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Abstract

The magnetic properties of Gd** in polycrystalline GdTe; g were investigated by magnetization,
heat capacity, magnetoresistance, and electron spin resonance (ESR) which all reveal clear indica-
tions of a magnetic phase transition at ~11 K in their temperature dependencies. The transition
displays characters of competing ferromagnetic and antiferromagnetic interactions which is par-
ticularly supported by distinct anomalies in the ESR linewidth and intensity, providing a local pic-
ture of magnetism at the transition. A pronounced negative magnetoresistance documents a strong
coupling between magnetic order and charge transport in the puckered GdTe double layers that
form the GdTe, g crystal structure.

1. Introduction

Binary metal chalcogenides are a class of inorganic materials that continue to be of interest due to their
diverse and exceptional physical and chemical properties, that lend themselves to a variety of applications
[1, 2]. For example, GeTe has been investigated for potential phase-change memory applications [3]
while the high mobility van der Waals layered material GdTe; is of potential interest for spintronics
applications [1]. The charge transport in chalcogenides of d- and f-metals is often impeded by a strong
coupling to magnetic degrees of freedom as indicated by a sizeable magnetoresistance. In general, the
layered structure may favor competing ferromagnetic (FM) and antiferromagnetic (AFM) interactions
determining complex magnetic properties which can sensitively depend on composition [4, 5], structural
vacancies [6, 7], or multiple inequivalent sites of the magnetic ion [8—10].

In this work we investigate the interplay between FM and AFM magnetic order of the semiconduc-
tor GdTe, 3. We suggest that this interplay originates from the complex structural properties of GdTe, g
which belongs to the binary rare-earth metal polychalcogenide family of compounds with the general
composition REX,_s (RE =Y, La -Nd, Sm, Gd-Lu; X = S, Se, Te). These compounds show a large
structural variety in a comparatively small compositional range (0 < § < 0.2) originating from chalcogen
defects [11-13]. The structures are all superstructures of the ZrSSi-type structure (space group P4/nmm)
and consist of an alternating stacking of puckered REX slabs and planar X layers in which the chalco-
gen vacancies are solely found [12]. GdTe; g crystallizes in a V/5-+/5-2-fold superstructure of the aris-
totype in space group P4/n, its planar Te layers consisting of dumbbell-shaped Te5;™ anions and linear
Te; ™ anions [14], see figure 1. In a previous contribution, GdTe, g has been described as paramagnetic
down to 2 K, although a kink in the susceptibility curve already indicated a magnetic transition near
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Figure 1. Crystal structure of GdTe; g emphasizing the stacking of puckered GdTe slabs and planar Te layers along the [001]
direction (left) and view on the Te layer featuring its Tei_ and Te‘;_ anions (right).
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11 K [14]. We therefore decided to re-investigate GdTe,; s to elucidate the nature of the magnetic tran-
sition by measurements of the heat capacity, magnetoresistance and electron spin resonance (ESR), the
latter being a direct local probe of the Gd** (S = 7/2) magnetism. We will also qualitatively compare the
ordering temperatures of different gadolinium tellurides which comprise the same structural features.

2. Experimental

All steps for the synthesis and sample handling of GdTe; g were carried out under inert conditions. In

a standard synthesis, 3 g of a stoichiometric mixture of Gd,Tes, tellurium (Alfa Aesar, 99.999%) and a
small amount of iodine (/0.02 equivalents to GdTe; 3) were placed in a silica ampoule which was then
sealed under dynamic vacuum (p<1-10~> mbar). The iodine serves to enhance mass transport via a
short-range chemical vapor reaction and to ensure a complete reaction. The reaction mixture was heated
to 1073 K and held at this temperature for 5 days. The precursor Gd,Te; was prepared by reacting ele-
mental Gadolinium (99.5%, MaTecK) and tellurium (Merck, >99.9%, reduced in a hydrogen stream

at 670 K prior to use) in a glassy carbon crucible inside a fused silica ampoule. The fine ground pow-
der was heated to 1073 K and held at this temperature for four days. The purities of precursor and
target compound were checked by powder x-ray diffraction on a Panalytical XPert Pro diffractometer

in Bragg—Brentano geometry with CuKa; radiation (see plot of the Rietveld refinement of GdTe; g in the
Supplementary materials). The composition of selected particles was checked by energy-dispersive x-ray
spectroscopy with a Silicon Drift Detector X-Max" (Oxford Instruments) implemented in a scanning
electron microscope SU8020 (Hitachi).

The magnetization was measured on a powder sample in a vibrating sample magnetometer (vsm) as
part of a cryogen-free measuring system (mini-CFMS, Cryogenic Ltd, London) between 2 and 300 K.
Temperature-dependent isobaric heat capacity, C,,, data were measured from 2 K to 100 K using a
Quantum Design Physical Property Measurement System (PPMS) under constant magnetic fields of 0,
3, 6, and 9 T. The specimen was fixed to the sample holder using Apiezon N-grease, and the measured
contribution of the addenda was subtracted from the total heat capacity. The measurement uncertainties,
estimated from the relative standard error, were below 1% at low temperatures (T<15K), and between
1 and 2.5% for T>15K up to 100 K. Electrical resistivity, p, was measured using the four-point probe
method, where platinum wires with diameter 0.025 mm were attached with silver paint to the sample
with approximate dimensions of 1.5 x 0.6 x 0.1 mm?®. The measurements were performed from 2 K to
400 K again using a PPMS under constant magnetic fields of 0, 3, 6, and 9 T. The uncertainties in p as
estimated from the relative standard deviation were below ~5% for T<250 K or ~8% for T>250 K,
respectively.

ESR measurements at X-band frequency (v = 9.4 GHz) were performed with a standard continuous-
wave spectrometer on a polycrystalline sample of GdTe; 5 (3.15 mg) in a temperature range between
4 and 300 K. The ESR setup detects the power, P, absorbed by the sample from a magnetic microwave
field as a function of an external, transverse magnetic field B. A lock-in technique was used to improve
the signal-to-noise ratio which yields the derivative of the resonance signal dP/dB as the measured
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Figure 2. Temperature dependence of the inverse magnetic susceptibility x ~!(T) per Gd atom for a field of 100 mT under field-
cooled (FC) and zero-field-cooled (ZFC) conditions. Dashed line indicates Curie—Weiss law with § = —12 K. Inset: Hysteretic
field dependence at T = 2 K of the magnetization as expressed by the effective magnetic moment .

quantity. All spectra were fitted by a symmetrical Lorentzian shape including the influence of the
counter-rotating component of the linearly polarized microwave field [5]. From these fits we obtained
the parameters linewidth (AB being a measure of the spin dynamics), resonance field (B, as given by
the resonance condition hv = gug - Bres and being determined by the g-value and internal fields), and the
amplitude (Amp). The ESR intensity Igsg is deduced from the integrated ESR spectra and is a measure of
the local spin susceptibility.

3. Results and discussion

As published previously the magnetic susceptibility x(T) of GdTe; g shows paramagnetic behavior down
to T~20 K with an effective magnetic moment of 7.48up [14]. Although a small kink in x(T) near

11 K was already visible it was not discussed. The presence of this kink motivated further investigations
on this compounds, the result of which is presented in the following.

Figure 2 displays in the main frame the low-temperature section of the previous y(7T)-data [14]
together with a Curie-Weiss temperature dependence (x (T — ©)~!, dashed line). A negative Weiss tem-
perature © = —12 K well describes the data in the paramagnetic regime. This indicates the presence of
antiferromagnetic correlations, consistent to the now clearly visible kink in x(T) near 11 K being a typ-
ical signature expected for AFM order below Ty = 11 K. However, below ~20 K the kink structure dis-
plays varying characteristics depending on whether FC or ZFC conditions were applied. We suspect that
these FC/ZFC anomalies are due to ferromagnetic couplings which could also explain the weak, some-
what peculiarly shaped hysteretic field dependence of the magnetization at 2 K, see inset of figure 2.
Similar weak hysteresis were reported for GdTe; [15] and for Gd,Ses; for the latter compound, this was
attributed to meta-magnetic spin-flop transitions [16]. GdTe; g75.+s, however, with a composition being
only slightly different from that of GdTe; g but with a different ordering pattern in its planar Te layers,
shows no FC/ZFC difference below the ordering temperature of Ty = 11 K [13]. Whether these differ-
ences between FC and ZFC are due to subtle differences in composition or in the precise arrangement of
the atoms remains unclear at this time.

Figure 3(a) shows the temperature dependent C, data between 1.8 K and 100 K under different
applied magnetic fields. In zero field, C, decreases with decreasing temperature down to approximately
15 K below which a pronounced maximum develops near 10 K and a minute kink around 7 K (see
also figure 3(b). We note that multiple close-by magnetic phase transitions seem to be inherent to these
materials as evidenced by the similarity in the C, features of structurally related GdTe, [17] and GdTe;
[18, 19]. Upon applying a magnetic field, the overall shape of C,(T) remains similar; however, the
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Figure 3. (a) Temperature-dependent specific heat C, under the constant magnetic fields indicated, (b) expanded view of the low
temperature region, and (c) the change in magnetic entropy as a function of temperature, as described in the text.

magnitude of C, near 100 K decreases with increasing magnetic field indicating a broad suppression of
magnetic contributions in the paramagnetic regime. As shown in figure 3(b), the peak and the minute
kink near 10 K and 7 K, respectively, are progressively suppressed with increasing field strength. This
suppression is a characteristic feature for a transition into AFM ordering and is reflecting a reduction in
the available magnetic entropy of the system.

To further investigate this field-induced effect, the magnetic entropy, Spag, shown in figure 3(c), was
calculated using

T
C
Smmag = / 2B ar (1)
ag 0 T

where Cp,y represents the magnetic contributions to the heat capacity obtained by subtracting the exper-
imental data to a theoretical electronic and lattice contribution expressed as

Op/T 4 gx
Co(T) =9T+Cp (T/QD)3/0 (exx—ilfdx (2)

Here T is the electronic contribution to C,, x = ,:’T‘“T, w is the Debye frequency, 6p is the Debye
temperature, and Cp is a constant that contains the numbers of oscillators and degrees of freedom.

At zero field Sy, saturates near 30 K to a value that is below RIn(8), which is the theoretical value
expected for the full Hund’s rule multiplet of trivalent Gd (J= 7/2), where —ASy;x = RIn(2J+1) =
RIn(8). The deviation from the theoretical limit can be attributed to residual crystal-field effects [20]
and magnetic interactions, which constrain the full release of entropy [21]. The magnitude of the devi-
ation is comparable to that of other Gd compounds [22]. With increasing magnetic fields, the total
recovered entropy decreases, and the saturation shifts downward reflecting the progressive lifting of the
ground-state degeneracy and the corresponding reduction in accessible magnetic states. This behavior
further supports the suppression of the magnetic degrees of freedom inferred from the field-dependent
C, data. Gd and Gd alloys are known to display strong magnetocaloric effects [23, 24], and these results
suggest that GdTe; g may be of interest for potential low temperature magnetocaloric applications as
well.

In order to further characterize the field-dependent properties of GdTe; g, the magnetoresistance was
also investigated. Figure 4 shows the temperature dependence of the resistivity p(T) at magnetic fields
of 0, 3, 6, and 9 T. The resistivity p increases sharply with decreasing temperature below approximately
20 K, particularly in zero field. However, this increase in p is strongly suppressed by applied magnetic
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Figure 4. Temperature-dependent electrical resistivity p in the magnetic fields indicated. The inset shows the data in a log plot.

fields leading to a pronounced negative magnetoresistance. Such behavior can be attributed to spin-
disorder scattering from the localized Gd*>T moments; in zero field random spin orientations enhance
the electron scattering whereas an applied magnetic field aligns the moments and reduces spin fluctu-
ations and thus lowers the resistivity [25]. Both field-induced suppressions, as observed by the peak in
C, and a decrease in p at low temperatures, provide consistent evidence for strong coupling between the
localized 4f magnetic moments and the conduction electrons.

The properties of the transition at 11 K described so far predominantly favor magnetic ordering of
AFM type. Nevertheless, some properties such as the weak hysteresis in the field-dependent magnetiza-
tion (see inset of figure 2) are rather consistent with the presence of FM order. In this respect it is worth
to point out the resemblance of the above presented field-dependent C, data with the field-induced
shifts in the C,, data of GdTe; single crystals [19]. There, the better resolved C, data allowed to iden-
tify four magnetic phases: paramagnetic, partial AFM order, FM in AFM order, and perfect AFM order.
Therefore, it is interesting to check for a corresponding “FM in AFM” phase also in our GdTe; g sample.
To this end ESR is a suitable method because it allows a direct and local access to the Gd** (S=7/2)
magnetism. As shown in figure 5(a) well defined Gd ESR signals could be observed. In this figure the
solid lines indicate a fit by single symmetrical Lorentzian line shapes which well determine AB, Bies
and Amp. The right panel of figure 5 shows the temperature dependencies of these parameters, with the
intensity Irsg being estimated by Amp - AB*. A continuous broadening of the line results as the tem-
perature decreases until T~ 9 K, where a distinct anomaly appears. As described above, this anomaly is
also clearly visible in our temperature-dependent C, data. Moreover, the intensity shows a pronounced
drop (see the insets in figures 5(b) and (d)). These conspicuous anomalies are not seen in the resonance
field, figure 5(c), which shows a continuous deviation from the high temperature value corresponding to

¢=12.020(1).
Above T = 10 K the ESR intensity can be well described by a Curie-Weiss law oc (T —6)~! (dashed
line in figure 5(d) with § = —12 K, in agreement with magnetization data, see figure 2 and reference

[14], implying overall antiferromagnetic interactions between the Gd ions. Below T ~ 8 K, within
experimental error, the Curie-Weiss behavior may continue with the same value of § but with a
strongly altered slope. This points to a considerable (=17%) reduction of the number of paramag-
netic, overall antiferromagnetically correlated, Gd moments. Furthermore, as shown by the dashed line
in figure 5(c), the temperature dependence of the resonance field shows a Curie—Weiss dependence

o (T—8)~! K above T~ 10 K that follows the form of the magnetization, a behavior which is found

5
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Figure 5. (a) ESR spectra at selected temperatures with solid lines indicating Lorentzian line shapes and temperature dependence
of main ESR line parameters (b) linewidth, (c) resonance field and (d) reciprocal ESR intensity, with Curie—~Weiss behavior indi-
cated by the dashed and dotted lines, as described in the main text.

in other magnetically ordering rare-earth intermetallics as well [26, 27]. The same value of § = 8 K

also describes the linewidth divergence, see the dashed line in figure 5(b). A critical exponent of —1 in
the broadening indicates Gd-spin fluctuations in a 3D Heisenberg ferromagnet [28]. However, below

T ~ 8 K, the linewidth instead follows a oc (T + 12)~! K divergence pointing to dominant antiferromag-
netic Gd spin correlations that prevail in low-temperature broadening. Given these anomalies in the ESR
parameters around 10 K and the peculiarities of x(T) and M(H) (see figure 2) the following model of
magnetism in GdTe; g evolves. Within the overall antiferromagnetic behavior, a small fraction (~17%)
of correlated Gd spins locally order ferromagnetically below T~ 10K where they do not contribute to
the ESR intensity. This explains the ferromagnetic Curie-Weiss § = +-8 K appearing in the temperature
dependence of the linewidth and resonance field. Moreover clear anomalies in x(7T) and the hysteresis

in M(H, T = 2K), figure 2, support the presence of ferromagnetic contributions. The majority part of
the Gd spins are predominantly antiferromagnetically correlated as indicated by a negative Curie—Weiss
6 = —12K of Igsg and linewidth. In a way this situation is comparable to EuMn,P, where in the Eu-ESR
signal an anomaly occurred at T = 47K, pointing to weak Mn-based magnetic order [27].

In order to relate the mentioned specific magnetic properties of GdTe; g to its crystal structure it is
rewarding to consider previously reported results for GdTe, [17], GdTes [15, 18, 19, 29] and GdTe; g7545
[13]. All of these compounds contain puckered GdTe slabs separated by one or two planar Te layers.
Their magnetization data all display AFM order features below very similar Néel temperatures of < 11 K
while their specific heat curves indicate multiple transition close to Ty.

To the best of our knowledge, there is no experimentally determined or verified structural model
of a magnetically ordered structure of RETe,+s compound which could serve as a basis to explain the
observed features which we attribute to the presence of AFM and FM couplings on the atomic scale.

For GdTe; which contains the same GdTe slabs, a fairly simple AFM model with the moments aligned
in plane, i.e. perpendicular to the stacking direction was proposed [29]. This situation cannot be trans-
ferred to GdTe; g for symmetry reasons as the Wyckoff site 2¢ (on which Gd1 and Gd4 are located; atom
labeling according to [14], ICSD collection code 130 089) does either only allow contributions of the
magnetic moment along [001] (in the magnetic space groups P4/n and P4/n’) or no contribution at all
(in P4’/n and P4’/n’) [30]. The Wyckoff site 8¢ (Gd2, Gd3) does not impose any restrictions on the spin
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alignment. Thus, it makes sense to assume a gross spin alignment along [001], maybe with some cant-
ing of the Gd2 and Gd3 spins. However, any kind of (collinear) antiferromagnetic order in one plane of
Gd atoms would necessarily imply both, FM and AFM interactions with the next Gd plane of the GdTe
slab, see figure S2 in the Supplementary materials, as the two Gd square planes are shifted against each
other so that the Gd atoms of the first plane are located above the voids of the second and vice versa. In
contrast to GdTes, a coupling between two Gd planes of adjacent slabs by superexchange via the atoms
of the planar Te layers is likely in GdTe; g since the ‘in-slab’ (3.12 A - 3.26 A) and ‘out-of-slab’ Gd-Te
distances (3.08 A — 3.39 A) are very similar in this structure. Most Gd—Te-Gd bond angles for the intra
slab connections are around 80+4° and 12244° whereas the histogram for the ‘out-of-slab’ angles shows
maxima at 85£4° and 10434°. Due this diversity of coordination and connectivities, the application

of Goodenough—Kanamori—Anderson rules to predict a certain type of magnetic interaction is difficult.
However, Ruderman—Kittel-Kasuya—Yosida type interaction between the Gd atoms of different slabs, as
discussed for GdTe; [29], can be excluded since GdTe; g is a semiconductor.

4, Conclusions

Polycrystalline GdTe; s was synthesized in order to investigate its local magnetic properties. From C,
data, the magnetic entropy was estimated, and is less than the theoretical value at zero field, likely due
to residual crystal-field effects and magnetic interactions. Large negative magnetoresistance at low tem-
peratures is observed, where at T = 2 K p drops an order of magnitude at a magnetic field of 9 T.
ESR measurements show clear anomalies in both the linewidth and the intensity at temperatures near
10 K, also observed in magnetization and in our data of C,, corroborating ferro- and antiferromagneti-
cally correlated nature of this material which can be rationalized by structural and symmetry arguments.
However, an explanation on the atomic scale is still pending and should facilitate further research and
exploration on this and similar chalcogenides.
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