b) Calculations for the RXS spectral shape at 5 K
for three values of magnetic field with « = 45°. In (c) we compare
the signal for &« = 45° and o« = 90° (out-of-plane field). (d) Field de-
pendence of the RXS intensity at peak C for increasing temperature.
We show the 5 K curve together with the experimental data for the
same temperature [Fig. 5(a)]. The experimental data was normalized
to the max value, while the other curves have been normalized to
the max value of the 5 K one. (e) Temperature dependence of the
RXS intensity at peak C at 3 T compared to the experimental data of
Fig. 3(a). Both curves have been normalized to 1. See text for details
of the calculations.

scattering cross section arises from Dy moments whose mag-
nitudes are modulated at the CDW (or ortho-order) wave
vector by the CDW (or ortho-order) induced modulations

of the crystal field. Pinpointing the specific orientation of
the moments is nontrivial. We cannot exclude the presence
of anisotropies and of a variety of inequivalent Dy ions,
which will possess different magnetic responses. When sim-
ply considering the ratio of the charge order signal for the
two incoming light polarizations, where the RXS intensity
for the two cases is given by (€, X €oy) - M, one would
conclude that the magnetization M is pointing ~20° away
from the ¢ axis. This would imply that the magnetic moment
is not fully aligned along the field but possesses a signif-
icant out-of-plane anisotropy. However, the same exercise
carried out for the ortho-order scattering geometry would
give a different magnetization direction. That is because this
approach is oversimplified. The reality is likely more compli-
cated: In particular, the magnetic signal does not necessarily
correspond to ferromagnetically ordered/polarized moments.
Given the incommensurate wave vector, one would rather
first consider an antiferromagnetic modulation, which can
be independent of the lattice periodicity and could easily
possess moments perpendicular to the ferromagnetic polar-
ization direction set by the external field. This highlights the
challenge of providing a definitive answer on the direction
of the induced moments. Nevertheless, the clear saturation
of the dichroic signal that we observe strongly suggests
that we are aligning the induced moments as the field is
increased.

The calculated RXS signal is shown in Fig. 10. The spectral
shape of the resonance at the different field and temperature
values qualitatively reproduces the experimental data for both
induced CDW and ortho-order, mimicking field as well as
temperature dependencies, with a reasonable, albeit rough,
quantitative agreement. In particular, the striking observation
of a nonmonotonic field dependence of the RXS intensity is
reproduced at low temperatures corresponding to the experi-
mental conditions. Figure 10(b) (T = 5K) clearly shows that
the RXS signal at 2 T is significantly higher compared to 0.1 T
and 6 T. The complete field dependence shown in Fig. 10(d)
for three temperatures is in very good agreement with the
experimental data. We interpret this nonmonotonic behavior
in terms of two regimes. In the low-field regime the amplitude
of the CDW-induced (or ortho-order induced) modulation
of the local Dy moments reflects the magnitude of the Dy
sublattice magnetization and thus grows with increasing field
strength. For higher field strengths the Dy magnetization is
essentially saturated. Further increases in the field only serve
to bring the states preferred by the Zeeman splitting so far
down in energy that the RXS intensity at the CDW (or ortho-
order) wave vector is suppressed. This picture is supported by
XMCD measurements performed at the Dy M5 edge (Fig. 9),
which demonstrate paramagnetic behavior with saturation at
~2-3T. Our model further captures the dramatic reduction of
the RXS intensity for photon energies corresponding to peak
C in Fig. 7(a), when the magnetic field is applied along the
out-of-plane direction (o« = 90°) compared to o = 45°. This
is shown in Fig. 10(c). A complete quantitative agreement
with the data would involve the optimization of a great num-
ber of model parameters, and would likely be complicated
by the presence of disorder in the system. Accordingly, a
comprehensive model exceeds the scope of this study and may
be the subject of future work.
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V. CONCLUSIONS

We have reported RXS measurements of underdoped thin
films of the high-temperature superconductor DyBa,CuzOg
grown on NdGaOj3 (110) substrates. The films were found to
host both ortho-II oxygen order as well as a 2D CDW, akin
to those observed in bulk underdoped YBCO but with shorter
correlation lengths. Unlike thin films of YBCO, which were
recently reported to host 3D CDW correlations at zero field
[12], the CDW observed in our films was found to be only
weakly correlated along the c¢ direction. Our central result
is the additional observation of both the ortho-II order and
the CDW reflections for incident photon energies tuned to
the Dy Ms resonance. The temperature dependence of these
diffraction peaks reveals the induced nature of these ordering
tendencies, while both the photon energy and magnetic field
dependencies indicate a magnetic contribution to the reso-
nant scattering cross section. The magnetic moments of the

Dy ions in the “123” cuprate structure can thus be used as
a sensitive probe of both structural ordering tendencies, as
well as the electronic correlations in the CuO, planes. In the
related system PrBa,Cus;Og.x, a complex interaction between
the Pr 4 f moments and the CuO, planes has previously been
reported [36]. Future studies of the charge ordered state in this
nonsuperconducting system may reveal further insights into
the role of the 4 f moments in coupling to both the CDW and
superconductivity.
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