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Using in situ x-ray pair distribution analysis in magnetic field, we study the strong spin-lattice coupling
in archetypal magnetocaloric Gds(Ge, Si), alloys manifested by the presence of a first order paramagnetic
(PM)-to-ferromagnetic (FM) phase transition that can be triggered by either decreasing temperature in zero
magnetic field or increasing magnetic field at constant temperature. We find that the coupling arises from
the tendency of Gd-(Si,Ge) slabs in the alloys to reversibly slide against each other to both pack closely and

couple ferromagnetically. We also find that, locally, the packing of slabs in FM phases induced by decreasing
temperature in zero field is different from that in FM phases of the same chemical composition induced by
increasing magnetic field isothermally, indicating that temperature and magnetic field are coupled but not
necessarily equivalent control variables for triggering phase transitions in strongly correlated systems.

DOLI: 10.1103/PhysRevMaterials.6.104407

I. INTRODUCTION

Rare earth-based systems exhibit strongly interacting lat-
tice, electronic, and magnetic degrees of freedom, enabling
better control over their remarkable properties explored for
numerous practical applications [1-5]. A typical example is
Gd;5SixGey_x alloys that exhibit colossal magnetoresistance,
magnetostriction, and magnetocaloric effects, where magnetic
refrigeration is achieved by harnessing concurrent changes
in the magnetic and atomic configuration (crystal structure)
entropy [6-8]. In particular, both end members and their
mixtures are built of slabs of Gd and X atoms (X = Ge, Si)
that are separated by layers of X atoms alone, as shown in
Fig. 1. In the orthorhombic end member GdsGe4, Ge atoms
positioned between the slabs are too far apart to be considered
bonded [Fig. 1(a)]. The alloy is paramagnetic (PM) at room
temperature and upon cooling becomes an antiferromagnet
at Ty = 127 K, where Gd-Ge slabs are ferromagnetic (FM)
but anti-FM (AFM) coupled [9,10]. In the orthorhombic end
member GdsSiy, Si atoms positioned between the slabs are
close enough to be considered bonded, thus appearing as Si-Si
dimers [Fig. 1(b)]. The alloy is paramagnetic at high temper-
ature and becomes a usual ferromagnet at Curie temperature
Tc = 330 K, where the FM Gd-Si slabs become ferromagnet-
ically coupled [11,12]. In Si-rich ternary alloys (2 < x < 4),
nonmetal X atoms between the slabs are bonded in dimers
and the orthorhombic structure of the end member GdsSiy is
preserved. The alloys are paramagnetic above room tempera-
ture and ferromagnetic at low temperature. In Ge-rich ternary
alloys (0 < x < 1), no X-X dimers between the slabs exist
and the orthorhombic structure of the end member GdsGey is
preserved. On cooling, X-X dimers are formed, and the alloys
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undergo a PM-to-FM phase transition. In the intermediate
ternary GdsSi,Gey—, alloys (0.8 < x < 2), a large number
of X-X dimers are broken at room temperature, reducing the
average crystal symmetry to monoclinic. At low temperature,
the broken X-X dimers and orthorhombic crystal symmetry
are restored and FM order sets in. Notably, while for Si-rich
phases the PM-to-FM phase transition is second order, it is
first order for Ge-rich and intermediate alloys, involving un-
usually large shear movements of Ge-X slabs relative to one
another [8,11,13-15]. Moreover, studies have found that the
concurrent first order magnetic and structural phase transition
in the alloys with x < 2 can also be induced by applying pres-
sure or magnetic field isothermally [16-18]. For reference,
the evolution of the crystal structure and magnetic state of
Gd;SixGey_x alloys with Si content and temperature is shown
in Fig. 1(c).

It is assumed that indirect Ruderman-Kittel-Kasuya- Yosida
(RKKY) interactions, which account for most magnetic phe-
nomena observed in rare-earth-based systems [19-21], are
behind the two-dimensional (2D) ferromagnetism of individ-
ual Gd-X slabs in GdsSixGeys—x alloys. It is also assumed
that the alloys become 3D ferromagnets only when X-X
dimers appear between the slabs during the PM-to-FM transi-
tion, enabling Gd-X-Gd superexchange slab-slab interactions
[6,8,13,19]. While the first assumption is generally accepted,
the second assumption remains controversial. [6,20-22]. This
is because it leaves the question of how magnetic field triggers
a PM-to-FM transition in a system where the magnetic rare-
earth species lack orbital momentum unanswered. To address
the controversy, we study the evolution of the crystal structure
of representative GdsSixGe4_x alloys [x = 0.2, 0.7, and 1.7;
see the phase diagram in Fig. 1(c)] over a broad range of
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FIG. 1. Left: Fragments from the orthorhombic crystal structure of (a) GdsGe, and (b) GdsSiy alloys featuring slabs of Gd (brown) and
nonmetal (red) atoms separated by layers of nonmetal atoms alone, which are bonded (brown line) in the case of the latter. Directions of
the orthorhombic lattice are given as arrows. Right: Magnetic phase diagram for GdsSi,Ge4_4 alloys. Blue solid line separates paramagnetic
(PM) and ferromagnetic (FM) phases. Vertical broken lines delineate Ge-rich (0 < x < 1), Si-rich (2 < x < 4), and intermediate (1 < x < 2)
alloys, exhibiting an orthorhombic GdsGe,, orthorhombic GdsSiy, and monoclinic-type structure in their PM state, respectively. The average
crystal structure of all alloys in their FM state is considered to be of the orthorhombic, GdsSi, type. The Ge-rich alloys also exhibit a phase
transition between two paramagnetic phases, PM and PM’ (dotted blue line), where the latter exhibits a short-range antiferromagneticlike order.

The alloy compositions studied here are marked with stars.

magnetic fields and temperatures, including the PM-to-FM
phase transition. Using x-ray atomic pair distribution function
(PDF) analysis, we show that, regardless of whether induced
by decreasing temperature or applying magnetic field, the
transition dramatically modifies the mutual arrangement of
nearby Gd atoms, thus modifying the character of slab-slab
exchange interactions. This may not come as a big surprise
because the arrangement of nearby Gd atoms in the GdsSis-
and GdsGey-type structures is considerably different [see
Fig. 2(a)]. We also show that, likely due to the presence of
distinct Gd-Ge and Gd-Si bonds, the ternary alloys exhibit
considerable lattice distortions, rendering their local structure
monoclinic in the nominally orthorhombic FM state. More-
over, the distortions appear dependent on whether the PM/FM
phase boundary is crossed by decreasing temperature or in-
creasing magnetic field, providing evidence that temperature
and magnetic field are coupled but not necessarily equivalent
control variables for triggering phase transitions in strongly
correlated systems in general and GdsSixGe4_ alloys in par-
ticular.

II. EXPERIMENT

Sample preparation and properties characterization. Sam-
ples were prepared by arc melting of Gd (99.9%, Alfa Aesar),
Ge (99.999%, Alfa Aesar) and Si (99.999 + %, Alfa Aesar)

lumps intermixed in due proportions. All samples were melted
five times and turned over each time to improve homogeneity.
For the annealing process, the samples were sealed under
vacuum in quartz tubes, heated to 1545 K, and held at that
temperature for 72 h. In line with the findings of prior stud-
ies, in house x-ray diffraction (XRD) experiments showed
that, at room temperature, GdsSip,Gesg and GdsSip7Ges s
alloys are orthorhombic while the average crystal symmetry of
Gd;Si; 7Ge, 3 alloy is monoclinic. Magnetic properties were
studied on a physical property measuring system (PPMS)
from Quantum Design. Results are shown in Figs. 2(c)-2(f).
As can be seen in Fig. 2(c), the alloys undergo a sharp PM-
to-FM transition with decreasing temperature. In line with
the findings of previous studies [6,12,17,23,24], the transition
(Curie) temperature, Tc, increases with Si content. Data in
Figs. 2(d)-2(f) also show that FM order can be induced by
applying an external magnetic field in the order of 5 T at a
fixed temperature slightly above T¢.

Synchrotron radiation studies. Synchrotron high-energy
XRD experiments were conducted at the beamline 28-
ID-1 (PDF) at the National Synchrotron Light Source-II,
Brookhaven National Laboratory using x rays with energy
of 74.46 keV (1 = 0.1665 A). Powder samples were sealed
in Kapton tubes and positioned inside a liquid He cryostat
used to control their temperature. X-ray diffraction data were
obtained in transmission geometry, and scattered intensities
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FIG. 2. (a),(b) Atomic pair correlations in orthorhombic GdsGe4 and GdsSiy alloys. Si-involving atomic pair distances (red bars) are
shorter than the respective Ge-involving distances (blue bars) because Si atoms are smaller in size in comparison to Ge atoms. Notably, the
distribution of Gd-Gd atomic pairs in these alloys appears different [orange vs green bars in (a)]. (c) Temperature evolution of magnetization
for GdsSip,Ges g (blue), GdsSip;Ges (black), and GdsSi; ;Ge, 3 (red) alloys measured in magnetic field of 0.1 T. Upon cooling the alloys,
the magnetization exhibits a sharp upturn at, respectively, T = 45, 90, and 220 K, characteristic to a first order PM-to-FM phase transition.
(d)—(f) Field evolution of the magnetization for GdsSi,Ge,_x alloys measured at a few temperatures just above the respective Tc. Data indicate
the presence of a field induced (metamagnetic) PM-to-FM phase transition, including the presence of magnetic hysteresis. No such transition
can be induced, i.e., magnetization vs field dependence remains a straight line, when the measurement temperature is considerably above T¢,
e.g., a measurement temperature of 85 K for GdsSip,Ges g alloy [black line in (d)] vs Tz = 45 K. Arrows in (d)—(f) indicate the ascending and

descending branches of the hysteresis curves.

were collected using an amorphous silicon PerkinElmer area
detector. For each of the samples, data were taken over a tem-
perature range from 300 K down to 5 K, in steps of 5 K. Two
data sets were obtained at each temperature point. One of the
data sets was obtained with the detector positioned 1000 mm
away from the sample to achieve high resolution in reciprocal
space necessary for the Rietveld analysis described below.
The other data set was obtained with the detector positioned
204 mm away from the sample to reach high wave vectors
g (gmax = 28 A~! in the current experiment) necessary to
obtain high real space resolution atomic PDFs. The PDFs
were derived from the XRD data following a well-established
protocol [25]. Experimental XRD patterns and atomic PDFs
obtained at different temperatures are summarized in Fig. 3
in terms of intensity color maps. The patterns and PDFs are
seen to undergo sharp changes at a temperature where, accord-
ing to the independently collected magnetic data [Fig. 2(c)],
a PM-to-FM transition takes place, confirming the presence
of concurrent structural and magnetic phase transitions in
Gd5SixGey_x alloys. High-energy XRD data were also ob-
tained at 329 K, i.e., slightly above 7¢, while applying an
external magnetic field with a strength of up to 5 T. Because
of experimental constraints related to the combined use of an
electromagnet and cryostat, this time x rays with energy of

116.63 keV (A = 0.1063 A) were used. Atomic PDFs were
derived from the diffraction data collected in magnetic field,
summarized in Fig. 2(d). As can be seen in the figure, the
PDFs exhibit significant hysteresis effects.

III. CRYSTAL STRUCTURE ANALYSIS

Average crystal structure. To reveal the temperature evolu-
tion of the average crystal structure, high g-resolution XRD
data were subjected to Rietveld analysis using the software
GSAS 1I [26]. Representative Rietveld fits and refined lattice
parameters are summarized in Figs. 4 and 5, respectively.
Results of the Rietveld analysis confirm that the average
crystal structure of both PM and FM phases of Ge-rich
(GdsSip,Gesg and GdsSip7Gess) alloys is orthorhombic
(space group Pnma). For the intermediate GdsSi; ;Ge, 3 alloy,
the Rietveld analysis found that, on average, the room tem-
perature PM phase is monoclinic (space group P112;/a) and
the low-temperature FM phase appears orthorhombic (space
group Pnma). The results are in line with the findings of prior
studies [6,8,16,18]. Notably, it was found that for all alloys,
the PM-to-FM phase transition is accompanied by a signif-
icant change (2%) in the a lattice parameter and moderate
changes (less than 0.5%) in the b and c lattice parameters.
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FIG. 3. Synchrotron XRD (left) and atomic PDF (right) inten-
sity color maps for GdsSip,Gess (a),(b), GdsSip;Gess (c),(d), and
GdsSi; 7Ge, 5 (e),(f) alloys. For each of the alloys, data indicate the
presence of a sharp structural phase transition at a temperature (black
horizontal arrows) where they also undergo a first order PM-to-FM
transition [see magnetization data in Fig. 2(c)]. Note that the intensity
of XRD and PDF features increases as their color changes from blue
towards dark red. The increase is at a constant rate, as indicated by
the color bar on the left of each plot.

The significant change in the a lattice parameter reflects the
fact that, during the transition, Gd-X slabs slide against each
other in a direction parallel to the a axis of the crystal lattice.
In addition, for all alloys and in line with the findings of
prior studies [6,7,16,18], the volume of the crystallographic
unit cell was found to sharply diminish when 3D FM order
sets in. The reason is the tendency of Gd-X slabs in FM
phases to pack in a manner similar to that in GdsSi4, whose
unit cell volume is smaller than that in ternary Gds(Si, Ge)4
alloys. Rietveld analysis, however, is insensitive to likely local
structural distortions in GdsSixGe,4—_x alloys resulting from the
presence of distinct Si and Ge atoms in the same Wyckoff
positions.

Local crystal structure. To investigate the distortions, we
performed atomic PDF analysis that has proven sensitive to
both the average crystal structure and local deviations from it
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FIG. 4. Rietveld fits (black) to XRD patterns (red) for (a)—(c)
Gd5Si0_2Ge3_g, (d)—(f) Gd5 Si0_7Ge3_3, and (g)—(l) Gd5 Si]_7G€2_3 alloys
obtained at a temperature (a),(d),(g) above and (b),(d),(h) below
the respective T¢ in zero magnetic (H = 0) field. Fits to XRD data
(c),(),(1) taken in magnetic field with a strength of 5 T at a temper-
ature just above T¢ [same as the temperature in (a),(d),(g)] are also
shown. The type of refined structure model is shown for each data
set. The residual difference (blue) is shifted for clarity. The XRD
patterns in magnetic field (c),(f),(i) are taken using x rays with a
wavelength shorter (A = 0.1063 A) than that (A = 0.1665 A) used
to collect the XRD patterns in zero field. Accordingly, the former
appear compressed toward lower Bragg angles and with a diminished
resolution in comparison to the latter. The goodness-of-fit indicator
R, for all fits is in the order of 6-9%.
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FIG. 5. Temperature evolution of the lattice parameters a, b, and ¢ for GdsSip,Ges g (black), GdsSip;Ges 3 (blue), and GdsSi; ;Ge, 3 (red)
alloys obtained by Rietveld analysis of XRD data. Data for the unit cell volume are also shown. It is seen to diminish sharply at the PM-to-FM
transition temperature T¢, which is given for each data set. The lattice parameters are also seen to exhibit a sharp change at T¢..

[27,28]. The low-r part of experimental atomic PDFs obtained
at a few different temperature points just above and below the
respective T¢ in zero field is shown in Fig. 6. Also shown in the
figure are atomic PDFs obtained at a preselected temperature
just above T¢ while gradually increasing the external magnetic
field from O to 5 T. As shown by our magnetic data [see
Figs. 2(d)-2(f)], at that temperature, the alloys undergo a first
order metamagnetic phase transition, where a sharp increase
in the magnetization is observed when the applied external
field reaches a critical value. The transition is reversible and,
similarly to the temperature induced PM-to-FM transition,
exhibits significant hysteresis effects (see Figs. S2-S4 in the
Supplemental Material [29]).

In the end members of GdsSixGe4_x alloys, near neighbor
X-X and Gd-X distances appear in the range from about 2.4
t0 2.8 A and in the range from about 2.9 to 3.1 A, respectively.
Most X-X distances, however, appear above 4 A. On the other
hand, the distances between near neighbor Gd atoms appear
in the range 3.5—4 A [see Figs. 2(a) and 2(b)]. As can be seen
in Fig. 6, PDF peaks positioned between 3.5 and 4 A, which
largely reflect Gd-Gd distances, change markedly in position
and/or intensity when the PM/FM phase boundary is crossed
by either decreasing temperature or increasing magnetic field.
The results indicate that nearby Gd atoms markedly rearrange
with respect to each other during the PM-to-FM transition.
By contrast, the PDF peak at about 3.0 A, which largely
reflects Gd-X distances, does not change much either in po-
sition and/or intensity, reflecting the fact that Gd-X slabs in
both PM and FM phases are virtually the same. Comparison
between an experimental PDF for a FM phase induced by
decreasing temperature in zero field with that for a chemically

equivalent FM phase induced by increasing the magnetic field
at constant temperature, e.g., the PDF for GdsSip7Ges s ob-
tained at 70 K in zero magnetic field with that for the same
sample obtained at 95 K in magnetic field of 5 T [follow
blue curves in Figs. 6(b), 6(d), and 6(f), and Fig. S6 [29]],
reveals the presence of significant differences between the
two. The differences indicate that the local atomic structure
of such phases is not exactly the same, as discussed further
below.

To determine the level of differences, the atomic PDFs
in Fig. 6 were fit with structure models for orthorhombic
GdsGey [Fig. 1(a)], orthorhombic GdsSis [Fig. 1(b)], and
a monoclinic phase (space group P112;/a) found useful in
describing intermediate PM GdsSixGey_x alloys [8]. The fits
were done with the help of software PDFGUI [30]. Results
from representative fits are shown in Fig. 7. Similarly to
the average crystal structure determined by Rietveld analysis
[Figs. 4(a) and 4(d)], the local structure of PM GdsSiy,Ges g
and GdsSip7Ges 3 phases is found to be of the orthorhombic
GdsGey type [Figs. 7(a) and 7(d)]. Contrary to the findings
of Rietveld analysis [Figs. 4(b), 4(c), 4(e), and 4(f)], the PDF
analysis shows that the local structure of low-temperature FM
Gd;5Sip»Ges g and GdsSip 7Ges 3 phases is monoclinic and not
orthorhombic [Figs. 7(b), 7(c), 7(e), and 7(f)]. In the case of
room temperature PM GdsSi; 7Ge, 3 phase, both the average
[Fig. 4(g)] and local [Fig. 7(g)] crystal structure appear mon-
oclinic. However, contrary to the findings of Rietveld analysis
[Figs. 4(h) and 4(i)], the PDF analysis shows that the lo-
cal structure of the low-temperature FM GdsSi; ;Ge, 3 phase
retains the monoclinic symmetry of the higher-temperature
PM phase [Figs. 7(h) and 7(i)]. For comparison, fits to PDF
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FIG. 7. Fits (red line) to experimental atomic PDFs (symbols) for GdsSi,Ge4_ alloys obtained just above (a),(d),(g) and below (b),(e),(h)
the respective Tc in zero magnetic field (H = 0 T). Also shown (c),(f),(i) are fits (red line) to experimental PDFs (symbols) obtained at
temperature just above the respective T, this time in external magnetic field of 5 T. The field is capable of inducing FM order, as data in Figs.
2(d)-2(f) and S5 [29] show. The structure model type, goodness-of-fit factor Ry, and residual difference (blue line) are given for each data set.

Note that attempts to fit the experimental PDF data in (b), (e), and (h) with an orthorhombic (space group Pnma) models are less successful
(see Fig. 8) than the monoclinic fits shown here are.
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FIG. 8. Fits (red) to the experimental (symbols) atomic PDFs for (a),(b) GdsSip,Gess, (¢),(d) GdsSip;Ges s, and (e),(f) GdsSi; ;Ge; 3
alloys obtained in zero external magnetic field at temperature below the respective T¢ [same as the PDFs in Figs. 7(b), 7(e), and 7(h). The fits
in (a),(c),(e) are based on the orthorhombic (space group Pnma) structure of GdsSi, and those in (b),(d),(f) are based on the orthorhombic
(space group Pnma) structure of GdsGe,. They are inferior to the respective fits in Figs. 7(b), 7(e), and 7(h) based on a monoclinic (space
group P112,/a) structure. The residual difference (blue) is shifted downward by subtracting a constant for clarity.

data for low-temperature FM alloys based on orthorhombic
Gd5S4- and GdsGey-type models are shown in Fig. 8. The fits
are clearly inferior to those based on the monoclinic model
[Figs. 7(b), 7(e), and 7(h)].

Local vs average crystal structure in GdsSixGes—x alloys.
The picture emerging from our studies is as follows: The
local and average crystal structure in the room temperature
PM phases of as synthesized GdsSixGes—x alloys (x = 0.2,
0.7, 1.7) appear to be the same. The local and average crys-
tal structure in the low-temperature FM phases of the alloys
are, however, not the same. The likely reason is the emer-
gence of lattice distortions/strain during the transition, where
Gd-X slabs slide with respect to one another, and distinct
Si-Si and Ge-Ge dimers are formed. The distortions may
be expected to be larger in the intermediate GdsSixGes_x
alloys in comparison to Ge-rich and Si-rich alloys and, fur-
thermore, serve as a bridge linking their monoclinic PM and
nominally orthorhombic but locally monoclinic FM phases.
The emergence of local lattice distortions is consistent with
the observed initial increase in the resistivity of the latter in
comparison to the former [31,32]. Not only are the local and
average structure of studied FM phases not the same, but also
the local atomic structure of FM phases induced by cross-
ing the PM/FM phase boundary by decreasing temperature
[Figs. 7(b), 7(e), and 7(h)] is different from that of chem-
ically identical FM phases induced by increasing magnetic
field isothermally [Figs. 7(c), 7(f), and 7(i)]. The difference
is well manifested by PDF fit derived lattice parameters for
the alloys summarized in Table 1. Likely, the difference ap-
pears because temperature changes directly affect both the

metal Gd and nonmetal Si/Ge sublattices of GdsSiyGey_x
alloys whereas changes in the external magnetic field pri-
marily affect the “magnetic” Gd sublattice, as discussed
below.

TABLE 1. PDF refined lattice parameters for ferromagnetic
GdsSixGey_ alloys at a temperature just below T in zero field and
temperature just above T¢ in field of 5 T. The parameters correspond
to the fits shown in Fig. 7. The parameters for alloys that have been
driven to a FM state by reducing temperature in zero field are differ-
ent from those of alloys of the same chemical composition that have
been driven to a FM state by increasing magnetic field isothermally,
indicating the presence of differences in their local structure.

Composition/ Magnetic a A) b(A) c(A) y°

temperature field

GdsSip,Ge;s O T 7.5427(9) 14.7676(1) 7.8066(9) 90.14(1)

30K

GdsSip,Ge;g 5T 7.5587(9) 14.7482(1) 7.8016(9) 90.19(1)
55K

GdsSip7Ge;3 0T 7.5751(9) 14.7477(1) 7.7601(9) 90.10(1)
70K

GdsSip7Ges3 5T 7.5752(9) 14.7785(16) 7.7666(9) 90.13(1)
95 K

GdsSi; 7Ge,3 0T 7.5564(9) 14.7049(16) 7.7581(9) 90.240(2)
205K

GdsSi; 7Ge,3 ST 7.5546(9) 14.7307(16) 7.7715(9) 89.780(2)
230K
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FIG. 9. Distribution of first neighbor Gd-Gd distances in
GdsSixGey_ alloys extracted from the PDF fits shown in Fig. 7. The
distribution for Ge-rich alloys (a),(b) in PM state is characteristic
to the GdsGey-type structure and that for the intermediate alloy (c)
is characteristic to the GdsSis-type structure [compare with data in
Fig. 2(a)]. The distribution appears smeared in the FM state due to
the emergence of significant local structural distortions that reduce
the crystallographic symmetry from orthorhombic to monoclinic.
Data for PM alloys are given as red line. Data for FM alloys ob-
tained by either decreasing temperature in zero field or increasing
magnetic field isothermally are given as a blue and black line,
respectively.

IV. DISCUSSION

For Heisenberg-type ferromagnets where the single ion
anisotropy of magnetic species is negligible and magnetic
interactions are of an oscillatory RKKY type, such as
Gd;5SixGey_y alloys [33], the strength of magnetic exchange
coupling depends strongly on the mutual coordination of
nearby magnetic species [34,35]. Regardless of how the PM-
to-FM transition is induced, a marked repositioning of Gd-Gd
near neighbors in the alloys takes place, as revealed by the
experimental PDFs in Fig. 6 and computed distribution of
Gd-Gd pair distances shown in Fig. 9. Largely, it involves
near neighbor Gd atoms from adjacent slabs, which slide
with respect to one another, as shown in Fig. 10. In par-
ticular, in the higher temperature PM state (Fig. 10 left),
slabs in Gds5SixGes—x alloys (0 < x < 2) are largely arranged
in a manner characteristic of Gds;Ges [compare green bars
in Fig. 2(a) and red curves in Fig. 9]. At low temperature,
this configuration is known to favor ferromagnetic interac-
tion between Gd atoms in the slabs and antiferromagnetic

PM phase (high T and low H) FM phase (low T and high H)

ir‘\‘("‘\' ﬁ \ A

B hd ‘\s’& X
° i ____ <::> 9 o/ ° °
Gd;Ge,-type Gd,Si,-type

FIG. 10. Stacking of Gd-(Ge/Si) slabs in the high tempera-
ture PM (left) and low temperature FM (right) phases of studied
GdsSi;Gey_x alloys, where the slabs can reversibly slide with re-
spect to one another (broken line) at a particular low temperature
or high magnetic field. The stacking is characteristic to the end
members GdsGey (left) and GdsSiy (right), respectively. Nonmetal
atoms positioned between the slabs are shown as red circles. For both
phases, Gd atoms in the slabs (blue circles) have the same Gd-Gd
coordination within 4 A, where all first Gd neighbors are positioned
in the slab. For Gd atoms at the slab sides (brown circles), some of
the first Gd neighbors are from an adjacent slab, rendering Gd-Gd
coordination and exchange coupling between the slabs in the PM
(GdsGey-like) and FM (GdsSis-like) phases different. The observed
evolution of peaks in the experimental PDFs shown in Fig. 6 largely
reflects changes in the mutual arrangement of near-neighbor Gd
atoms from adjacent slabs induced by either decreasing temperature
or increasing magnetic field. Distances between first neighbor Gd
atoms positioned at least 4 A apart are given as gray lines and spins
of Gd atoms are given as short black arrows. The shift of the slabs
shown here is up to scale.

interactions between Gd atoms from adjacent slabs, that is,
when the alloys are cooled down to T¢, spins of Gd atoms
in the constituent slabs would increasingly appear ferromag-
netically ordered while those of Gd atoms in adjacent slabs
would not. Then, the metamagnetic PM-to-FM phase tran-
sition in these alloys can be rationalized as follows: when
strong magnetic field is applied at a temperature just above
Tc, spins of all Gd atoms in the alloys would be pushed
to align in a ferromagnetic ordering pattern, causing the
slabs to slide with respect to one another so that the more
closely packed, “ferromagnetic” stacking sequence of slabs
characteristic to GdsSiy alloy (Fig. 10 right) is achieved.
The sliding would be facilitated by the presence of distinct
Si and Ge species in the space between the slabs and re-
lated local structural disorder, which, in turn, is inherited by
the emerging ferromagnetic phase reducing its local symme-
try to monoclinic (see the significantly smeared distribution
of Gd-Gd distances in FM alloys given as blue and black
curves in Fig. 9). Concurrently, the unit cell volume would
drop (see Fig. 5) and X-X dimers form, which could en-
hance further the FM slab-slab interactions [8]. Notably, in
this model picture, the formation of dimers appears as an
artifact and not a driving force of the metamagnetic phase
transition induced by the application of strong magnetic
field.

For the pressure induced PM-to-FM transition, the fol-
lowing reasoning may apply. As can be seen in Figs. 1(c)
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and 2(c), T increases markedly with Si content. The increase
is consistent with the decrease in unit cell volume due to the
smaller size of Si atoms in comparison to Ge atoms. Thus, ap-
plying pressure above T¢ is, in a way, equivalent to replacing
larger Ge atoms by smaller Si atoms, which destabilizes the
higher volume PM phase, transforming it to a smaller volume
phase (see the marked volume drop at 7¢ in Fig. 5), inevitably
including sliding of Gd-X slabs with respect to one another
and related emergence of FM order.

Last, decreasing temperature at constant pressure and zero
magnetic field causes shrinking of all interatomic distances,
which would destabilize the higher volume PM phase and
induce a coupled structural and magnetic phase transition,
where Gd-X slabs would slide against one another to adopt
a smaller volume, FM phase. The resulting repositioning of
spins of near neighbor Gd atoms from adjacent Gd-X slabs
thus appears to be the salient feature of the observed first
order PM-to-FM transition, be it induced by decreasing tem-
perature, increasing pressure, or applying strong magnetic
field. Notably, although, on average, the crystal structure
of FM phases induced by different external stimuli appears
the same, locally, the atomic arrangement in the phases
is not necessarily the same (see the respective lattice pa-
rameters in Table I). Evidently, different external stimuli
may render the alloys traverse the PM/FM phase boundary
following different trajectories of local structure changes,
opening a possibility to explore nontrivial FM phase states
in search of improved magnetoresistance and magnetocaloric
properties.

V. SUMMARY

Our variable temperature and magnetic fields study re-
veals features of the first order PM-to-FM transition in
GdsSixGes—x alloys (0 < x < 2) that remained not well
appreciated by traditional crystallographic techniques. In par-
ticular, it reveals that, besides the concomitant formation of
Si/Ge-Si/Ge dimers, the transition involves a marked reposi-
tioning of near neighbor Gd atoms from adjacent Gd-Si/Ge
slabs leading to the emergence of ferromagnetic slab-slab
interactions at low temperature and in strong magnetic field,
and it is likely this repositioning that strongly couples the
spin and lattice degrees of freedom in the alloys. Our work
clarifies on the interaction between spin and lattice degrees of
freedom in systems where spin-orbit coupling is negligible,
in particular Gd-based systems that are difficult to study by
neutron diffraction, demonstrating the great potential of in situ
x-ray PDF analysis in magnetic field.
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