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A phase transition from the ferromagnetic to the ferrimagnetic state was
observed in CuCr chalcogenide spinels. It is due to electron ordering of the
Cr3+ and Cr*+* ions with simultaneous redistribution of the electrons among the
Cut and Cr** ions.

PACS numbers: 75.30.Kz, 75.50.Gg, 76.60.—k

It was previously established!!] that normal chalcogenide spinels of the type
MeCryX,, where X=5, Se, Te, are ferromagnetic semiconductors if
Me=Fe®, Co®, Ni?*, and ferromagnetic with metallic conductivity and with
magnetic moment 5y in the case Me=Cu (p~ 10" Q—cm at room temperatures).
The valence formula of these compounds has not yet been established. Thus,
Lotgering!! has proposed that the copper ions are monovalent and have a dia-
magnetic configuration 3d!°, i.e., the cation distribution Cu*{Cr*Cr#*1s, is
realized, According to Goodenough, 127 the copper ions in these ions are di-
valent: Cu?*[Cr}*]S,. To reconcile the ferromagnetic ordering, he proposed that
the conduction-electron polarization in the delocalized f,, orbitals of the copper
ions decreases the magnetic moment to 5 5, At the same time, neutron dif-
fraction has shown that the copper ions in these compounds have no magnetic
moment, As to the chromium ions, their scattering moments are equal,

We present here nuclear-magnetic~resonance data that make it possible to
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FIG. 1. NMR spectra of CuCr,S,: a) Hy=5 kOe, b) Hy=0.

establish not only the valence formula of chalcogenide spinels, but also their
magnetic structure,

The NMR measurements were performed on polycrystalline CuCr,S, and
single-crystal CuCr,Se, samples.

The x-ray analysis has revealed no other phase.

The NMR spectrum of the intradomain Cr® and Cu®% nuclei of CuCr,S;
consists at 4. 2°K (see Fig. 1) of four groups of lines with different in-
tensities at frequencies 34—40, 42—58, 61—80, and 83—110 MHz, A study of
the spectra in an external magnetic field up to 5 kOe has shown (see the figure)
that the lines at the frequencies 34—40 and 42—58 MHz are shifted towards
lower frequencies with a gyromagnetic ratio ~ 240 kHz/kOe, while the lines at
the frequencies 61—80 and 83—110 MHz are shifted towards higher frequencies
with gyromagnetic ratio ~1000 kHz/kOe. Consequently, the lower two groups
of lines corresponded to the chromium ions, and the upper ones to the copper
ions. At liquid-nitrogen temperature, the NMR spectrum consists of only two
groups of lines at the frequencies 34—40 and 83—110 MHz, The lines at 42=-58
and 61—80 MHz are observed up to approximately 60 °K, A similar picture is
realized also in the compound CuCr,Se,. In contrast to these compounds, the
NMR spectrum of CdCr,Se, reveals no new chromium lines, The NMR spec-
trum of chromium in the compounds CuCr,S, and CuCr,Sey, at liquid-nitrogen
temperature, just as the additional spectrum produced below 60 °K, is analogous
to the NMR spectrum of the chromium in the compound CdCr,Se;. The complex
structure of the spectrum is attributed to the anisotropy of the local field and
to quadrupole splitting. We note also that the local field corresponding to the
NMR lines in the frequency range 42—~58 MHz is equal to the field at the Cr®*
nuclei in other chalcogenide spinels, while the local field corresponding to the
NMR lines in the frequency range 34—40 MHz is smaller by an amount approxi-
mately equal to half the field per uncompensated spin.

Taking the foregoing into account, we can propose that at temperatures above
60 °K the cation distribution

Cu+[Cr3+:: Cr4+] Si_

is realized in CuCr,S,.

149 JETP Lett., Vol. 25, No. 3, 6 February 1977 Kovtun et al. 149



To prove this assumption, we have investigated the fine structure of the x-ray
emission spectra of chromium in the compounds CuCr,S,, CuCr;Se; and CdCr,Sey,
We analyzed the energy positions of the Kg, lines of chromium in third-order
reflection, The investigations have shown that the Ks, lines of Cr in the com-
pounds CuCr,S; and CuCr,Se, are shifted relative to the Kg, line of Cr in the com-
pound CdCr,Se; by an amount of 0,12+ 0,02 eV towards the short-wave side.
This change of the energy position of the Kg; lines of Cr in the compounds
CuCr,S; and CuCr,Se, relative to CdCr,3e, corresponds to a shift of the 3d level
of the chromium towards higher energies, i.e., to an increased valence of the
chromium. This shift of the Ka, line, according to™®} corresponds to an in-
crease in the valence by 0.4~—0. 6. It can thus be statedthat the Cr3* and cr* in
the compounds CuCr,S; and CuCr,Se, are indistinguishable, i.e., a fast elec-
tron exchange takes place between them,

The appearance of additional groups of chromium and copper lines in the
NMR spectrum with decreasing temperature can be explained by assuming that
electronic ordering of the chromium ions takes place in these compounds. Since
the second ionization potential of copper is 20,29 eV, whereas the fourth
ionization potential of chromium is approximately 50 eV, it follows according
tol?] that a monovalent copper ion cannot be stable in the presence of Cr?*, and
it gives up one electron to the Cr** ion, The result is the chemical formula
Cu®*[Cr3*1s}~. However, as follows from the experimental data, the electron
ordering is not completed even at 2°K (at 2 °K the Cu®*[Cr3*]S}~ phase amounts
to only ~ 20%). The chemical formula of the compounds CuCr,S, and CuCr,Se,
below 60 °K can be represented in the form

Cur_xCuiJ'[ (Cr3* Cr‘”)1 _xCrgz]Si'(Sei' )

The fact that the NMR lines of Cu® and Cr®* are shifted in opposite directions in
a magnetic field indicates that the copper and chromium ions are antiferro~
magnetically ordered. As follows from the cation distribution, the magnetic
moment per formula unit does not depend on the electronic ordering and is equal
to 5 p g at all values of x; this agrees with the experimental data, 61

It can thus be stated that a phase transition from the ferromagnetic to the
ferrimagnetic state takes place in CuCryX,; compounds and is due to electron
ordering of the Cr®* and Cr** ions with simultaneous redistribution of the elec-
trons among the Cu* and Cr#* ions,

In conclusion, the authors thank Z. A. Samotilenko for measurements of the
x-ray emission spectra.
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