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Phase control of LgCuQ, in thin film synthesis
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The lanthanum copper oxide, 4@u0,, which is an end member of the prototype highsuperconductors
(La,Sr),CuQ, and (La,Ba)CuQ,, crystallizes in the KNiF, structure in high-temperature bulk synthesis. The
crystal chemistry, however, predicts that,CaiO, is at the borderline of the fiF, stability and that it can
crystallize in the NdCuQ, structure at low synthesis temperatures. In this article we demonstrate that low-
temperature thin-film synthesis actually crystallizes@aQO, in the Nd,CuQ, structure. We also show that the
phase control of KNiF,-type LgCuO, versus NdCuQ,-type LgCuO, can be achieved by varying the
synthesis temperature and using different substrates.
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[. INTRODUCTION bond has a larger thermal expansion than the “covalent”
Cu-O bond, which leads to the increaset iwith increasing
The rare earth copper oxides of the general chemical fotemperature. Hence the T phase is stable at high temperatures
mula R,CuQ, take two different crystal structures;,KiF,  whereas the T phase is stable at low temperatures. In the
(abbreviated as JTand NG CuQ, (T'). The structural differ- case of LaCuQ,, the transition from T to Tis predicted to
ence between T and’'Tcan be viewed simply as the differ- occur at around 700 K (427°C), wheté700 K)~0.88.
ence in theR-O arrangements: rocksaltlike versus fluorite- There have been a few attempts to stabilize thehase of
like. With regard to the Cu-O coordination, however, there isLa,CuQ, in the past. However, a conventional solid-state
a significant difference: T has octahedral Gu@hereas T  reaction method requires a firing temperature of at least
has two-dimensional square-planar Gu@&mpirically, the 500 °C even with coprecipitated fine powders, so it could not
former accepts only hole doping, the latter only electron dopproduce single-phase '1La,Cu0,. Bulk synthesis of
ing. The T structure is formed with large aions, while  T’-La,CuQ, has been achieved only by a very special recipe
the T structure is formed with smalléR®" ions, such as as given by Choet al® Their method consists of the follow-
R=Pr, Nd, Sm, Eu, and GHThe T-T' boundary lies be- ing two steps. The first step is to reduce T,CaO, with
tween L&" and P#*. Namely, LaCuQ, is at the borderline hydrogen around 300 °C and obtain the@uO;-like phase.
of the T-phase stability. The second step is to convert the,GuOs-like phase to
The crystal chemistry of the rare earth copper oxides ha3’-La,CuQ, by reoxygenation below 400 °C. The resultant
been explained in terms of the crystallographic tolerance facproduct was single-phase’,Talthough x-ray peaks were

tor (t),%* which is defined as broadened due to the considerable lattice disorder and de-
fects.
LR Hr(07) In thin-film synthesis, the reaction temperature can be
- \/E{r‘(CuH)Jrr.(ozf)}’ @ lowered significantly, since reactants are much smaller in
I |

size and also more reactive than in bulk synthesis. The reac-
wherer;(R®*"), r;(Ct?"), andr;(O?") are the ionic radii for  tants in thin-film synthesis are atoms or molecules or ions or
R3*, CW", and G~ ions. Thet values for LaCuQ, and  clusters, depending on the technique employed. The limiting
Pr,CuQ, are evaluated as 0.8685 and 0.8562 using the roonease is achieved by reactive coevaporation from metal
temperature ionic radii by Shannon and PrefviEzom the  sources, in which the reactants are atoms and the oxidation
extensive data collected for a variety BbCuQ,-type cu-  reaction is initiated on a substrate. Using this reactive co-
prates, the criticalroom-temperatupevalue for the =T’ evaporation technique, we have learned from our ten-year
transition is presumed to be=0.865, below which T is experience that cuprate films crystallize at temperatures as
unstablée’? low as 400°C. This enabled us to synthesize single-phase

The different thermal expansioit“thermal-expansion T’-La,CuQ,. In this article we describe the phase control of

mismatch”) between theR-O and Cu-O bond lengths plays K,NiF,-type LaCuQ, versus NdCuQ,-type LaCuQ, by
an important role in the T-versus-Btability as pointed out varying the synthesis temperature and using different sub-
initially by Manthiram and GoodenoughThe “ionic” R-O  strates.
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TABLE I. Crystal structure an@-axis lattice constanta) for Ia g o ol 8‘ T
the substrates used in this work. The in-plane lattice constag}s ( 48 g g g §
for T'-La,CuQ, and T-LgCuQ, are also included. - ) T |
P = | T~ T~ 7
Substrate Abbreviationag or a, (&) Crystal structure i § § § ‘i g g T
MgO (100 MGO 4.212 NacCl ‘ l ‘ ‘ ]
KTaO; (100 KTO 3.989 perovskite : 2
SrTiO; (100 STO 3.905 perovskite
LaSrGaQ (001 LSGO 3.843 KNiF,
NdGaG; (100 NGO 3.838 perovskite
LaAlO; (100 LAO 3.793 perovskite
LaSrAIO, (00) LSAO 3.755 KNiIF,
PrSrAIQ, (001) PSAO 3.727 KNiF,
YAIO 5 (100) YAO 3.715 perovskite
NdSrAIO, (001) NSAO 3.712 KNiF,
NdCaAlQ, (00D NCAO 3.688 KNiF, o
ZrO, (Y) (100 YSZ 3.616 fluorite &
T'-La,Cuo, 4.005 NgCuO, =
T-La,CuQ, 3.803 KNiF, 2
£
Il. EXPERIMENT

We grew LgaCuQ, thin films in a customer-designed mo-
lecular beam epitaxy chamber from metal sources using mul-
tiple electron-gun evaporatofsThe stoichiometry adjust-
ment was performed by controlling the evaporation beam
flux of each element using electron impact emission spec-
trometry via feedback loop to electron guns, and was refined
with the aid of reflection high-energy electron diffraction
(RHEED) monitoring so as to minimize precipitates of the
impurity phase on the surfaéeDuring growth, rf-activated
atomic oxygen was used for oxidation. The chamber pressure
during growth was & 10~ ¢ Torr. The substrate temperature
was varied from 425°C to 725°C. The growth rate was
~1.5 A/s, and the film thickness was typically 450 A. After
the evaporation, most of the films were cooled to tempera-
tures lower than 200°C at a rate lower than 20 °C/min in
1x 10 ° Torr molecular oxygen to avoid phase decomposi-

tion. Some of the films were cooled in vacuum or in ozone to 10 20 30 40 50 60 70 80
investigate the change of the transport properties by excess 20 (degree)
oxygen.

In order to examine the substrate influence on the selec- F!G- 1. XRD patterns for LgCuG, films grown on NCAO sub-

tive phase stabilizatiohwe used various substrates as Iistedf‘t:;at?saizfr 752”5”_;'520c%'hlhsr;cl’(%:]"":n%agﬁ:t”; dalrii ;nil::jeilggtnes tfr?;

g\] ;l(—)aalez I,.&Tr\:vehilgl-qplc,?]r:)illgtgzec%%rqlsgem dSI raE%eSSOfgo'g\n fg.rG peak positions of th€008) line for the T and T structure, respec-

T-La éuO ’ and a.—4.000-4 01% A fg)r_ T La.CuO tively. Peak positions of NCAO are indicated in the lowest figure.
-Lap l o= 4.UUU=4. -Lap l

(T-La,CuO, has an orthorhombic structure witla’

=5.3574 A andb’=5.4005 A, and adp is calculated as IIl. RESULTS AND DISCUSSION

y(a'b’)/2). The crystal structures include perovskite, ] .
K,NiF,, NaCl, and Caf (fluorite). We deposited films si- A. Effect of synthesis temperature on the selective
multaneously on all the substrates listed in Table I, which phase stabilization

were pasted to one substrate holder by Ag paint. This avoids _ _

run-to-run variations. Figure 1 shows the x-ray diffractiofXRD) patterns of

The lattice parameters and crystal structures of the filmgCuO, films grown on NdCaAlQ (NCAO) substrates
were determined using a standard x-ray diffractometer. Rewith different synthesis temperature$y. Since thec-axis
sistivity was measured by the standard four-probe methotfittice constant ¢) is distinct between T and "T[cq(T)
using electrodes formed by Ag evaporation. =13.15 A versugy(T')=12.55 A], the phase identification
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FIG. 3. Film'scg versus substrates, for La,CuQ, films grown
at T,=525 °C on different substrates. The lattice constants of bulk
T- and T-La,CuQ, (a;=3.803 A, c,=13.15A for T anda,
=4.005 A, c,=12.55 A for T) are indicated by arrows together
with ag of the substrates. The circles connected by the vertical
dotted lines indicate multiphase formation. Téwvalues of the T
structure is noticeably substrate dependent because of epitaxial
strain: the longestd,=13.25 A) for LSAO and the shortest(
=13.05 A) for LSGO. Theg, value of 12.8 A on STO seems to
correspond to the *Flike phase.

From this result, we can see the following trend for synthesis
temperature on the selective phase stabilization. Higsta-
bilizes T and lowT stabilizes T.

B. Effect of substrates on the selective phase stabilization

Figure 2 shows the XRD patterns of 4Gu0O, films
grown atT,=525°C on different substrates. Of these films
in this figure, the films on KTa® (KTO), NCAO, and
ZrO,(Y) (YSZ) are single-phase 'T*° while the films on
LaSrGaQ (LSGO), LaAlO; (LAO), LaSrAlQ, (LSAO),
PrSrAlQ, (PSAO), and NASrAIQ (NSAO) are single-phase
T. On YAIOg, the film is dominantly T with a trace amount
of T. On SrTiQ; (STO and NdGaQ@ (NGO), the films are
clearly a mixture of T and T The film on STO contains
some amount of the *Flike phase'! On MgO (MGO), no

20 (degree)

clear peak is observed. Thg values of these films together
] . with films on other substrates are summarized in Fig. 3. Be-
FIG. 2. XRD patterns for LgCuQ, films grown on various sub- ¢4 of epitaxial strailf,c, of the T structure is noticeably
?ratzs?ﬂ—s =525 % Tbhe top twokpatterns are SI(;anI[ﬁtIOQS fkor the o \pstrate dependent: the longes+13.25 A) for LSAO
and T structure. Substrate peaks are removed. The broken anzgnd the shortestcg=13.05 A) for LSGO. From these re-
dotted lines indicate the peak positions of (088 line for the T k .
and T structure, respectively. sults, we can see the foII'owmg trend forlg sgbstrate lattice
parameter on the selective phase stabilization. Substrates
with a, of 3.70—3.85 A stabilize T, and substrates wathof
is rather straightforward. The calculated patterns for T and>3.90 A or<3.70 A stabilize T (or destabilize T.
T' are also included in Fig. 1. The films grown &t Next we mention the effect of substrate crystal structure
>625°C are single-phase T, while the films grownTat on the selective phase stabilization. If, in Fig. 2, one com-
=500-550°C are single-phas€.TThe films grown afT;  pares the films grown on perovskite angN{F,-type sub-
=575-600 °C are a two-phase mixture of T anfdwith T’ strates with almost the samem,, for example, NGO &,
more dominant for loweiTg. The films grown belowTg =3.838 A) versus LSGO g,=3.843 A) or YAO (a,
=475 °C show unidentified peaks a#231.4° and 65.5°. =3.715 A) versus NSAOd,=3.712 A), one can notice the
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FIG. 4. Phase diagram on the selective stabilization of T versus 0 00 200 0 100 200 300

T’ in the Ts-a4 plane. The crosses indicate no phase formation. The
open circles represent single-phase T while the filled circles repre-
sent single-phase’T The partially filled circles represent a two-
phase mixture. The siz@rea of the circles is proportional to the
XRD peak intensities of théd06) lines. For two-phase mixed films,
EEE ;_agcr)]c?trthe ul?s_hadec_i an?l tk?eoggalc_ied &_}rﬁas replresentLtgce;gtlofg films cooled in ozone §>0). With vacuum cooling, the T film
peak intensity o t €006 line. € resu ts on . has much higher resistivity than thé Tilm. Ozone cooling causes
and NSAO substrates are not included to avoid overlapping with the . - - -
._a totally opposite effect on T and’'Tthe T film gets metallic and
results on NGO and YAO. On LSGO and NSAO, the T structure 'Ssuperconducting whereas thé film gets more insulating.
formed for 725 °C-Ts>475 °C, and the Tstructure is not formed
for any Ts. The gray area at,=3.905 A (STO) indicate the for-
mation of theT* -like phase.

Temperature T (K)

FIG. 5. Comparison of resistivity p)-temperature(T) curves
between T-LaCuQ,, s and T-La,CuQy, s films. The solid lines
are for films cooled in vacuumst0) while the broken lines are

D. Comparison of T-La,CuO, and T'-La,CuQ,

, . Next, we make a brief comparison of the physical prop-
t_rend that KNiF,-type substrates have a tendency to stabi ias of T-LaCu0, and T-La,CuQ;,, which have the same
lize the T structure rather than thé $tructure. chemical formula but different crystal structures. Figure 5
shows the temperature dependences of resistivity for both the
phases. The solid lines represent th& curves for the films
cooled in vacuum to ambient temperature, which do not have

Our survey was performed dt from 425°C to 725°C  excess oxygen but might have slight oxygen deficiencies
on all substrates in Table I. Figure 4 summarizes the result§] a,CuQ,, 5 with 6~0). The broken lines represent those
which show the phase diagram on the selective stabilizatiofor the films cooled in ozone, which have interstitial excess

C. Phase diagram in theT¢-a¢ plane

of T versus T in the Ts-a5 plane. oxygen (©>0).1 The excess oxygen occupies the tetrahe-
dral site in T, and the apical site i TThe vacuum-cooled T
1. High T (625-725 °C) film has much higher resistivitfby several orders of mag-

nitudes at low temperaturethan the vacuum-cooled Tilm.

The films on most of the substrates are single-phase Ty, tact, T'-La,Cu0, is metallic down to 180 K4 The ozone

The films on KTO and YSZ do not show any definite x-ray resistivity of the T film gets lowered by five orders of mag-

peak. The film on YAO is a mixture of T and'even at the njtudes at room temperature from-50Q cm to ~5

highest temperature investigated. This can be explained by 10-4() cm, indicating that holes doped by excess oxygen

interdiffusion of Y from YAO substrates into L&uQ, since  are itinerant. Furthermore the film becomes superconducting.

Y substitution for La is known to stabilize the’ Btructure.  In contrast, the resistivity of the'Tilm increases, indicating
that holes doped by excess oxygen are localtZed.

2. Low T, (450-600 °C)

The films on the T-lattice-matched substratésSGO,
LAO, LSAO, PSAO, and NSAQare single-phase T. The
films on T -lattice-matched KTO and on fluorite YSZ are  In summary, we have demonstrated that,CaQ, can
single-phase T The films on other substrat¢STO, NGO, crystallize in the NgCuQ, structure using low-temperature
YAO, and NCAO are a two-phase mixture of T and With  thin-film synthesis. Furthermore the phase control of
T' more dominant for lowef. K,NiF4-type LaCuQ, versus NdCuQ,-type LaCuQ, can

IV. SUMMARY
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