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STRUC ALAT=11.2683PLAT=1 0 00 1 00 0 1CLASS ATOM=NI Z=28ATOM=Se Z=34SITE ATOM=NI POS= .0 .0 .0ATOM=NI POS= .5 .0 .5ATOM=NI POS= .0 .5 .5ATOM=NI POS= .5 .5 .0ATOM=Se POS= .383 .383 .383ATOM=Se POS= .617 .617 .617ATOM=Se POS= .117 .617 .883ATOM=Se POS= .883 .383 .117ATOM=Se POS= .617 .883 .117ATOM=Se POS= .383 .117 .883ATOM=Se POS= .883 .117 .617ATOM=Se POS= .117 .883 .383The input consists of tokens, like ATOM= orZ=. These are grouped together in categories, likeCLASS. The name of a category always starts inthe �rst column of a line. This will be explained indetail in Section V. ALAT= is a lattice constant ina.u. (i.e. Bohr radii), PLAT= are the lattice trans-lation vectors and POS= are the atomic positions.The latter two are in Cartesian coordinates and inunits of ALAT.All Ni atoms and all Se atoms are equivalent i.e.there are two classes. From the information in theCTRL �le, the program will �nd the symmetry i.e.all space group operations and the generators of thespace group. Alternatively to the CTRL �le above,the symmetry generators and only one of each ofthe inequivalent atoms could have been given. Theprogram will complete the basis:HEADER NiSe2 Pyrit (Acta Chem. Scand.v. 23 p. 2325 1969)VERS LMASA-46STRUC ALAT=11.2683PLAT=1 0 00 1 00 0 1CLASS ATOM=NI Z=28ATOM=Se Z=34SITE ATOM=NI POS= .0 .0 .0ATOM=Se POS= .383 .383 .383SYMGRP NGEN=3 GENGRP=I R3D MZ:(.5,0,.5)The category SYMGRP contains three tokens:NGEN= the number of generators supplied,GENGRP= the names of the generators as de�nedin the Subsection `Category SYMGRP'.A third possibility is to use the interactive programlminit.run in the main directory. An example isshown below, where the user's answer to the queryis indicated by the string after `{>' and followed by`(Answer)'.| QUERY : SYMBOL OR NUMBER OF SPACE GROUP|| Enter: 'nnn': nnn is the new SYMBOL value,| 'a' to abort program execution.1



| ->205 (Answer)Space group: Pa-3 No.:205Crystal system: cubic| QUERY : atomic-units ? (else in Angstrom)|| Enter: 'nnn': nnn is the new value for| atomic-units,| default value=T| 'a' to abort program execution.| '/' to accept default value| ->T (Answer)Now enter lattice parameters...| QUERY : a :lattice parameter|| Enter: 'nnn': nnn is the new a value,| 'a' to abort program execution.| ->11.2683 (Answer)LATPAR: PLAT ALAT=11.26831.00000 .00000 .00000.00000 1.00000 .00000.00000 .00000 1.00000| QUERY : Z = nuclear charge of class 1|| Enter: 'nnn': nnn is the new Z value,| 'a' to abort program execution.| 'q' to quit| ->28 (Answer)| QUERY : CLABL = label of class 1|| Enter: 'nnn': nnn is the new CLABL value| default value=Ni| 'a' to abort program execution.| '/' to accept default value| ->NI (Answer)| QUERY : Z = nuclear charge of class 2|| Enter: 'nnn': nnn is the new Z value,| 'a' to abort program execution.| 'q' to quit| ->34 (Answer)| QUERY : CLABL = label of class 2|| Enter: 'nnn': nnn is the new CLABL value| default value=Se| 'a' to abort program execution.| '/' to accept default value| ->SE (Answer)| QUERY : Z = nuclear charge of class 3|| Enter: 'nnn': nnn is the new Z value,| 'a' to abort program execution.| 'q' to quit| ->q (Answer)

| QUERY : POS1 = position of NI|| Enter: 'nnn': nnn is the new POS1 value| default value=0. 0. 0.| 'a' to abort program execution.| '/' to accept default value| ->/ (Answer)| QUERY : POS1 = position of SE|| Enter: 'nnn': nnn is the new POS1 value| default value=0. 0. 0.| 'a' to abort program execution.| '/' to accept default value| ->.383 .383 .383 (Answer)ADDBAS: The basis has been extended from2 to 12 atoms.The new positions are:ATOM=NI POS= .500 .500 .000ATOM=NI POS= .000 .500 .500ATOM=NI POS= .500 .000 .500ATOM=SE POS= -.383 -.383 -.383ATOM=SE POS= .117 .883 .383ATOM=SE POS= .883 .117 -.383ATOM=SE POS= .383 .117 .883ATOM=SE POS= .883 .383 .117ATOM=SE POS= -.383 .883 .117ATOM=SE POS= .117 -.383 .883SHOSYM: Bravais system : cubicBravais lattice: cubic primitiveCentring type : PCrystal family : cubicCrystal system : cubicPoint group : m-3Space group : Pa-3 (205)The resulting CTRL �le looks like this:HEADER Ni4Se8, cubic primitiveVERS LMASA-46SYMGRP NGEN=3 GENGRP=I R3D MX:(.5,.5,0)SPCGRP=Pa-3STRUC ALAT=11.2683PLAT=1 0 00 1 00 0 1CLASS ATOM=NI Z=28 R=2.558ATOM=SE Z=34 R=3.214SITE ATOM=NI POS=0.000 0.000 0.000ATOM=NI POS=0.500 0.500 0.000ATOM=NI POS=0.500 0.000 0.500ATOM=NI POS=0.000 0.500 0.500ATOM=SE POS=0.383 0.117 -.117ATOM=SE POS=-.383 -.117 0.117ATOM=SE POS=-.117 0.383 0.117ATOM=SE POS=0.117 -.383 -.117ATOM=SE POS=0.117 -.117 0.383ATOM=SE POS=-.117 0.117 -.383ATOM=SE POS=0.383 0.383 0.383ATOM=SE POS=-.383 -.383 -.3832. The next step is to �nd the size of the atomic2



spheres. First mu�n-tin (MT) radii are found bylmhart.run and inserted into the CTRL �le. Theresult of this run is shown below.HEADER NiSe2 Pyrit (Acta Chem. Scand.v. 23 p. 2325 1969)VERS LMASA-46STRUC NBAS=12 NCLASS=2 NL=4 ALAT=11.2683PLAT=1 0 00 1 00 0 1CLASS ATOM=NI Z=28 R=2.41776510ATOM=Se Z=34 R=2.28352037SITE ATOM=NI POS=0.000 0.000 0.000ATOM=NI POS=0.500 0.500 0.000ATOM=NI POS=0.500 0.000 0.500ATOM=NI POS=0.000 0.500 0.500ATOM=Se POS=0.383 0.117 -.117ATOM=Se POS=-.383 -.117 0.117ATOM=Se POS=-.117 0.383 0.117ATOM=Se POS=0.117 -.383 -.117ATOM=Se POS=0.117 -.117 0.383ATOM=Se POS=-.117 0.117 -.383ATOM=Se POS=0.383 0.383 0.383ATOM=Se POS=-.383 -.383 -.383SYMGRP NGEN=3 GENGRP=I R3D MZ:(.5,0,.5)SCALE SCLWSR=TSTARTThe two tokens (R=) with the MT-radii in a.u.have been inserted in category CLASS.3. The overlap between the WS-spheres is checkedby the lmovl.run program. By inserting the cate-gory SCALE with the token SCLWSR=T the MT-spheres will be scaled to volume �llingWigner-Seitz(WS) spheres. The result written to standard outlooks like (the output has been edited to �t intothis documentation):IB JB CL1 CL2 DIST SUMRS 1/d 1/s1 1/s2=========================================1 5 NI Se .42 .55 31 46 49-----------------------------------------5 1 Se NI .42 .55 31 49 465 6 Se Se .41 .53 31 47 47-----------------------------------------Each line displays two neighboring atoms with WS-radii s1 and s2, and the distance between themd. Under `1/d', `1/s1', and `1/s2' are the resultsof s1+s2�dd , s1+s2�ds1 , and s1+s2�ds2 , respectively, inpercent. A `rule of thumb' is that `1/d' for twoatomic spheres should be smaller than 15%, whilean atomic and an interstitial sphere are allowed tooverlap by 20%. However, if the two sphere radiiare very much di�erent, one should check `1/s1',where s1 is the smallest radius. (A big sphere mayswallow a small sphere.)In the present case `1/d', is much larger than 15and interstitial spheres have to be inserted.4. Interstitial spheres are found by the lmes.run pro-gram. The resulting CTRL �le is shown below.Notice that the token SCLWSR=T is ignored bythis program.

HEADER NiSe2 Pyrit (Acta Chem. Scand.v. 23 p. 2325 1969)VERS LMASA-46STRUC NBAS=36 NCLASS=3 NL=4 ALAT=11.2683PLAT=1 0 00 1 00 0 1CLASS ATOM=NI Z=28 R=2.41776510ATOM=Se Z=34 R=2.28352037ATOM=E1 Z= 0 R=1.53150056SITE ATOM=NI POS=0.0000 0.0000 0.0000ATOM=NI POS=0.5000 0.5000 0.0000ATOM=NI POS=0.5000 0.0000 0.5000ATOM=NI POS=0.0000 0.5000 0.5000ATOM=Se POS=0.3830 0.1170 -.1170ATOM=Se POS=-.3830 -.1170 0.1170ATOM=Se POS=-.1170 0.3830 0.1170ATOM=Se POS=0.1170 -.3830 -.1170ATOM=Se POS=0.1170 -.1170 0.3830ATOM=Se POS=-.1170 0.1170 -.3830ATOM=Se POS=0.3830 0.3830 0.3830ATOM=Se POS=-.3830 -.3830 -.3830ATOM=E1 POS=-.2148 -.3193 -.0960ATOM=E1 POS=0.2148 0.3193 0.0960ATOM=E1 POS=-.3193 -.0960 -.2148ATOM=E1 POS=-.0960 -.2148 -.3193ATOM=E1 POS=0.3193 0.0960 0.2148ATOM=E1 POS=0.0960 0.2148 0.3193ATOM=E1 POS=-.2851 0.3193 0.4039ATOM=E1 POS=-.1806 0.0960 0.2851ATOM=E1 POS=0.2851 -.3193 -.4039ATOM=E1 POS=0.1806 -.0960 -.2851ATOM=E1 POS=0.0960 0.2851 -.1806ATOM=E1 POS=0.2148 0.1806 -.4039ATOM=E1 POS=-.0960 -.2851 0.1806ATOM=E1 POS=-.2148 -.1806 0.4039ATOM=E1 POS=0.3193 0.4039 -.2851ATOM=E1 POS=-.3193 -.4039 0.2851ATOM=E1 POS=0.2851 -.1806 0.0960ATOM=E1 POS=0.1806 -.4039 0.2148ATOM=E1 POS=-.2851 0.1806 -.0960ATOM=E1 POS=-.1806 0.4039 -.2148ATOM=E1 POS=0.4039 -.2851 0.3193ATOM=E1 POS=-.4039 0.2851 -.3193ATOM=E1 POS=-.4039 0.2148 0.1806ATOM=E1 POS=0.4039 -.2148 -.1806SYMGRP NGEN=3 GENGRP=I R3D MZ:(.5,0,.5)SCALE SCLWSR=TSTARTThe program found 24 interstitial spheres, allequivalent, with a sphere radius between 1.25and 4.5 a.u. These limits are default and canbe changed. Notice that the tokens in categorySTRUC have been updated.5. Check the overlap again with lmovl.run. Standardout now looks like:IB JB CL1 CL2 DIST SUMRS 1/d 1/s1 1/s2=========================================1 5 NI Se .42 .47 13 22 231 20 NI E1 .35 .40 13 18 29-----------------------------------------3



5 1 Se NI .42 .47 13 23 225 6 Se Se .41 .46 13 23 235 14 Se E1 .34 .38 13 19 285 15 Se E1 .38 .38 1 1 25 17 Se E1 .34 .38 13 19 285 22 Se E1 .34 .38 13 19 285 23 Se E1 .34 .38 13 19 285 29 Se E1 .38 .38 1 1 25 31 Se E1 .34 .38 13 19 285 34 Se E1 .34 .38 13 19 285 35 Se E1 .38 .38 1 1 25 36 Se E1 .34 .38 13 19 28-----------------------------------------13 2 E1 NI .35 .40 13 29 1813 6 E1 Se .34 .38 13 28 1913 7 E1 Se .38 .38 1 2 113 8 E1 Se .34 .38 13 28 1913 12 E1 Se .34 .38 13 28 1913 15 E1 E1 .27 .31 12 21 2113 25 E1 E1 .30 .31 1 2 2-----------------------------------------The maximumoverlap is 13% which is �ne and onecan proceed.6. Complete the CTRL �le with the lmctl.run pro-gram, but �rst insert the category IO and the tokenVERBOS=50 to ensure that all default values areinserted.HEADER NiSe2 Pyrit (Acta Chem. Scand.v. 23 p. 2325 1969)VERS LMASA-46IO VERBOS=50 HELP=F WKP=F IACTIV=FERRTOL=2 OUTPUT=* ERR=*STRUC NBAS=36 NCLASS=3 NL=3 ALAT=11.2683PLAT=1 0 00 1 00 0 1OPTIONS NSPIN=1 REL=T CCOR=T NONLOC=F NRMIX=2CORDRD=F NITATOM=5CHARGE=F FATBAND=T AFM=F FS=F Q=CLASS ATOM=NI Z=28 R=2.72719158 LMX=2CONF=4 4 3 4 IDXDN=1 1 1ATOM=SE Z=34 R=2.57576616 LMX=2CONF=4 4 4 4 IDXDN=1 1 2ATOM=E1 Z= 0 R=1.72750257 LMX=2CONF=1 2 3 4 IDXDN=1 2 2SITE ATOM=NI POS=0.0000 0.0000 0.0000ATOM=NI POS=0.5000 0.5000 0.0000ATOM=NI POS=0.5000 0.0000 0.5000ATOM=NI POS=0.0000 0.5000 0.5000ATOM=SE POS=0.3830 0.1170 -.1170ATOM=SE POS=-.3830 -.1170 0.1170ATOM=SE POS=-.1170 0.3830 0.1170ATOM=SE POS=0.1170 -.3830 -.1170ATOM=SE POS=0.1170 -.1170 0.3830ATOM=SE POS=-.1170 0.1170 -.3830ATOM=SE POS=0.3830 0.3830 0.3830ATOM=SE POS=-.3830 -.3830 -.3830ATOM=E1 POS=0.2851 -.1806 0.0960ATOM=E1 POS=-.2851 0.1806 -.0960ATOM=E1 POS=0.0960 0.2851 -.1806ATOM=E1 POS=-.0960 -.2851 0.1806ATOM=E1 POS=0.1806 -.0960 -.2851
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EWALD NKDMX=250 AS=2 TOL=.000001SCELL PLAT=1 0 00 1 00 0 1 EQUIV=THARTREE BEGATOM=T LT1=2 LT2=2 LT3=2DOS NOPTS=2001 EMIN=-1.3 EMAX=0.7SYML NQ=30 Q1=0.0 0.0 0.0 LAB1=gQ2=0.5 0.5 0.0 LAB2=MNQ=20 Q1=0.5 0.5 0.0 LAB1=MQ2=0.5 0.0 0.0 LAB2=XNQ=20 Q1=0.5 0.0 0.0 LAB1=XQ2=0.0 0.0 0.0 LAB2=gNQ=35 Q1=0.0 0.0 0.0 LAB1=gQ2=0.5 0.5 0.5 LAB2=RFINDES RMINES=1.25 RMAXES=4.5NRXYZ=72 72 72This is a complete CTRL �le. The meaning of onlya few of these tokens is necessary in order to runthe program, however, a complete list with a de-scription of each token is given in SectionV.7. Before calculating the TB real space structure con-stants S� and _S� for the combined correction termby the lmstr.run program, the verbosity is low-ered by changing VERBOS= to 40 in category IO(VERBOS= determines how much output of thecalculation is written to standard out). Further-more, NL= is set to 3 (NL= is the maximumnum-ber of `'s on any site, which has the default value of4), because in this example f-partial waves are notneeded. S� only depends on the structure and thenumber of partial waves included, while _S also de-pends on the WS-radii. If these are changed duringthe calculations, the structure constants have to berecalculated.8. A self-consistent-�eld (SCF) calculation can nowbe performed using the program lm.run. If self-consistency is not achieved within the speci�ednumber of iterations (10 in the present case, thetoken NIT= in category START), the iterationscan be continued using as start values, the infor-mation (potentials, potential parameters, etc.) inthe atomic �les which were generated by lm.run.If it is decided to start the SCF calculation fromscratch, then the atomic �les and the MIXM �lemust be erased. In the present case the programwas converged before the 10th iteration. However,the default values for the k-mesh in the Brillouinzone are small (4 divisions along each of the prim-itive reciprocal translation vectors, see token NK-ABC= in category BZ).9. lm.run is executed again with a larger number ofk-points. This is only necessary for a metal wherethe Fermi energy and the Fermi surface must beaccurately determined. For a semiconductor, a fewk-points su�ce. Change token NKABC= to e.g.16 16 16 in category BZ. In category START, thetokens BEGMOM= and CNTROL= are set to F.This tells the program to start with a band struc-ture calculation and with the self consistent poten-tial parameters in the atomic �les instead of theguesses in the CTRL �le.

10. After the SCF solution to the problem has beenfound, the results are analyzed. First, the bandstructure along lines in k-space is calculated us-ing lmbnd.run. The default values for the lines aregiven in category SYML. If orbital projected bands(fat bands) are needed the token FATBAND=mustbe changed to T in category OPTIONS. The bandstructure is plotted by gnubnd.exec as described inSection XE.11. The atom and orbital projected densities of states(DOS) are calculated by lmdos.run. The defaultvalues for the energy window and the mesh pointsare given in category DOS and they must bechanged appropriately. To get nice curves alsofor semiconductors an iteration with more k-pointsshould be performed by lm.run as described above.The DOS is plotted by gnudos.exec as described inSection XF.12. The full charge density is calculated by lm.run inthe charge mode i.e. the token CHARGE= is set toT in category OPTIONS. If the electron localiza-tion function (ELF) is also needed, the token ELF=is set to T in category CHARGE. The r-mesh onwhich these functions are calculated is given in cat-egory PLOT which must be changed. The plots areperformed by gnucharge.exec as described in Sec-tion XC if token FORMAT=1 in category PLOTor with Data Explorer if FORMAT=3.13. The Fermi surface data is calculated by lm.run ifthe token FS= is set to T in category OPTIONS.This can be plotted by gnufs.exec as described inSection XG (Note that not all structures are im-plemented yet!), or by Data Explorer.III. ORGANIZATION OF TB-LMTO PROGRAMSA. Content of the main directoryAll executable programs are in the main directory. TheTB-LMTO package consists of four classes of programs.(i) Programs to construct and check the data in themain input �le (CTRL):lminit.run generates a CTRL �le with the structuraldata.lmhart.run generates overlapping potentials fromatomic Hartree potentials or �nds MT-radii.lmovl.run calculates and displays sphere overlaps.lmes.run �nds interstitial spheres.lmctl.run rewrites the CTRL �le according to the pa-rameters in the original CTRL and atomic �les and in-serts default values.lmscell.run increases the basis for super cell calcula-tions.lmnghbr.run produces a table of neighbors for eachatom.(ii) Programs to calculate the structure constants andperforme self-consistent calculations:lmstr.run generates the structure constants.lm.run is the main LMTO program performing self-consistency iterations.(iii) Programs to calculate the data to be displayed:5



lmbnd.run generates bands for plotting.lmdos.run generates DOS for plotting.lm.run generates output for lmdos.run and charge den-sity for plotting. (This is the same as under (ii) above,but run with di�erent options.)(iv) Plot programs. The programs with extension execwill (1) execute the program with the same name but ex-tension run, which produces data �les for the GNUPLOTprogram, (2) call the GNUPLOT program to make theplot, and (3) delete the temporary data �les.gnudos.exec: For density of states plot.gnubnd.exec: For energy bands plot.gnupot.exec: For contour plot of Hartree potentials.gnucharge.exec: For charge density plots.gnufs.exec: For Fermi surface plots.All these executable programs are made by the UNIXmake command which compiles and links the sourcecodes in the subdirectories. All information about howthis should be done is in the make�le, which is also lo-cated in the main directory. The main programs for the�rst three classes of programs above are made from thecontent of the �le lmall.f in the main directory. This isdone by make using the information in make�le, getmainin the subdirectory utilities, and the program ccomp.ccomp and its source ccomp.c are in the main directory,and the latter is the only program written in the lan-guage C. For a description of ccomp.c see Appendix A.The reason why the main programs are constructed inthis way is that when changes are made, this only has tobe done once, namely in lmall.f.1. Dimensions/size of the programSince the program is written in FORTRAN77 no truedynamical memory allocation can be performed. How-ever, a `semi-dynamical memory allocation' procedure isimplemented. Apart from small �xed size arrays all ar-rays are stored in a work-array called w in the main pro-grams. At the time a new array is needed, say the Hamil-tonian, its size is calculated and space for it is allocated inthe work array. When the array it not needed anymore,the space is freed and other arrays can be stored in thesame place. This prevents `over-dimensioning'. The sizeof the work array, however, depends on the size of theproblem i.e. number of atoms, number of k-points, num-ber of partial waves, etc. The size of the work array isgiven by wksize in the main programs. If wksize is toosmall for the problem at hand the program will abort,requesting increase of wksize.B. Content of the subdirectoriesAfter installation of the package each subdirectory con-tains �les of source codes (.f or .c) and object codes (.o).Each �le contains one main program or one subroutine.These are linked together by the UNIX make commandto executable programs (.run) using the make�le.

1. Main programsMAIN: All main programs. These are generated bymake as described above.MAINA: Some subroutines which have to be linkedto the main program and some routines to calculate theHartree potential.2. Structure related routinesTBSTR: Real-space tight-binding structure constantsS� and _S� for combined-correction term.FINDES: Programs to �nd interstitial spheres.HARTREE: Programs to calculate Hartree potentials.3. Atomic programsATOM: Produces potential parameters (pp) and otheratomic information from the moments. Non-relativisticcalculations may be performed by setting REL=F in cat-egory OPTIONS. One can choose between the von Barth-Hedin or the Cheperly-Alder local density exchange cor-relation potential. The Langreth-Mehl-Hu and Perdew-Wang gradient corretions are also implemented.4. Solid state programsBNDASA: Calculates energy bands and evaluates themoments.TETRA: Sets up the k-points and weights for k-spaceintegration using the tetrahedron method.DOS: Evaluates the density of states.MAD: Evaluates the Madelung potential and energy.DENS: Calculates full charge density and the ELF.SYM: Generates all operations in a space group froma set of generators. This is used to determine the k-points in the irreducible part of the Brillouin zone, andto symmetrize the density matrix which is only calculatedin the irreducible BZ.5. Utility subdirectoriesLMIO: Input of the CTRL �le using library in IOLIB.IOLIB: Fortran support for input and �le handling.IOCTRL: Programs to write the CTRL �le.EISP: Matrix diagonalization routines.LINP: Linear algebra routines.BLAS: Basic linear algebra routines.EXTENS: Various utility routines and machine con-stants.utilities: Some utility programs used by make�le.6. PlotsPLOT: Programs to produce the data �les used byGNUPLOT. This is the only subdirectory where the pro-grams are not split into subroutines.6



IV. DATA FILESThe names of the data �les given below should be used,though the actual name depends on the operating sys-tem. The name of the program which produces the data�le is given in parentheses.CTRL: An input and documentation �le for all pro-grams. All data in this �le are described in detail inSection V.POT: Overlapping Hartree potential. (lmhart.run)ATOM-NAME: There is one �le assigned to each in-equivalent atom. A complete �le (one generated in theatomic program) contains some general information, themoments, potential parameters and the ASA or Hartreepotential and core density within the sphere. The mo-ments and potential parameters are most commonly readfrom this �le, but it is possible to input the moments orthe potential parameters from the CTRL �le instead, inwhich case these �les need not be present at the start ofa run. The name ATOM-NAME is �xed by the stringfollowing ATOM= in the CLASS category of the CTRL�le.The atomic �le also has categories delimited by a non-blank character in the �rst column. The categories are:GEN: A table of output generated by the ATOM pro-gram. MOMNTS: The P's and moments Q. PPAR: Thepotential parameters. POT: The potential without thenuclear part (-2Z/r). The lmhart.run stores the Hartreeatomic potential here, but after the run the atomic �lesare removed in order that they are not used by mistakeas starting potentials in the SCF run. COR: The coreelectron density. PHI: � and _�.None of these categories is essential unless the informa-tion is required. For example, if you begin with a bandcalculation, it is essential that the potential parametersbe present either here or in the CTRL �le. If you beginwith the moments, the moments must be present eitherhere or in the CTRL �le. Like in the CTRL �le, thedata is formatted. Having the potential present, facil-itates the iterations towards self-consistency within thesphere. (lmhart.run and lm.run)STR: Unformatted structure constant �el and _S �le forcombined correction term. (lmstr.run)MIXM: This �le contains moments and potential pa-rameters from previous iterations for the Anderson orBroyden mixing. If you want to start again, and avoidusing any previous iterations towards the next iteration,then erase the mixing �les. This should be done if youchange the input in such a way that it is expected to makea signi�cant change in the self-consistent moments, suchas if you change the IDMOD parameters, for example.(lm.run)MOMS: Moments belonging to each eigenvalue (eigen-vectors are only summed over the di�erent magneticstates m) (lm.run)BAND: Eigenvalues and angular momentum weightsfor density of states calculation. (lm.run)LMDM: Density matrix used for full charge densitycalculation. (lm.run)RHO: Full charge density (Including core if the tokenADDCOR=T in category CHARGE). (lm.run)RHOv: Valence charge density (Only produced if tokenADDCOR=T in category CHARGE). (lm.run)

RHOc: Core charge density (Only produced if tokenADDCOR=T in category CHARGE). (lm.run)RHOS: spin density (Only produced if token SPIN-DENS=T in category CHARGE). (lm.run)BNDS: Energy bands. (lmbnd.run)EIGN: Eigenvalues and full eigenvectors in the orthog-onal representation - for `fatbands' plot. Note that this�le can be big and in case `fatbands' are not needed, settoken FATBAND=F in category OPTIONS. (lmbnd.run)DOS: Atom and orbital projected densities of states.(lmdos.run)V. DESCRIPTION OF THE CTRL FILE,CATEGORIES AND TOKENSExamples of CTRL �les are shown in Section II.The control �le is the main input �le, which can alsoserve to document a calculation. Data is read from thecontrol �le by categories, one category at a time. A cate-gory begins with a nonblank character in the �rst column;it ends with the next occurrence of one. The name of thecategory is the string that begins the category; e.g. thecategory `STRUC' begins with `STRUC' and ends before`CLASS'. Data within a category is identi�ed by a token,e.g. NSPIN=. Categories can occur in any order, butonly the �rst category of a given name is used. Apartfrom a mild exception described later, the order of to-kens within a category is also irrelevant. Only the 72�rst characters in each line are read and a # works as anend-of-line character. See the documentation in IOLIBfor a detailed description of the input procedures.Four programs modify the CTRL �le: lmhart.run in-serts MT-radii, lmes.run inserts interstitial spheres, lm-ctl.run inserts default values for tokens not already spec-i�ed in the CTRL �le, and lmscell.run inserts datafrom the single cell to the super cell. The latter twochanges the sphere radii to space �lling spheres if tokenSCLWSR=T in category SCALE.A complete list of categories and an explanation ofeach token is given below. Each subsection contains thename of the category and each `subsubsection' containsthe name of the token.A. Category HEADER (optional)Provides space to describe the contents of the control�le. B. Category VERS1. Token LMASA- of cast integerIs the version number to ensure compatibility of theCTRL �le with the executing program. The programwillsend a warning message if the version number is incorrect,but it will not stop.7



C. Category IO (optional)1. Token HELP= of cast logical (optional)T: print a list of tokens and data appropriate for thisprogram, without reading anything.2. Token VERBOS= of cast integer (optional)Is an integer that determines the verbosity of outputa program sends to standard out. The output is roughlyas follows:0: nearly nothing is printed 10: very terse 20: terse30: normal 40: normal 50: verbose 100: low-level debug-ging 110: intermediate level debugging 120: high-leveldebugging.3. Token WKP= of cast logical (optional)Is a switch that turns on the `debug' mode in the dy-namic memory routines. An e�ective heap is declared asa single integer array in the main program. Pieces areapportioned dynamically by calls to routine defdr.f andothers. They can be `released' to be reused. You canwatch the memory grow and shrink if this is turned on.4. Token IACTIV= of cast logical (optional)Is a switch that turns on the `interactive' mode. Whenthis mode is on, you have an option to abort programexecution, change the verbosity, turn on the work arraydebug switch WKP= , or sometimes to change a value ofa single variable that may be passed to query. There isalso the option to turn o� the interactive mode. At theprompt, enter either a simple carriage return, or one ofthe following: `Vnnn', where nnn is the new verbosity;`W' to toggle printing of work array; `I' to turn o� inter-active prompt; `A' to abort program execution or, in thecase when a variable is passed, you may also enter `Snnn',where nnn is a number (or T or F for logical variable);to change the value of that variable.5. Token ERRTOL= of cast integer (optional)An error or inconsistency discovered by the program isassigned an integer error code from 0 to 4. If the errorcode is larger or equal to the value of ERRTOL, the pro-gram will stop. The meaning of the error codes are: 0;information, 1; warning, 2; error (this is the default), 3;severe error, meaning that the results cannot be trusted,4; fatal error, the program will always stop. For ER-RTOL > 4, ERRTOL is set to 4. For ERRTOL={1 allerrors will be ignored and the program will continue.6. Token OUTPUT= of cast character (optional)A �le name to which standard out is routed. OUT-PUT=* means standard out.

7. Token ERR= of cast character (optional)A �le name to which standard error is routed. ERR=*means standard error.D. Category STRUC1. Token NBAS= of cast integer (optional)Is the number of atoms in the basis. This is not usedas an input to the calculation.2. Token NCLASS= of cast integer (optional)Is the number of classes (inequivalent atoms not re-lated by symmetry). This is not used as an input to thecalculation. 3. Token NL= of cast integerMaximumnumber of ` values on any sphere. This neednot be given.4. Token ALAT= of cast doubleIs a scaling factor, in atomic units (Bohr radii), of theprimitive translation and basis vectors.5. Token PLAT= of cast double and length 9Are primitive translation vectors, t1; t2; t3, in units ofALAT and in Cartesian coordinates. The order is asfollows: t1xt1yt1zt2xt2yt2zt3xt3yt3z.6. Token FIXLAT= of cast logical (optional)The programs may rotate and translate the lattice inorder to obtain the standard choice of the cell and theorigin. FIXLAT=T prevents teh rotation and translationif it is not wanted. (default FIXLAT=F)E. Category OPTIONS (optional)Is self explanatory.1. Token NSPIN= of cast integer (optional)Must be 1 for non-spin-polarized or 2 for spin-polarizedcalculations.2. Token REL= of cast logical (optional)T: The scalar relativistic wave equation is solved. F:The non-relativistic Schr�odinger equation is solved.8



3. Token CCOR= of cast logical (optional)Turns on the combined correction. Program lmstr.runalways calculates the _S�. They are stored in a �le SDOTfor use by program lm.run and lmbnd.run, which will in-clude the combined correction into the LMTO Hamilto-nian and overlap matrices when this switch is set to T.4. Token NONLOC= of cast logical (optional)Turns on the non-local exchange correlation. NRXC=1and NONLOC=T Langreth, Mehl and Hu nonlocalcorrection to the v. Barth, Hedin parametrization.NRXC=2 and NONLOC=T Perdew-Yue correction tothe Vosko-Ceperley-Alder parametrization. NRXC=4and NONLOC=T the Perdew-Wang 91 GGA. Note:NRXC=3 and NONLOC=T not possible.5. Token NRMIX= of cast integer (optional)Determines the number of previous iterations in thecharge density to mix when making a sphere self-consistent. Anderson or Broyden mixing can be used tomix the charge density to facilitate convergence. Prac-tical experience has shown that NRMIX=2 works well(this is the default), and normally you should not need toworry about this parameter. It may occasionally happenthat the sphere program will not converge with Andersonmixing, in which case you should set NRMIX to 0.6. Token Q= of cast character (optional)BAND, MAD, ATOM, SHOW make the program stopafter the band structure calculation, the Madelung cal-culation etc.7. Token CORDRD= of cast logical (optional)T: reads the core density from the atomic �le. Thecore density is not calculated inside the atomic loop butkept frozen. (Default is F.)8. Token NITATOM= of cast integer (optional)Number of atomic iterations. To make any atom self-consistent NITATOM=80 su�ces. However, there is noneed for fully self-consistent atoms in the beginning ofthe band structure loops since the moments are not fullyself-consistent. The default is 5.9. Token NRXC= of cast integer (optional)With the token NRXC in category it is possible toselect the exchange correlation functional. Supplied are:(default NRXC=1)NRXC=1 |> v. Barth & HedinNRXC=2 |> Vosko / Ceperley & Alder

NRXC=3 |> Perdew & Zunger / Ceperley & AlderNRXC=4 |> Perdew & Wang 9110. Token CHARGE= of cast logical (optional)T: Full charge density is calculated. Other Tokens areautomatically set to the right values. (Only active forlm.run.)11. Token FATBAND= of cast logical (optional)T: a �le (EIGN) is produced by lmbnd.run containingthe eigenvalues and eigenvectors. This is used by the plotprogram to give the energy bands a width proportionalto speci�ed orbital characters. The default is F.12. Token AFM= of cast logical (optional)T: Anti ferromagnetic calculation. I.e. the electronicstructure is only calculated for one spin direction. Itshould be noticed that the atoms in the two spin sublat-tices must occur in exactly the same order in the CTRL�le as explained in Section IX.13. Token FS= of cast logical (optional)T: The program lm.run produces a �le LMFS, whichcan be used to plot the Fermi surface.14. Token OVLCOR= of cast logical (optional)T: A correction for the sphere overlap is added to thehamiltonian and overlap matrices. This is not well op-timized, therefore, it is recommended to use the defaultvalue F.15. Token WRIBAS= of cast logical (optional)T: The lmctl.run program will create a �le cstruc.dxwith all atomic positions within the volume de�ned incategory PLOT. This can be used by DATA EXPLORERto make a plot of the structure. If lmctl.run is executedinteractively (token IACTIV=T in category IO) the col-ors and the `sticks' connecting the atoms can be chosen,otherwise they are chosen by the program.16. Token CARTESIAN= of cast logical (optional)T: express the basis atoms in cartesian coordinates (de-fault). F: express the basis atoms in units of the conven-tional lattice vectors PLATCV. In the later case the to-ken POS= is replaced by POS1=. Also the translationalpart of the symmetry operations are expressed in unitsof PLATCV ( ':' is replaced by '::'). Example: I::(0,0,.5)is an inversion with translation vector platcv(3)/2.9



F. Category CLASSContains information relevant to parameters insideatomic spheres for each inequivalent atom.1. Token ATOM= of cast characterA one{ (or more) character string naming the atomof that class. This string names the disk �le { at leastfor some operating systems { that will hold importantinformation about that atom (potential parameters, mo-ments, potential etc.), and is used elsewhere in the input(see categories SITE and START below) to identify aparticular atom. Following the token ATOM=, severaltokens are sought:2. Token NEWNAM= of cast logical (optional)T: the labels of the atoms are changed and uni�ed (justtry it out). 3. Token Z= of cast doubleThe nuclear charge of the atom. For interstitial spheresZ=0. 4. Token R= of cast double (optional)The sphere radius, in atomic units (Bohr radii).5. Token R/W= of cast double (optional)Alternatively to token R=, the ratio of the sphere ra-dius to the average Wigner Seitz radius. The averageWSR is de�ned such that if all R/W were 1, the sum ofall sphere volumes would �ll space.6. Token LMX= of cast integer (optional)The maximum ` quantum number inside the sphere.7. Token IDXDN= of cast integer and length 4 (optional)Can take the value 0, 1, 2, or 3, for each `. Thisdetermines if the partial wave should be treated as low(1), intermediate (2) (i.e. it will be downfolded), or high(3) (i.e. it will be thrown away). If IDXDN=0; then theprogram decides if the partial wave should be treated aslow, intermediate, or high.8. Token CONF= of cast integer and length 4 (optional)Con�guration i.e. a principal quantum number. Thisdetermines which states will be treated as core states. Foreach ` all states with principal quantum number smallerthan that given by CONF will be treated as core states.

9. Token IDMOD= of cast integer and length 4 (optional)Is a set of integers, one for each `-channel. IDMODcontrols how the potential parameter E� changes fromone iteration to the next in a self-consistency cycle.IDMOD=0 lets the E� 's shift to the center of gravityof the occupied part of the band (this is the default);IDMOD=1 essentially freezes the logarithmic deriva-tive of the wave function phi at the sphere radius;IDMOD=2 freezes the E� 's from one iteration to thenext.Because data must be read for each atom, tokens arerepeated (once for each class). For that reason, there issome restriction as to the order of tokens. Tokens Z=,R=, R/W=, LMX= and CONF= must follow the tokenATOM= they are associated with and precede the nexttoken ATOM=. G. Category SITEHolds site information.1. Token ATOM= of cast characterIs needed to identify which atom in category CLASSthat site belongs to. Similarly to category CLASS, oneset of tokens is read for each site in the basis, and thereis a similar restriction on the order of tokens.2. Token POS= of cast double and length 3Is the basis vector, in units of ALAT and in Carte-sian coordinates. Some of the programs require the mostcompact basis position i.e. positions closest to the origin.These new positions are calculated by the programs andwritten back into the CTRL �le.H. Category SYMGRP (optional)Provides information to con�ne integrations to asmaller part of the Brillouin zone. One enters a smallnumber of space group operations; subroutines in thesubdirectory SYM will generate all inequivalent productsof these operations. For example, the three operationsR4X, MX and R3D are su�cient to generate all 48 ele-ments of the cubic octahedron symmetry. Symbols havethe form O:(nx,ny,nz) where O is one of M, I or Rj formirror, inversion and j-fold rotation; and nx,ny,nz are atriplet of indices specifying the axis of operation. Youmay use X, Y, Z or D as shorthand for (1,0,0), (0,1,0),(0,0,1), (1,1,1). You may also enter products, such asI*R4X. Since these operations restrict numerical integra-tion to a portion of the BZ, it is important that the classde�nitions in category CLASS are compatible with theseoperations. If these operations must assume two atomsto be equivalent but are not so de�ned in CLASS, theelectron density in those two atoms may not be equiva-lent. For non-symmorphic space groups the translationalpart of the group operation must also be speci�ed (this10



is only used for calculating the density matrix, i.e. forcharge density calculation). This is done by adding afterthe rotational part :(rx,ry,rz). I. e. for the NiSe2 exampleabove MZ:(0.5,0,0.5).1. Token NGEN= of cast integer (optional)The number of generators that follows.2. Token GENGRP= of cast integer (optional)The names of the generators separated by a blank.3. Token USESYM= of cast logical (optional)T: The space group generated from the generators isused. This may be useful if the calculation has to be per-formed for a lower symmetry than the actual symmetryof the solid. F: The space group of the solid is found bythe program and used in the calculation. Furthermore,if some atoms are missing in category SITE they will beadded to the basis. I.e. only one of the equivalent atomsmust be supplied in SITE. After the basis has been com-pleted it is recommended to use USESYM=F.I. Category SCALEContains information about scaling the sphere radii.1. Token SCLWSR= of cast logical (optional)T: Scale the sphere radii. F: Do not scale.2. Token FACVOL= of cast double (optional)Scale the sphere volumes to FACVOL� the unit cellvolume. Default is FACVOL=1.3. Token OMMAX1= of cast double (optional)Scale to an overlap (s1+s2{d)/d < OMMAX1, keepings1/s2 ratio. s1 and s2 are the two sphere radii and d isthe distance between the centers of the spheres.4. Token OMMAX2= of cast double (optional)Scale to an overlap (s1+s2{d)/s < OMMAX2, keep-ing s1/s2 ratio. s1 and s2 are the two sphere radii, s isthe smallest of these, and d is the distance between thecenters of the spheres.

5. Token GAMMA= of cast double (optional)Linear scaling of radii to space �lling volume. s(new)= a(s(old)+b), where ab=GAMMA(a-1) � the averageWigner-Seitz radius.J. Category STRContains information for the structure constant pro-gram. Real space tight-binding structure constants aregenerated for a cluster of atoms inside RMAXS�Waround each basis atom by `inversion' using Choleskydecomposition. See the explanation in the subdirectoryTBSTR.1. Token EKAP= of cast double (optional)Kappa square. The default is zero, but the programworks for positive as well as negative kappas. Alterna-tively EW**2 may be used as input.2. Token EW**2= of cast double (optional)(Kappa�average Wigner-Seitz radius) squared.3. Token IALPHA= of cast integer (optional)0; � = jl(kappa�SIGMA�sR )=nl(kappa�SIGMA�sR) is used. IALPHA= 1, �'s are calculated in the pro-gram. IALPHA= 2, � and _� must be supplied in theCTRL �le (ALPHA0, ADOT, and NOALPH must begiven). Explanation(IALPHA=1): � and _� depend onkappa. The canonical �'s only applies for kappa=0. Op-timal�'s (leading to screening for non-zero kappa's) havebeen calculated as a function of kappa and a �t formulahas been found. This is used to calculate the �'s. IfIALPHA<0 (i.e. -1 or -2) and lmopt.run is run, thennew �'s are not calculated, but the two-center integralsare calculated for the interpolated or input �'s.4. Token ALPHA0= of cast double (optional)A list of di�erent � values are read into ALPHA0.They are assigned to sites and orbitals by the pointersNOALPH below.5. Token ADOT= of cast double (optional)Same as ALPHA0, but for _�. Only used if CCOR=T.
11



6. Token NOALPH= of cast double (optional)NCLASS*NL (number of classes times max. number of`'s) pointers associating the �'s and _�'s in the ALPHA0and ADOT list with each non-equivalent site and `. I.e.with three non-equivalent sites, nl= 3 and NOALPH= 12 3 1 2 4 1 2 5: The s-orbitals on all sites have the �rst� from the list, the p's have the second alpha, the d onthe �rst site has the third � etc.7. Token SIGMA= of cast double (optional)Screening core radii used to make �'s (see Token IAL-PHA).8. Token DOWATS= of cast logical (optional)T: A `Watson sphere' with a radius enclosing all atomicspheres in the cluster plus DELTR (Token DELTR be-low) � W (=the average Wigner-Seitz radius) is placedaround each cluster of atoms. On this sphere the enve-lope functions expanded in spherical harmonics is zerofor all l's below LMAXW (Token LMAXW below).9. Token DELTR= of cast double (optional)See Token DOWATS above.10. Token LMAXW= of cast integer (optional)See Token DOWATS above.11. Token RMAXS= of cast double (optional)Is the maximum sphere radius (in units of the averageWS) in which neighbors will be included in the generationof structure constants. This takes a default value and isnot required as input. For `strange' structures one shouldcalculate the structure constants for several RMAXS andcheck if the structure constants are converged.12. Token NDIMIN= of cast integer (optional)For the default value of 0, this is ignored. For positivevalues of NDIMIN, the number of sites in the clusteraround each site is determined as the total number oforbitals in the cluster = NDIMIN. The number of orbitalson each site is weighted by WSR(tail)/WSR(head).13. Token ITRANS= of cast integer (optional)This token is only e�ective for the lmstr.run program.It can take three values: 0, the usual TB-structure con-stants; 1 or 2, new structure constants. Default is 0.

14. Token DONALP= of cast logical (optional)T: Plot a screened envelope function: kN i+�k _N i. SeeRef. 10. The following tokens: LDN, MDN, JBASDNand EPS must be supplied.15. Token LDN= of cast integer (optional)See token DONALP. LDN is the `-value of the func-tion. 16. Token MDN= of cast integer (optional)See token DONALP. MDN is the m-value of the func-tion. 17. Token JBASDN= of cast integer (optional)See token DONALP. JBASDN is the atom number onwhich the function is centered.18. Token EPS= of cast double (optional)See token DONALP. EPS is the �-value of the function.19. Token NOCALC= of cast logical (optional)Is available if it is desired to read the structure con-stants from the �le without recalculating them. This ismostly useful if you would like to look at them (by turn-ing the verbosity above 40) without recalculating them.K. Category BZHolds information concerning the numerical integra-tion of energy bands, etc. over the Brillouin Zone. TheLMTO programs are not tied to any particular method,so the desired method must be speci�ed by a token. In allmethods, the BZ is split into a mesh of parallelepipeds.1. Token NKABC= of cast integer and length 3Is the number of divisions of the three primitive re-ciprocal translation vectors. This is preferable to thealternative token MAXKP below, since the divisions canbe chosen so that the step length is about the same alongthe three vectors.2. Token MAXKP= of cast integerIs the maximum number of k-points in the entire Bril-louin zone.12



3. Token TETRA= of cast logical (optional)T: k-space integration by the tetrahedron method. F:integration by sampling. (Don't use F!!! O.J.)4. Token METAL= of cast logical (optional)T: for metals. F: for insulators. If not known or forthe �rst iterations choose T.5. Tokens N=, W=, RANGE=, and NPTS=Parameters used in k-space integration by sampling.6. Token TOL= of cast double (optional)Is the accuracy with which the Fermi level will be de-termined. L. Category EWALD (optional)Holds information controlling the Madelung sums. Thedefaults are almost always adequate; for a detailed de-scription the reader is referred to the documentation onthe Madelung sums in the program in the subdirectoryMAD. For `strange' structures one should check the con-vergence by decreasing the token TOL= (see below).1. Token AS= of cast double (optional)Controls the relative number of lattice vectors in realand reciprocal space.2. Token NKDMX= of cast integer (optional)Maximumnumber of terms in the Ewald sum (used forboth real space and reciprocal space sums)3. Token TOL= of cast double (optional)Is the error criterion for the Ewald sums.M. Category DOSHolds information about the energy mesh in the den-sity of states calculations.1. Token NOPTS= of cast integerNumber of energy mesh points.

2. Token EMIN= of cast doubleFirst energy mesh point.3. Token EMAX= of cast doubleLast energy mesh point.N. Category SYMLHolds information about lines in k-space along whichthe band structure should be calculated and plotted.1. Token NQ= of cast integerThe number of points along the line.2. Tokens Q1, Q2= of cast double and length 3The �rst point and last point on the line in Cartesiancoordinates and in units of 2�/ALAT, where ALAT isthe lattice constant given in the CTRL �le.3. Tokens LAB1, LAB2= of cast characterThe labels of the �rst and last point on the line. Be-cause of limitations in the present version of gnuplot the� point should be given the label g.O. Category START (optional)Controls the 
ow of execution and the mixing schemeused in the iterations towards self-consistency in thelm.run program. Either the modi�ed Broyden mixingor Anderson mixing scheme can be used to get an op-timal input vector of P and Q for the next iterationto self-consistency. For more information, see subrou-tines mixpq.f, mixpqa.f and mixpqb.f in the subdirectoryMAINA.1. Token NIT= of cast integer (optional)Is the number of iterations lm.run executes before quit-ting (unless self-consistency is achieved earlier).2. Token BROY= of cast logical (optional)T: Modi�ed Broyden mixing. F: Anderson or linearmixing.13



3. Token WC= of cast double (optional)Speci�es how strong previous iteration steps areweighted in the modi�ed Broyden scheme. For WC large,the last iteration step is weighted most. When startingwith bad moments it is useful to cancel the stored Jacobimatrix after some iterations to let the calculation for-get its history (delete �le MIXM). You can also choosean arbitrary negative value for WC. In this case, WC isadjusted internally according to the inverse root meansquare di�erence of the components of the mixed vector.4. Token NMIX= of cast integer (optional)Is the number of previous iterations mixed in with thepresent one using the Anderson scheme. Use NMIX=0for linear mixing and the the token BETA= the feedbackparameter.5. Token BETA= of cast double (optional)Is the proportion of the new iteration (as obtained fromthe Anderson mixing) admixed with the (1-BETA) of theold iteration. When di�culties with convergence occurBETA should be reduced.6. Token CNVG= of cast double (optional)Is the tolerance in the RMS change in the zeroth mo-ments before self-consistency is achieved.7. Token CNVGET= of cast double (optional)Is the tolerance in the total energy before self-consistency is achieved.8. Token FREE= of cast logical (optional)Is intended to facilitate a self-consistent free-atom cal-culation. When FREE is true, the program uses R=30for the sphere radius rather than whatever R is passedto it; the boundary conditions at R are taken to bevalue=slope=0 (R=30 should be large enough that theseboundary conditions are su�ciently close to that of a freeatom.); subroutine atscpp.f in subdirectory ATOM doesnot calculate potential parameters or save anything todisk; and program lm.run terminates after all the atomshave been calculated. Token FREE= T, and runninglmbnd.run, free-electron bands are produced. In this casethe structure constants are not used.9. Token EFERMI= of cast double (optional)Fermi energy.

10. Token VMTZ= of cast double (optional)Mu�n-tin zero potential.11. Token BEGMOM= of cast logical (optional)T: Causes program lm.run to begin with moments fromwhich potential parameters are generated. F: the poten-tial parameters are used and the program proceeds di-rectly to the band calculation.12. Token CNTROL= of cast logical (optional)T: Read and use moments or potential parameters sup-plied in the CTRL �le. F: The data following CNTROLare not used. Both the `continuous principal quantumnumbers' P (as described in the section `Iterations To-wards Self-Consistency') and the Q's (the moments)mustbe present for a given atom as displayed in the example;however, it is not necessary to have an input for eachatom. Moments are read in Q0, Q1, Q2, once for each` channel, and then once for each spin, if there are twospins. In the case ATOM=NI in the above example, 0.6electrons is put in the s orbital, 0.8 in the p and 8.6 inthe d. P. Category HARTREEGives information about the calculation of the overlap-ping Hartree potential.1. Tokens LT1, LT2, LT3= of cast integerThe solid Hartree potential is a superposition of atomicHartree potentials. Atoms in unit cells translated from{LT1 to +LT1 (and equivalently for LT2 and LT3) aretaken into account.2. Token BEGATOM= of cast logical (optional)T: Calculation of the SCF potential for each atom(Notice that the token FREE is e�ective) and keep theHartree part. F: The potentials are read from the atom�les. After this an overlapping Hartree potential for thesolid is constructed and stored in the �le POT.Q. Category PLOTGives the mesh on which the full charge density, theELF, or the Hartree potential has to be calculated.1. Token ORIGIN= of cast double and length 3Origin of the mesh in Cartesian coordinates and inunits of ALAT.14



2. Tokens R1, R2, and R3= of cast double and length 3Are three vectors spanning a parallelepiped in whichthe charge density is calculated. Units of ALAT.3. Tokens NDELR1, NDELR2, and NDELR3= of castintegerNumber of mesh points along the R1, R2, and R3vectors respectively. If NDELR3=0 the charge densityis evaluated in the plane spanned by R1 and R2. IfNDELR2= is also 0 the charge density is evaluated alongthe line R1.4. Token FORMAT= of cast integer (optional)Selects the format of the output �le. FORMAT=1,the format is appropriate for the GNUPLOT. =3, theformat appropriate for DATA EXPLORER. =2, the for-mat for 2D plots: x, y, f(x,y) and for 3D plots x, y, z,f(x,y,z), where x, y, and z are the x-, y-, and z-coordinateof the mesh point and f is the value of the function at thispoint. There is one mesh point per line. This format isappropriate for other plot packages.5. Token POLAR= of cast logical (optional)It is possible to use polar coordinates if you want tomake a plot. The center is de�ned by ORIGIN=.6. Token RMIN= RMAX= of cast double (optional)Range of r.7. Token TMIN= TMAX= of cast double (optional)Range of �.8. Token PMIN= PMAX= of cast double (optional)Range of �. R. Category CHARGEInformation about the full charge density calculation.1. Token LMTODAT= of cast logicalT: for the �rst plane in which the charge density hasto be evaluated. For subsequent planes some data are al-ready present (i.e. LMDM) and need not be recalculated,therefore LMTODAT= F. Default is T.

2. Token CHARWIN= of cast logical (optional)T: Only states in the energy window from EMIN toEMAX are included. F: All occupied states are included(default). 3. Token EMIN= of cast doubleFor CHARWIN=T, EMIN is the minimum energy inthe energy window.4. Token EMAX= of cast doubleFor CHARWIN=T, EMAX is the maximum energy inthe energy window.5. Token ELF= of cast logicalT: in addition to the charge density, the electron local-ization function is calculated.6. Token ADDCOR= of cast logicalT: The core charge density is added to the valencecharge density. F: The core is not added, which is thedefault. 7. Token SPINDENS= of cast logicalT: a �le RHOS containing the spin density is created.S. Category FINDESInformation about the search for interstitial spheres.1. Token RMINES= of cast double (optional)No sphere with radius smaller than RMINES (in a.u.)should be found. The default value is 1.25 a.u.2. Token RMAXES= of cast double (optional)No sphere with radius larger than RMAXES (in a.u.)should be found. The default value is 4.5 a.u.3. Token MAXPT= of cast integer (optional)A real space mesh is used in the search for interstitialspheres. MAXPT is approximately the total number ofpoints in the unit cell. Alternatively the token NRXYZ=below can be used.15



4. Token NRXYZ= of cast integer and length 3 (optional)A real space mesh is used in the search for interstitialspheres. The three numbers NRXYZ are the divisions ofthe three translation vectors.T. Category SCELLInformation for supercell calculations.1. Token PLAT= of cast double and length 9Primitive translation vectors for the supercell. This isequivalent to the token PLAT in category STRUC andshould be compatible with this i.e. the supercell transla-tions should be a multiplum of those in STRUC.2. Token EQUIV= of cast logical (optional)T: The atomic data in category CLASS and SITE forthe supercell will be completed from the single cell data.U. Category RHOFITThis category holds information about �tting thecharge density. It is not recommended to use it!1. Token FIT= of cast logicalT: Fit the charge density.2. Token EKAP= of cast doubleEnergy of the �tting functions.3. Token EW**2= of cast doubleEKAP (see above) times the average Wigner-Seitz ra-dius squared.4. Token RMAXS= of cast doubleSize of cluster used for calculating the structure con-stants. Same as in category STR.5. Token SIGMA= of cast doubleFitting radius.

VI. ITERATIONS TOWARDSSELF-CONSISTENCYJust as the LMTO method breaks naturally into anatomic part and a `solid' part, so do the programs. Ingeneral the `solid' part requires potential parameters andstructure constants as its input, from which it gener-ates bands, energy moments, densities-of-states, etc. The`atomic' part takes moments as its input and calculatespotential parameters from it. The atomic part requiresvery little information beyond the moments and E� 's orboundary conditions to completely specify the electronicstructure within an atomic sphere.An LMTO calculation is self-consistent when theatomic part produces, from moments generated by thesolid part, once again the same potential parameters thatthe solid part used to generate the moments in the �rstplace. The self-consistency works by alternating betweenthe solid part and atomic part, generating moments, thenpotential parameters, then moments again until the pro-cess converges. The program can be started either withthe solid part, specifying potential parameters, or withthe atomic part, specifying the moments.Because the method is a linear one, only three func-tions can carry charge inside a sphere (�2; � _�; _�2) andtherefore the properties of a sphere, within the approxi-mations of the linear method are completely determinedby the �rst three moments, the atomic number and theE� 's or boundary conditions at the surface of the sphere.In some sense these numbers are `fundamental' to asphere; the atomic programwill generate a self-consistentpotential for a speci�ed set of moments and E� 's and gen-erate potential parameters from it.From the point of view of the bands, the Hamiltonian iscompletely speci�ed by the potential parameters (and thestructure constants). These are fundamental to the bandprogram; it will generate moments from the eigenvec-tors of the Hamiltonian. Full self-consistency is achievedwhen the `input moments' coincide with the `output mo-ments', or equivalently when the input pp's coincide withthe output pp's.The ASA program can start equally as well from eitherpotential parameters or moments, though it is generallyeasier to start from the moments, if no prior informationis available. This is because one can usually begin with avery simple starting guess (choosing the zeroth momentto be the charge of the free atom, the �rst and second tobe zero) that is usually good enough to iterate towardsself-consistency.If potential parameters are available, you may chooseto begin directly with a band calculation and need notworry about the moments. If you wish to make a self-consistent calculation, you must also supply the principalquantum numbers for each ` channel in the so-called Pnumber described in the following paragraphs.To make a sphere self-consistent one needs the mo-ments and also to specify the boundary condition on thewave function at the sphere radius, or the E� of the wavefunction �. For a given potential, there is a unique corre-spondence between the logarithmic derivative D� at thesphere radius and E� , so in principle, it is possible tospecify either one.There is a set of numbers called P (one for each ` chan-nel) that supplies the information about both the prin-16



cipal quantum number and the logarithmic derivative,D. P is de�ned as: P = .5 - atan(D�)/� + n where n(its integer part) is the principal quantum number; itsfractional part varies smoothly from 0 (for the bottomextreme of the band for that principal quantum number)to 1 (the top extreme of the band), and can be thought ofas a `continuously variable' principal quantum number.Here is a table of Pn as function of D�: D� 10 5 1 0 -1 -2-3 -4 -10 Pn .03 .06 .25 .5 .75 .85 .90 .92 .97P must be supplied to the atom program. The frac-tional part of P is automatically supplied by the outputof a band calculation (provided the token IDMOD in cat-egory CLASS is not 1), but you must supply P (in ad-dition to the moments Q) if you choose to begin withmoments. P, together with the moments Q can be inputdirectly through the control �le. A word on choices forthe fractional part of P: .3 is quite free- electron-like andsuitable for free-electron-like ` channels such as Si d elec-trons, while .8 is quite tight-binding-like and suitable fordeep states like Cu d orbitals. If there is no informationfrom the very beginning, .5 is a suitable choice.In self-consistency cycles, you have a choice, throughthe parameter IDMOD described below, regarding therelated pair of parameters P and E� . You may let P andE� 
oat to the center of gravity of the occupied part ofthe band (most accurate for self-consistent calculations);this is the default. You may also freeze alternatively Por E� in the self-consistency cycle.The problem of `ghost' bands can be overcome by us-ing the downfolding procedure. Orbitals are separatedin lower, intermediate and higher sets. By switching onthe automatic downfolding procedure, this choice is doneautomatically by the program. Lower waves contributeto the dimension of the Hamiltonian matrix, H, and theoverlap matrix, O, and carry charge. Intermediate wavesdo not contribute to the dimension of H and O, but carrycharge. Higher waves are thrown away altogether. Ifit is not known how to separate the orbitals the auto-matic downfolding can be switched on before the self-consistency cycle. After a few iterations, the downfoldingindices don't change and if it is desired the cycle can bestopped and started again with the proper division intolower, intermediate, and higher set. Calculations usingthe automatic downfolding should be checked carefully.The token which makes the decomposition is IDXDN.IDXDN = 0 : automatic downfoldingIDXDN = 1 : low orbitalsIDXDN = 2 : intermediate orbitalsIDXDN = 3 : higher orbitalsMore about this below under category CLASS and tokenIDXDN.VII. ACCURATE BAND STRUCTURE AWAYFROM THE CENTER OF GRAVITYSometimes it is necessary to get accurate bands in asmall energy range e.g. around the Fermi energy, foran accurate description of the Fermi Surface or in anenergy range far from the center of gravity of the partialwaves. In such cases the potential parameters have to berecalculated with new E� 's for the SCF potential.After the self-consistent calculation which has gener-ated atomic �les with potential parameters and poten-

tials, one `iteration' is performed with the following in-put �les: In the atomic �les the E� 's are changed, whichcan be done by the program chenu.run in the main di-rectory. Furthermore, the values for ID which appearafter the moments are set to 2 (normally ID=0). Inthe control �le (CTRL) the tokens NITATOM=1 andQ=BAND in category OPTIONS. Furthermore, the to-kens BETA=0 BROY=F NIT=1 BEGMOM=T and CN-TROL=F in category START. With these parameterslm.run produces a BAND �le with the new bands andeigenvectors, which may be used for a DOS calculation.It also produces atomic �les with the new potential pa-rameters which may be used for calculation of energybands along symmetry lines.VIII. FROZEN POTENTIAL CALCULATIONSIn the ASA it is easy to calculate for instance structuralenergy di�erences. This is done by the so-called frozenpotential technique. Assume that we want to calculatethe structural energy di�erence between fcc and bcc cop-per. First a self-consistent calculation for fcc copper isperformed in the usual way and the total energy and apotential is obtained. The potential is inserted in thebcc structure with the same atomic volume and the totalenergy is calculated without iterating to self-consistencyi.e. keeping the potential frozen. The total energy dif-ference in the two calculations is the structural energydi�erence.The second step is performed in the followingway: Theatomic �le containing the frozen potential and potentialparameters is not changed, but the CTRL �le is.In category START: ITER=1, so that only one itera-tion is performed and BEGMOM=F, so that the programwill start by making the hamiltonian and overlap matri-ces. Eigenvalues and eigenvectors will be calculated andfrom the latter the moments are obtained.In category START: NMIX=0 so that linear mixing ise�ective and BETA=1 to ensure that the moments arenot mixed with the previous ones.In category CLASS: IDMOD=2 for all ` channels sothat the E� 's are not shifted to the new center of gravity.In category OPTIONS: NITATOM=0 so that only oneincomplete loop in the atomic program is performed.This produces the contribution to the total energy fromthe sphere.IX. SPIN POLARIZED CALCULATIONSA self-consistent spin-polarized calculation can bestarted just like a non spin-polarized (hereafter calledNM) calculation, except that NSPIN=2 in Category OP-TIONS and the starting moments for up and down spinsin Category START are made di�erent.Often it is, however, faster �rst to perform a self-consistent NM calculation and then using this to startthe spin-polarized calculation.After the self-consistent NM calculation has been per-formed the atomic �les contain the self-consistent mo-ments, potential parameters and potentials. These haveto be doubled (one set for each spin) and changed, be-fore the spin-polarized iterations can begin. This can be17



done by changing NSPIN=1 to NSPIN=2 in CategoryOPTIONS and VERBOS=50 in Category IO and run-ning lmctl.run, which inserts the doubled moments (de-vided by two) and potential parameters from the atomic�les into the CTRL �le. The potential parameters orthe moments then have to be changed so that the twospin directions become di�erent. Probably the most pre-dictable is to change the moments. Example: Assumeparamagnetic Ni has 9 d-electrons, then after lmctl.runthe zeroth d moments for up and down spin are 4.5. Weguess that the magnetic moment is 0.6 Bohr magnetonsand the up-spin moment is changed to 4.8 and the down-spin moment is changed to 4.2. The spin polarized itera-tions are then started using these values in the CTRL �leby setting BEGMOM=T and CNTROL=T in CategorySTART.The antiferromagnetic (AFM) calculation is di�erentfrom the ferromagnetic and antiferrimagnetic calcula-tions because in the latter two cases two band structurecalculations have to be performed, one for spin-up andone for spin-down. In the AFM case the two band struc-tures are identical, but the moments and potential pa-rameters for one sublattice and say spin-up are the sameas those for the other sublattice and spin-down. Theprogram can take advantage of this by performing onlyone band structure calculation and interchanging the re-sulting moments. This is achieved by setting the tokenAFM=T in category OPTIONS. It should be noticedthat one is not free to chose the order in which the atomsoccur in the CTRL �le. With the atomic order in the �rstsublattice chosen, the order of the second sublattice mustbe the same. Example: In NiO the spin-up sublatticeconsists of Ni-spin-up and O-spin-up and the spin-downsublattice consists of Ni-spin-down and O-spin-down. IfNi-spin-up is the �rst and O-spin-up the second in theCTRL �le, then Ni-spin-down must be the third and O-spin-down must be the fourth atom. As described aboveit may be advantageous to start the spin-polarized calcu-lations from a self-consistent NM calculation. This couldbe done as indicated above, but since usually there aretwice as many atoms in the AFM case as in the NM case,it may be more convenient to use the program chspin.runin the main directory to produce `spin-polarized' atomic�les from NM ones. To use this, just type chspin.run.It will ask for the name of the `non-spin-polarized' in-put �le (let us call it NI) and the spin direction in theoutput �le (U, for up or D, for down). It will produce a�le with the name NIU or NID and with the same atomname in the �le (NIU or NID). In this �le the moments,the potential parameters, and the potentials are doubled(the moments divided by two). The potential param-eters or the moments then have to be changed just asin the ferro-magnetic case described above. The extraatoms are then inserted in category SITE and CLASSBEGMOM=T and CNTROL=F in category START.X. PLOT PROGRAMSAll programs for simple two-dimensional plots arebased on the public domain programGnuplot (Copyright(C) 1986 - 1993 Thomas Williams, Colin Kelley), whichis part of the LMTO distribution.

A. GnuplotGnuplot is a command-line driven interactive plottingutility for UNIX, MSDOS and VMS platforms. The soft-ware is copyrighted but freely distributed (i.e., you don'thave to pay for it). It was originally intended for visu-alization of mathematical functions and data. Gnuplotsupports many di�erent types of terminals, plottersx,and printers (including many color devicesx, and pseudo-devices like LaTeX) and is easily extended to new devices.The `GNU' in gnuplot is NOT related to the Free Soft-ware Foundation, the naming is just a coincidence (anda long story). Thus Gnuplot is not covered by the GNUcopyleft, but rather by its own copyright statement, in-cluded in all source code. The Gnuplot package comeswith make�les for the following UNIX platforms:1. Apollo running SR10.3 with Apollo's X112. DEC3100/5000 running DEC OSF/1 v1.03. DEC3100/5000 running Ultrix 3.1d with MIT'sX114. HP/9000 700 series running HP/UX 8.0 with MIT'sX11R45. Sun sparcstation running SunOS 4.1 with suntools(with and without X11)6. Silicon Graphics IRIS4D machines (with and with-out X11)7. NeXT Cube and Slab running NeXTOS 2.0+ (withand without X11)8. ATT 3b1 machines (with and without X11)9. 386 machines running 386/ix or ISC 2.2 (with andwithout T.Roell X386)10. IBM RS/6000 running AIX 3.2 with xlc 1.2 or xlc1.111. Cray Y-MP or Cray-2 running Unicos 6.0 or 6.1(with and without X11)12. Sequent Dynix/PTX with MIT X1113. Sequent Symmetry (DYNIX 3) with X1114. Convex 9.0 with MIT X1115. KSR1 running DEC OSF/1 v1.0 (use make -j 16)16. LINUX with XFree86-1.217. VAX-VMSThe following table summarizes most of the ter-minals (output formats) supported by Gnuplot Re-
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lease 3.5.
tableDump ASCII table of X Y [Z] values tooutputcorelEPS format for CorelDRAWeepicEEPIC { extended LaTeX pictureenvironmentemtexLaTeX picture environment withemTeX specialsepson-180dpiEpson LQ-style 180-dot per inch(24 pin) printersepson-lx800Epson LX-800, Star NL-10, NX-1000,PROPRINTER ...hp2623AHP2623A and maybe othershp2648HP2648 and HP2647hp7580BHP7580, and maybe other HPs (4 pens)hp500cHP DeskJet 500c, [75 100 150 300][rle ti�]hpglHP7475 and (hopefully) others (6 pens)hpljiiHP Laserjet series II, [75 100 150 300]hpdjHP DeskJet 500, [75 100 150 300]hppjHP PaintJet and HP3630[FNT5X9 FNT9X17 FNT13X25]kc/km-tek40xxMS-DOS Kermit Tek4010 terminalemulator - color/monochromelatexLaTeX picture environmentmifFrame maker MIF 3.00 formatnec-cp6NEC printer CP6, Epson LQ-800[monocrome color draft]pbmPortable bitmap [small medium large][monochrome gray color]pcl5HP LaserJet III [mode] [font] [point]postscriptPostScript graphics language[mode fontname font-size]

pslatexLaTeX picture environment withPostScript specialspstricksLaTeX picture environment withPSTricks macrosqmsQMS/QUIC Laser printer(also Talaris 1200 and others)regisREGIS graphics languagetek410xTektronix 4106, 4107, 4109 and 420Xterminalstek40xxTektronix 4010 and others;most TEK emulatorstexdrawLaTeX texdraw environmenttpicTPIC { LaTeX picture environmentwith tpic specialsvttekVT-like tek40xx terminal emulatorX11,x11X11 Window SystemIf there is access to one of the platforms listed aboveand one of the supported terminals connected to it, allthat needs to be done is to compile and install Gnuplot onthe target machine (read the File 0INSTALL for details).B. Common features of the plotting programsFive interface programs convert the output of theLMTO package to a format suitable for Gnuplot and gen-erate a command �le where all options are set:gnucharge.runCharge density or ELF plotgnupot.runHartree potential plotgnubnd.runBand structure plotgnudos.runDensity of states plotgnufs.runFermi surface plotThese programs will be described in detail below.There are, however, some common features which willbe described �rst.Out of the variety of output devices and media, themost common ones are supported in the programs. Start-ing one of the programs results in the following prompt:Enter output device:19



1 = Postscript (default)2 = HP-GL pen plotter3 = HP Laserjet III (PCL5)4 = PC screen (vt220 emulation)5 = X-WindowsDepending on the choice the following output is cre-ated:1. A Postscript �le named charge.ps, pot.ps, bnds.ps,dos.ps or fs.ps. This �le can be send to anyPostscript printer or be viewed with DisplayPostscript or Ghostview.2. A �le named charge.hpgl, pot.hpgl, bnds.hpgl,dos.hpgl or fs.hpgl suitable for all pen-plottersand laserprinters that understand HPGL (Hewlett-Packard Graphics Language).3. A �le named charge.pcl, pot.pcl, bnds.pcl, dos.pcl orfs.pcl suitable for all Hewlett-Packard laserprintersand compatibles.4. Direct output to any vt220 compatible terminal in-cluding PCs emulating a vt220 (Tektronics 4014and compatibles are also supported).5. Direct output to a local or remote X-Window.If the program is used remotely, make sure thatthe remote host has permission to use the lo-cal display (xhost +localdisplayname) and set theenvironment variable DISPLAY to `localdisplay-name:screennumber'.If the parameters have to be changed (e.g. Encapsu-lated Postscript instead of Postscript) or another termi-nal supported by Gnuplot has to be added, this can easilybe done by changing the source code where the line "setterm ..." is written to the Gnuplot command �le. Referto the Gnuplot manual for details.All programs generate intermediate �les containing theplot data and a command�le with all the commands andoptions necessary. The names of these �les are listed inthe detailed description for each program below. These�les will remain on the disk if the executables (*.run)are used directly, and that will allow some �ne-tuning byediting the command �le (*.GNU).For routine plots, however, it is better to run theshellscripts *.exec, which call Gnuplot immediately af-ter generating the plot data and delete all intermediate�les afterwards.C. Charge density and ELF plotThe program gnucharge.run generates plots of the cal-culated charge density or the Electron Localization Func-tion (ELF). The program reads the �les RHO and ELFcreated by lm.run in charge mode (CHARGE=T in cate-gory OPTIONS, ELF=T in category CHARGE) and cre-ates the plot data �le CHARGE.DAT and the command�le CHARGE.GNU. After the selection of the output de-vice follows the question:generate a charge density(t) or ELF plot(f)?

Entering t (logical true) or / (End-of-record) selects acharge density plot, whereas f (logical false) selects a plotof the ELF. In the next step the plot data are read in andthe minimum and maximum are determined:Number of grid-points: 2821the charges range from .660E-03 to .581E+01By default the plot range extends from the minimum tothe maximum of the data. However, you can modify therange by entering two scalars bounding the new interval:enter new min, max or / for defaultThe following question concerns the number of isocontourlines to be drawnhow many contours?(default is 11)You may enter any number between 2 and 98 or / toaccept the default. The iso contours are now equallyspaced from minimum to maximum including the upperand lower bound. Assuming 11 lines for a minimumof 0.0and a maximum of 1.0 results in contours representingthe values 0, 0.1, 0.2 ... , 0.9, 1.0. The next questionde�nes the nature of the plot:draw a 3d-surface(t) or not(f)?(default: f)Entering t (logical true) places a 3d surface with hidden-line-removal on top of the contour plot, whereas f (logicalfalse) or / lead to a simple contour plot. Now the plot�leor the plot window should be generated.Important notice: Gnuplot does not retain proper x-y-scaling for most output formats unless your plot isquadratic. You generally have to scale the plot manuallyby editing the directive "set size ..." in CHARGE.GNU.D. Hartree potential plotThe program gnupot.run generates plots of the super-imposed atomic Hartree potentials of the free atoms.This plot can be useful to check the estimate of the sphereradii performed by lmhart.run. The program reads the�le POT created by lmhart.run for the plane speci�ed inthe PLOT category in the CTRL �le and creates the plotdata �le GPOT.DAT and the command �le POT.GNU.After the selection of the output device the plot data areread in and the minimum and maximumare determined:lines: 2700time for reading pot: 1.85the potential range is from -.1E+7 to -.829E-1By default the plot range extends from the minimum tothe maximum of the data. Since these potentials usuallycover several orders of magnitude, it is advisable to mod-ify the range by entering two scalars bounding the newinterval (e.g. -5.0 0.0) after this prompt:enter new min, max or "/" for defaultThe following question concerns the number of isocontourlines to be drawnhow many contours? (default is 11)20



You may enter any number between 2 and 98 or / toaccept the default. The iso contours are now equallyspaced from minimum to maximum including the upperand lower bound as explained in the gnucharge section.The next question de�nes the nature of the plot:draw a 3d-surface(t) or not(f)?(default: f)Entering t (logical true) places a 3d surface with hidden-line-removal on top of the contour plot, whereas f (logicalfalse) or / lead to a simple contour line plot. Finally youare prompted for a 40-character title string for the plot:enter plot title :Now the plot�le or the plot window should be generated.As stressed in the gnucharge section, Gnuplotmay changethe x-y-scaling. E. Band structure plotThe program gnubnd.run generates plots of the bandstructure along the symmetry lines de�ned in the SYMLcategory of the CTRL �le. The program reads the CTRL�le, the BNDS �le and, if FATBAND=T in the cate-gory options in the CTRL �le, the �le EIGN. The lat-ter two are created by lmbnd.run. It creates the plotdata �les BNDS.DAT, FERMI.DAT and the command�le BNDS.GNU. For an orbital projected bands plotBNDS2{4.DAT are created in addition.After the selection of the output device one isprompted for a 40-character title string for the plot:enter title:followed by the de�nition of the energy unit:energies in Ryd.(f) or eV(t)? (default f)Entering t (logical true) selects electron volts, whereasf (logical false) or / selects Rydberg. The next promptpermits you to shift the origin of the energy scale to theFermi energy:energies relative to EF (t)? (default f)Depending on the choice of symmetry lines and energyrange it may be advantageous to plot the band structurein portrait mode instead of the default landscape mode:landscape plot (t) ? (default t)To achieve this enter f (logical false) after this prompt.If subsequent points of the same band should not be con-nected by a line, enter f (logical false) at the next prompt:energies connected by lines (t)? (default t)The decision whether orbital projected bands are to beplotted or not is the next issue:plot orbital character(t)? (default f)Enter t (logical true) to plot orbital projected bands,whereas f (logical false) or / result in an ordinary bandplot. If the fat bands option is not used you may skipto the modi�cation of the energy range below. If thefatband plot option is chosen, the prompted is:

Change coordinate system? Enter Euler angles:alpha, beta, gamma(units of Pi).If nochange: enter "/"If the internal coordinate system should be changed, en-ter the Euler angles11. Enter / to retain the currentorientation. Now the atoms whose orbitals should bedisplayed fat should be given:no coordinate transformation!Enter orbital character plotted as "fatbands"First, enter name(s) of atom(s) format(20a4)followed by <enter> and "/" on next lineEnter the names of the atoms as speci�ed in the CLASScategory of the CTRL �le separated by blanks. Enter `/'on the next line. If there are several atoms of this class,can be selected:RB1Following atom(s) selected RB1There are 6 atoms of type RB1Specify which one(s) to select, e.g. 1 3 7 forthe first, third, and seventh, followed by "/"Enter a list of integers followed by `/'. Next the orbitalsto be included in the fatband plot should be given:For each atom specify orbital number from list:NB! Orbitals are in the new coordinate system!s y z x xy yz 3z^2-1 xz x^2-y^21 2 3 4 5 6 7 8 9y(3x^2-y^2) xyz y(5z^2-1) z(5z^2-3)10 11 12 13x(5z^2-1) z(x^2-y^2) x(3y^2-x^2)14 15 16RB1 number 1 enter number(s) followed by "/":Again, enter a list of integers followed by `/'. This stepis repeated for all selected atoms of all selected classes.Now all fat band speci�c options have been set. Theinput �les are read in and some information about themis displayed:Bands= 44 Fermi Energy= -.1426Lattice const.=29.589 Spins=1nq1= 35nq1= 40nq1= 20nq1= 30nq1= 25nq1= 45nq1= 0ebot=-.3864 etop=.3131 eferm=-.14258nq= 195 nline= 5default emin and emax = -1.0 1.0If band structure plot should be limited to a fraction ofthe calculated energy range the new boundaries may beentered after this prompt:enter emin, emaxEntering / instead of two scalars selects the whole rangeshown above. Now the plot�le or the plot window shouldbe generated.21



Important notice: Gnuplot is currently not capable ofhandling more than one font per plot. Therefore it isimpossible to mix greek and roman letters and e.g. the� point is represented by G. If the output is postscript,however, it is possible to edit the �le bnds.ps and replacethe sequence( G ) Cshowby/Symbol findfont 180 scalefont setfont( G ) Cshow/Times-Roman findfont 180 scalefont setfont.One can move the label of the y-axis closer to the plot,simply by changing the linecurrentpoint gsave translate 90 rotate 0 0moveto ( Energy eV ) Cshowtocurrentpoint gsave translate 90 rotate 0 -700moveto ( Energy eV ) Cshow.F. Density of states plotThe program gnudos.run generates total or partial den-sity of states plots. The program reads the �le DOScreated by lmdos.run and creates the plot data �lesDATA.DOS, FERMI.DOS and DOS.GNU. After the se-lection of the output device one is prompted for the en-ergy units to be used:energies in Ryd.(f) or eV(t)? (default f)Entering t (logical true) selects electron volts, whereasf (logical false) or / selects Rydberg. The next promptallows a shift of the energy origin to the Fermi energy:energies relative to EF (t)? (default is f)Now the DOS �le is read and information about it's con-tent is displayed:emin,emax= -1.0 .0, nopts=1001,nd=24 efermi=-.1426classes are: NA1 NA2 RB1 RB2 SB1 SB2l's are: s p d fNext the projected DOS which should be added and plot-ted are selected:Enter class1-l1 class2-l2 .. to be added to DOSExamples: all s p NA1-f SB2-sIf `all' is entered, then the total density of states is plot-ted. Entering the name of one or several atoms yields aplot of the partial density of states associated with theseatoms. Entering the orbital character (s,p,d,f) makes a`-projected DOS which is summed over all atoms. If thename of a class of atoms augmented by `-' and an orbitalcharacter symbol is entered, only the partial density ofstates associated with these atoms and this speci�c `-value is plotted. Additive combinations are also possible( e.g. RB1 + s generates a plot of all s-orbitals presentand all additional orbitals on the RB1 atoms).Following a table of all selected orbitals, a choice of theenergy range is prompted:

Take: NA1-s NA1-p NA1-d NA2-s NA2-p NA2-dfFollowing the table of all selected orbitals you areprompted for the relative weight of each partial DOS:Now enter weights for partial DOS(default=1,1,..)A weight of 1.0 for each partial DOS givesthe correct total DOS.Entering / for the default yields the correct total DOS,but you may enter a number for each partial DOS. Nextyou are prompted for the energy range:emin , emax = -1.000 .000if desired, enter new emin emax, / for defaultEntering / instead of two numbers selects the whole rangeshown above. The energy units are the ones selected inthe �rst step. The default range is de�ned in the DOScategory in the CTRL �le. The next prompt permitschanging the range of the density of states in exactly thesame way:dosmin, dosmax =.0 1070.419if desired, enter new min max,/ for default/ new values for emin, emax, dmin, dmax are:-1.000 .000 .000 1080.0title = allif desired, enter new title / for defaultFinally a title for the plot can be given: Now the plot�leor the plot window should be generated.G. Fermi Surface plotImportant notice: This program is not yet fully testedfor all lattices! Please cross-check the results carefully!The program gnufs.run generates a plot of Fermi sur-face contours in the unfolded irreducible part of the Bril-louin zone. The program reads the �le LMFS created bylm.run if FS=T in category OPTIONS and creates theplot data �les Y1.DAT, Y2.DAT and the command �leY.GNU. After the selection of the output device one isprompted for a 40-character title string for the plot:enter title:followed by a list of lattices and the prompt for a generalscaling factor and the selection of the lattice:Number Lattice type1 sc2 bcc3 fcc4 orthor primitive5 orthor based centereddifferent setting for 12486 orthor primitive,diff. sett.7 orthor based centered-real8 tetrag primitive kz=0 planex9 tetrag primitive more planes22



x=1->4 for different planesenter: scale and latticee.g.: 8. 4 (orthorhombic)or 3. 8 (tetrag)or 4. x9 (tetrag for several planes,x selects which one)After the scale and the lattice is entered, a short sum-mary of the input is printed and the plot is generated.XI. COPYRIGHTTight-Binding LMTO Vers. 4.5Copyright (C) 1994Max-Planck-Institut f�ur Festk�orperforschungO. K. AndersenHeisenbergstrasse 1D-70569 StuttgartGermanyThis program is a free software for scienti�cand/or educational purposes.You are not allowed to redistribute it withoutprior written consent of the Copyright owners.It is illegal to commercially distribute thisprogram as a whole or incorporate any part ofit into a commercial product.APPENDIX A: THE PREPROCESSORA preprocessor ccomp provides a simpli�ed, FOR-TRAN compatible version of C conditional compilation.FORTRAN statements beginning with C# are prepro-cessor directives; the ones implemented now are C#ifdef,C#ifndef, C#else, C#elseif, C#endif (also C#de�ne de-�nes a name). Directives C#ifdef, C#ifndef, C#elseif,and C#endif are followed by a name, e.g. C#ifdefCRAY. when C#ifdef is false (either name is not de-�ned or it lies within an #if/#endif block that isfalse), ccomp comments out until a change of state (newC#ifdef, C#ifndef, C#else, C#elseif, C#endif encoun-tered); C#ifdef is true, ccomp uncomments lines follow-ing until another conditional compilation directive is en-countered.Conditional compilation blocks may be nested. Aswith C, ccomp distinguishes case. Output is to standardout.There is a primitive facility to make logical expressionsusing the AND (&) and OR (j) operators, such C#ifdefjohn & bill, or C#ifdef john j bill, is provided. Precedenceof operators is strictly left to right, so that john j bill &mike is equivalent to (john j bill) & mike, whereas john& bill j mike is equivalent to (john & bill) j mikeHow ccomp determines whether to modify code:Whether the lines following a C#ifdef, C#ifndef,C#else, C#elseif, C#endif need to be commented out oruncommented depends on whether they have been com-mented out in a previous pass. This information is con-tained in a `C' following the directive, e.g. C#ifdefC,

C#ifndefC, C#elseC, C#elseifC, C#endifC. The pre-processor will set this, it is best advised to create anynew blocks uncommented and let the preprocessor do thecommenting.The main programs in directory MAIN: lm.f, lmstr.f,lmbnd.f, lmdos.f, lmovl.f, and lmhart.f are all obtainedfrom and lmall.f in the main directory, by running thelatter ccomp with di�erent keywords de�ned. To mod-ify a main program change lmall.f and execute make all.This will create all the main programs in MAIN and com-pile and link them. Similarly for the atomic program anon-relativistic version may be generated using the key-word NONREL.The following line illustrates the use of the preproces-sor (after it has been compiled by the C-compiler) IBM(CMS) machine: ccomp -uLM -dLMSTR LM LMSTR.`-uLM' means unde�ne LM i.e. remove LM speci�c lines.`-dLMSTR' means de�ne LMSTR i.e. uncommend LM-STR speci�c lines. `LM' is the �lename of the input �lewith �le type FOR and �le mode A. `LMSTR' is theoutput �le. Multiple de�nes and unde�nes are possible.APPENDIX B: MACHINE DEPENDENCIESThe LMTO programs have been written with porta-bility in mind, and some e�ort was made to keep withinANSI-77 standards. If you do �nd any compilation er-rors in the code as it stands, please report them, so thatthe code can be made as portable as possible. Thereis some system dependence lying outside the purview ofANSI. File handling is very operating-system dependent,and LMTO �les have been kept as simple as possibleto make the code as portable as possible. All �les areopened in function fopna in directory IOLIB, so what-ever machine dependence there is should be con�ned tothat subroutine. Also, di�erent machines have di�eringinternal representations of their numbers. In some placesthis is important, such as the function derfc. There is acollection of three functions in the math library, r1mach,d1mach) and i1mach that hold machine-speci�c infor-mation. These must be set to the appropriate machinebefore compilation. Besides the four routines, fopna,i1mach, r1mach and d1mach, a few occasional machine-dependencies are found. Perhaps the most importantexception occurs in routine cnvt in the IOLIB directory.There data read from the control �le is converted fromASCII representation to the binary representation, usingthe FORTRAN internal read facility. This read di�ers ondi�erent machines. The unformatted read should be usedif possible; if not an alternate formatted read is supplied.This should be checked when installing this routine on anew compiler. Routine �nits (also in IOLIB) does somemachine-dependent initialization.1. Machine constantsThe following machine dependent constants are usedin the TB-LMTO prog. They are supplied in functionsin extens.f:dmach(1)=1.d-99 [ smallest double precision number]dmach(2)=1.d+99 [ largest double precision number]23



dmach(3)=1.d-15 [ smallest number which added to1.0 gives something di�erent from 1.0 ]imach(2)=6 [ standard output channel ]imach(4)=6 [ standard error channel ]imach(6)=4 [ no. characters per integer ]imach(17)=1 [ no. integer words per real word ]imach(18)=2 [ no. integer words per double precisionword ][1] [1] O.K. Andersen, Phys. Rev. B 12, 3060 (1975); O.K.Andersen, Europhysics News 12, 4 (1981); O.K. An-dersen, in The Electronic Structure of Complex Sys-tems, edited by P. Phariseau and W.M. Temmerman(Plenum Publishing Corporation, 1984); O.K. Andersen,O. Jepsen, and M. Sob, in Electronic Band Structureand Its Applications, edited by M. Yussou� (Springer-Verlag, Berlin, 1986); H.L. Skriver, The LMTO Method,(Springer-Verlag, Berlin, 1984).[2] [2] O.K. Andersen and O. Jepsen, Phys. Rev. Lett. 53,2571 (1984); O.K. Andersen, O. Jepsen, and D. Gl�otzel,in Highlights of Condensed-Matter Theory, edited by F.Bassani, F. Fumi, and M.P. Tosi (North-Holland, NewYork, 1985); O.K. Andersen, Z. Pawlowska, and O.Jepsen, Phys. Rev. B 34, 5253 (1986); H.J. Nowak, O.K.Andersen, T. Fujiwara, O. Jepsen, and P. Vargas, PhysRev. B 44, 3577 (1991).[3] [3] W.R.L. Lambrecht and O.K. Andersen, Phys. Rev. B34, 2439 (1986); O.K. Andersen, T. Paxton, O. Jepsen,and M. van Schilfgaarde (to be published).[4] [4] O. Jepsen and O.K. Andersen, Solid State Commun.9, 1763 (1971) and Phys. Rev. B 29, 5965 (1984); P.Bl�ochl, O. Jepsen, and O.K. Andersen, Phys. Rev. B 49,16223 (1994).[5] [5] O.K. Andersen, A.V. Postnikov, and S.Yu. Savrasov,Mat. Res. Symp. Proc. 253, 37 (Materials Research So-ciety 1992) Chapter V.[6] [6] O. Jepsen and O.K. Andersen, Z. Phys. B (submitted).[7] [7] C.J. Bradley and A.P. Cracknell, The MathematicalTheory of Symmetry in Solids (Clarendon, Oxford, 1972).[8] [8] International Tables for Crystallography, edited byTheo Hahn (Riedel, Boston, 1987) Vol. A[9] [9] Pearson's Handbook of Crystallographic Data for In-termetallic phases, by P. Villars and L.D. Calvert (Amer-ican Society for Metals, Metal Park, Oh44073)[10] [10] O.K. Andersen, O. Jepsen, and G. Krier, (WorldScienti�c, Singapor, 1994) in press[11] [11] M. Tinkham, Group Theory and Quantum Mechan-ics (McGraw-Hill Book Company, New York, 1964) p.102
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