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A resonant x-ray magnetic diffraction study was performed for pure and (Cd,Ga)-doped GdlIns single crys-
tals with cubic structure. All studied samples show an equal-magnitude antiferromagnetic spin structure with
propagation vector ?:[%,%,O] at low temperatures, corresponding to a parallel spin propagation along the ¢

direction (normal to the studied surfaces) and antiparallel propagation along a and b. A complex magnetic
behavior in the submicrometric near-surface region (NSR) was found close to ij\,”lk~44 K. For both pure and
substituted samples, a fairly strong signal from the equal-magnitude magnetic phase was found to survive
above TI[’\,“”‘ and abruptly disappears at T%SR~ 74;,“”‘+ 0.7 K, indicating that the NSR may show a larger 7 than
the bulk for all studied samples. For the pure compound only, satellite peaks consistent with an amplitude-
modulated magnetic phase with a wavelength of 380 A were found between TX,””‘ and T%SR. A successful fit of
the scattering profile around several magnetic Bragg positions and photon energies, using a simple phase
coexistence model, confirmed that the amplitude-modulated phase develops underneath the most superficial
region showing the equal magnitude structure. The evolution of the magnetic scattering profile on cooling
indicates that the interface between equal-magnitude and amplitude-modulated phases diverges towards the
bulk as T— YJ;,“”‘ from above. A detailed analysis of the magnetic scattering, as well as the existence of a single
bulk transition within the experimental sensitivity of our specific heat and magnetic susceptibility measure-
ments, in contrast to the rich behavior shown by the near-surface region, indicates that the amplitude-
modulated phase is not bulk representative, being actually sandwiched between the bulk paramagnetic and the
equal-magnitude phases. Depth-temperature phase diagrams for pure and (Ga,Cd)-doped GdIn; are drawn on
the basis of our results, which are discussed in terms of a three-phase coexistence scenario theoretically

proposed for first-order transitions in the NSR.
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I. INTRODUCTION

It is well known that the near-surface region (NSR) in
condensed matter may show a distinct behavior with respect
to the bulk at the vicinity of a phase transition (for reviews
on this subject, see Refs. 1-4). In some cases, the relevant
interaction at the surface may be enhanced, leading to a
larger transition temperature in the NSR than in the bulk
(TYS®>724%)  The bulk ordering transition at 72 is then
termed “extraordinary,” as opposed to the “ordinary” transi-
tion for which T?]SR =Tf’.””‘. The behavior of the NSR in first-
order transitions have been first dealt theoretically by Lip-
owsky and co-workers,>® and the interface between the bulk
and NSR phases was predicted to become delocalized. Thus,
for extraordinary transitions, the ordered phase would be
nucleated in the surface at TJXSR, propagating toward the bulk
as T decreases and approaches Ti’”lk.G An interesting and
somewhat counterintuitive consequence of such theory is the
possibility of a NSR with macroscopic thickness for tem-
peratures sufficiently close to T’C’””‘. Thus, in a limited tem-
perature interval, the very existence of a surface may in prin-
ciple disturb the physical state of a system at much larger
depths than the typical interaction range that ultimately
drives the transition. Direct observations of the interface de-
localization in the nanometric scale have already been re-
ported. For instance, Frenken and van der Veen’ were able to
observe the melting of the Pb(110) surface by ion-scattering
experiments, with an increase in the thickness of the liquid
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surface film as 7" approaches the melting temperature. Also,
Dosch et al.® investigated the bulk order-disorder transition
in a CuzAu(100) surface by means of grazing-incidence
x-ray diffraction and also attested a divergence of the surface
layer thickness at the transition.

In magnetic systems, the experimental investigations on
extraordinary phase transitions were performed mostly in the
context of the so-called “second length scale.” In a variety of
compounds, anomalously sharp diffraction profiles in the vi-
cinity of magnetic phase transitions have been observed and
attributed to the presence of near surface-induced
antiferromagnetism.”"'> To our knowledge, the most detailed
investigations on near-surface magnetism have been done by
resonant x-ray diffraction experiments on uranium com-
pounds such as uranium phospide!'® or uranium dioxide,'” in
which advantage of the very strong resonance of the U My
edge was taken to reveal in detail the depth-dependent or-
dered magnetic moments. The results for UP clearly indicate
the formation of extended sheets of ferromagnetically
aligned moments parallel to the sample surface. These sheets
are antiferromagnetically coupled in the direction normal to
the surface, a few layers deep, above the bulk antiferromag-
netic (AFM) ordering temperature.'® This near surface mag-
netism disappears at a given temperature slightly above the
bulk transition temperature. More recently, nonresonant mag-
netic x-ray diffraction experiments were performed in NiO in
grazing-incidence geometry with controlled penetration
depths,'> also showing distinct behavior of the surface with
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respect to the bulk within a scale of the order of a few na-
nometers. In this context, we should also mention a very
direct observation of magnetic interface delocalization in the
AFM transition of FeBO5; by means of depth-selective Moss-
bauer measurements in a near-surface magnetic phase being
observed in a length scale between 1 and 500 nm, depending
on the proximity to 75 18

All the experimental reports described above investigate a
phase transition between an ordered and a disordered state,
i.e., either solid-liquid or AFM-paramagnetic transitions. So
far unexplored, to our knowledge, is the near-surface behav-
ior in systems in which two distinct ordered phases, or even
two ordered and a third disordered phase, compete through
first-order transitions. It is clear that more experimental work
in interface delocalization and related phenomena at first-
order transitions is necessary to test theoretical predictions
and, perhaps, reveal new unexplored physics, giving strong
motivation for near-surface investigations in many classes of
compounds. A potentially interesting class may be supercon-
ductors at the verge of magnetism, where the near-surface
region may have a different behavior than the bulk. For in-
stance, the heavy-fermion Celrlns shows distinct bulk and
surface superconducting temperatures,'® which remain unex-
plained. In fact, the compound studied in this work, GdlIns, is
a counterpart of Celn; which is the parent cubic compound
of the tetragonal Celrlns and other structurally related heavy
fermion superconductors in the same family.'??° Rare-earth-
based magnetic materials in this family have also been stud-
ied to understand in detail the evolution of the 4f magnetism
in this series and its role in the occurrence of heavy fermion
superconductivity in the Ce-based systems.?!-??

In this paper, we report a resonant x-ray diffraction inves-
tigation of the magnetic structure critical behavior of pure
and (Cd, Ga)-doped GdIn;, complemented by specific heat
and dc-magnetic susceptibility measurements. Our results
show a complex depth-dependent magnetic profile in the
submicrometric scale, where three distinct magnetic
phases—equal-magnitude AFM (EM-AFM), amplitude-
modulated AFM (AM-AFM), and paramagnetic (PM)—
seem to coexist in an organized manner close to the surface
of single crystals of pure GdIn;. The dilute substitutions of
Ga and Cd in the In site are shown to have a deep impact in
the delicately balanced three-phase coexistence found in the
pure compound. Our results are interpreted as manifestations
in the submicrometric scale of interface-delocalization phe-
nomena in extraordinary phase transitions,>® with additional
physics arising from a competition between two distinct or-
dered states close to Ty.>

II. EXPERIMENTAL DETAILS

Four batches of single crystalline GdIns: (Cd,Ga) samples
(two pure and one for each substitution) with sizes up to
4 mm? were grown from an In flux,’ mixed with Cd or Ga
flux when applicable. The Cd/In and Ga/In proportions for
the doped samples were obtained by x-ray fluorescence
analysis using the XRF beamline of the Laboratério Nacio-
nal de Luz Sincrotron (LNLS). The quantitative analysis was

performed with the WINAXIL software?* based on the funda-
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TABLE 1. Composition, Néel temperature, and room-
temperature lattice parameters for the compounds investigated in
this work.

T}bvulk ?
Sample Composition (K) (A)
GdlIn; GdlIn; 44.15 4.6066(4)
GdIIl3 :Cd GdIn2'937(5)Cd0'063(5) 43.8 46085(8)
GdIIl3 :Ga GdIn2'941(1)Ga0'059(1) 44.8 45997(8)

mental parameter method.? In order to correctly discrimi-
nate the overlapping effect between the Cd and In fluores-
cence L lines for the particular case of GdIn;:Cd sample, the
intensity ratios between L lines of the same element were
kept fixed in the fit using the tabulated values.’® Assuming
that pure GdIn; samples were stoichiometric and could be
used as a calibration standard, it was found that R=[n(In)
+n(Ga)]/n(Gd) or R=[n(In)+n(Cd)]/n(Gd) were also close
to the stoichiometric values of 3.00 for the doped samples,
within ~2%. This indicates that there is no significant level
of atomic vacancies within the structure of these samples.
We subsequently fixed R=3.00 and obtained the relative
Cd(Ga)/In concentration from the relative intensity of the
respective fluorescence lines. The so obtained compositions,
together with the lattice parameters of the studied samples at
room temperature, are shown in Table I.

Specific heat measurements were performed in a commer-
cial physical property measurements system platform using
the relaxation method. dc magnetic susceptibility measure-
ments were taken with a superconducting quantum interfer-
ence device magnetometer.

Selected crystals with naturally formed (001) surfaces
were finely polished in alumina powder (0.05 wm) for sev-
eral hours, yielding mosaic widths of =0.1° full width at half
maximum (FWHM) and sealed in Ar atmosphere. X-ray dif-
fraction measurements were performed at the XRD2 bending
magnet beamline of LNLS.?” A commercial closed-cycle He
cryostat was mounted into the Eulerian cradle of a 4+2
circle diffractometer, and the sample was kept under low
vacuum (<1073 mbar) during measurements. The thermal
accuracy and stability were better than ~0.5 and ~0.05 K,
respectively. The sample was mounted with (00!) reflections
being in specular condition, while the scattering plane acces-
sible without sample tilts was (0kl). (hkl) planes with h# 0
were then accessed by tilting the sample through the Euler
circle. The measurements were made in coplanar geometry
with linearly o-polarized incident photons in dipolar reso-
nance conditions at the Gd Ly edge (7.932 keV) except
where otherwise stated, with an energy resolution of ~5 eV.
The beam dimensions at the sample position were 0.6 mm
(V) X2.0 mm (H). Crystal truncation rod measurements
along the [00/] direction were performed to probe the surface
roughness of a pure GdIn; sample after polishing. ! scans
spanning from /=1.1 to /=6.4 were measured at 10 keV.
Following the procedure established by Robinson?® a root-
mean-square roughness of 7.8(5) A and a lateral roughness
length scale of 2700(50) A were obtained, indicating a very
good surface quality.
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II1. RESULTS AND ANALYSIS
A. Specific heat and dc-magnetic susceptibility

Specific heat (C,) measurements are given in Figs.
1(a)-1(c) for pure GdIns, as well as for the Ga- and Cd-
doped samples, respectively. Two sets of measurements were
performed using the relaxation method. First, a condition
with a broader resolution in temperature but higher sensitiv-
ity was employed, setting the relaxation temperature sweep
at 0.1 K at each step (open symbols). In the second set of
measurements, this parameter was reduced to 0.02 K, only in
a limited temperature region around the transition (filled
symbols). No further changes were observed using even
smaller relaxation temperature sweeps. It can be seen that
both pure and (Ga,Cd)-doped GdIn; exhibits a clear peaklike
feature at T. This is indicative of a single bulk phase tran-
sition for GdIn; in the studied temperature interval, with a
weakly first-order character. For the sake of comparison, C,
measurements for the related GdRhIns and Gd,IrIng com-
pounds are given in Figs. 1(e) and 1(f), respectively, with
steplike features at 7y indicative of second-order phase tran-
sitions, which is consistent with previous magnetic x-ray dif-
fraction studies.?%30

dc-magnetic susceptibility measurements, x,.(7), were
taken for pure GdIn; in both sweep and no overshoot modes
at the vicinity of Ty, with a cooling rate of 0.05 K/min with
applied fields of 100 and 1000 Oe along both the [100] and
[110] directions. A representative measurement, taken with
1000 Oe along the [100] direction, is shown in Fig. 1(d).
Again, a single bulk magnetic transition was seen within our
resolution, in contrast to similar investigations showing mul-
tiple bulk transitions at the vicinity of T in other members

of the RIn, family (R=rare earth).3! These measurements re-
inforce the conclusion of a single bulk phase transition for
GdlIns at the vicinity of Ty. The transition temperatures ob-
tained for each sample are given in Table L.

B. Resonant magnetic x-ray diffraction
1. Magnetic state at low temperatures

We start the description of our x-ray diffraction results by
solving the magnetic structure of GdIny at low temperatures.
At T>>45 K, only charge scattering is observed in positions
consistent with the symmetry of this material (space group
Pm3m). At 12 K, additional reflections were found at (i
+%, j+%,l) (i, j, and I integers) reciprocal space positions.
The energy dependence of the intensity of the (% , % ,3) Bragg
peak for the pure sample through the Gd L, and L; edges is
given in Fig. 2. The absorption coefficient of the sample,
obtained from the fluorescence yield taken in the 6-26 ge-
ometry, after applying corrections from self-absorption ef-
fects, is also shown in Fig. 2, within an estimated accuracy
better than ~5% at the resonances. Clear resonances in the
Bragg peak can be seen, with maxima located ~2 eV above
the absorption edges defined at the energies of maximum
inflection of the absorption coefficient. Typical count rates of
a few thousand counts/s were obtained for the strongest mag-
netic reflections in resonant conditions at low temperatures.
A polarization analysis of the signal at the L,-edge resonance
was also performed, confirming pure o-7 scattering. The
resonance and polarization properties of this signal, as de-
scribed above, clearly indicate that these additional reflec-
tions are magnetic and arise from dipolar resonances. The
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FIG. 2. (Color online) Energy dependence of the magnetic in-
tensity of the (% ,%,3) Bragg peak around the Gd L, and L; edges.
The absorption coefficient obtained from the fluorescence yield are
indicated with solid lines.

reciprocal space positions of such magnetic Bragg peaks
then indicate a commensurate Gd spin structure with propa-
gation vector ?:[% , %,0].

The moment direction can be obtained from the intensities
of a set of magnetic reflections. In fact, for collinear mag-
netic structures and o-polarized incident photons, the polar-
ization dependence of the x-ray magnetic scattering assumes
a simple form for dipolar resonances,*>3? and the intensities
of magnetlc Bragg peaks are M(7)

*[2m; kfcos(r r)] where the sum is over the jth reso-

given by

nant ion in the magnetic unit cell, r is the position of such an
ion, 7 is the reciprocal lattice vector for the Bragg reflection,

m; is the magnetic moment at site j, and k is the wave vector
of the scattered light This expression is valid as long as the

quadratic term in m; on the magnetic scattering amplitude
can be neglected.’” b The magnetic structure was thus re-
solved by comparing the intensities of the accessible mag-
netic Bragg reflections with those expected assuming distinct
physical models with collinear Gd magnetic moments using
the expression given above for 1"(7). These reflections were
measured at 12 K using a beam size of 0.2 (V)
X 1.0 (H) mm?, limited by slits, which warranted that the
entire beam hit the sample surface for all studied reflections.
For the nonspecular magnetic Bragg peaks studied here, an
(h,k,I)-dependent absorption factor must be taken into ac-
count. Thus, the measured intensities were divided by a cor-
rection term given by sin(8)/[sin(B) +sin(y)], where 8 and y
are the angles between the surface and the diffracted and
incident beam directions, respectively. The results are given
in Table II for a pure GdIn; sample. It was unambiguously
found that the magnetic moments point toward the ¢ direc-
tion, i.e., in the direction of the ferromagnetic chains and
along to the normal to the sample surface. Similar analyses
performed in a second pure GdIn; sample, as well as in the
Cd- and Ga-doped samples yield the same conclusion. Figure
3 displays the low-T EM-AFM structure of GdIns.

It is interesting to mention that magnetic reflections re-
lated to the symmetry-equivalent T—[z, ,2] and 7
=[0,% 3 2] were not observed in any of the studied samples, at
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TABLE II. Comparison between observed and calculated inten-
sities of magnetic Bragg reflections at 12 K, normalized by the
most intense reflection, assuming the moments m along each one of
the three axis of the unit cell. The particular choice of cubic axes
was made so that the ¢ axis is the surface normal, while the scat-
tering plane without sample tilts is (0k/). Experimental data were
taken on resonance conditions, 2 eV above the Gd L edge.

(h.k.1) Lops iilla b mllé
(-3,-3.2) 2 1 100 2

(-3.3.3) 51 12 58 50
(=3,-3.3) 21 4 87 17

(3.3.3) 52 12 58 50
(3.-3.3) 19 4 87 17
(5.5.3) 38 100 53 46
(-3.5.3) 41 100 53 46
(=5.5.4) 79 10 41 70
(-5.3.4) 100 14 15 100

least in the near-surface region accessible to the x rays. This
indicates that the ferromagnetic chains point always along
the ¢ direction (defined here as the normal to the polished
surface), at least within the skin depth probed by the x rays
(~1 wm). This unexpected absence of AFM domains in the
NSR appears to be a surface-induced effect and will be fur-
ther discussed in Sec. IV.

2. Inhomogeneous magnetic state at T~Ty

The equal magnitude phase resolved above was found to
remain stable between the lowest studied temperature (12 K)
and T2*=44.15 K. For T= T%"¥, broadened magnetic Bragg
peaks were observed for all studied samples at nearly the
same Bragg positions as for 7T< T’,i,”lk. In addition, satellite
magnetic peaks are clearly observed between Tf’vulk and 7‘2,M
~44.6 K for the pure GdIn; samples, indicating that a new
incommensurate magnetic phase develops in this tempera-
ture interval. Figure 4 shows two-dimensional 4/ maps in the
vicinity of the (2, ,4) reciprocal space position at 39.4 K
(T T}’””‘) and 444 K (Th””‘< T< T“ ), indicating that this
discommensuration is associated w1th a magnetic structure
with a propagation vector 7'2=[%, % ,4], with §~0.012. Such

FIG. 3. (Color online) Equal magnitude magnetic structure of
GdIny at 12 K.
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FIG. 4. (Color online) Al reciprocal-space maps at the vicinity of
the (%,%,4) magnetic Bragg reflection at 39.4 K (upper panel) and
44.4 K (lower panel). The shape of the scattering at 39.4 K is solely
determined by the instrumental resolution convoluted with the
sample mosaic width.

7, corresponds to a long- wavelength variation of the mag-
netic scattering factor along the ¢ direction, with a period of
~83 lattice parameters or ~380 A. Additional kI and hk
maps were also taken (not shown), corroborating this conclu-
sion. Notice that due to the relatively large rocking widths of
our samples (~0.1° FWHM), the resolution of a Bragg peak
in reciprocal space is highly anisotropic in the form of an
oblate ellipsoid oriented along the direction of the axial
(6-26) scans such as seen in Figs. 4(a) and 4(b).

The simultaneous observation of central and satellite
peaks above Tf(,”lk [see Fig. 4(b)] is not consistent with a
simple homogeneous incommensurate magnetic phase. To
understand this, we first note that a slight shift of the central
peak at 44.4 K is observed toward lower [ direction with
respect to the integer values related to the bulk lattice param-
eters, while the satellite peaks remain symmetric with respect
to the integer-/ position within our resolution [see Figs. 4(b)
and 5(a)-5(j)]. Similar asymmetric shifts close to Ty have
been observed before in other compounds and attributed to
effects arising from a finite correlation length.* The fact that
the central and satellite peaks show distinct asymmetric
shifts at a given temperature is a clear indication of distinct
correlation lengths associated with each contribution. This
suggests that central and satellite peaks arise from different
domains of the sample, i.e., they result from a magnetically
inhomogeneous state at this temperature.

To obtain further insight into the interesting state for T
= T;’\,”lk with two distinct types of magnetic order or correla-
tions, the magnetic scattering at several magnetic Bragg
planes was investigated. The x-ray penetration depth for each
reflection can be calculated by the trivial relation z
=[w/sin(y)+u/sin(B)]"!, where w is the absorption coeffi-
cient of the material given in Fig. 2. Figures 5(a)-5(j) show
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FIG. 5. (Color online) Measured (symbols) and simulated (lines)
longitudinal scans at 44.4 K around the (a) (2 )3 L4, ) (-2 7 5, 4),
© (.5.4). @ (5.3.3), (© (5.-5.3). (O (-3.5.3), (®) (.3.3),
(h) (- 2,2,3) (1) (2,2,2), and (j) (—%,;,2) positions. Note the
slight off-centering of the central peak with respect to the satellite
peaks in (a)—(f).

the one-dimensional longitudinal (6-26) scans at 44.4 K
around ten reflections studied at this temperature (symbols).
It is evident that a smaller (larger) penetration depth is asso-
ciated with a more (less) intense central peak with respect to
the satellite peaks. For the lowest penetration depths, shown
in Figs. 5(g)-5(j), no satellites are observed within the sen-
sitivity of our experiment. This is an indication that the cen-
tral peak is associated with a NSR above Tﬁ,"”‘, while the
satellite peaks arise from the region underneath this NSR.
Notice that although our experimental setup did not allow for
controlled penetration depths for each reflection, such as in
Ref. 15, depth-selective information in the submicrometric
scale could still be obtained in our experiment by probing
several distinct magnetic Bragg reflections.

Figure 6(a) shows the energy dependence of the intensi-
ties of the central and sum of satellite peaks at the vicinity of
the (%,%,4) Bragg position close to the L, edge at T
=44.4 K. The ratio between the satellite and central intensi-
ties is given in Fig. 6(b). It can be seen that this ratio is
smallest at the vicinity of the absorption edge. This is an
additional evidence that an AM-AFM phase develops under-
neath the NSR. In fact, at energies very close to an absorp-
tion edge, the penetration depth of the x rays is minimum
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FIG. 6. (Color online) Energy dependence of (a) the intensity of
the central and satellite peaks at the vicinity of the (%,%,4) Bragg
position at 44.4 K and (b) the ratio between the intensities of the
satellite and central peaks. The dashed line in (b) is the prediction of
our phase-coexistence model using the same parameters obtained in
the fits of Figs. 5(a)-5(j) and the absorption coefficients of Fig. 2.

and the attenuation of the satellite peaks arising from the
buried AM-AFM is larger than the corresponding effect from
the central peak arising from the most superficial layer.

3. Kinematical model

To obtain quantitative information about the inhomoge-
neous magnetic state proposed above for T=T2"* we per-
formed a kinematical analysis of the overall magnetic scat-
tering. According to our simple fitting model, a NSR with the
EM-AFM structure displayed in Fig. 3 interfaces a second
ordered layer with the AM-AFM structure, which in turn
interfaces the bulk paramagnetic phase. This depth depen-
dence of the sublattice magnetization is represented in Fig.
7(a). The free parameters in the model that affect the scatter-
ing intensities are (i) the order parameter amplitude m, rep-
resented by an overall scale factor in the intensities, and the
thicknesses of the (ii) EM-AFM and (iii) AM-AFM phases,
which impact both the peak widths and the relative intensi-
ties among the central and satellite peaks for each (h,k,1).
Despite the apparent boldness of the model and the small
number of free parameters, the resulting simulated x-ray dif-
fraction profiles were successfully tested against all observed
reflections with different penetration depths at 7=44.4 K us-
ing the same set of parameters. The fits performed for each
reflection are represented by the solid lines in Figs. 5(a)-5(j).
The so obtained thicknesses at this temperature were 0.41(5)
and 0.51(7) um for the EM-AFM and AM-AFM phases, re-
spectively. As an additional verification of our model, the
ratio between the satellite and central intensities as a function
of energy was predicted using the phase thicknesses obtained
above and the absorption coefficients w(E) given in Fig. 2.
The results are given as a dashed line in Fig. 6(b) and agree
well with the experimental data. The fact that this agreement
was obtained without any free fitting parameter strongly ar-
gues in favor of our model.
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FIG. 7. (Color online) (a) Representation of the sublattice mag-
netization amplitude at 44.4 K, including a near-surface equal mag-
nitude phase coexisting with a sinusoidal amplitude-modulated bur-
ied phase and a paramagnetic bulk phase. (b) Measured / scan at the
vicinity of the (%,%,4) magnetic reflection (dots) at 44.4 K. The
solid line is obtained from the simulation of the magnetic profile
shown in (a). The dashed line was obtained by the simulation of the
equivalent profile with a buried square-wave AM-AFM layer, ex-
hibiting additional higher order satellites that were not observed in
our measurements.

It is valid to investigate in more detail whether the
amplitude-modulated layer corresponds to a true sine-
modulated phase or if it shows some squaring up (see, for
example, Ref. 35). Figure 7(b) shows an [ scan performed at
the vicinity of the (%,%,4) magnetic reflection at 44.4 K,
taken with particularly long counting times, leading to a
fairly good signal-to-noise ratio. The solid line represents the
fit to the model described above, while the dashed lines rep-
resent the additional higher-order satellites expected for a
square-wave intensity modulation. Clearly, our sensitivity is
enough to rule out this latter possibility, and the absence of
any observable higher-order satellite indicates that the ampli-
tude modulation is described by a sine wave at this tempera-
ture in a good approximation.

Alternative models for the incommensurate phase were
also considered. Particularly, an EM helical magnetic struc-
ture in the ab plane propagating along ¢ also predicts the
satellite peaks. However, since the intensities depend criti-
cally on the moment directions (see above), the calculated
(h,k,1) dependence of the satellite peak intensities under the
helical model shows large discrepancies with the relative
peak and/or satellites intensity ratio obtained from the ex-
periment (not shown). We mention that, to our knowledge,
no compound with a single Gd ion in the crystallographic
basis has been reported to show noncolinear EM order,
which is indeed in agreement with the predictions of classi-
cal dipole-dipole exchange.3® Of course, other possibilities
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that account to the presence of the central and satellite peaks
might still be envisaged. However, the uniqueness of our
model with respect to entirely different solutions is supported
by the number of reflections to which the scattering profiles
were quantitatively tested [ten total and five independent re-
flections, see Figs. 5(a)-5(j)] in comparison to the number of
free fitting parameters that affect the widths and relative in-
tensities of central and satellite peaks (two, see above). Also,
the energy-dependent data shown in Fig. 6(b) may be taken
as an independent verification of the model. An analogy may
be drawn to conventional crystallography, in which the solu-
tion of a given crystal structure is considered correct and
unique if it successfully accounts for the intensities of a
number of Bragg peaks that is larger than the number of free
structural parameters. On the other hand, more elaborated
scenarios that are similar to ours but in addition allows for a
smoother depth dependence of the magnetic order parameter
within each phase and at the interfaces, therefore requiring a
larger number of fitting parameters, are not discarded (see,
for example, Ref. 37). Here, we consider each phase (EM-
AFM, AM-AFM, and PM) as internally homogeneous, lead-
ing to a picture with a minimal number of fitting parameters
while still being able to capture the essential physics re-
vealed by our data. A more detailed analysis of the sublattice
magnetization profile within each phase requires a more
complete set of experimental data, possibly using a grazing-
incidence diffraction geometry such as in Ref. 15, and is
beyond the scope of the present work.

The only experimental aspect not satisfactorily captured
by our model is the asymmetry between the left and right
satellite intensities [see Figs. 5(a)-5(f)]. An investigation of a
second GdIn; pure sample showed that the sign of this asym-
metry is sample dependent, indicating an extrinsic origin.
The miscut of the crystal surface with respect to the bulk
lattice that results from the polishing process is one possible
source of asymmetry in this system. Such small miscut is
essentially random in our sample preparation process.

4. Temperature dependence

Having evidenced the essential correctness of our simula-
tion model at a fixed temperature, we have performed an
investigation of the depth and temperature dependences of
the magnetic structure of GdIn,. Figures 8(a)-8(h) show lon-
gitudinal (6-26) scans close to the (% ,%,4) Bragg position at
several temperatures between 44.2 and 44.9 K for pure
GdlIn;, while Fig. 9(a) displays the integrated intensity of
both the central and satellite peaks, taken on warming and
cooling. For T< Tf’v"lk:44.15 K, the central peak shows a
smooth behavior. A fairly abrupt diminishment of the central
peak intensity on warming is then observed at Tﬁ,”lk, which
coincides with the onset of the weak satellite peaks. The rise
of these peaks is clearly insufficient to compensate the de-
crease of the central peak intensity, and therefore, the overall
magnetic order parameter shows an abrupt change at Tk
consistent with the bulk paramagnetic first-order transition
suggested by the specific heat results [see Fig. 1(a)]. The
presence of thermal hysteresis seen in Fig. 9 is also charac-
teristic of a first-order transition. Figure 10(a) shows the tem-
perature dependence of the width of central and satellite

PHYSICAL REVIEW B 77, 094425 (2008)

1 -1
Aq (A7) Aq(A™)

-0.03 0.00 003 -0.03 000 003

@ T=4a9K[(®) 4T =445K]
4
2
o bR NS

(b) T = 44 .8K|
4

Intensity (arb. units)

0
0.03 -0.03 0.00 A 0.03

Ag,(A™)

003 0,00,
Aq(A”)

FIG. 8. (Color online) [(a)-(h)] Longitudinal scans around the
%,%,4) reflection at selected 7 (symbols) and fits to the model
depicted in Fig. 5(a) (lines).

peaks shown in Fig. 8 after deconvolution with the instru-
mental width. Above Tfi,””‘, the central peak clearly broadens
on warming, indicating that the EM-AFM near surface layer
shows a temperature-dependent longitudinal correlation
length. Figure 11(a) shows the EM-AFM layer thickness,
obtained by fitting the observed intensities to the model de-
scribed above (filled circles) in comparison to the correlation
length for this phase, obtained from the (%,%,4) peak width
(open circles). Both quantities yield identical results, within
the error bars, and decrease on warming. This indicates that
the correlation length of the EM-AFM phase is limited by its
thickness in the NSR. The width of the satellite peaks was
also found to be temperature dependent. Indeed, a compari-
son between the AM-AFM layer thickness, obtained from the
fits shown Figs. 5(a)-5(j) and 8(a)-8(h), and the correlation
lengths obtained from the widths of the satellite peaks [Figs.
10(a)] also revealed that the correlation length of the AM-
AFM phase is limited by its thickness. Above TI?,M
=44.65(5) K, the satellite peaks are not observed within our
sensitivity. Finally, at T\ <=44.85(5) K, the central peak
suddenly disappears, signaling the near-surface paramagnetic
transition. These results may be summarized in a depth-
temperature phase diagram, displayed in Fig. 11(a).

5. (Ga,Cd)-substituted samples

The magnetic transition of the Ga- and Cd-substituted
samples were also investigated in detail by magnetic x-ray
diffraction. Figures 9(b) and 9(c) show the temperature de-
pendence of the integrated intensity of the (%,%,4) Bragg
reflection of GdIns:Ga and GdIns:Cd, respectively. The as-
sociated peak widths, after deconvolution of the instrumental
contribution, are indicated in Figs. 10(b) and 10(c). In addi-
tion to the slight changes in Ty (see Table I), interesting
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FIG. 9. (Color online) (a) Temperature dependence of the inte-
grated intensities of the central (circles) and the sum of the satellite
(triangles) magnetic peaks around the (%,%,4) reflection at the vi-
cinity of Ty for (a) pure Gdlns, (b) GdIns:Ga, and (c) GdIns:Cd.
The inset shows the same in a more extended temperature range.

features were also seen. Particularly, two-step transitions
were also observed, indicating distinct transition tempera-
tures for the bulk and the NSR, with T\*f~T7%%+0.7 K.
Thermal hystereses have been observed close to Tﬁ,"”‘ for
both doped samples, indicating a first-order transition such as
in the pure sample. However, satellite peaks were absent
nearby the bulk transition, indicating that the AM-AFM
phase evidenced for pure GdIn; is destroyed by the presence
of small (~2 %) substitution levels in the In site. The depth-
temperature phase diagrams for the doped samples are given
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FIG. 10. (Color online) Temperature dependence of the widths
of the central (circles) and the satellite (triangles) magnetic peaks
around the (%,%,4) reflection at the vicinity of Ty for (a) GdIns, (b)
GdlIns:Ga, and (c) GdIns: Cd after deconvolution of the instrumen-
tal width.

in Figs. 11(b) and 11(c). It is important to note that these
phase diagrams were constructed assuming that the EM-
AFM layer thickness is identical to its correlation length.
This hypothesis was experimentally verified only for the
pure sample, in which the relative intensities of the central
and satellite peaks for several (h,k,l) reflections allowed for
an independent evaluation of the EM-AFM layer thickness.
Rigorously, the experimental points in Figs. 11(b) and 11(c)
are the correlation lengths across the [%%,4] direction
(which is nearly parallel to the surface normal [0,0,1]), and
therefore, they may be considered as the lower limit of the
EM-AFM layer thickness for the doped samples.

IV. DISCUSSION

We begin our discussion by the magnetic ground state.
For all four pure and doped GdIn; samples studied in this
work, a propagation vector 7':[%,%,0] was observed, where
the ¢ direction is the surface normal. Such a structure with
FM chains along one cubic direction has been rationalized
in terms of a competition among first- and second-
neighbor Ruderman-Kittel-Kasuya-Yosida (RKKY) ex-
change interactions.? It is interesting to notice the absence
of domains with 7':[%,0,%] and 7= [O,%,%], which are sym-
metry equivalents to the observed 7in a cubic structure. This
rather surprising result may indicate a degeneracy removal
caused by the surface so that the true ground state shows the
ferromagnetic chains in Fig. 3 pointing along the surface
normal. By considering the absence of any anisotropy in the
Gd 4f7 orbitals, we associate this effect with the truncation
of the long-range dipolar interactions at the surface. Of
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FIG. 11. (Color online) Depth-temperature magnetic phase dia-
gram for (a) GdIns, (b) GdIns:Ga, and (b) GdIn;: Cd, summarizing
the results of this work. The results in (a) were independently ob-
tained from the central and satellite peak widths shown in Fig. 10(a)
(w) and from the fits shown in Figs. 8(a)-8(h).

course, this reasoning applies only for the near-surface
region accessed by the x rays, and therefore, the other
symmetry-equivalent AFM domains are expected to appear
in bulk. Further experimental and theoretical investigations
are needed to confirm or dismiss this hypothesis.
Undoubtedly, the most surprising results of this work arise
at the vicinity of the magnetic transition temperature. We
begin by summarizing the results shared by the pure and
doped samples, in which the magnetic Bragg peaks corre-
sponding to the commensurate structure with ?=[%,%,O]
show temperature intervals with distinct behaviors: (i) For
T= TI‘(,”lk, the integrated intensities follow a conventional or-
der parameter behavior, the peak widths are instrumental
only, and no asymmetric shifts are observed. (ii) For T
~ lev"lk, a fairly abrupt decrease of the magnetic intensity is
observed accompanied by thermal hysteresis. (iii) For Tﬁ,"”‘
<T= Y%SR, the magnetic peaks broaden and show asymmet-
ric shifts due to finite-sized correlation lengths (at this point,
the integrated intensity remains in the level of ~1% —2% of
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the maximum intensity at low temperatures for all studied
samples). (iv) Finally, the reminiscent scattering suddenly
disappears at Th-X~ T2 +.0.7 K. While observations (i) and
(ii) above are expected for first-order phase transitions,
points (iii) and (iv) deserve a more careful account. The most
straightforward explanation for the reminiscent scattering
above T%* would be conventional critical scattering associ-
ated with dynamical short-range spin correlations. However,
the relatively high intensities and sharp profiles for ]ﬁ}‘”‘
<T= T’NVSR, the abrupt disappearance of this signal above
T%SR, the coincidence of EM-AFM layer thickness, and cor-
relation length [see Fig. 11(a)] are not consistent with this
scenario, rather suggesting at least two distinct and well de-
fined phase transitions, one for the bulk and the other for the
NSR. We should mention that the relatively weak resonances
at Gd L edges as compared to U M edges prevented us to
obtain a detailed depth profile of the magnetism above T;’\,“lk
using magnetic truncation rod profiles such as in Refs. 10
and 16 for uranium compounds, and our instrumentation did
not allow for a grazing-incidence geometry such as used in
Ref. 15 for NiO. Still, our resonant diffraction results,
complemented by bulk C,(T) and y,.(T) measurements, are
sufficient to draw a rather interesting picture of the near-
surface magnetism of GdIns in the submicrometric scale.

The experimental facts described above allow us to asso-
ciate the reminiscent magnetic scattering in pure and substi-
tuted GdlIns for T3* < T<T¥°F to a near-surface-induced an-
tiferromagnetism. This frozen magnetism at the near surface
is presumably associated with a perturbation in the magnetic
interactions, which may be caused either by the presence of
the surface itself (causing a truncation of the exchange inter-
actions) or by the lattice defects that are more likely to occur
in the near-surface region of a polished surface. On the other
hand, the typical thicknesses of the NSR found in this work
(=1 um) are about 3 orders of magnitude larger than the
typical range of the RKKY exchange interactions (<1 nm).
For this reason, it might appear implausible to associate the
complex behavior found in the NSR to the surface itself.
However, we argue that the proximity to a first-order transi-
tion may lead to an interface delocalization such as predicted
theoretically for extraordinary transitions.® In fact, our results
for both pure and doped GdIn; may be taken as an experi-
mental evidence of interface delocalization in the submicro-
metric length scale.

While the Ga- and Cd-doped samples show a two-phase
coexistence near 7Ty, the behavior of pure GdIns is clearly
richer, with a third, AM-AFM, phase sandwiched between
the EM-AFM and PM phases. Since the PM phase do not
contribute to the observable magnetic scattering, it is inter-
esting to review the experimental evidence for this phase in
the temperature interval in which contributions from the EM-
AFM and AM-AFM phases were observed. Simulations of
the scattering profiles of Figs. 5(a)-5(j) by a simpler model
without the PM phase (i.e., with a bulk AM-AFM phase)
overestimate the intensity of the satellite peaks of the reflec-
tions with the largest penetration depths, while the reflections
with intermediate or smaller penetration depths remain well
fitted (not shown). This is a clear indication of the finite
depth of the AM-AFM phase. Also, the interesting tempera-
ture dependence of the width of the satellites [see Fig. 10(a)]
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cannot be trivially understood with a two-phase model, be-
ing, however, entirely consistent with the three-phase picture
drawn in Fig. 11(a). The hypothesis that the AM-AFM phase
is not bulk representative is also indirectly supported by the
C,(T) and x,(T) measurements (see Fig. 1), which indicate
a single bulk phase transition. In contrast, other RIn; (R
=Nd,Sm) compounds show complex phase diagrams and
successive phase transitions in narrow temperature intervals
due to the competition of exchange interactions and spin
anisotropies caused by 4f orbital moments and crystal field
effects.>! A prototypical example is NdIns, where three suc-
cessive bulk magnetic transitions take place in a narrow tem-
perature interval of about 1 K. In that case, a sine-modulated
AM-AFM phase with 7=(3,2,6) with =0.037 was ob-
served between Ty=5.9 K and 5.2 K. In addition, a second
modulated phase with 6=0.017 takes place between 5.2 K
and 4.7 K, and finally, an EM-AFM phase at (0.5 0.5 0)
occurs below 4.7 K. All these bulk transitions were nicely
captured by x,.(7) measurements.’! Instead, our data for
GdIn; show a single bulk transition, presumably between the
low-temperature EM-AFM to the PM phase. We are there-
fore led to the conclusion that the AM-AFM phase observed
by magnetic diffraction for the undoped samples is not bulk
representative, but rather an intermediate phase sandwiched
between the PM bulk and an EM-AFM phase in the NSR.
Notice that the specific heat curves of pure and doped
samples close to TX,””‘ are fairly similar [see Figs. 1(a)-1(c)],
even though only the pure sample show the AM-AFM phase
emerging between the EM-AFM and PM phases in our x-ray
magnetic diffraction study. This gives additional support to
the conclusion that the AM-AFM phase is not bulk represen-
tative.

The possible origin of the AM-AFM phase sandwiched
between the EM-AFM near-surface region and the bulk PM
phase is now discussed. As already mentioned, NdIn; and
Smln; show stable AM-AFM bulk phases at the vicinity of
Ty due to a competition between exchange and anisotropy
terms in the spin Hamiltonian. For Gd compounds with
spherical 4f7 shell, anisotropy terms are arguably weaker,
and a bulk AM-AFM phase does not appear to be stable at
any temperature. Nonetheless, it is not unreasonable to as-
sume that the free energies of the AM-AFM and EM-AFM
phases are comparable for temperatures sufficiently close to
Ty. Thus, in a scenario of a heterogeneous magnetic state
associated with an extraordinary first-order transition, an in-
termediate AM-AFM state might develop between the EM-
AFM and PM phases, possibly reducing the interface energy
between these phases. In fact, the AM-AFM phase appears to
arise in a delicately balanced physical state, which is easily
destroyed by the small impurity levels induced by the Cd and
Ga doping performed in this work.

Simultaneous occurrence of three phases in the near-
surface region close to a first-order phase transition was
theoretically predicted several years ago by Celestini and ten
Bosch,? including the possibility of a macroscopic region
with a metastable phase. Among the necessary conditions for
the actual realization of this phenomenon are (i) the interme-
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diary metastable state (AM-AFM, in our context) and the
stable ordered state (EM-AFM) must be close in energy and
(ii) the order parameter for the intermediary metastable and
stable states must be close in value. Interestingly, both con-
ditions appear to be satisfied in the present case. Condition
(i) is evidenced by the presence of stable AM-AFM states in
narrow temperature interval close to Ty in the related com-
pounds NdIn; and SmlIn; [see above], while condition (ii)
was implicitly assumed in our fitting model [see Fig. 7(a)],
which successfully accounted for magnetic scattering pro-
files around several Bragg positions. Therefore, our results
may be taken as an experimental realization of the scenario
predicted in Ref. 23. On the other hand, we believe that an
additional ingredient accounting for the fact that Ty X
> 7% in GdIny (extraordinary transition) must be included
in the scenario of Ref. 23 in order to account for the strongly
temperature-dependent static three-phase coexistence ob-
served here, as opposed to a dynamical coexistence occur-
ring exactly at Ty in ordinary first-order transitions.

V. CONCLUSIONS

In summary, we observed complex depth-temperature
phase diagrams in the submicrometric scale for (001) sur-
faces of pure and (Cd,Ga)-doped GdIns, which were ascribed
to a delocalization of the interface between ordered and dis-
ordered states at the vicinity of a first-order phase transition.
A third, amplitude-modulated AFM phase, connecting the
equal-magnitude AFM near-surface region and the paramag-
netic bulk, was observed and was shown to be very sensitive
to dilute substitutions in the In site. These results were dis-
cussed in terms of a three-phase coexistence scenario theo-
retically proposed for first-order transitions.?® The rich mag-
netic behavior in the near-surface region was observed in a
length scale of ~0.1-1 um toward the bulk, much larger
than the 1-10 nm scale observed in previous surface mag-
netic diffraction investigations in other compounds (see, for
example, Refs. 15-17). This may be related to the fact that
here the effects were observed at temperatures much closer
to T{;\,“"‘ (within an interval of ~1 K, i.e., 6T~0.025Ty),
pushing the interface(s) between the competing magnetic
states deeper toward the bulk (see Ref. 18). Overall, our
results reveal a surprisingly rich physics at the near-surface
region of a model magnetic material, indicating that other
compounds with first-order transitions and competitions
among distinct ordered states may also present very interest-
ing behaviors close to the surface. It is also clear from this
work that magnetic intermetallics may be clean and experi-
mentally accessible systems to test theoretical models for
surface (spin) melting transitions.
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