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Low Temperature Luminescence Behavior of Trace Cr and Fe Impurities
in Gd3Gas01; Single Crystals

This article examines the influence of unintentional Cr** and Fe3" impurity ions on the luminescent properties
of GdsGasO12 (GGQG) single crystals. The characteristic features of the spectra excited by high-energy syn-
chrotron radiation in the temperature range of 10-300 K are analyzed. It is shown that at 10 K the lumines-
cence is dominated by a narrow-band emission of Cr** ions arising from the spin-forbidden 2E—*A: transi-
tion, which indicates weak electron—phonon coupling and high crystalline homogeneity. It is revealed that
with increasing temperature the intensity of this transition decreases significantly, while a broadband lumi-
nescence emerges, associated with the spin-allowed “T>—*A; transition and the contribution of Fe* ion emis-
sion. The temperature evolution of the spectra is shown to result from thermal redistribution of the Cr3* excit-
ed-state populations, interlevel state mixing, and partial removal of the spin-forbidden nature of Fe3* transi-
tions due to lattice vibrations. Based on the study, conclusions are drawn regarding the role of impurity cen-
ters in energy transfer and nonradiative relaxation processes. The results are of interest both for fundamental
photonics and for the development of efficient luminescent materials and optical devices designed to operate
over a wide temperature range.

Keywords: gadolinium gallium garnet (GGG), synchrotron radiation, Cr** ions, Fe’" ions, luminescence, exci-
tation spectra, temperature dependence, energy transfer, electron—phonon coupling, nonradiative relaxation,
impurity centers, optical properties

HCorresponding author: Karipbayev, Zhakyp, Karipbayev_zht 1@enu.kz

Introduction

Garnet crystals are widely used in laser technologies, optical sensors, and other photonic applications
due to their unique luminescent properties [1-10]. Similar studies of luminescent materials with varying
compositions have been reported, for example, for YAGG phosphors with different Al/Ga ratios, demon-
strating how modification of crystal composition affects spectral and luminescent characteristics [11]. Chro-
mium and iron are typical impurities that penetrate the lattice at various stages of synthesis. Even small
amounts of Cr’* or Fe*" can significantly affect the spectroscopic and luminescent characteristics of the ma-
terial, as confirmed by similar temperature-dependent luminescence studies in other garnet systems [12]. In
GGG, Cr*" exhibit a rich spectroscopic behavior determined by their 3d® configuration in an octahedral
field [13]. At the same time, the luminescent properties of Cr*" are sensitive to a number of factors: tempera-
ture, concentration, local environment, and the presence of other impurities. In GGG, Cr** substitutes for
Gd*" in octahedral sites, forming characteristic spectra with sharp (*E—*A,) and broad (‘T. —*Ay)
bands [14]. The authors of [14] demonstrated a sharp decrease in intensity upon heating (by 90-99 % at
300 K)) due to the increased probability of nonradiative relaxations.

When Fe®" and rare-earth ions are simultaneously present in the GGG structure, excitation transfer be-
comes possible, which can be enhanced with increasing temperature, thereby influencing the selectivity and
luminescent properties [15]. In [16], it was shown that the spectral position of the deep-red emission band of
Fe** can be modified by adjusting the crystal field strength (CFS). Moreover, it was demonstrated that the
thermal response of Fe*" luminescence can be significantly improved by incorporating Cr** ions, thus ena-
bling thermally activated nonradiative energy transfer Fe>* — Cr**. The authors of [16] showed that reducing
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the CFS has a favorable effect on the performance of contactless temperature sensing in Fe**-based lumines-
cent thermometers.

The study of the temperature dependence of the luminescence spectra of these materials is of crucial im-
portance for understanding their optical characteristics and optimizing their applications. The aim of this work
was to quantitatively separate and compare the contributions of unintentional impurity luminescence centers
Cr** and Fe*" to the integral luminescence of a Gd;GasO) single crystal under VUV excitation (160-250 nm)
at temperatures of 10-300 K, as well as to determine the mechanisms of thermally controlled redistribution of
impurity ion level populations and the energy transfer channels from the host lattice to the impurities.

Methods

The GdiGasO1» single crystals were grown by the Czochralski method using an iridium crucible.
A mixture of argon (98 %) and oxygen (2 %) was used as the growth atmosphere. High-purity oxides Gd>Os
and Ga;O;3 (99.99 wt. %) served as the starting materials. It should also be noted that GGG crystals contain a
certain amount (10°-10* wt.%) of uncontrolled impurity ions, which is practically difficult to avoid. The sam-
ples were prepared in the form of flat plates 0.48 mm thick, oriented in the (111) plane with polished surfaces.

The luminescence studies were carried out using synchrotron radiation at the Superlumi/P66 beamline
of the PETRA III synchrotron facility at DESY in Hamburg. This setup has proven to be highly effective for
investigating luminescence processes excited in the VUV region [17-21].

The synchrotron radiation provided high-intensity, tunable excitation in the required spectral range,
which was selected using a 2-meter monochromator with a spectral resolution of 0.4 nm. This ensured pre-
cise excitation of luminescent states in the single crystals. The emitted luminescence from the single crystals
was detected using an ANDOR Kymera monochromator, which provided a spectral resolution of 0.2 nm,
allowing for accurate detection of luminescence peaks. For sensitive detection over a wide spectral range, a
Newton 920 CCD camera (Oxford Instruments, UK) was employed, while photon counting was performed
using a Hamamatsu R6358 photomultiplier tube (Hamamatsu Photonics, Japan), particularly effective in the
ultraviolet range.

Experiments were conducted at a temperature of 10 K using a helium-cooled cryostat to minimize
thermal noise and nonradiative losses. The excitation spectra were corrected against the sodium salicylate
signal, ensuring the acquisition of accurate and reliable data across the entire spectral range.

Results and Discussion

The excitation spectra of Gd3GasOi. crystals measured at room temperature for emission wavelengths
of 780, 754, and 694 nm (Fig. 1) exhibit characteristic features indicating the influence of unintentional Cr**
and Fe*" impurity ions in the crystal. For the 694 nm luminescence band, starting from approximately 5.5 eV,
a sharp increase is observed in the excitation spectrum along with a relatively broad and smooth structure.
This energy corresponds to the excitonic transition (E; = 5.66 eV) [22], which is also associated with the ex-
citation of unintentional impurity centers, primarily Cr** ions, through exciton migration.

In the region around 5 eV, when detecting at 754 nm and 780 nm, an additional peak is clearly visible,
which can be unambiguously attributed to the presence of Fe*" ions — a typical unintentional impurity often
found in gallium garnets grown under standard conditions.
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Figure 1. Excitation spectra of the Gd;GasO, crystal
measured at T =300 K. Aeg = 780 nm, Aree = 754 nm, and Areg = 694 nm
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Analysis of the excitation spectra reveals a pronounced influence of Cr** and Fe*" impurity ions, which
manifest themselves as broad excitation bands in the 69 eV region and as a distinct peak around 5 eV, re-
spectively. These impurities form additional levels within the band gap, facilitating uncontrolled energy
trapping and affecting the luminescence characteristics.

The luminescence spectra of the GGG crystal excited by synchrotron radiation were studied at different
temperatures. The emission spectra in the temperature range 300—10 K consist of a broad band spanning
650-870 nm (Fig. 2), which arises from the combined emission of two types of unintentional impurity cen-
ters. The component with a maximum around 730 nm is unambiguously associated with the T, — %A, tran-
sition of Cr** ions, whereas the band peaking at = 775 nm is attributed to Fe*" luminescence [23, 24]. To con-
firm this, luminescence spectra were recorded at 210 K under excitation at wavelengths A = 160 nm and A =
250 nm. In Figure 3, the band with a maximum at 775 nm is clearly distinguished, confirming the contribu-
tion of Fe*".

The temperature evolution of the luminescence spectra excited by high-energy quanta of 7.75 eV
(160 nm) unambiguously reflects the different behavior of the two unintentional impurity centers — Cr**" and
Fe**. At temperatures below 210 K, the characteristic R-lines of Cr** begin to appear. At 10 K, the spectrum
is characterized by structured lines in the 690-710 nm range, corresponding to the spin-forbidden *E — “A,
transition. As the temperature increases up to 300 K, the narrow structure is suppressed, and a broad sym-
metric luminescence band of 650-870 nm develops. This is associated with the dominance of the spin-
allowed *T, — “A; transition of Cr’" ions and enhanced Fe*" emission, indicating stronger thermal mixing of
states and an increased contribution of electron—phonon interaction at higher temperatures.
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Figure 2. Temperature-dependent luminescence spectra of the GGG crystal
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Figure 3. Luminescence spectra of GGG under 160 nm and 250 nm excitation

The experimental results can be explained as follows. Cr*" ions in GGG are characterized by energy
levels typical for d* ions: *A,, 2E, and *T,. Under excitation with 160 nm radiation in the VUV region, elec-
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tronic excitations in the crystal matrix are captured by Cr** and Fe*" impurity ions. Relaxation of Cr** occurs
via two dominant channels: the narrow-band E — *A; and the broadband “T, — *A,. Their relative contribu-
tion depends on temperature and crystal parameters [25].

Subsequent energy transfer processes occur through phonon-assisted mechanisms and interlevel relaxa-
tion, leading to population of the excited states °E and “T,. At 10 K, the spectrum is characterized by struc-
tured lines in the 690710 nm range, corresponding to the spin-forbidden 2E — *A, transition of Cr** ions
occupying octahedral sites of the garnet lattice. The observed linewidth of the R-lines is only a few cm™,
indicating high crystalline homogeneity of the material and weak electron—phonon coupling at low tempera-
ture. At cryogenic temperatures, relaxation predominantly terminates at °E, resulting in emission with a char-
acteristic narrow spectral structure. Increasing temperature promotes a larger contribution from transitions
through “T», since thermal lattice expansion reduces the energy gap AE between the °E and *T» levels and
enhances their mixing.

In the excitation spectrum of luminescence monitored at 780 nm, a clear band with a maximum at
~5¢eV (250 nm) is observed (Fig. 1). However, photons of this energy cannot directly produce emission at
750-780 nm; instead, the energy can be absorbed by defect centers and subsequently transferred to Fe** ions.
Emission at 780 nm was excited only by the 250 nm excitation band, which may be related to charge-transfer
transitions involving Fe*" ions at different sites. The increase in luminescence intensity with rising tempera-
ture can be explained as follows. The *T; — A, transition in Fe** ions is spin-forbidden, since AS # 0. The
broad emission band in the 740—820 nm region has been shown in [26] to correspond to this internal transi-
tion of Fe*". The enhancement of intensity with increasing temperature is explained by the standard mecha-
nism of vibrational and spin-orbit mixing, which grows with the amplitude of lattice vibrations and local
symmetry distortions. As temperature increases, these vibrations become stronger, disrupting the local
symmetry of Fe** ions. As a result, the efficiency of orbital mixing increases, leading to an enhanced quan-
tum yield of the Fe*" band. An additional contribution arises from competition with trap states: higher tem-
peratures promote thermal ionization of defects, making Fe*" a more effective acceptor of migrating exciton-
ic energy.
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Figure 3. Cr*" and Fe’* centers schematic energy-level diagram in single crystal GGG

Conclusion

The luminescence spectra of unintentional Cr** and Fe** impurity ions in GGG under excitation by
high-energy synchrotron radiation at 160 nm exhibit a pronounced and systematic temperature evolution. At
cryogenic temperatures (~10 K), luminescence is dominated by narrow-band emission associated with the
’E — *A; transition of Cr*" ions, characterized by high spectral resolution. With increasing temperature up to
300 K, a transition to broadband luminescence is observed, governed by the spin-allowed T, — *A, transi-
tion, accompanied by spectral broadening and faster dynamics. These changes are explained by mechanisms
of energy transfer from defect centers, thermal redistribution of level populations, and enhanced electron—
phonon coupling. The results are important both for understanding fundamental processes in luminescent
materials and for the development of highly efficient optical devices operating under varying temperature
conditions.
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Gd3GasO12 monokpuctanaapbinaarbl Cr xoHe Fe KocnajJapbIHbIH TOMEH
TeMIepaTypaJibl JIOMUHECHEHUUSIBIK KacueTTepi

Maxanana Gd3GasO12 (GGG) MOHOKpHCTaNAapbIHbIH JTIOMHHECHEHIUAIBIK Kacuertepine Crit sxome Fe*t
HMOHAAPBIHBIH €PiKCi3 KOocmalaphIHbIH dcepi KapacTelpsuiasl. 10-300 K temmepaTypa quana3oHbIHAA XKOFAPHI
SHEPTHUSIIBI CHHXPOTPOH/IBIK CAYJICNICHY MEH KO3/bIPBUIFaH CIIEKTPIICPAIH CUMATTHIK CPEKIIeTIKTepl TaJliaH-
abl. 10 K TeMnepaTypana JTroMUHeCHeHIUs HerizineHn Cr’* HOHIApBIHBIH CIOMHIE THIABIM cajblHFal “E—*Aj
aybICybIHaH TYBIHIAWTBIH CHI3BIKTBI COYJIENCHY MEH aHBIKTaJaThIHBI KOPCETiNi, Oy 3MeKTpOH—()OHOHIBIK
GaiiyIaHBICBIHBIH QJICI3]IITIH JKoHE KPUCTAJIBIH JKOFaphl OIpTEKTUIriH kepceteni. TemmnepaTypa apTkaH caliblH
OyJ1 aybICy/IbIH MHTCHCUBTLIIM alTapibIKTail TOMEHICT, KCHKOMAKThI JTJFOMUHECIICHIINA nakaa 6omansl. On
crimHre pykcar eriiren ‘Tr—*As aybicybiMen »xoHe Fe’' MoHmapbiHBIH CoyleneHyiMeH GaiIaHbBICTHI.
CrieKTpriepaiH  TeMIepaTypaiblK 3Bomonusickl Cr3" MOHIApLIHBIH KO3FaH KYWIEPIHIH IKBUIYJBIK KaiTa
OeiHyiMeH, JeHreil apanblK KyIIepiH apanacybsl MeH sKoHE TOp TepOenicTepiHiH ocepinen Fe’' aypicyia-
PBIHBIH CIOHHIIK THIMBIMBIHBIH iMIiHapa XKOWBUTYBIMEH TYCIHIipinemi. 3epTTey HEri3iHAae SHEPTUsHBI Tachl-
MaJiIay KOHE COYJeNeHOCHTIH perakcamus MpOLEeCcTEPiHAeri KOocla OPTaNBIKTAPBIHBIH POl Typaibl KOpBI-
THIHABLIAp Xacanasl. HoTmkenep iprenmi GoToHMKa YIIIH JIe, KEH TeMIlepaTypa JHana30HbIHAA KYMBIC iCTei-
TiH THIMJIi JTIOMHUHECIICHTTIK MaTepHajiap MCH ONTHKAIBIK KYPBUIFBLIAPIBI 931pJIiey YIIiH ¢ MaHbBI3/bL.

Kinm ce3dep: ragonuunii ranmmii rpanatel (GGG), cuHXpoTpoHabIK coyneneny, Cr3 nonmapsl, Fe’' nona-
pbl, JFOMHUHECLEHIMS, KO3yCIEKTpJepi, TeMIepaTypara TOYeliIiK, 3HEPrus TachMajay, SJIEKTPOH-
(OHOHIBIK GaiiaHbIC, CoyJIeNeHOeUTIH peslakcarus, KOCIaopTalbIKTaphl, ONTHKAIBIK KACHETTED

[".'M. Apanb6aesa, XX.T. Kapun6aes, A.M. XKynycOekoB, A. TonereHona,
A. Kaknmos, S1.0. CerunkoBa, C. Yousckuii, A.H1. ITonos, I'.E. CarsiaasikoBa

HuskoreMmneparypHoe noseaeHue JroMmuHecueHunu npumeceii Cr u Fe
B MoHOKpucTaLiax Gd3;GasOr2

B 1aHHOI CTaThbe PaccMaTpHUBAETCs BIMSHUE HETPEIHAMEPEHHBIX MOHOB-nipumMeceit Cr’* u Fe3' na momu-
HeCLIeHTHBIE cBoiicTBa MOHOKpuUcTamIoB Gd3GasO12 (GGG). IIpoananu3npoBaHbl XapaKTepHbIE 0COOEHHOCTH
CIIEKTPOB, BO30YXIEHHBIX BHICOKOIHEPT€THIECKIM CHHXPOTPOHHBIM H3IIydeHHEM B TEMIIEPAaTyPHOM AHara-
3oHe 10-300 K. ITokazano, uto npu 10 K mroMuHecueHIUsI ONpenesseTcss Y3KOIMOJIOCHBIM H3IIydyeHHEeM
noHoB Cr’*, 06yCIOBIEHHBIM CMHMH-3aMPEIEHHBIM niepexoqoM “E—*Aj, 4To CBHAETENBCTBYET 0 crmaboif
INEKTPOH-(POHOHHOM CBSI3M U BBICOKOI OJHOPOIHOCTH KpHCTaJUia. BBISBICHO, UTO C MOBBIILICHUEM TeMIIepa-
Typbl HHTEHCUBHOCTh JAHHOT'O MEPEX0Ja CYIIECTBEHHO CHIKACTCS, TOTJa KaK MPOSABIIETCS IIHPOKOIIOJIOC-
Has JIOMUHECLIEHIs!, CBA3aHHAsA CO CIMH-Pa3peléHHbIM nepexonoM “Ta—*Az u Bkiagom U3Iy4EeHUs1 HOHOB
Fe3*. Jloka3aHo, YTO TeMIlepaTypHas 3BOJIOLMS CIEKTPOB OOYCIOBJEHA TEIUIOBBIM IMEPEPACIIPENEIEHHEM
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HacenénnocTeii yposHel Cr’*, MeXypOBHEBBIM CMEIIEHUEM COCTOSIHHM, a TAKKEe YaCTHYHBIM CHATUEM CIIH-
HOBOTO 3ampeTa nepexoaoB Fe’' 3a cuér konebanmii pemérku. Ha OCHOBE IPOBENEHHBIX MCCIEN0BAHHIA
copMynupOBaHbI BBIBOJBI O POJIU LIEHTPOB-NPUMeECE B polieccax MepeHoca SHEPTHU 1 Oe3bI3TydaTenbHO
penakcanu. [Tomy4eHHbIe pe3ynbTaThl MPEACTABISIIOT HHTEpeC Kak Ul (yHIaMEHTaIbHOW ()OTOHUKH, TaK U
Ut pa3paboTKH 3()(PEKTUBHBIX JTIOMUHECIIEHTHBIX MaTepHalIOB M ONTHYECKUX YCTPOHCTB, PYHKIMOHUPYIO-
HIMX B IMIPOKOM TE€MIIEpaTypHOM JHala30He.

Knmiouesvie cnosa: ranonuuumii-raumessii rpanar (GGG), cUHXpOTpOHHOE U3iIyueHue, uonbl Cr’', HOHBI
Fe’', noMUHECeHIMS, CIIEKTPHI BO30YKIEHHS, TEMIIEPATYPHAS 3aBUCUMOCTD, IEPEHOC SHEPTHH, DIEKTPOH-
(hoHOHHOE B3aUMOZEHCTBHE, Oe3bI3IIydaTelIbHas PEIaKCaIUs, IEHTPhI-IIPUMECH, ONITHYECKUE CBONHCTBA
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